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Abstract 

This document describes the physical solution technique used by the 

RELAP5/MOD2-B&W computer code. RELAP5/MOD2-B&W is a Framatome ANP 

Incorporated (previously known as and referred to in the text as 

Framatome Technologies, Inc, B&W, or B&W Nuclear Technologies) 

adaption of the Idaho National Engineering Laboratory RELAPS/MODZ. 

The code developed for best estimate transient simulation of 

pressurized water reactors has been modified to include models 

required for licensing analysis of zircaloy or zirconium-based 

alloy fuel assemblies. Modeling capabilities are simulation of 

large and small break loss-of-coolant accidents, as well as 

operational transients such as anticipated transient without SCRAM, 

loss-of-offsite power, loss of feedwater, and loss of flow. The 

solution technique contains two energy equations, a two-step 

numerics option, a gap conductance model, constituti-ve models, and 

component and control system models. Control system and secondary 

system components have been added to permit modeling of plant 

controls, turbines, condensers, and secondary feedwater 

conditioning systems. Some discussion of the numerical techniques 

is presented. Benchmark comparison of code predictions to integral 

system test results are presented in an appendix. 
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1. INTRODUCTXON 

I 

RELAPS/MOD~ is an advanced system analysis computer code.designed 

co analyze a variety of thermal-hydraulic transients in light 

water reactor systems. It is the latest of the RELAP series of 

codes, developed by the  Idaho .. Nationat Engineering Laboratory 

( INEL)  under the NRC Advanced Code program. RELAP5/MOD2 is 

advanced over its predecessors by its six-equation, full 

honequilibrium two-fluid model for the vapor-liquid flow field 

and partially implicit numerical integration scheme for more 

rapid execution. As a system code, it provides simulation 

$capabilities for the reactor primary coolant system, secondary 

system, feedwater trains, control systems, and core neutronics. 

Special component models include pumps, valves, heat structures, 

electric heaters, turbines, separators, and accumulators. Code 

;applications include the  full range of safety evaluatian 

:transients, loss-of-coolant accidents (LOCAS), and operating 

.events. 

RELAPS/MODO has been adopted and modified by B&W for licensing 

iand best estimate analyses of PWR transients in both the LOCA and 
I ~ O ~ - L O C A  categories. RELAPS/MODZ-B&W retains virtually all of 
I 

'the features of the original RELAPS/MOD2. Certain modifications 

,have been made either to add to t h e  predictive capabilities of 

the constitutive models or to improve code execution. More 

significant, however, are the ' B ~ W  additions to RELAPS/MOD2 of . . 
models and features to meet the 1OCFRSO Appendix K requirement8 

$ox ECCS evaluation models. The Appendix K modifications are 
I concentrated in the following areas: (I) critical flow and break 
discharge, (2) fuel pin heat transfer correlations and switching, 

*and (3)  fuel clad swelling and rupture for both zircaloy and 
:zirconium-based alloy cladding types. 
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This report describes the physical models, formulation, and 
structure of the B&W version of RELAP5/MOD2 as it will be applied 
to ECCS and system safety analyses. It has been prepared as a- 

stand-alone document; therefore substantial portions of the text 
that describe the formulation and numerics have been taken 
directly from original public domain reports, particularly 

N ~ R B G / c R - ~ ~ ~ ~ ~ .  Chapter 2 presents the method of solution in a 
series of subsections, beginning with the basic hydrodynamic 

solution including the field equations, state equations, and 
constitutive models in section 2.1. Certain special process 
models, which require some modification of the basic hydrodynamic 
approach, and component models are also described. The general 
solution for heat structures is discussed in section 2.2. 

Because of the importance of the reactor core and the thermal and 
hydraulic interaction between the core region and the rest of the 

system, a separate section is dedicated to core modeling. 
Contained in section 2.3 are the reactor kinetics solution, the 
core heat structure model, and the modeling for fuel rod rupture 
and its consequences. Auxiliary equipment and other boundary 
conditions are discussed in section 2.4 and reactor control and 

trip function techniques in section 2.5. Chapter 3 provides an 
overview o f  the code structure, numerical solution technique, 

method and order of advancement, and initialization. Time step 
limitation and error control axe presented in section 3.3. 

The XNEL versions of RELAP5/MOD2 contain certain solution 
techniques, correlations, and physical models that have not been 
selected for use by B&W. These options have been left intact in 
the coding of the B&W version, but descriptions have not been 

included in the main body of this report. Appendix A contains a 
list of those options that remain in the RELAPS/MOD2 pr~g~amking 
but are not used by BLW and not submitted for review. A brief 

description of each'along with a reference to an appropriate full 
discussion is provided in the appendix. ~ppendix B defines the 

nomenclature used throughout this report. ~ppendix G documents 



I 

I Framatome ANP, Inc. BAW-10164NP-06 

the benchmark calculations performed by BWNT to support the 
a application o f  RELAPS/MOD2 to safety  and ECCS evaluations. 

' Appendix B provides camparisons between Wilson drag benchmarks 
and the NRC-approved core water level s w e l l  code, FOAM;!, and - 
between Wilson and ORNL Thermal-Hydraulic Test Facility [THTF) 
small break MCA test data, Appendix I provides the  derivation 

, of the B W  critical heat flux (CHF) correlation. Appendix J 

presents the small break LOCA evaluation model benchark. 
Appendix K presents the once-through steam generator (OTSG) 

! 

: steady-state and loss-of-feedwater with feedwater reactivation 
: benchmarks to validate the QTSG model improvements. Appendix L 

contains Multi-Loop Integral System Test (MIST) f a c i l i t y  
I 

benchmarks to demonstrate the integral system perfomance of 

RELAP5/lrlOD2-B&W and further validate the OTSG and drag model 
improvements. 
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2. METHOD OF SOLUTION 

The general formulation and structure of RELAPJ/MOD2 allow the 
user to define a nodal. finite difference model for system 
transient predictions. coupling of the major system models 
(hydrodynamics, heat structures, reactor core, and control 
system) provides the capability to simulate a range of transients 

from LBLOCA to operati onal upsets. In RELAPS/MOD2, the 
transients are calculated by advancing the one-dimensional 

differential equations representing a two-fluid, nonhomogeneous, 
nonevilibrirtm, two-phase system. Six flow field equations are 
coupled with the state- and flow regime-dependent constitutive 
relations in a partially-implicit numerical solution. The 

control system, heat structures, and reactor core models employ 
explicitly formulated terms that interface with the solution 

techniques. Also, special models are included for some system 
components such as pumps, separators, valves, and accumulators. 
A description of the formulation and solution method is contained 
in this section of the report.  

- 

2.1. Hvdrodvnamicg 

The RBLRPS/MODZ-BhW hydrodynamic model is a onrdimensional, 
transient, two-fluid model for flow of a two-phase steam-water 
mixture that can contain a noncondensible component in the steam 

phase and/or a nonvolatile component in the liquid phase. The 
hydrodynamic model contains several options for invoking simpler 
hydrodynamic models. T h e s e  include homogeneous flow, thermal 

equilibrium, and frictionless flow models, w h i c h  can be used 
independently or in combination. 



Framatome ANP, Inc. 

The two-fluid equations of motion that are used as the basis for 
the RELAPS/MODZ-BfW hydrodynamic model are formulated in terms of 
area and timr average parameters of the flow. Phenomena that 
depend upon transverse gradients such as friction and heat 

transfer are formulated i n  terns of the bulk potentials using 
empirical transfer coefficient f ormulatioris. The system model is 

solved numerically using a semi-implicit finite difference 
technique. The user can select an option for solving the system 
model using a nearly-implicit finite difference technique, which 
allows violation of the material Courant limit. This option is 
suitable for steady state calculations and for slowly-varying, 
quasi-steady transient calculations. 

The basic two-fluid differential equations possess complex 
characteristic roots that give the system a partially elliptic 
character and thus constitute an ill-posed initial boundary value 
problem, In REWLPS the numerical problem is rendered well posed 
by the introduction of artificial viscosity terms in the 
difference equation formulation that damp the high frequency 
spatial components of the solution. 

The semi-implicit numerical solution scheme uses a direct sparse 
matrix solution technique for time step advancement. It is an 

efficient scheme and results in an overall grind time on the CDC 
Cyber-176 of approximately 0.0015 seconds. The method has a 
material Courant time step stability limit. However, this limit 
is implemented in such a way that single node Courant violations 
are permitted without adverse stability effects. Thus, single 
small nodes embedded in a series of larger nodes w i l l  not 
adversely affect the time step and computing cost. The 

nearly-implicit numerical solution scheme also uses a direct 
sparse matrix solution technique for time step advancement. This 

scheme has a grind time that is 25 to 60 percent greater than me 
semi-implicit scheme but allows violation of the material Courant 
limit for all nodes. 
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2.1.1. Field Eauatiou 

RETAP5/MOD2-BtW has six dependent variables (seven if a 

noncondensible component is present), P (pressure), Ug and Uf 

(gas and fluid internal energies) , ag (void fraction) , vg and vf 
(phasic velocities), and Xn (noncondensible mass fraction). The 
noncondensible. quality is defined as the ratio of the 
noncondensible gas mass to the total gaseous phase mass ( e  Xn 

= MJ(Mn + Ms) where Mn - mass of noncondensible in the gaseous 
phase and M, = mass of steam in the gaseous phase). The eight 

secondary dependent variables used in the equations are phasic 
densities ( p  p f )  , vapor generation rate per unit volume (r ) , 

4' Q - phasic interphase heat transfer rates per unit volume (Qig, Qii), 
phasic temperatures (T Tf) , and saturation temperature (T') . 

g ' 

In the following sections, the basic two-fluid differential 

equations that form the basis for the hydrodynamic model are 

presented. The discussion is followed by the development of a 
convenient form of the differential equations used as the basis 
for the numerical solution scheme. The modifications necessary 

to model horizontal stratified flow are also discussed. 

Subsequently, the semi-implicit scheme difference equations, the 

volume-averaged velocity formulations, and the time advancement 

scheme are discussed. Finally, the nearly-implicit scheme 

difference equations are presented. 

BasicDifferentialm 

The differential form of the one-dimensional transient field 

equations is first presented for a one-component system. The 
modifications necessary to consider noncondensibles as a 

component of the gaseous phase and boron as a nonvolatile solute 
component of the liquid phase are discussed separately. 
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Vanor/uuuid Svsteq 

Tho basic field equations for the two-fluid nonequilibrium model 
consist of two phasic continuity equations, two phasic  moment^ 

equations, and two phasic energy equations. The equations are 
recorded in differential streamtube form with time and one space 
dimension as independent variables and in tehs of t i m e  and 
volume-average dependent variables. a The development of such 

equations for the two-phase process has been recorded in several 
references l2 and is not repeated here. =he equations are =a& 
in the basic form with discussion of those tenus that may differ 
from other developments. Manipulations required to  obtain the 
form of the equations from which the numerical scheme was 

developed are described in section 2.1.1.2. 

The phasic continuity equations are 

and 

Generally, the f low does not include mass sources or sinks and 
overall continuity consideration yields the requirement that the 
liquid generation term be the negative of the vapor generation; 
that is, 

'~n all the field equations shown herein, the correlation 
coefficients are ' assumed unity so the average of a product of 
variables is equal to the product of the averaged variables. 
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The interfacial mass transfer. model assumes that total mass 
transfer consists of mass transfer in the bulk fluid (r ) and 

ig 
mass transfer at the wall (P,) ; that is, 

The phasic conservation of momentum equations are used, and 

recorded here, in the so-called nonconservative form. Fox the 

vapor phase it is 

- and for the liquid phase it is, 

The force terns on the right sides of Equations 2.1.1-5 and 

2.1.1-6 are, respectively: the pressure gradient, the body 

force, wall friction, momenta due to interphase mass transfer, 

interphase frictional drag, and force due to virtual mass. The 

terns FWG and FWF are part of the wall frictional drag, which is 
linear in velocity and are products of the friction coefficient, 
the frictional reference area per unit volume, and the magnitude 
of the fluid bulk velocity. The interfacial velocity in the 
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interphase momentum transfer tern is the unit momentum with which 
phase appearance or disappearance occurs. The coefficients FIG 

and FIF are parts of the interphase frictional drag, which is 

linear in relative velocity, and are products of the interphase 
friction coefficients, the frictional reference area per unit 
volume, and the magnitude of interphase relative velocity. 

The coefficient of virtual mass is the same as that used by 
~ndersonl~ in the RISQUE code, where the value for C depends on 

the flow regime. A value of C > 1/2 has been shown to be 

appropriate for bubbly or dispersed flows, 14,15 while c = 0 may 

be appropriate for a separated or stratified flow. 

The virtual mass term in Equations 2.1.1-5 and 2.1.1-6 is a 
simplif ication of the objective formulation 16#" used in 
RELAPS/EIODI. In particular, the spatial derivative portion of 
the term is deleted. The reason far this change is that 

inaccuracies in approximating spatial derivatives for the 

relatively coarse nodnlization~ used in system representations 
can lead to nonphysical characteristics in the numerical 

solution. The primary effect of the virtual mass terns is on the 

mixture sound speed, thus, the simplified form is adequate since 

critical flows are calculated in RELAPS using an integral modal18 
in which the sound speed is based on an objective formulation for 
the added mass terns. 

Conservation of interphase momentum requires that the force terms 

associated with interphase mass and momentum exchange sum to 
zero, and is shown as 
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This particular form for interphase momentum balance results from 

consideration of the momentum equations in consexvative form. 

e force terms associated w i t h  virtual mass acceleration in 
Equation 2.1.1-7 sun to zero identically as a result of the 

particular form chosen. In addition, it is usually assumed 

(although not required by any basic conservation principle) that 
the interphase momentum transfer due to friction and due to mass 
transfer independently sum to zero, that is,. 

and 

p F3F = o a p p FIm 4 p FIG af 2.1.1-9 
9 9 g f g f  

These conditions are sufficient to ensure tha t  Equation 2.1.1-7 

is satisfied. - .  

The phasic energy equations are. 

and 
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' In the phasic energy equations, Pprg and Q w ~  are the phasic wall 
heat transfer rates per unit volume. These phasic wall heat 
transfer rates satisfy the equation 

where Q is the total wall heat transfer. rate to tho fluid per 
unit volume. 

* 
Tho phasic enthalpisr (h* g ' hi) associated with interphase mass 

transfer in Equations 2.1.1-10 and 2.1.1-11 are defined in such a 
way that the interface energy jump conditions at the liquid * 
vapor are satisfied. In particular, the hg and vapor interface 

hsf are chosen to be h and ht, 
g 

respectively for the case of 

vaporization and h g and h;, respectively for the case of 
condensation. The logic for this choice will be further 

explained in the development of the mass transfer model. 

The phasic energy dissipation terms, DISSg and D18Sf, are the 
Sums of wall friction and pump effects. The wall friction 

dissipations are defined as 

I and 
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The phasic energy dissipation terns sat is fy  the relation 

DSSS P DISS + DISSfr 2,l.l-15 
g 

where DISS -is the energy dissipation. When a pump component is 
present tho associated energy dissipation is also included in the 
dissipation terms (see section 2.1.5.2). 

The vapor generation (or condensation) consists of two parts, 
that which results  from bulk energy exchange (r ) and that due 

ig 
to wall heat transfer effects (r,). Each of the vapor generation 

(or condensation) processes involves interface heat transfer 

effects. The interface heat transfer terms appearing in 
Equations 2.1.1-10 and 2.1.1-11 include heat transfer from the 
bulk states to the interface due t o  both interface energy 
exchange and wall heat transfer effects. The vapor generation 
(or condensation) rates aye established from energy balance 

considerations at the interface. 

The summation of Equations 2.1.1-10 and 2.1.1-11 produces the 
mixture energy equation, from which it is required that the 

interface transfer terms vanish, that is, 

The interphase heat transfer toms consist of two parts ,  that i s ,  

, 8 

and 
i 
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~i~ and Hif are the interphase heat transter coefficients per 
unit volume and dW and Q!~ are the wall heat transfer terms. 

ig 
The first term on the right side of Equations 2.1.1-17 and 2.1.1- 

18 is the thermal energy exchange between the fluid bulk states 
and the fluid interface, while the second tern is that due to 
wall heat transfer effects and will be defined in terms of the 
wall vapor generation (or condensation) process. 

Although it is not a fundamental requirement, it is assumed that 
Equation 2.1.1-16 will be satisfied by requiring that the wall 
heat transfer terms and the bulk exchange terms each sum to zero 
independently. Thus, 

i and 

In addition, it is assumed that pW 0 for boiling processes 
ig 

where rw > 0 .  Equation 2.1.1-20 can then be solved for the wall 
vaporization rate to give 
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Similarly, it is assumed that q: - 0 fo r  condensation processes 
in which r, c 0 .  Equation 2.1.1-20 can then be solved for the 

wall condensation rate to give 

The intorphase energy transfer terms Q and Qit can thus be 
expressed in a general way as 

ig 

and 

Qif a %f. ( T ~  - T ~ )  - (y) r w (hs g - h;), 

where e = 1 for r, > 0 and c = '-1 for r, < 0. Final ly ,  Equation 
2.1.1-16 can be used to define the interphase vaporization (or 
condensat ion) rate  

which, upon substitution of Equations 2.1.1-23 and 2.1.1-24, 

becomes 
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. '  

j The phase change process that occurs at the interface is 
envisioned as a process i n  which bulk fluid is heated or cooled 
to the saturation temperature and phase change occurs a t  the 
saturation state. The interphase energy exchange process from 

a each phase must be such that at least the sensible energy change 
to  reach the saturation dtate occurs. Otherwise, it can be shown 

. that the phase change process implies energy transfer from a 

lovter temperature to a higher temperature. Such conditions can 
be avoided by the proper choice of the variables h* and h i .  In 

Q 
! particular, it can be shown that they should be 
I 
! 

and 

! 
where 

i for rig 2 0 

-1 for r igc o . 
Subst i tut ing  Equation 2.1.1-26 into Equation 2 .1 .1 -4  gives the 

final expression for the total interphase mass transfer a s  
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~oncondensi~es in the Gas Phase 

The basic, two-phase, single-component model just discussed can 

be extended to include a noncondensible component in the gas 

phase. The noncondensible component is assumed to be in 

mechanical and thermal equilibrium with the vapor phqsa, so that 

' and 

where the subscript, n, is used to designate the  noncondensible 
component. 

The general approach for inclusion of the noncondensible 

component consists of assuming that all properties of the gas 
phase (subscript g) are . mixture properties of the 

steam/noncondensible mixture. The quality, X, is likewise 

defined as the mass fraction of the entire gas phase. Thus, the 
two basic continuity equations (Equations 2.1.1-1 and 2.1.1-2) 

are unchanged. However, it is necessary to add an additional 
mass conservation equation for the noncondensible component 

where Xn is the mass fraction of the noncondensible component 
based on the gaseous phase mass. 

The remaining field equations for energy and phasic momentum are 
unchanged, but the  vapor field properties are now evaluated for 
the steam/noncondensible mixture.   he modifications appropriate 
to the state relationships are described in section 2.1.2. 
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ran concentration 1x1 fhe L i d d  Pie14 

An Eulerian boron tracking model is used in RELAP5 which 

simulates the transport of a dissolved component in the liquid 
phase. The solution is assumed to be sufficiently dilute that - 
the following assumptions are valid: 

1. Liquid properties are not altered by M e  presence of the 
solute. a 

2. Solute is transported only in the liquid phase and at the 
velocity of the liquid phase. 

3 .  Energy transported by the solute is negligible. 

4. Inertia of the solute is negligible. 

5 .  Solute is transportad at the velocity of the vapor phase if 
no liquid is present. 

Under these assumptions, only a. additional field emation for 
I 

the conservation of the solute is required. In differential 
form, the added equation is I 

! 

where the concentration parameter, CB, is defined as 

j CB 5s the concentration of dissolved solid in mass units per mass 
unit of liquid phase. 
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A more convenient set of d i f f e r m t i a l  equations upon which to 
base the numerical scheme is obtained. from the basic density and 
energy differential equations by expanding the t i m e  derivative in  
each equation using the product rule. When the product rule is 
used to evaluate the time derivative, we will refer to this tom 

A sum density equation is obtained by expanding the time 
derivative in the phasic density equations, Equations 2.1.1-1 and 
2.1.1-2, adding these two new equations, and using relation 

This gives 

: A difference density equation is obtained by expanding the t ine  
! derivative in me phasic density equations, Equations 2.1.1-1 and 
! 

2.1.1-2, satrasf ing these two new ecpations, again using the 
I 

I relation 
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and substituting  quat ti on 2.1.1-31 for r g ' This gives 

The time derivative of the noneondensiblo density equation, 

Equation 2.1.1-34, is expanded to give 

The momentum equations are also rearranged into a sum and 

difference form. The sum momentum equation is obtained by direct 
summation of Equations 2.1.1-5 and 2.1.1-6 with the interface 

conditions (Equations 2.1.1-7, .2.1.1-8, and 2.1.1-9) substituted 

where appropriate. and the, cross-sectional area canceled 
throughout. The resulting sum equation is 

' 
The difference of the phasic momentum equations is obtained by 

: first dividing the vapor and liquid phasic xnomentum equations by 

: agp p and a t p  f , respectively, and subsequently subtracting. Here 
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again, the interface conditions are used and the common area is 
divided out. The resulting equation is 

where the interfacial velocity, 371, is defined as 

This definition for vI has the property that if A = l/P, the 

interphase momentum transfer process associated with mass 
transfer is reversible.  his value leads to either an entropy 
sink or source, depending on the sign of r 

g ' 
However if A is 

chosen to be 0 'for positive values of rg and +1 for negative 
values of I' (that is, a donor formulation), the mass exchange 

9 
process is always dissipative. The latter model for vI is the 
most realistic for the momentum exchange process and is used for 

the numerical scheme development. 

To develop an. expanded form of the vapor energy Equation 

2.1.1-10 the time derivative of the vapor energy equation, 

Equation 2.1.1-10, is expanded, the Q Equation 2.1.1-23 and the 
ig 

l' Equation 2.1.1-26 are substituted, and tho Hig, fg Hiit S a g / b t r  
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and convective terms are collected. T h i s  gives the desired form 

' ! for the vapor energy equation 

; To develop an expanded form of the liquid energy Equation 

1 I 2.1.1-11 the t i m e  derivat ive  is expanded, the Qif E q u a t i o n  
- 2.1.1-24 and the I' Equation 2.1.1-26 are substituted,  and 

ig 

is used, then the B i g ,  Hit, 6og/6t, and convective terms are 
collected. This gives the desired form for the liquid energy 

1 equation 
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/ The basic density and energy differential equations are used in 

I nonaxpanded form in the back substitution of the numerical 

scheme. When the product rule is not used to evaluate the time 
derivative, we will refer to this form as the ponomandea form. 

The vapor, 1 iquid, and noncondensible density equations, 

Equations 2.1.1-1, 2.1 . 1-2, and 2.1.1-34, are in nonexpanhad 
form. e , from Equation 2.1.1-31, is not sllbstituted into 
the vapor and liquid density equations (the reason is apparent in 
the Time Step Solution Scheme, see section 3 .I. 1.6 of NUREG/CR- 

4312~) . The vapor energy equation, Equation 2.1.1-10, is altered 
by substituting Equation 2.1.1-23 for Pig, substituting Equation 
2.1.1-26 for r i g  and collecting the Hig, Hit, and convective 
terms. This gives 

' The liquid energy equation, Equation 2.1.1-11, is also altered by 
I 

substituting Equation 2.1.1-24 for Qii, substituting Equation 

2.1.1-26 for r ig, using 
I 
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and collecting the H igr *if t  and convective terms.  his gives 

2.1.1.3. Horizontal Stratified Flow ' 

Flow at low velocity in a horizontal passage can be stratified as 

a resul t  of buoyancy forces caused by density differences between 
vapor and liquid. When the flow is stratified, the area average 
pressures are affected by nonuniform transverse distribution of 
the phases. Appropriate modifications. to the basic f i e l d  
equations when stratified flow exists are obtained by considering 

separate area average pressures for the vapor and liquid phases, 
and the interfacial pressure between them. Using this model, the 

pressure gradient force terms of Equations 2.1.1-5 and 2.1.1-6 
become 

and 
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' 
me area average pressure for tho entire cross section of the 

flow is expressed in term; 02 the phasic area average pressures 

a With there definitions, the sum of the phasic momentum equations, 
' written in terms of the cross section average pressure (Equation 

2.1.1-42) remains unchanged. However, the difference of the 
a phasic momentum equations (Equation 2.1.1-43), contains on the - 

right side the following additional terms 

I 

a The interface and phasic cross-sectional average pressures, PI, 
P 

, . gf 
and Pf, can be found by means of the assumption of a 

transverse hydrostatic pressure in a round pipe. For a pipe 
having diameter D,  pressures PI, p ~ '  and Pf are given by 

3 
pg = PI - p B D [sin e / ( h o  ) - cos 6/21 

g Y 9 

and . 
I 

3 Pf = PI + p B D [ s i n  e / ( 3 ~ a ~ )  + cos e/z] . 
f Y 

The angle, 8, is defined by the void fraction as illustrated in 

1 Figure 2.1.1-1. The algebraic relationship between a 4f and 6 is 

a r = (8 - sin 8 cos 8)  . 
g 
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The additi'anal term in the momentum difference equation (Equation 

2.1.1-54) can be simplified using Equations 2.1.1-55, 2; 1.1-56, 

and 2.1.1-57 to obtain 

where 8 is related to the void fraction using Equation 

2.1.1-57. 

I Vapor area =a A 
Lfquid area =a f A 

Figure 2.1.1-1. Relation of Central Angle 0 to Void ~raction a 
9. 

The additional force term that arises for a stratified flow 

geometry in horizontal pipes is added to the basic equation when 
the flow is established to be stratified from flow regime 
considerations. 

2.1.1.4.- Semi--licit Scheme ~ifference ~auations 

The semi-implicit numerical solution scheme is based on replacing 
the system of differential equations with a system of 
finite-difference equations partially implicit in time. The 

terns evaluated implicitly are identified as the scheme is 
developed. In all cases, the implicit terms are formulated to be 
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'linear in the dependent variables at new time. This results in a 
line& time-advancement matrix that is solved by direct inversion 
using a sparse matrix routine. An additional feature of 

scheme is that implicitness is selected such that the field 

equations can be reduced to a single difference equation per 
fluid control volume or mesh coll, which is in terms of the 

hydrodynamic pressure. ' Thus, only an N x N system of the 

difference equations must be solved simultaneously at each time 

step (N is the total number of control volumes used to simulate 
the fluid system). 

A well-posed numerical problem is obtained by several means. 
These include the selective implicit evaluation o f  spatial 

gradient toms at the new time, donor formulations for the mass 
and energy flux terns, and use of a donor-like formulation for 
the momentum flux terms. The term, donor-like, is used because 
the momentum flux formulation consists of a centered formulation 

for the spatial velocity gradient plus a numerical viscosity term 
similar to the form obtained when the momentum flux t a m s  are 
donored with the conservative form of the momentum equations. 

The difference equations are based on the concept of a control 
volume (or mesh cell) in which mass and energy are conserved by 
equating accumulation to rate of influx through the cell 

boundaries. This model results in defining mass and energy 

volume average properties and requiring knowledge of velocities 

at the volume boundaries. The velocities at boundaries are most 

conveniently defined through use of momentum control volumes . 
(cells) centered on the mass and energy cell boundaries. This 

approach results in a numerical schame having a staggered spatial 
mesh. The scalar properties (pressure, energies, and void 

fraction) of the flow are defined at cell centers, and vector 
quantities (velocities) are defined on the cell boundaries. The 
resulting one-dimensional spatial noding is illustrated in Figure 
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2.1.1-2. Tho tern,  e l  means an increment i n  the spat ia l  
variable, xt corresponding to the mass'and energy control volume. 
The d i f f e r e n c e  equations for. each cell are obtained by 

integrating the mass and energy equations (Equations 2.1.1-38, 

2.1.1-40, 2.1;l-41, 2.1.1-45, and 2.1.1-47) with respect to tho 
spat ia l  variable, x, from the junction at x j t o  The 
momentum equations (Equations 2.1.1-42 and 2.1.1-43) are 

integrated with respect to the spatial variable from cell center 
t o  adjoining cell center ( x K  t o  xL, Figure 2.1.1-2) . The 
equations are listed for the case of a pipe with no branching. 

Vector node 
Mass and energy control 

volume or cell 
or junction & 
" g ~  "f , f 

Scalar node I 

I Momentum control volume 
. or cell 

I 

Figure 2..1.1-2. Difference Equation Nodalization Schematic. 

I When the mass and energy equations (Equations 2.1.1-38, 

2.1.1-40, 2.1.1-41, 2.1.1-45, and 2 . 1 . 1-47) are integrated with 
i respect to the spat ia l  variable from junction j to j+l, 

: differential equations in terms of cell-average properties and 
; cell boundary fluxes are obtained. The development and form of 
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these finite-dif ference equation. is described in detail . in 
' N U R E G / C R - ~ ~ ~ ~ ~ ,  section 3.1.1.4. The advancement techniques ate 

also given in NUREG/CR-4312, section 3.1.1.6. 

2.1.1.5. volume - Averaae Velocities 

Volume-average velocities are required for the momentum flux 
calculation, evaluation of the frictional forces and the Courant 
time step limit. In a simple constant area passage, the 

arithmetic-average between the inlet and outlet is a satisfactory 
approximation. However, at branch volumes with multiple inlets 
and/or outlets, or for volumes with abrupt area change, use of 
the arithmetic average results in nonphysical behavior. 

The RELAPS volume-average velocity formulas have the form 

inlets and 
outlets 

and 

tlets 

inlets and 
outlets 

(vg); = r 
,#Z ("gpsVg) ;'Lj . Z 41 inlets , 
> j (mgpg)> j  'L] inlets outlets and 

+ r 

inlets and 
outlets 
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2.1.1.6. Nearly-Implicit Scheme Difference Equations and Time 

For problems where the .flow is expectea to change very slowly 
with time, it is possible to obtain adequate information from an 
approximate solution based on very large time steps. This would 

be advantageous if a rexiable &d efficient mans could be found 
for solving difference equations treating all terms--phase 
exchanges, pressure propagation, and convection--by implicit 
differences. Unfortunately, the state-of-the-art is less 
satisfactory here than in the case of semi-implicit- 
(convection-explicit) schemes. A fully-implicit scheme for the 
six kquation model of a. 100 cell problem would require the 
solution of 600 coupled algebraic equations. If these equations 

were linearized for a straight pipe, inversion of a block 

tri-diagonal 600 x 600 matrix with 6 x 6 blocks would be 

required. This would yield a matrix of bandwidth 23 containing 
13,800 nonzero elements, resulting in an extremely costly time 
advancement scheme. 

To reduce the number of calculations required for solving fully 

implicit difference .schemes, fractional step (sometimes called 
multipla step) methods -have been trid. The equations can be 
split into fractional steps based upon physical phenomena. This 

is the basic idea in the nearly-implicit scheme. Fractional step 
methods for two-phase flow problems have been developed in 
References 24 and 25. These earlier efforts have been used to 
guide the development of the nearly-implicit scheme. The 
fractional step method described here dif fera significantly f roar 

prior efforts in the reduced number of steps used to evaluate the 
momentum equations. 

The nearly-implicit scheme consists of a first step that solves 
' all seven conservation equations treating all interphase exchange 
, processes, the pressure propagation process, and the F- 

~onvection process implicitly. These finite difference eguations 
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are =act- the expanded ones solved in the semi-implicit scheme 
with one major change. The convective terms in the momontam 
equations are evaluated implicitly (in a linearized form) instead 
of in an explicit donored fashion as is done in the semi-implicit 
scheme. Development of this technique is given in NUREG-4312, 
Reference 1, section 3.1.1.7. 
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c 
The six equation model with an additional equation for the 

noncondansible gas component has five independent state 

variables. The independent variables are chosen to be P, ag, Ug, 
Uf, and X,. All the remaining thermodynamic variables 
(temperatures, densities, partial pressures, qualities, etc.) are 
expressed as functions of these five independent properties. In 

addition to these properties several state derivatives are needed 
because of the linearization used i n  the numerical scheme. This 
section contains three parts. The first discusses the state 

property derivatives needed i n  the numerical scheme. The second 

section develops the appropriate derivative formulas for the 

single component case and the third section does the same for the 
two-phase, two-component case. 

The values of thermodynamic state variables are stored in tabular 
form within. a controlled environmental library which is attached 
by the code. The environmental library was received from EG&G 

with the base RELAPS code version. 

2.1.2.1. State eantationq 

To expand the  time derivatives of the phasic densities in terms 
of these dependent variables using two-term Taylor series 

expansions, the following derivatives of the phasic densities are 
needed: 

The interphase mass and heat transfer requires an implicit 

(linearized) evaluation of the interphase temperature potentials 
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Tf - TI and Tg - TI. .TI is the temperature that exists at the 
phase interface.  or a single component mixture, 

where the superscript s denotes a saturation value. In the 
presence of a noncondensible mixed with the steam, 

where Ps is the partial pressure of the steam in the gaseous 

phase. The gaseous phase properties for a two-component mixture 
can be described with three independent properties. In 

particular, the steam partial pressure, Ps, can be expressed as 

Substituting Equation 2.1.2-3 'into Equation 2.1.2-2 gives the 

interface temperature, TI, as the desired function of P, Xn, and 

ugma The implicit evaluation of the temperature potential .in the 
numerical scheme requires the following derivatives of the phasic 
and interface temperatures, such as 

' p  and Tg could have initially been written with Ps, Xn, Uf as tflo independent arguments.  quat ti on 2.1.2-3 would then be used 
to write p g  and Tg with P, Xn, and Ug as the independent 
variables. 
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For a single component mixture the Xn derivat ives are zero and 

! 

since T' is only a function of P for this case. 

, In addition t o  these derivatives, tho basic phasic properties as 

: functions of P, ag, Ug, Uf, and X, a r e  needed along with the 

, homogeneous equilibrium sound speed for the c r i t i c a l  flow model. 
I 

: The basic properties are obtained from steam tables  that tabulate  
f o r  each phase t h e  phas ic  p r o p e r t i e s  and t h r o e  phasic 
derivatives: the isobaric  thermal expansion coeff icient  ( B ) ,  t he  

; isothermal compressibility ( K ) ,  and the  spec i f i c  heat a t  constant 
I 

i pressure (Cp). 
I 

3.1.2.2. Sinu le  Com~onent Two-Phase Mixture 

For the purposes of this discussion, a s ing le  component two-phase 
mixture will be referred t o  as Case 1. Case 1 is straight 

forward. Liquid properties a r e  obtained from the steam tables 
given P and Uf. A l l  t h e  desired density and temperature 
derivatives can then be obtained from Bt, and Cpf. The 
desired derivatives are given a s  
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Parallel formulas hold for the vapor phase with p and Ug as the 
independent variables. 

The only nonstandard feature involved in the evaluation of the 

formulas in Equation 2.1.2-8 is the calculation of V 8  T, r ,  8 ,  
and Cp if the steam is subcooled or the liquid is superheated, 

that is, metastable s t a t e s .  The extrapolation used for these 
cases is a constant pressure extrapolation from the saturation 
state for the temperature and specific volume. Using the first 
two tenas of a Taylor series gives 

and 

V V(P) + V(P)B(P)[T C. T(P)] 
i 

In Equations 2.1.2-9 and 2.1.2-10 the argument P indicates a 
saturation value. 

To obtain the p ,  S, and Cp corresponding to the extrapolated V 

and TI the extrapolation formulas are differentiated. Taking the 
appropriate derivatives of Equations 2.1.2-9 and 2.1.2-10 gives 
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Equation 2 . 2 1  shows that a consistently extrapolated cp is 
just  the saturation value Cp(P). Equation 2.1.2-12 gives the 
extrapolated @ as a function of the saturation properties and the 
extrapolated V. Equation 2.1.2-13 gives the consistently 

exptrapolated r as a function of the extrapolated and saturation 
properties. The extrapolated r in Equation 2.1.2-13 involves a 

change of saturation properties along the saturation l i n e .  In 

particular, dp (P) involves a second derivative of specific 

volume. Since no second-order derivatives are available from the 

steam property tables, this tern was approximated for the vapor 

phase by assuming the fluid behaves as an ideal gas.. With this 

assumption the appropriate formula for the vapor phase c is 

For the liquid phase extrapolation (superheated liquid) only the 
specific volume correction factor in Equation 2.1.2-13 W a s  , 

retained, that is, 
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' The homogeneous equilibrium sound speed is calculated from 
standard fonrmlas using the aaeuration r's, @ ? s t  and Cpts. The 

, sound speed formula 

' is used, where from the Clapeyron equation 

, and X is the steam quality based on the mixture mass. 

2.1.2.3. TWO com~onent. Wo-Phase Mixture 

This Case is referred to as case 2 -  .The liguid phasic propefiias 
and derivatives are calculated in exactly the same manner as 

described in Case 1 (see section 2.1.2.2), assuming the 

noncondensible component is present only in the gaseous phase. 

The properties for the gaseous phase are calculated assuming a 
Gibbs-Dalton mixture of steam and an ideal nonfondensible gase A 

Gibbs-~alton mixture is based upon the following assumptions: 

I. P - P, + P, , 

2. Ug - XnUn + (I - X U  , and 
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where P, and P, are the partial pressures of the steam and 
noncondenaible components, respectively. The internal energies 

Up, U,, and th. specific volumes Vs, Vn are evaluated at the gas 

temperature and the respective partial pressures. The vapor 
properties are obtained from the steam tables and the 
noncondensible state equations area 

PnVn = R T and 2.1.2-21 
n g 

' Given P, Ug, and Xnr Equations 2 -1.2-18 through 2.1.2-20 are 
solved implicitly to find the state of the gaseous phase. If 
Equation 2.1.2-18 is used -to eliminate Pn and  quat ti on 2.1.2-21 
is used for Vn, Equations 2.1.2-19 and 2.1.2-20 can be written as 

and 

2.1.2-24 

Given P, Ugr and Xn, Equations 2.1.2-23 and 2.1.2-24 implicitly - 
determine Us and Ps. (Equation 2.1.2-20 was divided by the 
temperature and multiplied by the partial pressures to obtain 
Equation 2.1.2-24.) 

pr he code input permits selection of any one of s i x  
noncondensible gases. The constants used t o  represent air are 
in ST units: T, = 250.0 K, co - 715.0 ~/(kg/~), Uo = 158990.52 
J/kg, Do = 0.10329 J/(kg K ~ )  , and R, = 287.066 N m/(kg K) . 



To obtain the derivat ives  needed in the numerical scheme, the 
derivatives of Us and P, are taken w i t h  respect to P, Ug, and Xn. 

' 

These derivatives. can be obtained from Equations 2.1.2-23 and 

2.1.2-24 by the use o f  the chain r u l e  and implic5t 
differentiation. For example, taking the derivative of  Equations 
2.1.2-23 and 2.1.2-24 with respect to P [recall that Ps 

Ps(PtUg,Xn) and Us - Us(P,Ug,Xn)l yields 

as a linear system of  two equations determining 

In Equation 2.1.2-25 

is the equivalent gas constant for t h e  steam vapor, 
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and 
; 

The TERM factors have been singled out as they are treated i n  a 
s p e c i a l  manner i n  the numerical scheme. To obtain the 
derivat ives  Ps and Us with respect to Ug and Xn the above 

development is repeated, taking derivatives of Equations 2.1.2-23 

and 2 . i . 2 - 2 4  with respect t o  Ug and X,. In each case.  l inear 
equations parallel t o  those in Equation 2 .1 .2 -25  are obtained. 
In fac t ,  the l e f t  side matrix is exactly the same, only the right 
side vector  changes. 

Having obtained a l l  t h e  derivat ives  of Ps and Us, it is 
r e l a t i v e l y  easy t o  obtain t h e  derivatives needed for the gaseous 
phase. From the chain rule, 

I , and 
U 

2.1 .2-30 
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i where 

: are the standard phasic derivatives for the  vapor phase. 
Equations 2. 1. 2-29 through 2.1.2-31 g ive  a l l  the desired gaseous 
temperature derivat ives .  The interface  temperature der ivat ives  

I are obtained from the Clapeyron equation and t he  known Ps 
: derivat ives ,  that is, 

, and 

I where dTi/dPs is given by the reciprocal o f  Equation 2.1.2-17. 

The densi ty  derivatives can be obtained from Vg = XnVn or 
Vg - (I - Xn)V, a s  these two formulas for  the gaseous s p e c i f i c  

a volume are equivalent (see Equation 2.1.2-20).  A symnetric 
formula can be obtained by eliminating Xn from the above two 

. f omulas  giving 
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Using Equation 2.1.2-35 the pg derivatives with respect to P are 
obtained 

Parallel formulas are obtained when Ug or Xn is the independent 
variable. The partial derivatives on the right side of Equation 

2.1.2-36 are obtained from formulas exactly parallel to those in 
Equations 2.1.2-29 through 2.1.2-31 with Tg replaced by Vs o r  Vn. 

When taking the derivatives of Vn, 

Hence, an additional term appears in Equation 2.1.2-29 due to the 

direct dependence of Vn on P. 

The homogeneous equilibrium sound speed for a noncondensibla- 
Steam-water mixture is derived in Reference 113. 

The sound speed formula in Reference 113 is 
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where 

and 

A A A 

In the above formulas X,, X,, and Xi are mass qualities based on 

the total mixture mass. 

Evaluation of the sound speed formulas at the saturated 

equilibrium state 'requires a second iteration. To avoid this 
extra iteration the sound speed formulas were evaluated using the 
nonequilibrium state properties. 

The liwid properties and derivatives are obtained as above for 
case 1. To obtain the gaseous properties, Equations 2.1.2-23 and 
2.1.2-24 must be solved iteratively. A standard Newton iteration 
in t w o  variables is used. The iteration variables are Ps and Us. 
The steam table Subroutine STH2X6 is called once during each 

iteration to obtain all the needed ateam vapor properties and 

Equations 2.1.2-21 and 2.1.2-22 are used to obtain the air 
properties. T o  save calculation t i m e  only an approximate 
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Jacobian is used inside the iteration loop. From Equation 

2.1.2-24, it is clear that if the steam behaves as an ideal gas, 
that is, Rs = (VgPS/Tg) is constant, then Equation 2.1.2-24 is a 
simple linear equation determining Ps directly in terms of P and 

Xn. It simplifies the'iteration to neglect the derivatives of Rs 
in the Jacobian, making it equal the left side matrix i n  Equation 
2.1.2-25, with TERM1 and TERM2 terms absent. This iteration has 
been tested with Ps ranging from 2000 Pa to P and has always 
converged. The iteration is terminated when 1 bps 1 /P and 1 AV. 1 /vg 
are both <0.0005. Hand calculations have been performed to 

compare both. the properties and derivatives with the code 

calculations. In all cases the scheme converged in 4 iterations 
or less. 

Once the iteration has converged the gaseous properties are 

determined from the formulas in t h i s  section. I n  the evaluations 
of all these derivatives the full matrix in Equation 2.1.2-25 is 

used including  TERM^ and TERM2. 
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3.1.3. Constitutive Modela 

The constitutive relations include models for defining flow 

regimes and flow regime related models for interphase drag, wall 
friction, heat transfer, interphase heat and mass transfer, 

horizontal and vertical stratification, and water packing 

mitigation. 

In RELAPS the constitutive relations include flow regime effects 
for which simplified mapping techniques have been developed to 
control the use of constitutive relation correlations. Three 

flow regime maps are utilized. They are vertical and horizontal 
maps for flow in pipes, and a high mixing map for flow in pumps. 

The flow regime maps are based on the work of Taitel and 

~ukler~'? 28 and Ishii. 29'31 

Taitel and Dukler have simplified flow regime classification and 
developed semi-empirical relations to describe flow regime 

transitions. However, some of their transition criteria axe 

complex and further simplification has been carried out in order 

to apply these criteria efficiently in RELAPS. In addition, 

post-CHF regimes as suggested by 1shiiZ9 are included. 

vertical Flow Recrime Mag 

The vertical flow regime map is modeled as seven regimes, three 

of which are for pre-CHF heat transfer, three of which are f o r  

post-CHF heat transfer, and one of which is for vertical 

strat  if ication. For pre-CHF heat transfer, the regimes modeled 

are the bubbly, slug, and annular mist regimes. Formulations for 

these three regimes were utilized by Vince and ~ a h e ~ ~ ~  to analyze 

their data. For post-CHF heat transfer, the bubbly, slug, and 

annular mist regimes are transformed to the inverted annular, 
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inverted slug, and mist regimes, respectively, as suggested by 
~shii . 29 Unheated components are also modeled utilizing the pre- 

CHF map. A schematic representing the pre- and post-CHF regimes 

of the vertical flow regime map is shown'in Figure 2.1.3-1. The 

vertically stratified regime may exist at low flow conditions and 
a schematic showing its relationship in the vertical flow regime* 
map is given in Figure 2.1.3-2. The criteria for defining the 

boundaries for transition from one regime to another are given by 
the following correlations. 

Figure 2.1.3-1, Sketch of Vertical Flow Regime Map. 
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Figure 2.1.3-2. Vertical Flow Regime Map Including the 
Vertically Stratified Regime. 
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(Note: in Reference 28, p i  - p g  is approximated as p i ,  see also 

References 30 and 33). Accordingly, the limiting tube diameter 

allowing the presence of bubbly flow is 

where D* is the dirnension1,ess tube diameter, . . 

Equation 2.1.3-2 is the dimensionless ratio o f  tube diameter to 

film thickness times the Deryagin number, where the Deryagin 
number is the ratio of film thickness to capillary length. Also, 

in the limit, as the fluid properties approach the thermodynamic 
critical pressure, D* = D. 

For tubes with diameters satisfying the  condition* of Equation 
2.1.3-3 the bubble-slug transition occurs at a void fraction og = 
0.25 for low mass f luxes of G 2 Z O O 0  kg/m2s. By combining th is  
void criterion with Equation 2.1.3-3 the bubble-slug transition 
criterion can be defined such that 

=L - 0.25 WIN t l . 0 , '  ( ~ * / l 9 ) * ]  . 

Hence, if the local void fraction, a:, exceeds the criterion of 
Equation 2.1.3-5 then bubbly flow cannot exist since the  rise 
velocity of small bubbles exceeds that of Taylor bubbles. The 

exponential power of 8 is used to provide a smooth variation of 
r r ~  as D* decreases. 

high mass fluxes of G 2 3000 kg/m2s, bubbly f low with finely- 
dispersed bubbles can exist up to a void fraction, agt of 0 . 5 .  

Then, if the criterion is linearly interpolated between the upper 
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and lower void l i m i t s ,  the bubbly-slug t r a n s i t i o n  c r i t e r i o n  =an 
; be wri t ten as 

a B-S rn &L 

for mass f luxes of G 2000 kg/n2s, 

Q B-S Q~ 

+ 0.001 (G - 2000)  (0.1 - nL) 
for  mass f luxes of 2000 c G < 3000 kg/n2s, and 

a B-S - 0 . 5  

1 for mass f luxes of G 2 3000 kg/n2s. The flow regime can 
I therefore be i n  the  bubbly regime if a g < ag-s and i n  the s lug 
I regime if a k a ~ - s *  

g 

The bubble-slug t r a n s i t i o n  defined by Equations 2 .1 .3 -6  t o  2.1.3- 
8 is s i n i l a r  t o  t h a t  given by T a i t e l  and ~ u k l a r , ~ ~  except that 
the void f rac t ibn  re l a t ion  is converted i n t o  a form based on 
li quid and vapor super f ic ia l  v e l o c i t i e s  and finely dispersed 
bubbles a r e  also distinguished from ordinary bubbles. 

: For the  slug t o  annular flow t r a n s i t i o n ,  T a i t a l  and hlklarZ8 
developed a c r i t e r i o n  based on the c r i t i c a l  vapor velocity 

required t o  suspend a l iqu id  droplet .  The c r i t i c a l  ve loc i ty ,  uo, 
is wri t ten as 

The value 3.1 for the numerical coef f ic ien t  is somewhat larger 

than the value of 1 . 4  reported by ~ a 1 l i . s ~ ~  but i s  a better fit t o  
the  data reported by Vince and L ~ a h e y . ~ ~  i n  comparing RELAPS code 
r e s u l t s  t o  data ,  however, the coeff ic ien t  value of 1 . 4  gives 
better results. The void f rac t ion  must a l so  be grea ter  than 0.75 
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in order to get good comparisons between code results and data. 
Hence, solving  quat ti on 2 . 1 . 3 - 9  for void fraction and imposing a 

lower void limit of 0 . 7 5  yields the s lug  to. annular transition 
criterion for which 

where the flow regime is said to be in the slug regime if 

Og ' OS-A 
and in the annular-mist regime if a > as-A. g 

For post-CHF heat transfer the same foranulations are used to 

define the inverted flow regime transition criteria in that 

Equations 2.1 .3-6  through 2 .1 .3 -8  also def in* the inverted slug 

regime transition and Equation 2 .1 .3 -10  defines the inverted slug 
to mist regime transition. 

At low mass fluxes the possibility exists for vertically 
stratified conditions. In RELAPS vertical flow in a volume cell 
is considered to be stratified if the difference in void fraction 
of the volumes above and below is greater than 0.5 and if the . ' 

magnitude of the volume average mixture mass flux is less than 
the Taylor bubble rise velocity mass flux. The Taylor bubble 
criterion is based on the Taylox bubble velocity given by 

Equation 2.1 .3-2  such that I 

IGI  < p vTb 8 2.1.3-11 

where v ~ b  is the T a y l o r  bubble velocity and 

Hence, i f  Equation 2 - 1 . 3 - 1 1  is true, then transition $0 vertical 
stratification exists and if Equation 2.1.3-11 is false, then 
transition to vertical stratification does not exist. 

Rev. 1 
10/88' 
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porizonm Flow Recrime Mag 

The horizontal flow regime map is similar to the vertical flow 
regime map except that the post-CHF regimes are not included and 
a horizontal stratification regime is modeled tha t  replaces the 
vertical stratification regime. The horizontal flow regime map 
therefore consists of horizontally stratified, bubbly, slug and 

annular mist regimes. The criteria for the bubbly to slug and 
the slug to annular mist regimes are also .similar to those for 
the vertical map except that the bubbly to slug transition 
criterion is a constant 

' 

The slug to annular mist transition criterion is also a constant 

The criterion defining the horizontally stratified regime is one 
developed by Taitel and hlklar.i7 

According to Taitel and Dukler, the flow field is horizontally 
stratified if the vapor velocity satisfies the condition that 

where 



The angle 8 is related to the liquid level, i t ,  and the void 

fraction, ag,  by the relationships 

and 

a u = 9 - sine case . 
Q 

If the horizontal stratif icatj.cn condition of Equation 2.1.3-15 

is met, then the flow field undergoes a transition to . 
horizontally stratified. If the condition of Equation 2.1.3-15 

is not met, then the flow field undergoes a transition to the 
bubbly, slug, or annular mist flow regime. 

Jiiah Mixinu Flow Reaime Mav 

The high mixing flow regime map is based on vapor void fraction, 

og8 and consists of a bubbly regime tor ag 5 0.5, a mist regime 
for ag 2 0.95,  and a transition regime for 0.5 < exg < 0 . 9 5 .  The 

transition regime is modeled as a mixture of bubbles dispersed in 

liquid and droplets dispersed in vapor. 

: 2.1.3.2. Interahase Draq 

The interphase drag force per unit volume expressed in tens  of 
4 

relative phasic velocity is 



: 1 Framatome ANP, Inc. 

I 

I where 

pc - density of the continuous phase, 

CD = drag coefficient, 

= interfacial area per unit volume, and 

SF m shape factor. 

The shape factor30, SF, is assumed to be unity ( 1 .  The . 
evaluation of age and CD for different flow regimes is covered in 
the following discussion. 

Dispersed Flow 

The bubbly and mist flow regimes are both considered as dispersed 
flow. According to ~ a 1 1 i s ~ ~  and shapiro, 3S the dispersed bubbles 
or droplets can be assumed to  be spherical particles with a s i z e  
distribution of the Nukiyama-Tanasawa form, The Nukiyama- 

Tanasawa distribution function in nondimensional form is 

where d* = d/d8 ; d8 is the most probable p a r t i c l e  diameter, and 
j p* is the probability of particles with a nondimensional diameter 

of d*. With this distribution, it can be shown that the average 

; particle diameter do = 1.5 d8, and the surface area per unit 
volume is 

6; J d*2 p* dd* a = -  = 2.4; - 8 
gf d' d*3 p* dd* d' 
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I where = ag for bubbles and ; - of for droplets. In terns of the 
average diameter, do, the interfacial -area per unit volume, agf , 
is 

: The average diameter do is obtained by assuming that do - 1/2 
dmx. The maximum diameter, dm&x, is related to the critical 
Weber number, We, by 

. The values for We are presently taken as We - 10 for bubbles and 
; W e  = 3.0 for droplets. 
I 

: The drag coefficient is given by Ishii and  hawl la^^ for the 
viscous regime as 

: where the particle Reynolds number Rep is defined as 

The mixture viscosity, pm, is pm - p f / a f  for bubbles and p,  = 

I p d  (as) *' for droplets. 
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--- 

Overall average 
void fraction - 

--- 

Figure 2.1.3-3. Slug Flow Pattern 

s.zuuUY 
slug flow is modeled as a series of Taylor bubbles separated by 
liquid slugs containing small bubbles. A sketch of a slug flow 
pattern is shown in Figure 2.1.3-3. The Taylor bubble has a 
diameter nearly equal to the pipe diameter and a length varying 
from one to one hundred pipe diameters. 

The total drag in slug flow is partitioned into small bubble and 
Taylor bubble drag components: 

. u 

The interphasic friction term for snall bubbles, (fgf)&, is of 
the form given in Equation 2.1.3-20 and is determined with the 
a and C,, derived for dispersed flow (~quations 2.1.3-23 and 
g f 
2.1.3-25) 

Rev. 2 
8/92 



Framatome ANP, Inc. BAW-10164NP-06 

The void fraction of a single Taylor bubble, ab, in the total 
mixture is 

where a is the average void fraction in the liquid film and 
gs 

: slug region. 

To provide a smooth transition into and out of slug flow, a 
gs ' i n  

Equation 2.1.3-27, is considered as a free parameter varying from 
the void fraction (a ) at the bubbly to slug flow regime 

B-s 
transition to nearly zero at the slug to annular mist flow reghe 

transition. The variation is represented by the exponential 

expression 

Three options are available for computing the Taylor bubble 

interphase drag in slug flow: the base INEL arag, the Wilson 
drag, ,and the  B&W modified slug-drag model. . The Wilson drag is 
based on the Wilson bubble rise velocity in a vertical pipe. 135 

The BWNT moaif fed slug-drag model uses coefficients t h a t  alee a 
function of pressure and void fraction to adjust the' INSL drag, 

model. The default is the XNEL model. 

' By approximating the ratio of the Taylor bubble diameter: to the 

, tube diameter and the diameter-to-length ratio of a Taylor 

I bubble, Ishii and ~iohina~' obtained the surface-to-volum. ratio 
i of a Taylor bubble as 4.5/D. fn the INEL drag model, this is 
, used to obtain the interfacial area per unit volume, a 

gf ' for 
' slug flow: 
/ .  

Rev. 3 
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in whidh the First term pertains to Taylor bubbles and the second 
' term to small bubbles. =t i s  a roughness parameter that is 

introduced to  account for irregularities in the surface of large 
a Taylor bubbles. A t  the present t h e ,  Ct is assumed to be unity 
I 

I 

I The fNEL model drag coefficient for Taylor bubbles is given by 
30 I s h i i  and Chawla as 

I 

, - 

' 
where a is given by combining Equations 2.1.3-27 and 2.1.3-28. 

b 

e Wilson Dr aa Modea 

, - The Wilson drag model was first derived for reflood appl i ca thns  
136- using BEACH . and is now applied to non-reflood conditions in 

Rev. 3 
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The estimate of the phasic s l i p ,  bv ,  is obtpined from a modified 
set of the ~ i l s o n ~ ~ ~  bubble rise nodal: 

- 

- 



I 

Framatome ANP, Inc. 

The coefficients a 
&land j 

for j = 1 and 2 are from the original 
correlation. The ird set ( j  = 3), however, was added to obtain 
a batter match to the original data at high a* (greater than 

9 
about 6.526) . . As implemented in RELAP5/MOD2-BQW, the bubble 
velocity is multiplied by a user-defined multiplier, CWB: 

where C 
WSL 

is a user-defined multiplier for slug flow conditions 
which, at the present time, is set equal to one. 

In RELAPS; an interphase drag for each volume is calculated and 
then the drag for the junctions between connecting volumes are 
determined. RELAPS uses several techniques to smooth the void 
behavior across the junction. One of these smoothing techniques 
is used when the difference between the void fractions of 
adjoining volumes is greater than 0,001. For some situations 
(for example, in RSG PWR small break LOCA, during the hot leg 

draining period and during the period preceding core uncovery) , 
it is expected that discontinous void behavior will occur at the 
core-upper plenum boundary. The unmoaified junction drag logic 
calculates void behavior reasonably well. However, because 

RELAPS smooths the void behavior across the junction when the 
difference between connecting nodes is greater than 0.001, a flat 

Rev. 2 
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void profile is calculated for some cases as illustrated in 
Figure 2.1.3-3.1. Therefore, as an option to tho Wilson drag 
model, the void difference threshold for curve smoothing is 
increased to 0 . 5 .  

CORE ELEVATION 

Figure 2.X.3-3.1. Typical RELAP5 V o i d  Profile: 
Smoothed and Unsmoothed Curves. 

BWNT has added an option to adjust  the slug interphase drag fox 
non-reflood applications via coefficients added to Equation 
2.1.3-26.1. The adjuBtments, based on numerous benchmarks, are 
functions of pressure and vo id  fraction as shown i n  the following 
equations.  

I 

I 

fsr 'Ma [(fgtlob + M o  (fgiIT J r 

where 
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The values given in parentheses are the default coefficients. 
These are selected by the user through input of a control volume 

flag which refers back to a tabular default table nunbar 
containing the five coefficients that are listed. A different 
.set of coefficients may be specified by the user on input. U s e  

of the default drag adjustments are appropriate for two-phase 

applications in heated tube bundles and small diameter pipes 

during non-reflood calculations. 

ar Mist Flow 

Annular mist ilow is characterized by a liquid film along the 
wall and a vapor core containing entrained liquid droplets. The 

INEL drag is the sum of the annular vapor and liquid droplet drag 
components 

Let  oft be the average liquid volume fraction of the liquid film 
along the wall. Then, from simple geometric considerations, the 
interfacial area per unit volume can be shown to be 

. Rev* 3 
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where can is a roughness parameter introduced to account for 
waves in the liquid wall film and aid is the average liquid 
volume fraction in the vapor core, for which 

A simple relation based on the flow regime transition criterion 
and liquid Reynolds nunber is used to correlate the average 
liquid film volume fraction. For vertical flow regimes, the 

entrainment relation is 

where u is the entrainment critical velocity given by Equation 
C 

2.1.3-9 with the coefficient 3.1 replaced by 1 .4 .  For horizontal 
flow regimes, the entrainment relation is 

' where v is the horizontal stratification critical velocity 
gl : given by Equation 2.1.3-16. The tern C is expressed as 

f 

. Rev.  3 
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Fhe interfacial friction factor, it 
for the liquid film takes 

' the place of CD in equation 2.1.3-20, and is described by a 
correlation obtained by Bharathan et for which 

where 

-0.56 4- 9.07/D*, 

1.63 + 4.74/D*, and 

The tern b* is the liquid wall film Deryagin number for which 6 

is the film thickness, and D* is the dimensionless diameter given 
by Equation 2.1.3-5. 

BWNT has added an option to include a multiplicative coefficient 

on the overall drag computed for control volumes in an annular 
' mist flow regime. This coefficient is available tor non-reflood 
applications. The default coefficient, xms, is 1.0; however, it 

a m y  be changed on input specified by the user. The coefficient 
is applied as follows 
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,f 

F o r  vertically stratified flow the previously discussed 
interphase drag relationships are applied except 'that a low . 
interphase drag coefficient of 0.1 ~ - s ~ / n ~  is imposed for the 
junction above the vertically stratified volme. 

,* 

a By simple geometric consideration, one can show that the 

i interfacial area per unit volume is 
i 

"gf - 4Cst sin 8 (nD) , 

: where Cst is a roughness parameter introduced to account for 
surface waves and is set to 1 at the present: time. 

The interface Reynolds number is defined w i t h  the vapor 
properties and regarding liquid as the  continuous phase for which 

where the equivalent wetted diameter, Di, for the interface is 

I 

DL = awD/ (6 + sine) . 
I 

' The interfacial friction factor, 
= i t  replaces C~ in Equation 

2.1.3-20 and is obtained by assuming typical friction factor 
relationships for which 

Rev. 2 
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for laminar flow, where, Rei 11187, 

for turbulent flow, where Rei 2 4000, and 

for the laminar to turbulent transition where 1187 c Rei < 4000. 

Inverted Flow Reaim-  

The interphase drag relationships for post-CHF inverted flow 

regimes are treated in a similar fashion to the corresponding 
pie-c~E' flow regimes except that the roles of vapor and liquid 
are interchanged. 

2.1.3.3. wall Friction 

In RELAPS, the wall friction fdrce terms include only wall shear 
effects. Losses due to abrupt -area change are calculated using 

mechanistic form loss models. Other losses due to elbows or 

complicated flow passage geometry are modeled using energy loss 
coefficients that must be. input by the user. 

In the development of the RELAP5/MQD2 wall friction model, 

emphasis was placed on obtaining reasonable values for wall 
friction in all flow regimes. The flow regime models - are • 
discussed in section 2.1.3.1. 

The wall friction model is based on a two-phase multiplier 

approach in which the two-phase multiplier is calculated from the 
Heat Transfer and Fluid r low Service (HTFS) modified Baroczy . - .. . 
correlation. 37 The individual phasic wall friction components 

are calculated by apportioning the two-phase friction between the 
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phases using a technique derived from the ~ockhart-~artinelli~~ 
model. The model is based on the  assumption that the frictional 

pressure drop nay be calculated.using a quasi-steady form of the 
moment- equation. 

  he overall friction pressure drop can be expressed in terms of 
the liquid-alone wall friction pressure drop 

or the vapor-alone wall friction pressure drop 

: ' where and 4g are tho liquid-alone and vapor-alone two-phase 
friction multipliers, respectively. The phasic wall friction 

I pressure gradients are expressed as 

for the 1 and 
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for the vapor-alone, where the prime indicates the liquid-and 
vapor-alone friction factors, respectively, calculated at the 
respective Reynolds numbers 

: and 

The liquid and vapor mass flow rates, respectively, are defined 
as 

and 

! Throughout the current literature the overall two-phase friction 
pressure gradient is calculated using two-phase friction 

i 

, multiplier correlations. However, regardless of the correlation 
I used, the multipliers may be interrelated using Equations 2.1.3- 

4 5  through 2.1.3-48 and the ~ockhart-~artine3Ji~~ ratio defined 
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i ' In RELAPS these equations are used to apportion the overall wall 

friction into 1iqd.d and vapor wall friation coefficients. 

tq Flow Reaime Effec 

Two-phase friction can be modeled in - terms of two-phase fri etion 
multipliers and known friction factors using the method developed 
by ~ockhart-~artinelli.)~   his holm^* also developed a 
theoretical basis for  the ~ockhart-Martinelli model that provides 
a rationale for relating the equations to empirical results. 

- 

From the theoretical basis developed by chisholm, irrespective-of 

flow regime, the quasi-steady phasic momentum equations can be . - 
expressed in scaler fom as 

' for the liquid, and 

for the vapor, where r f  and t g  are the liquid and vapor wall 
shear stresses, respectively, pf and pg are the liquid and vapor 

wetted wall perimeter, respectively, and SFI is a stress gradient 

due to interphase friction. These equations can be expressed in 
tents of Darcy friction factors and airaplified so that 
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for the liquid, and 

for the vapor, where the interphase friction term, SR, is defined 
as 

The terms t r f ,  and agw are the liquid and vapor volume fractions, 
respectively, at the wall, and af and og are the overall liquid 

and vapor volume fractions, respectively. Taking the ratio of 
Equation 2.1.3-56 to 2.1.3-57 gives 

Consider the pure liquid case where og = 0 and rrfv - of and for 
which Equation 2.1.3-56 reduces to 

For this case, the friction factor, ~ f ,  can be precisely _ -. . . 
calculated based on a Reynolds number expressed in term8 of 
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Similarly, for the two-phase case, liquid and vapor friction 

factors can be calculated based on Reynolds number of 

Rf - and 
Pf 

for the liquid and vapor, respectively. These terms have the 

property that, as one phase or the other disappears, the friction 
factors calculated reduce to their single-phase fomulationo. 

I 

! 

; Equations 2.1.3-56 and 2 .1 .3 -57  can be rewritten as 
I 

I 

and 

for the liquid and vapor, respectively. However, these equations 

are now flow regime dependent since knowledge of the wetted wall 
and overall void fractions is required in order to calculate the 
friction factors. The term 22 can also be considered as a 
correlating factor relating the overall two-phase friction 

pressure gradient to the known phasic friction factors. 
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The quasi-steady phasic momentum equations similar to Equations 

1 2.1.3-63 and 2.1.3-64 can' also be written in terms of the RE-5 

friction coefficient, where 

for the liquid, and 

for the vapor. Taking the sum of these two equations gives the 
overall quasi-steady two-phase pressure gradient as 

I 

< - - FWF(afpfvf) + FWG (a p v ) . 
9 g g  

It should be noted that the calculation of the phasic friction 
factors using the Reynolds numbers given by Equation 2.1.3-61 and 
the assumption that two-phase flows behave similarly to single- 
phase flows in' the laminar, transition, and turbulent xegims 
provides the rationale relating Equations 2.1.3-63 and 2.1.3-64 

to empirical data. It is this same rationale that allows 

expressing the correlating term, 22, in terms of friction factors 
that are independent of interphase friction as given by Equation 
2.1.3-59. It is this equation that forms the basis for 

apportioning the overall two-phase wall friction between the 

phases. 

J4~~ortjonina Wall Friction 

Overall two-phase wall friction can be apportioned into phasic 

compOn8nts by combining Equations 2.1.3-65 and 2.1.3-66 with 
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Equations 2.1.3-45 through 2.1.3-48 and 2.1.3-59, 2.1.3-62, and 

2.1.3-64 which results in 

for the liquid, and 1 

for the vapor, where the two-phase multiplier tems are 
calculated using a two-phase friction multiplier correlation. 
Flow regime effects are also included in the relationships 
between wetted wall and overall void fractions and 'their effect 

in calculating the friction factor tems. 

e H.T.F .S .  Two - Phase Fr iction Multi~lier Correlation 
In =LAP5 only the H.T.F.S.  orr relation^^ is used to Calculate 
two-phase friction multipliers. Thf s correlation was chosen 

because it is correlated to empirical data over very broad ranges 
of phasic volume fractions, phasic flowrates and flow regimes. 

The correlation has also been shown to give good agreement with 
empirical data. 

The H.T. F.S. correlation for two-phase friction multiplier3' is 
expressed as 
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I 

for the liquid-alone multiplier, or 

for the vapor-alone multiplier, where C l o  the correlation term 
and x is the Lockhart-Martinelli ratio given by Equation 2.1.3- 
53. The correlation term is .expressed in terms of scalar mass 
flux, G ,  and the Baroczy dimensionless property index, A ,  such 

! that 

where 

I (logloti + 2 . 5 )  
T1 - exp - 

2 . 4  - G ( ~ o - ~ )  

The terms p ,  p ,  a and v denote the density, viscosity, volume 
fraction and velocity, respectively. 

Rev. 1 
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I 

In RELAPS the friction factor and velocity terms are calculated 
: in such a manner that as the velocity terms disappear the 

- 3 

equations give the correct limits. 

factor terms are evaluated such that 

F o r  example, 

6 4 ~ ~  
3 .  

lim 

the friction 

and the velocity terms are evaluated such that 

Hence, for stagnant flow or single-phase conditions, a positive 
and finite friction coefficient is always calculated. Thus, the 
numerical possibility of an infinite or negative friction 

coefficient is eliminated. 

In Equations 2.1.3-78 and 2-1.3-79, flow regime effects are 
included in the terms ( )  and (egw/ag) for the liquid and 
vapor, respectively. These terms are such that 

and 
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Equations 2.1..3-80 and 2.1.3-83 are restricted such that as 
overall phasic volume fraction disappears its corresponding wall 

film volume fraction disappearb so fhat 

= 1 and 

and similarly, 

lim [c] - 1 and 

a +O 
g 

Flow Resime Factors for Phasic W U  Friction 

Phasic wall friction is expressed in terms of wall shear stress, 

which in turn requires knowledge of the surface area wetted by 
each phase, ~rom' the flow regime model discussed in section 

2.1.3.1, expressions for the wall film phasic volume fractions 
can be derived. Using these expressions, the phasic 'wall 

friction factors that appear in ~quations 2.1.3-56 and 2.1.3-57 

may then be completed. 

In the flow regime map, seven flow regimes are modeled, which 

are: for pre-CHF heat transfer, the bubbly, slug, and annular 
mist; for post-CHF heat transfer, the inverted-annular, inverted- 

slug and mist; and for stratified flow, the vertically and 

horizontally stratified. For the transition regime between pre- 
and post-CfIF heat transfer, an interpolation scheme is also 
implemented in the code. 

To implement flow regime effects in the two-phase wall friction 
model, first consider the wall liquid and vapor volume fractions. 
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These terms are 

which represents the l iquid volume fraction i n  the ball film, and , . 

which represents the vapor volume fraction i n  the w a l l  film where 
the terns pf ,  pg, and p are the  perimeters wetted by the l iquid, 
vapor, and mixture, respectively. Then, from the flow regime 
model these are formulated for all ' of the flow regimes as 
follows: 

For the bubbly regime 

where a f ,  ag are the overall l iquid and vapor volume 
fraction, respectively. 

For the slug regime 

a = 1 - a  anda = a  fw g s w gs ' 

where ogs is given by Equation 2.1 .3-29.  

F o r  the  annular-mist regime 

anda = 1 - (aff) 4 a f w  = (afe) 
gw ? 

where off  is given by Equation 2.1.3-34. 

2.1-67 
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For the inverted-annular regime 

where agg is the inverted form of Equation 2.1.3-34. 

: For the invexted-slug regime 

a = a  a n d a  = I - a  fw fs gw fs ' 

where of, is the inverted form of Equation 2 .1 .3 -29 .  

For the mist regime 

& fw - o f  and o = ag , gw 

which is similar to  the bubbly regime. 

For the vertically s t r a t i f i e d  regime 

am - af and a - LZ 
gw 9 

' For the horizontally stratified regime 

where e resul ts  from the solution af ~quat ions  2.1.3-17 and 
2-1.3-18. 



Framatome ANP, Inc. 

c. 
In RELAP5, the friction factor is computed using a high speed 
calculational scheme representing an engineering approximation to 
the Colebrook correlatf on. 39 

The friction factor model is simply an interpolation scheme 

linking the laminar. laminar-turbulent transition, and turbulent- 

full turbulent transition r e g i m e s .  The laminar friction factor 
is calculated as 

where R is the Reynolds number. The laminar-turbulent friction 

factor is interpolated as 

where AL, 2000  is the laminar factor at a Reynolds number of 2000 
and where At ,4000 is the turbulent friction factor at a Reynolds 
number of 4000. The interpolation factor is defined such that , 

The turbulent-full turbulent friction factor is interpolated as 

Rev. 1 
10/88 
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where the interpolation faotor is hetined such that 

and Rc is the critical Reyneilds number at which the Colebrook 
equation gives  a constant friotion factor of 

and where c is the surface roughness. 

The critical Reynolds number is given a s  

where 2 c / D  2 10'~. 

If precise values for X ~ , Q O O O  are used, ~quations 2.1.3-96 and 

2.1.3-97 are identical t o  the formulations used i n  the  Colebrook 
friction factor model for the laminar and transition regimes. 
Equation 2.1.3-101 is also identical to t h e  solution o f  the 
Colebxook model for Reynolds numbers greater than the critical 
Reynolds number. Therefore, the interpolation scheme in the 
fr ic t ion factor model lies in the formulation of Equation 2. 1.3-  

99, which is linear in ( l / R )  0.25, The maximum deviation between 
the friction factor calculated using. Equation 2.1.3-99 and that 

calculated using the Colebrook correlation is within the third 
significant figure for a moderate C / D  of 0.0003, and as s/D 
increases the deviation decreases until at an c/D such that Rc < 
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: 4000 the value given by Equation 2.1.3-99 is precisely that  of 

Equation 2.1.3-101. In any case, the results calculated using 
Equation 2.1.3-99 are negligibly different from those calculated 
by the Colebrook equation. This accuracy is achieved using a 

1 good estimate for At .4000 given by 

where A. is a constant evaluated from the Blasius smooth pipe 
: formula at a Reynolds number of 4000, such that. 
I 

The coefficients have been evaluated as 

, , K = 0.558 and A~ - 0.0158 
by the method of 1-Ern 

In calculational schemes, it is desirable to evaluate the 

friction factor in terms of ~l$v( so that the limiting terms will 
be correctly calculated as defined by Equations 2.1.3-80. For 
this case, the Reynolds number must be defined as 

a and Equation 2.1.3-97 can be rewritten as 

Rev. 1 
10/88 
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i where L(y) denotes - a general l i m i t  funct ion.  such &at 

* 
R* = (4000/R) *25  ana R, = ( ~ o o o / R ~ ) ' . ~ ~  , and 

R 2. 2000 and R, 2 4000 , 

i and where the laminar term is 

The accuracy of the improved friction f ac to r  model can be 

observed i n  Figure 2.1.3-4, which is e p l o t  of r e s u l t s  calculated 

by Equation 2.1.3-107 compared t o  similar r e s u l t s  calculated by 
the  Colebrook equation. Four curves are p lo t t ed  for each model 
representing roughness t o  diameter ratios of 2 r / D  - 0.0, 0.0006, 

0.02, and 0.1, respectively. Equation 2.1.3-107 results are 
plot ted and labeled as INTERP i n  t h e  p l o t  legend. Colebrook 

equation resu l t s  are p lo t ted  and labeled as COLBRK i n  the plot 

legend. The axes of t h e  p l o t  are scaled logarithmically. 
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COLBRK 2'c ID = 0.0 
COLBRK 2'61D= 0.0006 
COLBRK 2% ID = 0.02 
COLBRK 2.a /D = 0.1 
INTERP 2\10=0.0 

-*..'INtERP 2'~10=0.0008 
--*-- INTERP 2'E 10 = 0.02 
I---- INTERP 2'E~D=0.1 

- 1 

-. - 
Log (Reynolds number) 

- 2  

*. 

Figure 2.1.3-4. Comparison of Friction Factor for the Colebrook 
and the Improved RELAP5 Friction Factor Models- 

f 1 1 t 
> 

Friction factor vs Reynolds number 

- - 
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2 1 . 3  4 Intemhase Heat and Mass T w f e r  

The i n t e r f a c e  mass t r a n s f e r  is modeled according t o  t h e  
thermodynamic process, interphase heat t r a n s f e r  regime, and flow 
regime. After  t h e  thermodynamic process is decided, the flow 
regime map discussed i n  sect ion 2.1..3.1 is used t o  determine .tho 
phasic i n t e r f a c i a l  area and t o  select t h e  interphaso heat  
t r ans fe r  correla t ion.  

The mass t r ans fe r  model is formulated so t h a t  the n e t  i n t e r f a c i a l  
mass t r a n s f e r  r a t e  is composed of two components which a r e  t h e  
mass t r a n s f e r  r a t e  at the wall and t h e  mass t r a n s f e r  rate i n  t h e  
bulk f l u i d ,  which is expressed as 

For system components i n  which wall hea t  t r ans fe r  is modeled, 
mass t r a n s f e r  at the wall is calculated according t o  the wall 
heat t r a n s f e r  model and mass t r ans fe r  to t h e  bulk f l u i d  is 
calculated according t o  the interphase hea t  t r ans fe r  regime and 
flow regime. For system components i n  which wall heat  t r a n s f e r  
is not modeled, mass t r ans fe r  a t  the wall is ignored and mass 
t r ans fe r  i n  the bulk f l u i d  is modeled according to t he  interphase 
heat t r a n s f e r  regime and flow regine. 

For components modeling wall hea t  t r a n s f e r  processes, t h e  
i n t e r f a c i a l  mass transfer a t  the wall  is calculated from the 
t o t a l  wall-to-liquid heat  t r a n s f e r  minus the wall-to-liquid 
convective heat t r ans fe r .  For these processes, the heat  t r a n s f e r  
model developed by Chen, as discussed i n  sect ion 2.2.2.1, is used -. 
t o  model t h e  t o t a l  w a l l  t o  l iqu id  heat t ransfer .  The Chen model 
~ssumes that the t o t a l  wall- to-l iquid hea t  t r ans fe r  is composed 
of boi l ing and convective heat  t r a n s f e r  and t h a t  the  i n t e r f a c i a l  
mass t r a n s f e r  at the wall is mainly due to boi l ing heat t r ans fe r .  
Consequently, the contribution due t o  convective heat transfer 
must be subtracted from t h e  t o t a l  w a l l  to l i qu id  heat  t r a n s f e r  i n  
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order to calculate the interfacial mass transfer at the wall. 
Correlations used to calculate Interfacial mass transfer at the 
wall for different heat transfer regimes are discussed in section 

2.2.2. 

For components not modeling wall .heat transfer and for the 
general bulk mass transfer processes, the interfacial mass 
transfer in the bulk fluid is modeled according to the flow 
regime. Xn the bubbly flow regime, f o r  the liquid side, 
interfacial' mass transfer is the larger of either the model for 
bubble growth developed by Plesset and 2wick4' or the model for 

convective heat transfer for a spherical and for the 

vapor side, an interphase heat transfer coefficient is assumed 
that is high enough to drive the vapor temperature toward 

saturation. Analogously, in the annular mist regime, for the 
vapor side, a convective heat transfer model for a spherical 
droplet is used for the interphase heat transfer coefficient, and 
for the liquid s i d e ,  an interphase heat transfer coefficient is 
assumed that is high enough to drive the liquid temperature 

toward saturation. correlations used to calculate interfacial 
mass transfer in the bulk fluid are summarized in Table 2.1.3-1. 

For condensation processes, the interfacial mass transfer in the 

bulk fluid, for the liquid side, is calculated by the Unal bubble 
collapse in the bubbly flow regime and by the Theofanous 

interfacial condensation nodelSl in the annular mist flow regime 
and for the vapor side, a large interphase heat transfer 
coefficient is assumed in order to drive the vapor temperature 
toward saturation. 
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I 

! 

Table 2.1.3-1. RELAP/MODZ Interfacial   ass Transfer in Bulk 
Fluid. 

I 

1. Bubbly Flaw R e g i m e s :  

Qif ' Hzr (Ts - Tf) . I  

where 

(Plesset-Zwick) 4' 

(Force convection 
for single 
bubble) , 42 

Reb I Pf %Ivg - ~ f l  (Bubble Reynolds number), 
P, 

C 

db = bubble diameter (m) , 

Qq - H (T, - Tg) , and ig 

where 

2. Annular-Mist Regime: 
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Table 2.1.3-1; (Continued) 

where 

5 Nuid = r0 , and 

- Qig = Hig (To - Tg) t 
where 

+ 0.0023 (Re) 0 . 8  . 
kg g 

. (eg)o*5 t - 
d v -v 

Red = P g  d l  I (Droplet Reynolds number), and 

dd - drop diameter (m) . 

lieat Transfer Ps-ocesa (T T ) 
P sat 

1. Bubbly Flow R e g i m e :  
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Tabla 2.1.3-1. (contihod) 

where 

34 c birr og 
Hif (UnaX8s correlation), 

49 and 
* 

where 

61 - 6.489 loo5 (P - 1.7 lo5) 
6 P 10 (Pa) 

9 1.418 2.3 10 /P P > lo6 (pa) , 

I 
I P = pressure (Pa), and 

! 

I where 
I 

60 
i P k Nuib Hig - g and 

db2 
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Table 2-1.3-1. (Continued) 

2, Annular-Mist Flow Regime: 

Similar t o  the depressurization process. 

: : 
1. Bubbly Flow Regime: 

Similar to the heat transfer process. 

2. Annular-Mist Flow Regina: 

where 

Af ilm - area of film per unit volume, and 

-- . _ 
The first term on the right side uses the condensation of a 
single droplet in superheated steam model developed by Brown.50 
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Table 2.1.3-1. (Continued) 

The second term on the right side uses the film condensation 
model developed by Theofanous. 

where 

H 31 
6 (1-a) 

ig FI ' Nuid 
and 

daz 
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Under stratified conditions in horizontal components, the void 
I 

fraction of flow through a junction may be different from the 
i upstream vol-e void fraction. Consequently, the regular 

donoring .scheme for junction void fraction is no longer ap- 

propriate &cause vapor may be pulled through the junction and 
liquid may also be entrained and pulled through the junction. 
The correlations describing the onset o f  vapor pi1 through and 

, liquid entrainment for various geometrical conditions were 
summarized by Zuber. 73 

The incipient liquid entrainment is determined by the criterion 
: that 

I where v is given by the expressions 
! .  . g= 

for an upwardly oriented and 
1 

I t o r  a centrally oriented j ~ n c t i o n , ~ ~ , ~ ~  where d is the junction 
diameter and 11 is the liquid level. -- . . 

I 
The condition for the onset of vapor pull-through is detenqined 
by the criterion 
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where 

and where' 

1 for a centrally located or side junction 

O for downward oriented j~nction.~~t 77 

Equations 2.1.3-113 through 2.1.3-117 together with the horizon- 
tal stratification criterion (Equation 2.1.3-15) from section 

2.1.3.1, form the basis for calculating the junction void 

fraction under stratification conditions. 

. . 

For liquid entrainment, the junction liquid fraction, 6, , , is 
& ? J  . 

related to the donor volume liquid fraction, by the 

expression 

where v is from Equation 2.1.3-16. For vapor pull-through, the 
gL 

junction void fraction, a st j is given by the expression 

- .. 
The constants C1 and C2 for Equations 2.1.3-118 and 2.1.3-119 are 
obtained by comparisons of code calculations with eXperim+Ital 

data. '*'** . - . . 
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The vertical.stratification model has been installed so that the 

nonequilibrium modeling capability can include repressurization 

transients in which subcooled liquid and supeqeated vapor may 

coexist in the pressurizer and/or other locations in the primary 
coolant system. A version88 of this model has been modified, and 

this modified version is described in this section. 

For this model, a vertically stratified flow regime is included 
in the vertical flow regime map as shown in Figure 2.1.3-2. A 

vertical volume is detected as being vektically stratified when 
the difference between the void fraction in the volume above and 
that in the volume below is greater than 0.50. 

The criterion is based on the Taylor bubble velocity in Reference 
28. The factor F is calculated first. 

If F 5 I, then the vertical stratification model is not used and 
the normal vertical flow regime map is used. If F > 1, then a 
linear interpolation is used between the normal flow regime 

values for the interphase mass transfer, wall heat transfer, and 
the interphase drag coefficients. 

For a vertically stratified volume, the interphase mass transfer, 

wall heat transfer, and interphase drag coefficients are modi- 
-5 . . 

fied. The interphase mass transfer is given in terns of the 

interphase heat transfer. The fnterphase heat transfer rate. per 
unit volume (neglecting contribution from the wall) is. given as -. . . .  
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and 

where hii and h are the liquid side and vapor side interface 
ig 

heat transfer coefficients, Ac is the cross-sectional flow area 
(equal to the interfacial area when stratified), and V is the 
volume. A value of 10 w/m2-K is used for both hit and h i s  in 
the vertical stratification model. The wall h ~ a t  txansfer 
coefficients hwi and \g are partitioned with respect to their 
corresponding vapor and liquid fractions ( a t  and a g ) when 
vertical stratification occurs.. For the junction above the 

vertically stratified volume, an interphase drag coefficient of 
log1 N-s*/,~ is used. 

There is no specific edit information output tor a vertically 
stratified volume. 

2.1 .3 .7 .  Water Packina ~itiaEttj 

Large pressure spikes that cannot be explained by )mown physical 
. phenomena are at times encountered when ~ulerian type codes are 

used to analyze integral systems tests or reactor accidents. 
These spikes usually do not affect overall transient behavior, 

but in some cases may affect important localized behavior (e.g. 
delivery of coolant to the reactor core). A water packing scheme 
has been installed to mitigate these spikes. 

The water packing scheme closely follows the method used in the 
TRAC It involves a detection scheme to determine whefi' ' 

a preseure change occurs in a voluzne containing mostly liquid. 
It then imposes changes to the momentum equations, followed by a 
recalculation of the pressure solution using tho 'ilparse. matrix 
solver. 
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The detection logic used in tbe water packing scheme evolved from 

experience gained in running a vertical fill problem.91 The 

schemer requires a pressure increase of 0.2313 or more, a void 
fraction (ag) less than or equal to 0.12, the liquid temperature 

(Tf) to be less than the saturation temperature (T~), the volume 
to be flagged as vertically stratified, and M e  volume above to 
be highly voided. ~ h u s  a legitimate water hammer would not be 
detected in the water packing scheme. 

The next: part of the schema involves altering the momentum 

equations so that only small pressure changes will occur in the 
volume that fills with water. The scheme involves modifying the 
coefficient that multiplies the pressure change in the filling 

volume. The modification multiplies this coefficient by lo6. 

This is discussed in more detail in the next paragraph. Since 

the pressure solution is rejected when water packing occurs, the 

pressure calculation . . .. . is ,repeated using the sparse matr ix  solver. . . 
I 

The finite difference form of the phasic momentum equations used 
can be written 

; and 

-- . . 
n8exp contain all the old time terms and 
g, j 
contain all the terms that - multiply . the 

pressure change. Consider the filling example in .Figure . . 2 1.3-5 - 
where volume K is full of liquid and volume L is full of steam. 
The change to the momentum equations is to multiply the (P!" - 
P )  terms by 106, which f=rces P:" to be approximately the 
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same as P; Thus, the water filled K volume will not show a 
pressure spike. The momentum equations then have the form 

and 

n n+l - "' exp - (VGDP) (P n+l- n 
gl J j L  

P + (vGDP);(~o~) ( P ~  pic) 

In addition to the modification of the momentum equation, the 

interphase drag is reduced to 10-I (N - s2)/m5 for junction j. 
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Volume L 

Junction j 

Volume K 

Figure 2.1.3-5. Two Vertical ~apor/Liquid V O ~ U ~ ~ S -  - 
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2 1.4 ,  Sm.& Process Models 

certain models in RELAPS/MOD2 have been developed to simulate 

special proc&ses. These - models, described in the following 

subsections, include: choked flow, abrupt area change, crossflow 
junction,'and branch models. 

Two mutually exclusive models are available for calculating 

choked flow in REI;APS/MODP. The first option uses the original 
built-in Ransom-Trapp method, The second option uses a table 
interpolation with any of the four following critical mass flux 
tables: Extended Henry-Fauske, Moody, HEM, or Murdock-Bauman. 

Ransom-Tram Choked Model 

A choked flow model developed by Ransom and Trapp is 

included in RELAP5 primarily for calculation of the mass 
discharge from the system at a pipe break or a nozzle. 

Generally, the flow at the break or nozzle is choked until the 
system pressure nears the containment pressure. The choked flow 

model is used to predict if the flow is choked at the break or 
nozzle and, if it ia, to establish the discharge boundary 

condition. In addition, the choked flow model can be used to 

predict existence of and calculate choked flow at internal points 
in the system. 

Choking is defined as the condition wherein the mass flow rate 

becomes independent of the downstream conditions (that point at 

which further reduction in the downstream pressure does not 

change the mass flow rate). The fundamental reason that chokin~) . -  
occurs is that acoustic signals can no longer propagate upstream. 

This occurs when the fluid velocity ewals 0% exceeds. the 

propagation velocity. The choked flow model 15s bawd on a 
definition that is established by a characteristic analysis using 

time-dependent differential equations. 
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Consider a system of n fixst-order 'quasi-linear, partial 
differential equations of the form 

The characteristic directions (or characterization velocities) of 
the system are defined 6 3 t  64 as the roots, (i n) , of the 
characteristic polynomial 

The real part of any root, A ,  give the velocity of signal 
propagation along the corresponding characteristic path in the 
space/time plane. An imaginary part of any complex root, Ai, 
gives the rate of growth or decay of the signal propagating along 
the respective path. For a hyperbolic system in which all the 
roots of Equation 2.1.4-2 are real and nonzero, the number of 
boundary conditions required at any boundary point equals the 
number of characteristic lines entering the solution region as 
time increases. If we consider the system (Equation 2.1.4-1) for 

a particular region o x L, and examine the boundary 
conditions at x = L, as long as any A i  is less than zero, we must 

supply some boundary infomation to obtain the solution. If Ai 
is greater than or equal to zero, no boundary conditions are 
needed at x = L, and the interior solution is unaffected by 
conditions beyond t h i s  boundary. 

A choked condition exists when no information can propagate into 

: the solution region from the exterior. Such a condition exists 
I at the boundary point, x = L, when .-- 

x 2 0 for all j n . 3 
I These are the mathematical conditions satisfied by the equations 

r of motion for a flowing fluid when reduction in downstream 
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: pressure ceases to result in increased flow rate. It is well- 
' that the choked condition for single-phase flow occurs 

, I  

when .the. fluid velocity just equals the local sound speed. For 

I this case, one of the A j #s is just. equal to zerb.  or the two- 
phase case, it is possible for all X j 8 s  to be greater than zero 

I under special conditions which can exist during discharge o f  a 

subcooled liquid. 

During the course of the ' RELAPS development, extensive 
investigation was carried out to determine two-phase choked flow 

criterion under two assumed  condition^:^ (a) thermal equilibrium 
between phases, and (b) adiabatic phases without phase change 
(frozen) .66 The frozen assumption was in poor agreement with 
data, compared to the thermal equilibrium assumption. Therefore, 

the thermal equilibrium assumption w i t h  slip is used as the basis 
for the REUP5 choked flow criterion. In the following 
paragraphs, . theoretical . aspects of choked flow are discussed. 

Ransom-Trapp Model Choking criterion for Nonhomogeneous, 
Ecnrilfbrium Two-Phase Flow 

The two-fluid model for the conditions of thermal equilibrium 
(ealibrium interphase mass transfer) is described by the 

overall mass continuity equation, two phasic momentum equations, 

and the mixture entropy equation. This system of equations is 

- 
a ~ h e  hydrodynamic nodel i s  not based on either .of ' these 
assumptions; however, the purpose of this;analysis is simply to 
establish a criterion for choked flow and thus, there fs no 
conflict with the basic hydrodynamic model. 
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and 

The momentum equations include the interphase force terms due to 
relative a~celeration.~~ These force terns hare a significant 

effect on wave propagation velocity and consequently on the 
choked flow velocity. The particular form chosen is frame 

invariant and symmetrical, and the coefficient of virtual mass, 

is chosen to ensure a smooth transition between pure 

vapor and pure liquid. For o dispersed flow, the constant, C, 
has a theoretical value of 0.5, whereas for a separated flow, the 
value may approach zero. The energy equation is written i n  terms 
of mixture entropy, which is .constant for adiabatic flow (the 
energy dissipation associated with interphase mass transfer and 
relative phase acceleration is neglected). 

The nondifferential source terns, C(U), in Equation 2.1.4-1 do 

not enter into the characteristic analysis or affect the  

propagation velocities. For this reason, the source terms 

associated with wall friction, interphase drag, and heat transfer 
are omitted for brevity in Equations 2.1,.4-4 through 2.1.4-7. 

In the themal equilibrium case, p g ,  p f ,  Sg, and Sf are 

functions of the pressure only (the vapor and liquid values alonr ' -  

the saturation curve). The derivatives of these variables are 

designated by an asterisk as follows . * . . 
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and 

* : - d~:/d~ and S Q - M / ~ P  . 
The system of governing equations (Equations 2.1.4-4 through 

2 . 1 4 7  can be written in terms of the four dependent variables, 

ag, P, vg, and V j r  by application of the chain rule and the 
property derivatives (Equations 2.1.4-8 and 2.1.4-9) . Thus, the 

system of equations can be written in the form of Equation 2.1.4- 
1 where the A and B are fourth-order square coefficient matrices. 

The characteristic polynomial that results is fourth-order in x 
and factorization can only be carried out approximately to obtain 
the roots forA, and establish the choking criterion. The first 
two roots are 

These two roots are obtained by neglecting the fourth-order 

factors relative to the second-order factors in (A - vg) and 

( A  - vf). There are no first- or third-order factors. 
Inspection of Equation 2.1.4-10 shows that A , have values 

between vg and vf; thus, the fourth-order factors ( A  - vgl . .. 
and (A  - vf) are small ( i e ,  neglecting these term is 

justified). The values for A X , ~  may be real or complex depending 

on the sign of the quantity [(p~/2)~ - C C ~ O ~ P ~ P ~ ] .  . . - 
. . 
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The 'remaining t w o  roots are obtained by dividing out the 
Gadratic factor containing A 1,2 , neglecting the remainder, and 
subsequent factorization of the remaining guadratic terms.. [This 
procedure can be shown to be analogous to neglecting the second- 
and higher-order terms in the relative velocity, (vg - vf) .] The 
remaining roots are 

where 

and 

The quantity, a m ,  is the homogeneous equilibrium speed of sound. 
The roots, 13,4, have only real values. 

The gene&al nature and significance of these roots is revealed b y . -  
applying the characteristic consideratiohs. The speed of - 
propagation of small disturbances is related to the values of the 
characteristic roots. In general, the velocity tff .propabation 
corresponds to the real part of a root and the growth or 
attenuation is associated with the complex part of the root- 
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Choking will occur when the signal, which propagates with the 

largest velocity relative to the fluid, is junt  stationary, that 
is, 

and 

2 0 for all i f j . 2.1.4-16 

  he existence of complex roots for X1,2 makes the initial 

boundary value problem ill-posed.  his problem has been 

discussed by many investigators 13,20 and the addition of any 

small, second-order viscous ef facts renders the problem well- 
posed. 13823. The whole phenomenon of systems with 'ixed orders of 

derivatives and p first-order system with the addition of a 
small, second-order term, has been discussed and analyzed .by 
~hitharn.~~ He has shown that the second-order viscous terms give 

infinite characteristic velocities. However, very little 

information is propagated along these characteristic lines and 
the bulk of the information is propagated along characteristic 
lines defined by the first-order system, We conclude that the 

ill-posed nature of ~quations 2.1.4-4 through 2.1.4-7 can be 

removed by the addition of small, second-order viscous terms that 
have little effect upon the propagation of information. 

Therefore, the choking criterion for the two-phase flow system 

analyzed here is established from Equation 2.1.4-15. 

The explicit character of the choking criterion for the two-phase 

flow model defined by Equations 2.1.4-4 through 2..1.4-7 i s  .. 
examined. Since the two roots, ).1,2, are between the phase 
velocities, vf and vg, tho choking criterion is established .from 
the roots, A3, 4 ,  and Equation 2 -1.4-15. The choking criterion is 

v + o(v - vf) - ta.  g 2.1.4-17 
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The choking c r i t e r i o n  can be rewritten i n  terms of the mass mean 
' ' and r e l a t i v e  Mach numbers 

t - v/a and M, - (vg - vt)/a 

  his r e l a t i o n  is s imi la r  t o  the  choking c r i t e r i o n  for s ingle-  
phase flow where only the mass average Mach number appears and 

choking corresponds t o  a Mach number of unity.  

The choking cr i ter ion  (Equation 2.1.4-19) is a function of t h e  

two parameters, D and a. In Figure 2.1.4-1, a is p l o t t e d  as a 
function of the void f ract ion,  ag, f o r  a typical steam/water 
system a t  7.5 MPa with C equal t o  zero (the stratified 

equilibrium sound speed), C equal t o  0.5 (the typical value f o r  a 
dispersed flow model), and i n  the l i m i t i n g  case when C become 
i n f i n i t e  (homogeneous equilibrium sound speed) . From ~ i g u r e  
2.1.4-1 it is evident t h a t  the v i r t u a l  mass coef f ic idn t  has a 

600 I 1 I 4 

C = O  
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Figure 2.1.4-1. Equilibriura Speed of sound as a Function of 
Void Fraction and virtual Mass coef f ic ien t .  
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significant ef fact upon the choked two-phase flow dynamics. l4 

To establish the actual choked flow rate for two-phase flow w i t h  

slip, the relative velocity term in Equation 2.1.4-19 must also 
be considered. The relative Mach number coefficient, D, is shown 

in Figure 2.1.4-2 for values of C equal to 0, 0.5, and a. It is 
evident from these results that the choked flow velocity can 
differ appreciably from the mass mean velocity when slip occurs. 
It is significant that the variation of the choked flow criterion 
from the homogeneous result is entirely due to velocity 

nonequilibrium, since these results have been obtained under the 
assumption of thermal equilibrium. The particular values of 

Vapor fraction 

Figure 2.1.4-2. Coefficient of Relative Mach  umber for 
Thermal Equilibrium Flow as a Function of 
void Fraction and Virtual Mass coefficient. 
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these parameters used in the model are discussed later i n  this 
section. 

RR~ - e 

The previous analysis assumes two-phase conditions exis t  
throughout the break flow process. However, initially and in tho 
early phase of blowdown, the flow approaching the break or break 
nozzle will be subcooled liquid. Under most conditions of! 
interest in LWR systems, the fluid undergoes a phase change a t  
the break. The transition from single- to two-phase flow is 
accompanied by a discontinuous change i n  the fluid bulk modulus. 
This is especially true for the liquid-to-liquid/vapor 

transition. For example, at 600 KPa, the ratio of the single- to 

two-phase sound speed at the liquid boundary is 339.4. Thus, 

considerable care must be exercised when analyzing a flow having 
transitions t o  or from a pure phase (a discontinuity is also 
present' at the vapor boundary, but the ratio is only 1.069).. 

To understand the physical process that occurs for subcooled 

upstream conditions, consider the flow through a 
converging/diverging nozzle connected to an upstream plenum with 

subcooled water at a high pressure, For a downstream pressure 
only slightly lower than the upstream pressure, subcooled liquid 

flow will exist throughout the nozzle. Under these conditions 

the flow can be analyzed using ~ernoulli's equation, which 
predicts a minimum pressure, Pt, at the throaLa As the 

downstream pressure is lowered further, a point is reached where 
the throat pressure equals the local saturation pressure, Psat. 

If the downstream pressure is lowered further, vaporization will 
take place at the throat. When this happens, the f liid sounx .' 

a ~ o r  all practical cases of choking, the subcoolea water can be 
* considered incompressible with i n f i n i t e  sound speed. - . - . . 

b ~ n  idealized one-dimensional homogeneous equilibrium model is 

! 
assumed i n  the example. 
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speed lowers drastically, but continuity considerations dictate 
that the velocity, vt, of the two-phase mixture (at the point of 

minuscule void graction) just equals the velocity of the 

subcooled water slightly upstream of the throat. When this 
occurs, vt in the subcooled region is less than the water sound 

speed, but in the two-phase region, v t  can be greater than the 
two-phase sound speed. Hence, the subcooled water has a Mach 
number (M) less than one, whereas the two-phase mixture at the 
throat has a Mach number greater than one. Under these 
conditions (Mach numbers greater than one in the two-phase 
region) , downstream pressure effects are not propagated upstream 
and the flow is choked. In particular, the supersonic two-phase 
fluid at the throat must increase in velocity and the pressure 
drop as it expands in the diverging sectiona (transition back to 

Figure 2.1.4-3. Subc0018d Choking process- 

-"r" -"r" -y 

a ~ n  a supersonic flow, a diverging nozzle implies an increase in 
velocity. 

(a; 

p u ~ ( b )  

Pu~(c)  
'=sat 

@ 
w - f! 1 

- 7 - 
H 

1 M>1 M>1 

\ \-< 
M t l  M = l  hb1 M t l  M = l  M>1 
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. . 

subsonic flow can occur in the nozzle as a result o f  a shock 
wave). The choked condition is shown in . ~lgure 2.1.4-3 (a). 

contrary to the usual single-phase ' choked flow in a 
converging/divergfng nozzle, there is no point in the. flow field 
where M = I. This is because in the homogeneous equilibrium 
model the fluid undergoes a discontinuous change in sound speed 
from single-phase subcooled conditions to two-phase conditions, 

although the fluid properties are continuous through the 

transition point. 

When this condition prevails, the flow rate can be established 

from application of Bernoulli#= equation (1/2 pv: - P - Psat). UP 
For a further decrease in the downstream pressure, no further 

increase in upstream fluid velocity will occur as long as the 

upstream conditions are maintained constant. 

Now consider the process where a subcooled choked flow, as 
described above, initially exists (with a very low downstream 

pressure) and the upstream pressure is lowered. As the upstream 

pressure decreases, the pressure at the throat will remain at 

Psat and ~ernoulli~s equation will give a smaller subcooled water 

velocity (vt) at the throat. As Pup is lowered further, a point 

is reached where v t  = am and M = 1 in the two-phase side of the 
throat (the Mach number in the subcooled portion upstream of the 

throat is much less than one). This situation is shown 

schematically in Figure 2.1.4 -3 (b) . - 

As the upstream pressure is lowered further, the point where the 
pressure reaches PSBt must move upstream of the throat [see, ., 

Figure 2.1.4-3 (c) 1. The subcooled water velocity at the Psat 
location is smaller than the two-phase sound speea and the .flow 

is subsonic. In the two-phase region between the point. at - whf ch - 
Psat is reached and the throat, the Mach number is less than 1, 
but increases to M = 1 at the throat, that is, the two-phase 
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sonic velocity is reached at the throat (as in the case of choked 
flow having a continuous variation of sound speed with pressure). 

As Pup is lowered still further, the Psat point moves upstream 
until the flow becomes completely two-phase. 

The homogeneous assumption applied in the above subcooled choking 
description is very close to the real situation when vapor is 
first formed. However, nonequilibrium can result in a 
superheated liquid state at a throat pressure, Pt, much lower 

than the saturation pressure, Ppat. The onset of vaporization 
occurs at Pt instead of Psatm 

The pressure undershoot, Psat - Pt, can be described by the 
Alamgir-Lienhard-Jones correlation 67-69 

w i t h  

The first term in AP represents the static depressurization 
effect and is derived by Alamgir and ~ i e n h a r d ~ ~  based on 
classical nucleation theory. F o r  steady flow in a nozzle. the 
depressurization rate, C O ,  can be shown to be 

Note that i n  Equation 2.1.4-21 c' is in units of Mafm/s,  but in - 
Equation 2.1.4-22, Z o  is in units of Pa/s .  Here, (dA/dx)t is the 
variation of area with respect to axial length and is t o  be 



I 

! Framatome ANP, Inc.. a . 1 ,  BAW-10164NP-06 

evaluated at the throat. The second term in aP  q qua ti on 
2.1.4-21) represents the turbulence effect and is developed by 
Jones. 69 

The choking velocity. based upon the process shown in Figure 
. ( a )  can be calculated by applying Bernoulli8s equation 

I where P t  is to be computed from Equation 2.1.4-20. 

' For the process shown in Figures 2.1.4-3 (b) and (e) 

Vc aHE , 2.1.4-24 

and the two-phase choking criterion applies. 
I 

: To determine which of the above situations exists, both vets are 
a calculated and the larger is used as the choking velocity to be 

imposed at the throat. This velocity is imposed numerically at 
the throat in exactly the same manner as the choking criterion 
used for the two-phase condition described previously. 

The subcooled choking model is very similar to models proposed by 
 urne ell^* and ~oody; however, the criterion for transition from 
subcooled choking to two-phase choking is now better understood 
and is in agreement with the physics of two-phase flow. The 

model here is also in agreement with cavitating venturi 

experience (experimentally confirmed behavior). - .. 
- 

Pansom - T r a ~ a  Horizon tal Stratified choked ~ 1 0 ~  . - . . 
Under s t r a t i f i e d  conditions, the vdid fraction of the tiow out of 
a small break may be q u i t e  different from the upstream void 
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fraction. Tho usual definition of the outlet void fraction as a 
donored void fraction is no longer applicable. A simple approach 

based on the height of the liquid level and a criterion for the 
stability of small disturbances is used to determine the junction 
void fraction for stratified break flow. 

By balancing the upward pressure force due to the Bernoulli 

effect and the downward gravitational force acting on a small 
surface perturbation, Taitel and Dukler2' developed the following 
criterion for transition from the stratified horizontal flow 
regime in a round pipe 

In  quat ti on 2.1.4-25, % annd Af are the flow areas of vapor and 
liquid, respectively. The right side of Equation 2.1.4-25 is the 

limiting vapor velocity designated by v g ~ .  The following 
geometrical relationships define Hg and Hf. 

and 

where 6 is the central angle formed by a vertical cord and a 
radius to the liquid vapor interface. ~t can be shown that 
dAf/dHf equals D sin e and hence v g ~  becomes - .. 

- P,) B,o# I "' . - 
(1 - case) . 2.1.4-28 
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Let I& be the diameter of the break area. When the liquid level 
: is above the break e . ,  Hf > (D + Dt)/2], the outlet void 
I fraction, ag, j, which accounts for the pull-through of vapor, is 

defined as 

: where a g , ~  and vg are the void fraction and vapor velocity 
a upstream of the outlet. If the liquid level falls below the 
I break [ i . e . ,  Hf < (D - D t ) / 2 ] ,  liquid entrainment is modeled by 

defining the outlet liquid fraction, a f , j ,  as 

where t z f , ~  SS the liquid volume fraction upstream of the outlet. 
The equality, ag,j + o f t j  = 1, is'used to obtain o g t j  ( r r f , j ) ,  if 
of, j a j is known. when the l i p i d  level lies within the 
outlet area [i.e., (D + Dt)/2 > Hf > (D - Dt)/2], the void 

fraction is obtained by interpolation of the two void fractions 
computed at the boundaries. 

* .  ~lementation of the Ransom - Tra~r,  Choked Flow Model 

! Ideally, the two-phase choking criterion  q qua ti on 2.1.4-17) can 
I be used as a boundary condition for obtaining flow solutions. 

i However, the applicability of Equation 2.1.4-17 has not been 
fully explored. Instead, an approximate criterion 

has been applied extensively and has produced Good codeldata 
. - 

I comparisons. Equation 2.1.4-31 can be derived -from.  quat ti on 
I 2.1.4-17 by neglecting the third tern in D and setting C 0 

(stratified) on the right side of Equation 2.1.4-17 and C 
I 
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(homogeneous) on the left  s ide.  Because of extensive experience 

with this approximate model, Equation 2.1.4-31 is currently used 

i n  RELAPS/MOD2 choked flow calculations. 

At each time step and at each flow junction where two-phase 
cocurrent flow exists, the chokf ng criterf on (Equation 2.1.4 -31) 
is checked using explicitly calculated values. When choking 

occurs, Equation 2.1.4-31 is solved semi-implicitly w i t h  the 
upstream vapor and l iquid  momentum equations for vg, vf, and Pt, 
throat pressure, at the point of flow choking (upstream is with 
reference to vg and vf). As Pt is not needed in system 
calculations, we can eliminate aP/ax from the vapor and liquid 
momentum equations to obtain 

1 '  pg[avg/at + 1/2 av>ax] - p f [ a v f / a t  + 112 av:/ax 

p g  - piBX + r (v - atvg - a v ) /apg  Q I g f 

- p V FWG + pfVfFWF - p p (V - vp) PI 
9 4 f. g g 

The finite difference form of this equation is obtained by 

integrating with respect to the s p a t i a l  variable from the 
upstream volume center to the junction. In this f i n i t e -  
difference equation, a l l  junction velocities are evaluated 
implicitly; '* a is approximated by 

, where P is the upstream volume pressure. The f inite-dif  fe~ence 
equations corresponding to Equations 2.1.4-31 and 2*.1..4-32 can be . - 

n+l solved for vn+'and vf 
g 

in terms of P "+' and old time vaiies .  

I 
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In the case of subcooled choking, the choking criterion (Equation 
2.1.4-31) and the velocity equation (Equation 2.1.4-32) reduce to 

Here, v, is determined according to the procedures described 
previously. The frictional pressure losses and gravity head, 
which do not appear in the ideal Equation 2.1.4-23 are properly 
taken into account in the actual calculation. 

In general, there is a large drop in critical velocity when the 
fluid changes from a subcooled state to a two-phase state. This 

sudden change often leads to unrealistic velocity oscillations 

and causes the time step size to be reduced considerably. To 

provide a smooth transition from subcooled to two-phase, a 
transition region is defined as in the low void region. Within 
the transition region, an underrelaxation scheme, 

and 

is implemented. Experience with this scheme indicates that it 
works satisfactorily. 

ar Choked Flow Modeu 

The extended ~ e n r ~ - ~ a u s ) c e ~ ~ ~  , ~ o o d ~ l l ~ ,  HEN and ~ u = d o c k - ~ a u m a n ~ ~ ~  .--.. 
critical flow models are new options added for evaluation model 

calculations. Each of these models, extracted from the RELqP46D 
code, consist of tabular critical mass fluxes as . - fvnctiqns of . - 
upstream volume stagnation pressure and enthalpy. These tables 
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where 

Gc - critical mass flu (lbm/tt2-s), 

Po = upstream volume stagnation pressure (ps ia) ,  and 
ho = upstream volume stagnation enthalpy (Btu/lbm). . . 

The user has the option to select s ta t i c  volume pressure and 
enthalpy or stagnation properties for the interpolation within 
these supplied models. The calculated critical mass flux will be 
compared with the mass flux calculated by the RELAP5 momentum 
equations at each time step, If the former is smaller than the 
latter, 'choking is assumed t o  occur' and phasic velocities will be 
calculated based on the critical mass flux. 

Since the RELAPS code derives the total junction mass fluxes only 
in terns of the junction phasic velocities, the total mass flux 
from the tables must be translated into equivalent liquid and 
vapor velocities. The energy flux calculatfons must be separated 
similarly. 

and 

Gch agpgVghg * a f ~  FVfhf r 

where 

cr volume fraction, 
p = density (lbm/ft3), 
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V veloc i ty  (ft/s) , 
h = s t a t i c  upstream enthalpy (Btu/lbm), 

1 

1 and t h e  subscr ipts  denote 

I 

g = vapor phase and 
f = l i qu id  phase. 

a The phasic v e l o c i t i e s  a r e  defined by the s l i p  between the liquid 
and steam during two-phase conditions where the slip r a t i o ,  s, is 

I 

defined as 

I There are several  s l i p  models avai lable  i n  the code. These 
I 

models include homogeneous (no s l i p )  , constant s l i p ,  Moody's 
slip, REUP5 momentum equation s l i p ,  and upstream volume equi l i -  

I 

brium qual i ty  slip. They are described as follows: 

1. Homogeneous 

, 2. Constant slip ratio 

s 3 user input constant . 
j 3. Moody's s l i p  ratio 

where - 

vg - saturated steam spec i f i c  volume and 
vf - saturated l iqu id  specific volume. 
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4. RELAPS ,momentum equation slip ratio 

where the phasic velocities are calculated by the momentum 
equation. 

5. Equilibrium quality slip ratio 

Each slip model has the option to smooth the slip ratio and 
specify a minimu and maximum value. The smoothing is provided ' 

in the form 

The slip ratio calculated by one of the above models will be used 
to determine the phasic velocity. 

and 

Note that all these slip models may not be consistent with the 
tabular critical flow model formulations. - .- 

- 
Some of the added critical flow models may have limitations 
imposed over which fluid conditions they can be appkiedi 'Table 

2.1.4-1 shows the conditions over which the individual models may 
be applied. A discontinuity arises at the saturation boundaries 
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because two separate models without consistent end points meet. 
To prevent unreasonable time step size reductions and to provide 
a smooth transition from the subcooled region to tha two-phase 

region, where the critical mass flux decreases significantly, the 
following smoothing options a available. Based on either a 
quality or void fraction criteria the smoothing 

is applied if 

0 .0  < I (  ho - h f ~ . )  / hfgl < e for quality, or 

ag1 S QQ I agu for void fraction, 

where 

hig = latent heat of vaporization at Po, 
n+l,n = time step, 

e = transition criterla (based on user input), 

agl = lower void fraction transition limit (input), and 

agu = upper void fraction transition limit (input). 

Equation 2.1.4-47 is the same technique used in the original 

RELAPS choked flow model. 

The stagnation properties are the theoretical basis of the 
critical flow models described above. The stagnation pressure 
and enthalpy are calculated from the static upstream volume 

pressure and enthalpy assuming isentropic flow. The stagnation --. . . 
enthalpy is calculated from the kinetic energy relationship using 

a calculated fluid velocity. . 
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where 

hl = upstream volume static enthalpy (Btu/lbm) and 
C = conversion factor from (ft-lbm) to (Btu) ; 

Applying the  basic energy equation i n  differential form, 

. - 
TdS = dh - vdP , 

I and assuming an isentropic process (dS = O), 

Integrating Equation 2.1.4-50 over the  change in enthalpy from 
static to stagnation limit gives 

I 

where 

P1 = upstream volume static pressure (psia) and 
v = specific volume (ft3/lbm) . 

Equation 2.4 .I-51 is evaluated between the  limits (hl, Pi) and 
(h0, PO) by a fourth-order Runge-Kutta technique. The specific 
volume is obtained from the steam tables. 

In order to minimize computational time, the stagnation property 
will not be calculated if the upstream volume phase is ndf ' -  

liquid and at the same time the Mach number of the average 
volume flow is less than 0.3. Also if 

(ho - hi) / h l  THDTH , 

2.1-110 
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.. 

where 

THDTH = user input criteria (defaulted to 0.001) 

stagnation properties are not calculated, 

Table 2.1.4-1, Critical Flow Logic. 

w 

JCHOKE FLAGS 

TWO PHASE 0 1 3  4 . 

I W 
SUBCOOLED 
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' Framatome ANP, Inc. BAW-10164NP-06 

The general reactor system contains .piping networks with many 
sudden area . changea and orf fices. To apply the RELAPS 

hydrodynamic model to such systems, analytical models for these 
components have been developed. 81 The basic hydrodynamic model 

is formulated fox slowly varying (continuous) flow area 

variations; therefore, special models are not required for this 

case. 

The abrupt area change model discussed here and developed in 

detail in Reference 81, is based on the ~ourda-carnotg2 

formulation for a sudden enlargement and standard pipe flow 

relations, including the vena-contracta effect for a sudden 

contraction or an orif i c e  or both. Quasi-steady continuity and 

momentum balances are employed at points of abrupt area change. 

The numerical implementation of these balances is such that 

hydrodynamic losses are independent of upstream and downstream 

nodalization. In effect, the quasi-steady balances are employed 

as jump conditions that couple fluid components having abrupt 

changes in cross-sectional area. This coupling process is 
achieved without change to the basic linear semi-implicit 
numerical time-advancement scheme. 

fibrunt Area Chanae Modelba Assum~tiona 

The basic assumption used for the transient calculation of two- 

phase flow in flow passages with points of abrupt area change is 
that the transient flow process can be approximated as a quasi- 
steady flow process that is instantaneously satisfied by the 

upstream and downstream conditions (i.e., transient inertia, . . 
mass, and energy storage are neglected at abrupt area changes). 

However, the upstream and downstream flows are treated as f.ully 
transient flows. . - .  
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There are several. bases for the above assumption, A primary 

consideration is that availdble loss correlations are based on 
data taken during steady flow processes; however, transient 

investigationss3 have verified the adequacy of the quasi-steady 

assumption. The volume of fluid and associated mass, energy, and 
inertia at points of abrupt area change is generally ' small . 
compared w i t h  the volume of upstream and downstream fluid 

components. The transient mass, energy, and inertia effects are 
approximated by lumping them into upstream and downstream flow 
volumes. Finally, the quasi-steady approach is consistent with 
modeling of other important phenomena in transient codes (fee., 
heat transfer, pumps, and valves). 

Review of Sinale-Phase Abruot Area Chanae Models 

The modeling techniques used for dynamic pressure losses 

associated with abrupt area change in a single-phase flow are 
reviewed briefly before discussing the extension of these methods 

to two-phase flows. In a steady incompressible flow, losses at 
an area change are modeled by. the inclusion of an appropriate 
dynamic head loss term, h ~ ,  in the one-dimensional modified 

Bernoulli equation 

The particular form of the dynamic head loss is obtained by 

employing the ~ourda-carnotB2 assuption for calculating losses 
associated with the expansion part of the flow process. Losses 

associated with the contracting part of the flow process are 

small relative to the expansion losses, and are neglected. .- .. 

The most general case of an abrupt area change is- a contraction 
with an orifice at the point of contraction. ' . .Such a 
configuration is shown in Figure 2.1.4-4. Three area ratios are 
used throughout this development. The first is the contraction 



I '  

I ,  Framatome ANP, Inc. 

i area ratio at the vena-contracta relative to the minimum physical 
i area, r ,  = A ~ A ~ .  The second is the ratio  of the minham 
i physical area to the upstream flow area, 6~ = AT/A~. The third 
I is the ratio of the downstream to upstream area, r - A2/A1. 

~igura 2.1.4-4. orifice a t  Abrupt Area Change. 

The loss associated with thd contracting fluid stream from 

Station 1 to c (the point of vena-contracts) is neglected 

[measurements indicate that the contracting flow eAperiences a 
2 loss no larger than APf - 0.05 (1/2 p v C )  where vC is the velocity 

at the vena-contracta) whereas the dynamic pressure loss 

associated with the expansion from the vena-cantracta to the 
1 downstream section is given by 

*- . . 
; The contraction ratio, e c  - AJAT, is an empirical function of 

' c~ - AT/A~. Using the continuity equation, v, = !!!ci = vlJe,, 
*c 

vz, Equation 2.1.4-54 can be written as A T -  C~ 
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Equation 2.1.4-55 is applicable to all the cases of interest. 

For a pure. expansion, c~ = f8  e a  = I, and r > 1; for a 
cqntxaction, CT = c < 1 and r e  < 1. Each of these is a special 

case of Equation 2.1.4-55. The two-phase dynamic pressure loss 
model is based on an adaptation of the general single-phase head 

loss given by this equation. 

- Phase Abrupt Area Chanae Modd 

The two-phase flow through an abrupt area change is modeled in a 
manner very similar to that for single-phase flow by defining 

phasic flow areas. The two phases are coupled through the 

interphase drag, a colnmon pressure gradient, and the requirement 
that the phases coexist in the flow passage. 

The one-dimensional pha~ic~stream-tube momentum equations are 
given in section 2.1.1.1.  he flow at points of abrupt area 

change is 'assumed to be quasi-steady and incompressible. In 

addition, the terms in the momentum equations due to body force, 

wall friction, and mass transfer are assumed to be small in the 
region affected by the area change. The interphase drag terms 

are retained since the gradient- in relative velocity can be large 
at points of abrupt area changes. 

Equations 2.1.1-5 and 2.1.2-6 can be integrated approximately for 
a steady incompressible, smoothly varying fldw to obtain modified 
Bernoulli-type equations. -. . 
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and 

where FX' = af ag p f  p g  FI. The interphase drag is divided into 
two parts associated with M e  upstream and downstream parts of 

the flow affected by the area change. . 

General Model 

Consider the application of Equations 2.1.4-56 and 2.1.4-57 to 

the flar of a two-phase fluid through a passage having a 

generalized abrupt area change (the ilow passage shown i n  Figure 
2.1.4-5) .a Here, the area AT is the throat or minimum area 
associated with an orifice located at the point of the abrupt 

area change. Since each phase is governed by a modified 

Bernoulli-type equation, it is reasonable t o  assume that losses 
associated with changes in the phasic flow area can be modeled by 
separate dynamic pressure loss terns for both the liquid and gas 

phases. Hence, we assume that the liquid sustains a loss as if 
it alone (except for the interphase drag) were experiencing a z m '  
area change from a i l  A 1  to am AT to a t 2  A2, and- the gas phase 

. - 
'~n Figure 2.1.4-5,. the flow is shown as a sepaiit& flow for 
clarity. The models developed are equally applicable to 
separated and dispersed flow regimes. 1 
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I 

ag2 A2 

I- 
I 

Liquid phase f lA1 , ' f2A2 

2 

Figure 2.1.4-5.  Schematic Flow of Two-Phase Mixture 
at Abrupt Area Change. 

experiences a loss as if it alone were flowing through an area 
change from agl A 1  to o g ~  AT to og2 A2. The area changes for 
each phase are the phasic area changes (see Figure 2 .1 .4 -5 ) .  

When the losses for these respective area changes (based on the 
Bourda-Carnot model and given by Equation 2.1.4-55) are added to 
Equations 2.1.4-56 and 2.1.4-57, the following phasic momentum 

equations are obtained 
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' and 
i 

a f 2  [ igVg' + - (1/2 p g Y g l  + P)) + 1/2 pg 
'gc 'T 

(vg2 

I' 

These phasic momentum equations are used across an abrupt area 
I change. In Equations 2.1.4-58 and 2.1.4-59, r e c  and rgc are the 

same tabular function of area rat io  a s  i n  the single-phase case 
except that t h e  area ratios.used are the phasic area rat ios  

! and 

respectively. The area ratios, c = A ~ / A I  and CT - A T / A ~ ,  are the 
same as for single-phase flow. 

The interphase drag effects in Equations 2.1.4-58 and 2.1.4-59 

are important. These terns govern the amount of slip induced by 
an abrupt area change, and if they are omitted, the model will 
always predict a slip a t  the area change appropriate to a 
completely separated flow situation and give erroneous results 
for a dispersed flow. 

-.- 

Model A~alicatipp 
* 

A few remarks concerning the way Equations 2.1.4-58 and 2.1.4-59 

are applied to expansions and contractions, both with iind without 
an o r i f i c e ,  are necessary. In a single-phase steady flow 

situation,  given the upstream conditions, v l  and Px, using the t 
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. ' 

continuity equation (vlA1 = v2A2) and Equation 2.1.4-53 one can 
solve for va and P2. ~quations 2.1.4-58 and 2.1.4-59 along with 
the two phasic continuity equations can be used in a similar 
manner except now the downstream void. fraction is an additional 
unknown whim must be determined. 

For the purpose of explanation, consider the case of an ~kpansion 

(am = ail, c > 0 ,  = 1 c f ~  - '90 = 1, FI'1 - 0 ,  L1 - 0 ) .  tor 
which Equations 2.1.4-58 and 2.1.4-59 reduce t o  

! and 

' These two equations with the incompressible continuity equations 

and 

are a system of four equations having foiir ' unkiowns, 

' af2 (ng2  - 1 - afa), vf2, vg2, and Pz, in terms of the upstream 
conditions, a f l  (agl - 1 - oil), vfl, v ,  and PI. (The 

f 2 1-119 
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I 

a interphase drag, F18, is a known function of the flow 
I 

- properties.) It is important to note that the downstream value 

I of the liquid fraction (af2) is .an additional unknown compared 
with the single-phase case and is determined (with Ule downstream 

! 
; velocities and pressure) by simultaneoug solution of Equations 
: 2.1.4-62 through 2.1.4-65 without additional assumptions. It is 
' reassuring that by taking a proper linear combination of 

j Equations 2.1.4-58 and 2.1.4-59 the usual overall momentum 
: balance obtained using the ~ourda-carnotel assumption can be 
i obtained. 84-85 

, If , as in the cited literature, 84-87 only tho overall momentum 

I balance is used at an expansion, there will be an insufficient 
: number of equations to determine all the downstream fIow 

i pa~ra~~eter~, &fZ8 vfZ8 vg2 8 and Pa. The indeterminacy has been 

overcome in cited works by means of several different aseumptions 
concerning the downstream void fractionma In the model developed 

! here (Equations 2.1. 4-62 and 2.1.4-63) , division of the overall 
i ! loss into liquid and gas parts, respectively, results in 

: suf f f dent conditions to dete&ine all downstream flow variables 

' including af2. In addition, the present model includes force 

terms due to interphase drag in Equations 2.1.4-62 and 2.1.4-63, 
! which are necessary to predict the proper amount of slip and void i 
: redistribution that occur at points of area change. 

fontractioq 

consider the application of Equations 2.1.4-61 and 2.1.4-62 to a 

contraction. To determine both the downstream conditions and 

thkoat conditions from the upstream values of (agl) 8 vflr vglr 
and PI, an additional consideration needs to be made. To obtais - 

a3. G. collier84 mentions three different assumpt%on$l that have 
been used: (i) = ~ f l ,  (ii) afa is given by a homogeneous 
model, and (iii) L Z ~ Z  1s given by the Hughark void fraction 
correlation. 
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the throat values, apply the pomentrm'equations valid for the 
contracting section of flow (here, the L1 portion of the 

interphase force is associated w i t h  the contraction), G a t  is, 

and 

These four equations are solved simultaneously for the values of 

a f ~ T ( a ~ ~ ) ,  V ~ T ,  v g ~ ,  and PT a t  the throat section (the minimum 
; physical a r e a ) .  No additional or special assumptions are made 

I concerning the throat conditions since they follow as a direct 
; consequence of the unique head loss models for each phase. After 

the throat values have bean obtained, the conditions at the point 
of vena-contracta are established assuming the void fraction is 
the same as that at the throat. Thus, r fc and cgc are 

established using the tabular function in Appendix A O f  Reference 

81 and the throat area ratios, c f ~  and ~ 0 ,  defined by ~q~ations 
i 2.1.4-60 and 21.4-61 To determine the downstream values, -- 

Equations 2.1.4-58 and 2.1.4-59 can. be applied directly from 
stations 1 to 2 with the t h r o a t  values known or- the expansion 
loss equations can be used from the throat section to. station 2 .  . . 

a Both approaches produce identical downstream solutions.' As i n  
the case of an expansion, because the proper upstream and 

2.1-121 
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downstream interphase drag is included, this modeling approach 
establishes the phase s l i p  and resulting void redistribution. An 

orifice at an abrupt area change is treated exactly aa the 

; contraction explained above (Lee., w i t h  two separate calculations 
to establish first the throat and then the downstream flow 

variables). 

Countercurrent Flow 

The preceding development implicitly assumed a cocurrent flow. 
For countercurrent flow, ~quatfons 2.1.4-58 and 2.1.4-59 are 
applied exactly as in cocurrent flow except that the upstream 
sections for the respective phases are located on different sides 
of the abrupt area change. The difference appears in how the 
throat and downstream voids are determined. To determine the 
throat properties, equations similar to Equations 2.1.4-66 

through 2.1.4-67 are used w i t h  the upstream values appropriate 
for each phase. These four equations are then solved for 
af~(aw),  vm, v g ~ ,  and 9 ~ .  To determine the downstream values 
for each phase, only the head loss terms are needed far the 
downstream voids (the downstream vf, vg, and P do not appear) . 
For countercurrent flow, these voids are set such that the 

downstream void of each phase plus the upstream void of the 

opposite phase adds to one (both phases together must fill the 
flow channel). With the throat and downstream voids now known, 

Equations 2.1.4-58 and 2.1.4-59 can be used directly to determine 
the total loss for each phase at the abrupt area change. 

2.1.4.3. CrossfXow Junction 

The RELAPS numerical scheme is generally fomulated using one: 
dimensional elements. However, there are several applications 
where an approximate treatment of crossflow provides an improved 
physical simulation. Three different applications . . f o r  a 
c rossf low formulation are described in the following paragraphs. 

I 
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The first application concerns. a small crossflow between two 
essentially axial flow streams. This situation is typical of 
regions such as a reactor core or a steam generator because the 
component geometry provides a large resistance t o  crossflow and a 
small resistance to axf a1 flow. Hence, simplified crossf low 
momentum equations can be used to couple a hot flow channel to a 

i bulk flow channel. 

The second application of a crossflow junction is to provide a 
tee model. In this case, the momentum flux i n  the side branch is 
assumed to be perpendicular to the main stream and thus the main 
stream momentum flux does not contribute to the crossflow 
momentum formulation. 

The third application is modeling of leak flow paths. In this 
case, the flow is small and governed primarily by pressure 
differential, gravf ty, and flow resistance. Thus, the momentum 
flux terms can be neglected. 

i The vapor momentum finite difference equation used in the basic 
.., 
., , numerical scheme is 

I 

+ ADDED MASS + MASS TRANSFER MOMENTUM 

+ HORIZONTAL STRATIFIED PRESSURE GRADIENT EFFECT, - 
2.1.4-70 
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where 

A parallel equation holds for the liquid phase. It should be 
noted that the momentum Equation 2.1.4-70 is in reality the sum 
of half the X cell momentum plus half the L cell momentum. This 

is the reason for Equation 2.1.4-71. 

There are two areas in which the crossflow modeling affects the 
numerical scheme. One concerns the approximatdons made in the 
junction momenttim equations; the other concerns the volume 
average velocities in a volume. 

If the junction is t o  model crossflow perpendicular to the main 
or axial-flow direction then the volume average velocity in the K 
and L cells, which represent the axial flow velocity, should not 
include cross flow junction velocity components. For the sf mple 
leak flow situation shown in Ff'gure 2.1.4-6, this  requires that 

Figure 2.1.4-6. sirnpliff ed Tee Crossf low. 
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V J , ~  not be included in the volume average (axial) velocity 
calculation for cell L. 

The second area of numerical modification relates to the reduced 

form of the momentum equations to be used at a crossflow 
junction. In crossflow junctions, the cross product momentum flux 
term are neglected, that is, there is no x-direction transport 
of momentum due to the y velocity. 

For the case of a small crossflow junction between two axial-flow 
streams (J2 in Figure 2.1.4-7) all the geometric input (AVOL, DX, 
DZ) for both of the volumes relates to the axial flow direction 
as does the wall drag and code calculated form losses. Since the 
crossflow has a different flow geometry and resistance (for 
example, crossflow resistkce in a rod bundle) the friction and 
form losses must be user input and must be appropriate for the 
crossflow direction geometry. For crossflow junctions the user 
input form losses ' should include all crossf low resistance (form 
losses and wall drag). The normal terms representing wall drag 
and abrupt area change losses are not included in the  formulation 
of the momentum equation at a crossflow junction as these refer 
to the axial properties of the K and L volumes. 

Figure 2.1.4-7. Modeling of Crossflows or  Leak. 
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since the connecting K and L volumes are assumed to be 
piedominately axial-f low volumes, the cross f low junction momentum 
fiux (related to the axial volume velocity in K and- L) is 

ndglected along with the associated numerical viscous term. In 

admition, the horizontal stratified pressure gradient is 
niglected. - a , 

I 
AL1 lengths and elmtion changes in the one-dimensional 

representation are based upon the axial geometry of the K and L 
vqlumes and the crossf low junction is assumed to be perpendicular 

t~ the axial direction and of zero elevation change, thus, no 
g#avity force term is included. 

! 

The resulting vapor momentum finite difference equation for a 
c4aosflow junction is 

I 

I 

+ ADDED MASS + MASS TRANSFER MOMENTDM. 

I 

A similar equation can be written for the liquid phase. In 
B ation 2.1.4-72, H L O S S ~  contains only the user-input crosoflow F j 
resistance. The Ox term tht is used to estimate the inertial 

j 
length associated with crossflow is defined using the diameters 
of volumes K and L, 

! 
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I A special void-dependent form lops option of the full 'crossflow 
!model has been added for certain multi-core channel applications. 
#This option allows the user to alter the- input constant form loss 
I 

I 

I coefficient based' on the void f raction'a in the upstream volume. 
The specific applications are possibly multi-chamel core 
analyses such as BBLOCA scenarios with significant core 
'uncovering or future multi-channel BEACH reflooding calculations. 
, This model allows the regions of the core covered by a two-phase 
I mixture or pool to have a resistance that is different from that 
in the uncovered or steam region. The crossflow resistance 
.changes can alter the volume-average axial velocities that are 
; used to determine the core surf ace heat transfer. Any cross flow 
! 
I is  excluded from the volume average velocity used for heat 
/ transfer. 
I 

! 
I 
;The model uses the input form loss coefficients whenever the 
'upstream steam void fraction is less than a user-supplied minimum 
i void fraction value given as The model  allow^ user 

, input of a forward, and verse, M a  cxossf low 
I 1 resistance multiplier when the upstream steam void fraction is 
I ;greater than the maximum user-input void fraction, %m-geroms. 

Linear interpolation i.8 used to detedne the multiplicative 
!factor when the void fraction is between minimum and maximum 
I input void fractions as indicated in the following equations. 
l For the forward flow direction (from Volume K to Volume L), 
I 

Rev. 4 
9/99 
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1 

a$d q, 
I 

is the user-supplied forward loss coefficient 

s$ecified in this junction input. 
* C 

 be equation for the reverse flow direction (from Volume L to 
I 

I 

~ ~ l u m e  K) is similar. , 

I 

I 

dnd qua is the user-supplied reverse loss coefficient 

&eciiied in t h i s  junction input. 
I 

The code performs several input checks to ensure that the user 
input will not cause code failures. These checke include tests 
i 
$0 see if the input form loes multipliers are greater than zero. 

minimum void f rac t i~n  must be greater than zero and less than 
the maximum void fraction input. 

I 
The maximum void fraction must 

I I 

pe less than or equal to one. . 

khe crossflow option can 'be used with the crossflow junction 
perpendicular to the axial flaw in Volume L (or K) but parallel 

Rev. 4 
9 / 9 9  
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to the axia l  flow i n  volume X (or L) (see Figure 2.1.4-6). Here, 
Ule sf tuation regarding me half cell momentum contribution 
associated with volume K is the same as for a normal junction. 
Hence, this crossflow junction has all the terms in  quat ti on 
2.1.4-70 except that; (a) wall friction, momentum flux, and 
gravity only include the K cell contribution, (b) the HLOSSG; 

term is only the user input loss, an8 (c) the Ax cell in the 
inertial term and interphase drag includes the normal X cell 
contribution and a term of the form in Equation 2.1.4-73 for the 
L cell. This type of crossflow modeling can be used for a 90 

degree tee simulation. 

For leak flows and minor flow paths the modeling approach shown 
in Figure 2.1.4-8 is recommended. Here, J3 is the nomal flow 
path, whereas junction J1, volume M, and junction J2 represent 
the leak flow path. ~unctions-J~ and Ja should be modeled as 
junctions described above. The only reason for using volume M is 

Figure 2.1 .'4-8. Leak Flow  odel ling. 
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to obtain a correct representation of the gravity head from K to 
I 

L. Xf a crossflow~j\mction were modeled directly between volumes 

K and L then there would be no gravity head in the leak flow 
j.bnction equation. Leak paths may also be modeled using a 
crossflow junction that is perpendicular to both the K and L 
volumes when the leak flow is between volumes having the same . 
volume center elevation. 

.., 

2 . 1 . 4 . 4 .  Branch 

The branch component is a model designed for convenient 
interconnection of hydrodynamic components. The identical result 

can be obtained by using a single volume component and several 

single junction components. Thus the branch is a separate 

component only in the input processing scheme. 

In RELAPS/MOD2 the crossflow junction has been added in which the 
junction velocities 'are assumed to be normal to the one- 
dimensional flow path of the hydrodynamic volume. Thus, the 

branch component can include multiple connections at the inlet, 

outlet, or in the crossflow direction, 

Specialized modeling considerations are applied to any volume 
having multiple junctions connected at e'ither volume end (the 

ends of a hydrodynamic volume are the inlet and outlet as defined 
in section 2.1.1.1). 

These special calculations include both the method for 

calculating the volume average velocities and the method for 
partitioning the volume cross-sectional area between the multiple 

inlet or multiple outlet junctions.   he partitioned volume area$ 
are used both in the abrupt area change model to cal~ulate 

kinetic loss factors and in the momentum equations to simulate 
. . the stream-tube area. 
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In applications, the multiple junction and crossflow models are 
used in three distinct ways to model branching flows. These are 

the one-dimensional branching, a tee branch, and a crossflow 
branch. Combination of the three basic breinches may also occur. 
Each of the three basic models will be discussed in tuz-n. 

This basic branch model is consistent with the one-dimensional 
approximation for a piping network and assumes that 
multidimensional effects at branches are small compared to system 
interaction effects. In the case of branched flows that occur in 
headers or plena, the model gives an accurate physical 
description of the flow division or merging process and the one- 
dimensional branch model is intended primarily for use in 
modeling such branched flows. Examples of such situations in LWR 
systems are flow division at the core inlet if parallel flow 

paths through the core are modeled, s t e m  generator inlet and 
outlet plena when several parallel tube group$ are modeled (for 

the effect of tube height and length), or at a connection. 

The one-dimensional branch is illustrated in Figure 2.1.4-9 for a 
volume having two i n l i t  junctions and .one outlet junction. The. 

junctions J1 and J2 are the inlet junctions and junction J3 is 
the outlet junction. The multiple flows are assumed to merge in 
such a way that they come to the common velocity equal to the 
inlet volume average velocity for volume V3. The volume cross- 
sectional area is then divided in proportion to the volume flow 
of the respective inlet junctions. This method of apportioning 
volume cross-sectional area satisfies continuity but does not 
conserve momentum, particularly for high velocity differences - 
between the merging streams (for flow splitting, however, the 
method does preserve momentum). m or this reason <he special h k  
mixer component was developed for merging flows lia~ind high 
relative velocities such as in a jet pump, The jet-mixer can be 
used for one-dimensional mixing, but is limited to two inlet 
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No special component is provided to accomplish the input 
associated with a modal such as illustrated in Figure 2'.1.4-6. 

The volume VL may be specified as a branch with the associated 
junctions or as a single volume with single junctions used to 
specify M e  connecting junctions. In either case, junctions Jy 
and J2 should be specified as smooth unless actual a b ~ p t  changes 

fn  area occur at either function. The junction 33 should be 
specified as smooth with a user input form loss factor to account 
for the turning and entrance losses. In addition, junction 33  
must be specified so that the half of the junction associated 
with volume VL is modeled as a crossflow junction and the half 
associated with volume VK is a nomal junction. These options 

are specified through input of junction control flags. 

It is also possible to model a 90-degree tee with the REfiAPS/HOD2 

code, however, unphysical numerical results may be obtained. 
Thus, the 90-degree tee model described previously is recommended 
and is a closer approximation to the actual fluid momentum 
interaction which occurs at a tee. 

Gravity Effects at a Tee 

In some branching 'situations where the through flow is small or 
where the flow is constrained by the geometry, body force effects 
may be significant. Examples that occur in PWR systems are the 
cold leg connections to the inlet annulus and downcomer, and the 
hot leg connection to the upper plenum and core. This type of 
branched flow is modeled as shown in ~igure 2.1.4-10. Here the 
vertical direction is modeled as the through-flow direction 

(indicated by the volume orientation arrows). The cold or hot 
feg connections are modeled by crossflow junctions. The through - 
flow direction of volume Vj is chosen to correspond to the major - 
flow path. In the case of a PWR inlet annulus through-flow in 
the horizontal direction is inhibited by the annular structure 
and in the case of the upper plenum to core connection the area 
for flow in the vertical direction is large compared to the flow 

2.1-131 
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area i n  the horizontal directiaa. Same judgment is required to 
select the orientation. However, the crossflow branch connection 
will pernit through-flow in the horizontal direction but with 
some accompanying pressure rise and drop associated with the fact 
that the momentum flux terns are neglected in the crossflow part 
of the junction. 

Figure 2.1.4-10. Gravity Effects on a Tee .  

The model illustrated in Figure 2.1.4-10 has the additional 
advantage that the effect of vertical void gradients in the flow 
out of the horizontal connections may be more sharply defined as 
a result of the central volume, Vg, which has a vertical height 
equal t o  the diameter of branch volumes V1 and V4. 

No special component model is provided for modeling the vert ica l  , 
tee and either a branch or a single volume may be used for volume 

Vj. The branch component is more convenient s ince  a l l  junctfons 
connecting to volume V3 can be specified with the branch 
component. 

i 
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' A fourth type of branch flow path can be created 'by the use of a 
a croqsllow junction to couple two volumes. This type of  branch is 
used' to model crossflow between columns having centers at the 

I same vertical elevation. The crossflow junction is assumed to 
have no elevation change; thus, one limitation of this type of 
branch is that the volume centers that are coupled must be at the 
same elevation. If volumes o f  differing =levition are coupled, 

' an input processing error will occur in the loop elevation 
I checking routines. The application of the crossflow junction for 

; crossflow or leak path modeling is illustrated in Figure 2.1.4-7, 

The length scale associated with the crossflow junction is one 
half the diamter of the L volume. This length is only used for 
modeling the fluid inertia terms in the momentum equation and is 

I always assumed to If e in a horizontal plane. 

. The pure crossflow - .  branch is most easily modeled using a single 
, junction component For the crosaf low junction. However, either 
: volume, V1 or V2 in Figure 2 .1 .4 -7 ,  can be modeled using the 
i branch component and specifying the coupling junctions with that 
component. 

, . - .  

2.1.4.5. Countercurrent Flow Limit fCCFL1 Mode3, 
! 

I mring the reflux condensation period of a small break LOCA 

; transient in a PWR with U - t u b e  steam generator, countercurrent 
: flow limitation (CCFL) often will occur at the hot leg bend and 
; at the U-tube inlet. The Wallis CCFL ~ o n o l a t i o n ' ~  is added to 
calculate the steam and liquid flow rates for certain RELAPS 

j junctions, The appliceility of the CCFL model -is limited to the 
i volume and junction configurations shown in Figure 2.1.4-11, in 
!which K and L ate RELAPS volumes, M e  junction j is from the oxit 
of volume K to the inlet of volume L, and AZ is the elevation 

. . change of each volume. 
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AZ(K) >O 61 b 
Az (t) >o 

C) A Z ( f o = O  & d) A2 (K)<O E 
AZ (L) >O AZ .(L)5O - ,, 

Figure 2.1.4-11. Volunres and Junction Configurations 
Available for CCF'L Model. 

The general form of the wallis CCFL correlation3 is: 

where m is the negative slope and c is the  y-intercept, I * 
' respectively, of a plot of j* versus jf . The dimensionless gas * g * 

f L u x ,  j ,  and the liquid flux, jt, are defined by 

Rev. 2 
8/92 

, respectively, w h e r e  j is the gas superficial velocity, jt is the 
9 : l iquid superficial velocity, and D is the junction hydraulic 

, diameter. 
j 

. 
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I .  

With regard to the solution method, if the CCIPL model is 
requested by the user, the coding chech if countorcurrent f l o w  
s~cists and if the liquid downflow exceeds the limit imposed by 

1 equation 2.1.4-75. . ~f this is true, the sum momentum equation 
' and the flooding limit ewation is applied as has been done in 
, RELhPS/MOD3 lr4 The codeJs difference equation is replaced w i t h  
I ,the flooding limit equation during the ssmi-implicit internardfate 
I velocity calculation (Subroutine VEXPUP) . The difference 
equation contains the interphase friction, whereas the sum 
!equation does not. This method is advantanggous in that the 
phasic velocities still must satisfy the the sum equation which 
contains gravity and pressure tenas. The numerical form of 

'Equation 2.1.4-75 needed by the code is obtained by letting cg = 
j>g and cf j : / ~ ~ #  solving for m j i  1/2 , and squaring the 
equation. This results in 

' Lf nearization of (v gives s . 9  

'apd substitution into equation 2.1.4-75 produces 

me above method can be used when both the RELAPS momentum 
: equations and the CCFL correlation predict countercurrent - flow. 
i 
In situations where RELAP5 predicts countercurrent flow and the 

Rev. 2 
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CCFL correlation prtedicts current f l o w  based on the RELAP5 
'caloulatnd velocities,  a differe-nt approach is used. The present 
;RBLhP5/MOD7 modeT does not address this situation. When th is  
situation arises an iterative approach between the  RETJLP5 
moxnentun solution and the CCFL correLation prediction is used 
!until both solutions predict consistent flow behavior. Dyring 
the iteration, the junction interphase drag of k-th iteration, 

. , is &ltiplied by 
I 

'such that 
I 
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RELAPS consists of a variety of  generic models which are used to 
build system models. The general philosophy has been to avoid 

system component models such as pressurizer, steam generator, 

core, etc. However; certain subsystem components are unavoidable 
due to unique processes or performance. RELAPS contains models 

for subsystem components such as a separator, pump, valve, and 
accumulator. A summary of each of these models i o included here. 

The RELAPS separator model is a nonmechanistic or black ~ Q X  model 

consisting of a special volume with junction flows as pictured in 
Figure 2.1.5-1. A steam-water inflowing mixture is separated by 

defining the quality of the outflow streams using empirical 

functions. No attempt is made to model the actual separation 
process from first principles. 

The separator vapor outlet performance is defined by means of a 

special function for the vapor'void fraction a r t  Jl. The donored 

junction vapor void fraction used to flux mass through the steam 

outlet is related to the vapor void fraction in the separator 
volume using the curve in ~igure 2.1.5-2. For separator volume 

void fractions above the value of VOVER (an input parameter) a 
perfect separation is assumed and pure vapor is fluxed out 
junction J1. For separator volume void fractions less than VOVER 

a two-phase ~nixture is fluxed out. The VOVER parameter governs 

the vapor void fraction of the outflow. If VOVER is small the 

vapor outflow corresponds to an ideal separator. XF VOVER equals 

1.0 the vapor outlet junction behaves as a normal junction and 
the vapor outlet junction void fraction is equal to the separator 
volume average void fraction. 
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Jl-Vapor outlet 
II 

Volume K 

Jj-Separator inlet junction 

+-Liquid fallback junction 

Figure 2.1.5-1. Typical Separator Volume and Junctions. 

The f l o w  of the separator liquid drain junction is modeled i n  a 
manner similar to the steam outlet except pure liquid outflow is 
assumed when the volume void fraction is less man the value of 
WNDER, see Figure 2.1.5-3. Normal donored fluxes are used for 
the separator inlet junction. hlthough the void fractions used 
to f lux mass and energy from the separator volumes are modified, 
the normal junction momentum equations are used to calculate the 

1 flow velocities. 
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VOVER 1.0 Q ~ K  

Figure 2.1.5-2. Vapor Outflow Void Donoring. 

1 Liquid fallback junctlon 

0.0 C 

VUNDER 1.0 U ~ K  

. . 

Figure 2.1.5-3. Liquid Fallback Void Donoring. 
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2.1.5.2. hlmD Model 

The pump is a volume oriented component and the head developed by 
the pump is appor$ioned equally between the suction and discharge 
junctions that connect the pump volme to M e  system. The pump 

. model is intergaced with the two f l u i d  hydrodynamic model by 
assuming the head developed by the pump is similar to a body 
force. Thus, the head term appears in the mixture momentum 
equation, but like the gravity body force, it does npt appear in 
the momentum difference equation used in RELAPS. The term that 
is added to the mixture momentum equation is 

I 

where H is the total head rise of the pump (m), p is the fluid 
a 

density (kg/m3), and g is the acceleration due to gravity ( m / s 2 ) .  
, The factor 1/2 is needed because the term is applied at both the 

suction and discharge junctions. 

! In the semi-implicit numerical scheme, the pump is coupled 
: explicitly so the numerical equivalent of Equation 2.1.5-1 is 

1 .  
I where the n designates the previous time level and A t  is the time 

j integration interval. This term is added to the right s i d e  of 
the mixture momentum equation. 

f 

; In the nearly-implicit numerical scheme, the pump is coupled 

i m p l i c i t l y  by way of its dependence on the volumetric flow rate 
: (Q) It is assumed that the head depends on the volumetric flow 
I 
I rate, and a first order Taylor series expansion is used 
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Thus, the numerical equivalent of Equation 2.1.5-1 in the 
I , .  nearly-implicit scheme is 

: This torn is added to the right side of the mixture momentum 

equation, which uses the linear implicit convection term from 
NtJRE~-4312~ sections 3.1.1.4 and 3.1.1.7. 

The p u p  dissipation is calculated for the pump volume as 

1 
I where r is the pump torque and o is the pump speed. 

This term is evaluated explicitly in both the semi-implicit and 
nearly-implicit schemes, and it is partitioned between the liquid 
and vapor thermal energy equations in such a way that the rise in 
temperature due to dissipation is equal in each phase (the 
details of the dissipation mechanism in a two-phase system are 

unknown so the assumption is made that the mechanism acts in such 
a way that thermal equilibrium between the phases is maintained 
without phase change). Thus,' the terms that are added to the 
right sides of the liquid and vapor thermal energy equations, are 
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I and 

respectively. 

The pump head, H, and torque, T ,  are defined by means of an 
empirical homologous pump performance model and the pump speed, 

u, is defined by a p u p  drive model. The derivative o f  the pump 
head with respect to the volumetric flow rate, dH/dQ, is obtained 

from the empirical homologous pump performance model using the 
assumption that the pump speed is constant. 

Centrifuaal P u m ~  Performance Model 
I I 

I 

, The basic pump performance data must be generated experimentally. 
Analytical programs have been developed that are reasonably 

successful in predicting near design pump performance for 

single-phase fluids. For off design operation or for operation 

; with a two-phase fluid, the problems of analytical pump 
performance prediction are nearly insurmountable. The basic 

I parameters that characterize the pump performance are the 

rotational speed, u or N, the volumetric through flow, Q, the 

head rise, H, and the shaft torque, T. The relationship between 

.these four parameters can be uniquely displayed by a 
four-quadrant representation of such data. A typical tour 

quadrant curve is shown in Figure 2.1.5-4. Both positive and 

negative values for each of the four parameters are represented. 
The disadvantages in using such a data map for'nmerical purposes 
are the need for two-dimensional interpolation, the large number 

! of points needed to define the entire range, and the fact that 
I 

the map is infinite in extent. These objections can be largely 
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overcome by use of a homologous transformation based on the 
centrifugal pump similarity relationships. Such a transformation 

collapses the four quadrant data onto a single bounded 

dimensionless curve having eight . basic octants. Typical 
homologous CUTS for the head and torque are illustrated-in 
Figures 2.1.5-5 and 2.1.5-6 respectively where or, a, HR, and 
r~ are the rated values for the pump speed, volumetric flow 

rate, head, and torque, respectively. The homologous 

transformation is not unique and not all points of Figure 2.1.5- 

4 lie on the curves of Figures 2.1.5-5 and 2.1.5-6. However, the 

data are closely grouped and the single curve is a good 

approximation for the global pump performance. 

The pump model allows the user the option of accounting for: 
cavitation or two-phase degradation effects on pump performance. 

The user must supply a separate set of homologous, two-phase 

curves for head and torque that are in the form of difference 
curves. Difference curves are used because analysis of available 

two-phase pump data indicated that when the fluid being pumped 

had a void fraction between 0.2 and 0.9, little head was 

developed by the pump being tested. Outside this range of void 

fraction, the pump developed head varied from zero to undegraded 
single-phase performance. To consider the degraded performance, 

a set of dimensionless homologous curves was fit to the head 
data. Thus the fully-degraded two-phase head was expressed as a 
function of the standard pump model arguments. 

To considqr the ranges of void fraction where the pump was able 
to . develop head ( O  to O. 2 and 0.9 to I. 0 )  , a multiplier as a 
function of void fraction was used. The multiplier varied From 0 

to about 1.0 as the void fraction varied from O to 0.2, and the 

multiplier varied from about 1.0 to o as the void fraction varied 
from 0.9 to 1.0. 
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Pump speed, o 

Figure 2.1.5-4. Typical Pump Characteristic Four-Quadrant Cuntes. 
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Figure 2.1.5-5. Typical Pump Homologous Head Curves. 
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Figure 2 1 5-6. Typical Pump Homologous Torque Curves. 
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Available pump data from the 1-1/2 Loop Model Semiscale and 
Westinghouse Canada Limited (WCL) experiments were used in 

developing the two-phase pump 'data. . Assumptions inherent in tho 
, pump model for two-phase flow include: 

I. The head multiplier, Mn (ag) , determined empirically 

for the normal operating region of the pump, is also 

valid as an interpolating factor in all other 

operating regions. 

2.  The relationship of the two-phase to the single-phase 
I I 

behavior of the Semiscale pump is applicable to large 
reactor pumpe.  his assumes that the pump model of 
two-phase flow is independent of pump specific speed. 

The single-phase pump head (dimensionless) curve for the 

Semiscale pump is shown in Figure 2.1.5-7 and the fully degraded 

two-phase pump head curves are shown in Figure 2.1.5-8. These 

represent complete pump characteristics (except for the  reverse 
pump fully degraded region) for the Semiscale pump operating 

under two-phase conditions with the average of the void fractions 

of the pump inlet and outlet mixtures between 0.2 and 0.9. The 
lines drawn through the data were determined by least square 

polynomial fits to the data using known constraints. 

A comparison o f  the two-phase data in Figure 2.1.5-8 with the 
single-phase data in Figure 2.1.5-7 shows that the two-phase 
dimensionless head ratio (h/v2 or h/o2) is significantly l e s s  
than the single-phase dimensionless head ratio for the normal 

Pump operation region (XAN and HVN). For negative ratios of v/a, 
such a s  those that occur in the HAD region, the pump flow becomes 
negative. When the pump flow is negative, the two-phase 

dimensionless head ratio is greater than the single-phase 
dimensionless head ratio. Two-phase flow friction losses are 
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HAN Normal pump (+ Q, + a ) 
Energy dlsslpatlon (-Q, + a ) 

HAT Normal turblne ( Q a ) 

HAR Reverse pump (+a,- u ) 

v = QIQR fiow ratlo 

Figure 2.1.5-7.  Single-Phase Homologous Head Curves for 1-1/2 
Loop MOD1 Semiscale Pumps. 
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I I 

I I 
I 

I 

Figure 2 . 1 . 5 - 8 .  Fully Degraded Two-Phase Homologous Head Curves 
for 1-1/2 Loop MOD1 Semiscale Pumps. t 

hla 2or h/v2 

- 5 

a / V  or vla 
HVN 

- -1 

- -9 - 
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! 

; generally greater than single-phase losses, and friction is 
controlling in this energy dissipation region (HAD). The other 

! regions of two-phase dimensionless head ratio data show similar 
I 

: deviations from single-phase data. 

; Table 2.1.5-1 shows the difference between the single- and 
! two-phase dimensionless head ratio data as a function of v/a and 
i 
: a/v for the various pumping regions shown in Figures 2.1.5-7 and 

2.1.5-8. The differences shown in Table 2.1.5-1 are for the 
a eight curve types used for detemining pump head- 

The head multiplier, M H ( ~ ~ ) ,  and void fraction data shown in 
Table 2.1.5-2 were obtained in t h e  following manner. The 

a Semiscale and WCL pump data92 were converted to dimensionless 
head ratios of h/m2 or h/v2. Values of the dimensionless head 

j ratios were obtained for pump speeds and volumetric flow rates 
within 50% of the rated speed and flow rate for the pumps. The 

difference between the single- and two-phase dimensionless ratios 
, was developed as a function of the average void fractions for the 

pump inlet and outlet  mixtures. The difference between the 

single- and two-phase dimen~ionless ratios was then normalized to 
, 

l 

a value between Q and 1.0. The normalized result was tabulated 
as a function of the void fraction. I 

I 

: If the two-phase option is selected, the pump head and torque are 
calculated from 

1 

and 
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where 

16 = single-phase value, 

24 = two-phase, fully degraded value, 0.2 < og < 0.9, 

W = multiplier on difference curve, and 

mg = average volume void fraction. 

Centrifuual Pumn Drive Moda 

! The pump torque is used t o  calculate the speed after the 

a pump has been shut off by the input trip signal. The speed is 
calculated by the deceleration equation 

i The solution of this equation is 

i where 

! 
! r = net torqtie, 

I = moment of inertia, 

i t = t i m e ,  
At = time step, and 

u = angular velocity. 

The rate of energy addition t o  the pump system is given by or and 
has been used in ~ q u a t f o n  2.1.5-5 to calculate the P U P  
dissipation. 
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, Table 2.1.5-1. Semiscale Dimensionless Head Ratio Difference 
(single-phase minus two-phase) Data. 

Curve T n e  

4 ( W D )  

, . 1 Curve T v ~ e  
! 
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Table 2.1.5-2. Head Multiplier and Void Fraction Data. 

The t o t a l  pump torque is calculated by considering the hydraulic 
torque from the homologous 'curves and the pump frictional torque. 

The net torque with the drive motor shut off is 

where 

rhy  = hydraulic torque and 

r f= = frictional torque. 

Pump fr ic t ional  torque ( r f r  = TF) is modeled as a cubic function 

of the pump rotational velocity. The FORTRAN notation for the 
cubic function is 
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SA = IS( , and 

TF - -SIGN (TFO + TPl* SA + TF2* S A ~  + TF3. S A ~ ,  S) 

' 
where V is pump ro ta t iona l  velocity,  VR is r a t ed  pump ro ta t iona l  

I 

velocity,  TPO, TFl .  TF2, and TF3 are input data,  and S I G N  is- a 
function whose r e s u l t  is the magnitude of the first argument with 

: t he  sim of the  second argument. An option is available to - 
specify whether reverse ro ta t ion  of the puxup is allowed. 

The  electric dr ive motor w i l l  a f f ec t  t h e  speed behavior of t h e  
pump while the  motor remains connected to its power source. The 

net torque w i t h  the dr ive  motor on is incorporated into the pump ' 

model by adding the value of motor torque, , t o  the torque 
summation 

where the sign of t h e  motor torque is the same as t h a t  of t h e  
hydraulic and f r i c t i o n a l  torque for steady operating conditions, 
that is, zero net  torque. 

Induction motors a r e  used t o  dr ive  primary coolant pumps. A t  
I constant voltage, the motor torque is an e x p l i c i t  function of 
a speed. This torque/speed rela t ionship is normally avai lable  from 

the motor manufacturer. 

Hotor torque is supplied t o  t h e  pump model as a. t abular  function 
of torque versus speed as given by t h e  manufacturer's data. A 

typical  torque/speed curve for an induction motor is shown i n  
Figure 2.1.5-9 .  

The capabi l i ty  t o  simulate a locked ro to r  condition of t h e  pump 
is included i n  RELAPS. option provides f o r  sfipulation of 
the p u p  ro tor  lockup as a function of input  elapsed time, 
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: maximum forward speed, or maximum reverse speed. A t  the time the 

i roto; locks (and a t  a l l  times thereafter), tho pumg speed i 8  set 

: equal to zero. i 

Percent synchronous speed (1200 rpm) 

. . 

: Figure 2.1.5-9. Torque Versus Speed, Type 93A Pump Motor (Rated 
i 

I 
Voltage) . 
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Valves are quasi-steady models that are used either to specify an 
I option in a system model or to simulate control mechanisms in  a 

hydrodynamic system. The RE-5 valve models can be classffiad 

: into two categories: (a) valves that open or close instantly,  and 
(b) valves that. open or close gradually.' Either type can be 

operated by control systems or by flow dynamics. 

t Valves in the first category are trip valves and check valves. 

j The model for these valves does not include valve inertia or 
, momentum effects. If the valve is used as a junction with an 

I abrupt area change, then tho abrupt area change model is used to 
calculate kinetic lass factors when'the valve is open. 

Valves in the second category are the inertial swing check valve, 
the motor valve, the servo valve, and the relief valve. The 

inertial valve and relief valve behavior is modeled using 

Newton's second law of motion. The abrupt area change model 
controls losses through the valve as the cross-sectional flow 
area varies with valve assembly movement. The motor and servo 

valve use differential equations to control valve movement. 

These two valves include the options to use the abrupt area 

change model to calculate losses across thev valve or to use flow 
coefficients (Cv) input by the user. The CVts  are converted to 

energy loss coefficients within the numerical scheme. 

Valves are modeled in =LAP5 as junction components. The types 
I 

of valves are defined as folZows. 

Tr i r r  Valve 

; The operation of a trip valve is solely dependent on the trip 
I selected. With an appropriate trip, an abrupt full opening or 

full closing of the valve will occur. A latch option is also 
included for latching the valve in the open or closed positione 
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The operation of a check valve can be specified to open or close 
by static differential pressure, to open by static differential 
pressure and close by flow reversal, or to open by static 

differential pressure and close by dynamic differential pressure. 

All  of the check valves will be opened or closed based on static 
differential pressure across'the junction according to 

[PK + APXJ - [PL + APLJ - PCV > 0 ,  valve opens , 2.1.5-17 

where 

p ~ p  p~ = junction $ICOQ and f;Q volume thermodynamic 
pressures, 

"*K "'L - static pressure head due to gravity, and 
Q g 

PCV = back pressure. required to close the valve (user 
input). 

For a static nressure controlled check valve the valve will open 
if Equation 2.1.5-17 becomes positive and will close if Equation 
2.1.5-17 becomes negative. If   qua ti on 2.1.5-17 is zero, the 
valve will remain as previously defined. 

For a flow controlled check valve, the valve will open if  
Equation 2.1.5-17 is positive and will close only if a flow 

reversal occurs such that 



1 Framatome ANP, 1nc. 
i 

t 1 
I 

/ where GC is the dynamic pressure given as  
: 1 

' For a m a n i c  ~ressure~controlled check valve, Me  valve opens if 
Equation 2.1.5-17 is greater than zero. Once the valve is open, 

! the forces due t o  pressure differential and momentum hold the 
valve open until 

I 

w 

< 0 ,  valve closes 

1 + GC - Pcv 
= 0 ,  remains as 

previously 
defined. 2.1.5-19 

I 
I The terms af and ag are the junction liquid and vapor volume 
: fractions, respectively, p i  and pg are the junction liquid and 
i vapor dens i t ies ,  respectively, and and are the junction 

: liquid and vapor velocities, respectively. 

i All check valves may be initialized as either open or closed. 
I Lsakage is also allowed if the valve is closed and the abrupt 

: area change nodel is used to calculate the valve form losses. 

. , 
t , Jnertial Valve 
I 
! 

I This valve models the  motion of the valve flapper assembly in an 
I inertial type check valve. The abrupt area changa model is used 

I 
to calculate kinetic form losses assuming that the area between 

! 1 

' , the flapper and the valve seat behaves as an orifice whose area 
I 

a I changes in t ine as a function of the inertial valve geometry. 
I I 
: I 

I 
I 
1 

i The motion of the flapper about the shaft axis is given by 
: I 
. ' Newton's second law (angular version) as 
; 1 .. 

: I r = I u ,  
! i 
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where the external torques acting on the valve disk or* given by 

where AP is Ule pressure drop across the valve, and a is the 

angular acceleration. Substituting Equation 2.1.5-20 into 
Equation 2.1.5-21 gives 

I 
2 

Ia - - W L  sine - nR L(AP + PBp + Oh..,) , 2.1.5-22 
i 

where t$ has been dropped by assuming the valve is a horizontal 

pipe. Equation 2.1.5-22 is then written in finite-difference 
form as 

where the superscript, n, indicates the time level, t -i. n a t .  
Integrating Equation 2.1.5-23 ,with respect to time yields the 
angular velocity 

s imilitl integratf ng Equation 2.1.5-24 gives the angular 
posit ion 

en+l = en + u n+l A t  . 2.1.5-25 

; The throat flow area for the valve is set by the following 
i function 94,95 . 
! 
I 

n+l) 8 5 26.565 
*throat 2.1.5-26 

8 > 26.565 
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Several options are allowed w i t h  the use of this valve such its 

specifying minimum and maximum flapper angular positions when the 
valve is closed, specifying latch or no latch options, and 

: specifying leakage. 

This valve model has the capability of controlling the junction 
flow area between two control volumes as a' function of t i m e .  The 

operation of the valve is controlled by two trips: one for 
: opening the valve, and a second for closing the valve. A 

constant rate parameter controls the speed at which valve area 
, changes. The motor valve area variation can also be specified 
I 

using a general table. When the general table is specified, the 
constant rate parameter controls the valve stem position and the 

i general table r e l a t e s  the stem position to the valve flow area. 
: Conversely, when the general table is not specified, the constant 
I 

rate parameter controls the rate of change in valve area. 

The abrupt area change model is used to calculate kinetic form 
losses with respect to the valve area. However, if the 
normalized valve flow area has a value less than 1.OE-10, the 

I 
I 

I valve is assumed to be closed. 

I A second option allowed for the motor valve is the specification 
I 
I of valve flow coefficients, q. These coefficients may be 

specified using a general table of Cv versus normalized stem 
! position and +e smooth junction option must be specified. The 
i 
' conversion of cv t o  an energy loss coefficient, K, is done in the 

numerical scheme using the formula 
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where 

p,  = density of water at 288 -71 R (60.0 F) . 
Provisions also exist for applying muftipliers to both stem 

position and CV. 

v 
The s e m  valve operation is similar to that for: the motor valve. 
However, the valve area or stem position is controlled by a 
control variable rather than by a specified rate parameter. The 

servo valve also has the same options as the motor valve. 

Pel  ief Valvg 

For thermal-hydraulic analysis of overpressure transients it is 
necessary to simulate the effects of. relief valves. In 
particular, it is desirable to model the valve dynamic behavior, 
including simulation of valve flutter and hysteresis effects. 

To assist in understanding the relief valve model three 
schematics of a typical relief valve are shown din Figures 2.1.5- 
10, 2.1.5-11, and 2.1.5-12. The three schematics represent the 
valve in the closed (Figure 2.1.5-lo), partially open (Figure 

2.1.5-11) , and fully open (Figure 2.1.5-12) modes, respectively, 
In the schematics, the seven main components of a relief valve 
are shown, which are: the valve housing, inlet, outlet, piston 

rod assembly, spring, bellows, and valve adjusting' ring assembly. 

The numerical model of the valve simply approximates the fluid 
forces acting on the valve piston and the valve reaction to these 
forces. The model of the fluid forces is based an a 

quasi-steady-state form of the impulse momentum principle and the 
valve reaction force is based on Newton's Second Law of motion. 
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A qualitative understanding of the operation of the relief valve 
can be gained by referring again to Figures 2.1.5-10, 2.1.5-11, 

and 2.1.5-12. If the valve inlet pressure is low the valve is 
closed, as shown in Figure 2.1.5-10. As the inlet pressure 
increases the valve piston will remain ,closed until the force of 
the upstream pressure on the valve exceeds 'the setpoint forces. 
The setpoint forces are the combined farces of the piston and rod 
assembly weight, the. valve spring, the atmospheric pressure 

inside the bellows and the downstream back pressure around the 
outside of the bellows. Once the setpoint forces are exceeded 
the valve piston will begin to lift. Upon opening, the upstream 

fluid will begin to expand through the opening into the valve 

ring region.   his initial expansion occurs through the angle o o  

and the flow changes direction through an average angle e0 as 
shown in Figure 2.1-5-10. As the flow accelerates, the momentum 

effects of the expansion and change in flow direction exert a 
thrust on the valve piston causing the valve to open further. As 

the valve partially opens the angle of expansion decreases to a1 

and the change in flow direction increases to el as shown in 
Figure 2.1.5-11. This effect in turn further increases the 

thrust on the valve piston causing it to iully open as shown in 
Figure 2.1.5-12. As these processes occur the valve reaction 

forces and fluid momentum forces vary in  such a manner that the 
valve will not close until the upstream pressure decreases 

significantly below the valve setpoint pressure. In this respect 
a hysteresis effect is observed that is characteristic of relief 
valves. 

The relief valve model consists of a set of equations designed to 

approximate the behavior described above. In implementing the 
model, the dynamic behavior of the fluid is calculated at each 
time step by the RELAPS/MOD2-B&W hydrodynafic solution scheme. 

The resultant phasic velocities and thermodynanic properties are 
then utilized to solve a quasi-steady equation approximating the 

fluid forces on the valve piston. The valve dynamic reaction 
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I forces ara then calculated and thh  new time valve piston speed 
' and position are estimated. 
I 

! 

I The relief valve model is formulated by- applying D8Alombert's 
principle in which the forces acting on the Face of the valve 
piston are balanced, for which the valve reaction forces can be 
written as 

(Reaction Forces) - FR = %sex+ B 'Vv,x - v housing + K,X 8 

2.105-28 

where 

% - mass of the valve mechanism that is in motion 
( e ,  the valve piston and rod assembly combined with 
the spring and belllows), 

I a,,, - valve assembly acceleration in the x-direction, 
B 3 damping coefficient, 

VV,, - velocity of the valve mechanism in the x-direction, 
.vhouPing - 0 a velocity of the valve housing, 

Ks = spring constant, and 
I 
I x = piston position (i.e., x-coordinate). 

The positive x-direction is assumed to be in the direction ail 

fluid flow at the valve inlet. The f lu id  forces can be 

formulated by summing the forces acting over the surfaces o f  the 
fluid flow channel such that 

(Fluid Forces) = Fp = (PIAD):. 

- (PaAeaIx - - FR 8 



I 

I 1  

Framatome ANP, Inc. 

. :  

: where 

FR = reaction forces, 
I 

! = valve inlet pressure, 

AD = valve piston face area exposed to the inlet flow 
stream, 

Pa = atmospheric pressure inside the bellows, 
I 
I Age - valve piston area inside the bellows, 

Po - valve back pressure outside the bellows, 
A B ~  = valve piston area outside the bellows, 

A, = valve ring exit area, and 

P, = valve ring e x i t  pressure. 

I The subscript x denotes that the force component is in the x- 
' direction. Since the fluid is flowing through a channel that 

both expands and changes direction, the fluid undergoes a change 

: in momentum expressed by the impulse momentum principle as 

where 

fiF = mass flow rate of the fluid through the valve, 

v,,, - fluid velocity exiting through the rings, and . 
v i f x  = fluid velocity entering the valve inlet. 
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Piston, rod 

I Figure 2.1.5-10. schematic of a Typical Relief .Valve in t h e  
Closed Position. 



. Framatome ANP, Inc. 

I I 

I Figures 2.1.5-11. and 2.1.5-12. Schematic of a Typical Relief 
Valve in the partially and Fully 
Open Positions, respectively. 

i 
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Hence balancing the forces by combining Equations 2.1.5-28, 

2.1.5-29 and 2.1.5-30 gives 

. .  
The valve acceleration can be expressed in terms of the valve 
velocity as 

where g is the acceleration of gravity. 

combining Equations 2.1.5-31 and 2.1.5-32, treat ing  the velocity 
damping term and spring force position terns implicitly and 

integrating over the time step gives 

where the superscripts n and n+l represent the o l d  and new time 
terms, respectively. 

The position term, xn'l, can be written in terns of the valve 
velocity by considering that 
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I f  Equation 2.1.5-34 is integrated over the time step then 

I f  t h e  va lve ,se tpoin t  pressure is equated t o  KsXo then combining 
Equations 2.1.5-33 and 2.1.5-35 and both adding and subtract ing 
the tern %xo gives the numerical form of the  relief valve modal, 
f o r  which 

The s i z e  of t h e  gravi ty  term, g, is depende-nt on t h e  valve 
or ientat ion.  For example, i f  the valve is oriented upward (i.e., 
+x is upward) then t h e  gravi ty  term is expressed as g = - 1  gl . 

t 

In  the numerical scheme, Equation 2.1.5-36 is solved for the 

new t i m e  valve piston velocity,  v:+', in terms of t h e  current . 

1 time terms with superscript ,  n. The terms required t o  model the  
i valve geometry and t h e  valve damping, spring, and back pressure 
' 

forces a r e  input by the user. , 

I 

The cha rac te r i s t i c  relief valve hys teres i s  effects are inherent 
in t h e  formulation of Equation 2.1.5-36. For example, if the 
valve is closed then a l l  ve loc i ty  terms a re  zero and x = xo. 
Therefore, acceleration of t h e  valve piston i n  t h e  pos i t ive  X 

di rec t ion  cannot occur u n t i l  the upstream force P ~ A D  exceeds t h e  
spring set point and valve weight. Once the valve opens and the 
fluid accelerates,  the forces due to t h e  change i n  f l u i d  momentum 
a i d  i n  holding the valve open. Therefore, the valve cannot c lose 
u n t i l  t h e  combined fluid pressure and momentum terms decrease 
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I 
below the sot point eorces. Hence, the desired hysteresis is 

i incorporated in the model. 

I 2.1.5.4. Accumulator Model 
I 

An accumulator model is included in RELAPS/MOD2=B&W that features 
: mechanistic relationships for the hydrodynamics, heat transfer 
i from the tank wall and wat 

; dome, and vaporization from the water surface to the vapor dome. 

An accumulator is modeled in RELAPS as a lumped-parameter 

component. This modeling was chosen For two reasons; the spatial 

gradients in the accumulator tank are expected to be small, and 

special treatment of the equation of state can be utilized, 

The accmulator model and associated notations are shown in 
Figure 2.1.5-13. The basic model assumptions are: 

1. Heat transfer froia the accumulator walls and heat 

and mass transfer from the liquid are modeled using 
natural convection correlations assuming similarity 

between heat and mass transfer from the liquid 

surf ace. 

2 . The gas in the gas dome is modeled as a closed 

expanding system composed of an ideal gas with 

constant specific heat. The steam in the dome 
exists at a very low partial pressure an8 hence its 
effect on the nitrogen state is neglected. However, 

energy transport to the gas dome as a result of 
vaporization/condensation is included. 

3 Because of the high heat capacity and large mass of 

water below the interface, the water is modeled as s 

an isothermal system. 
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4, The model for liquid flow includes inertia, wall 
'friction, form loss and gravity effects. 

Using these assumptions, the basic equations governing the 

thermal-hydraulics of the tank and discharge line for 
conservation of mass (nitrogen) can be written-as 

M = constant = p V n n n 

where 

Mn and p, = gas mass and density, respectively, and 
V = gas dome volume n 

for conservation of energy. . 

I where 

u = nitrogen internal energy 
1 n 

PD = vapor dome pressure, and 

a Q~ = heat transfer rate to the gas dome. 

Rev. 2 
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where 

Mwall - metal mass in the tank wall, 
C = metal specific heat,' 
Vwall 

Twall = mean metal temperature, and 

Q-1- heat transfer rate to the wall. 

for momentuma 

' where 

A = flow channel cross-sectional area, 

v = velocity, 

I F = frictional loss coefficient, and 
I 

AP, = elevation pressure differential. 

, For the gas state relationships 

I 
j and 

a~quation 2.1.5-40 is the combined tank and discharge line 
momentum equations. The wall drag coefficient, F, is given as 
1/2pwf LL/D ALV, .where D = surge line diameter. 
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Using Equations 2.1.5-41 and 2.1.5-42, the nitrogen energy 

equation (Equation 2.1.1-40). can be rewritten as 

Differentiating  quat ti on 2-1.5-41, eliminating the constant tern 
MnRn and substituting the result into Equation 2.1.5-43 yields 

Equations 2.1.5-40,  2.1.5-43, and 2.1.5-44 comprise t h e  system of 
three differential equations used in the accumulator hy-drodynamic 
model. They are used to numerically advance TD, VV, and PD in 
time. 

Heat Transfer to the Gas Dome 

In the accumulator, energy transport by heat transfer is modeled 
to the gas dome using a typical connective transport equation of 
the form 

a, - hi Ai (Ti - Td) , 
where 

subscript i = thermal transport interface, 

h i  = convective transport coefficient, 

A i  = interface  surface area, and 

Ti - Td = interface to gas dome temperature 
difference, 
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Wall 

Volume V, 
Temperature Tw 

Figure 2.1.5-13. Typical Accumulator. 
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It should be noted that heat and mass transfer in the accumulator 
surge line are neglected. 

Two turbulent natural convection heat transfer models' are used 
and combined by superposition. First, heat transfer w i t h  the 

cylindrical walls of the tank is considered using a turbulent 
natural convection correlationg6 for heat transfer within a 

vertical cylinder with closed ends For which 

and 

+ where 

I 
hl = gas dome to cylinder heat transfer coefficient, 

L = gas dome cylinder length, 

6 = gas dome characteristic diameter, 
i 

kd = gas .thermal conductivity, 

1/2 b~ = integration interval normal to the surface of 
the cylinder, 

Gr = gas dome Grashof number, and 
I Pr = gas dome Prandtl number. 

Second, heat transfer with the disk shaped ends of the cylinder 

is considered, where the top disk is the metal top of the tank 

and the bottom disk is the liquid-gas interface. For this model 
a turbulent natural convection correlation56 is used ' for heat 

' ., 
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t transfer between two horizontal disks separated vertically where, 

for each disk, 

; and 

In the correlations given by Equations 2.1.5-46 and 2.1.5-49-the 

product of the Grashof and Prandtl numbers represents the 

convective thermal circulation in the gas dome, where the Grashof 
number represents the circulation and the Prandtl number 

represents the thermal diffusion. Only the Grashof number is a 
function of the gas dome dimensions and temperature difference 
for which 

where 

g = acceleration due to gravity, 

pd = gas isobaric coefficient of thermal expansion, 

Ti - Td = magnitude of the interface, gas dome temperature 
difference, 

v i  = gas kinematic viscosity, and 

6 = characteristic overall diameter of the gas dome. 
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If the Prandtl number is written in terms of the gas dome thermal 
diffusivity then 

where 

pd 3 gas density and 

= thermal diffusivity, 

The characteristic diameter is defined in terms of the typical 

volume to surface area ratio as 

where 

Ai = combined gas dome cylinder, disk top, and bottom 
surface areas. 

Mass Transfer  to the Gas Dome 

when the accumulator is In its stagnant initial condition the gas 
dome and liquid are in thermal equilibrium and the gas dome is at 

essentially 100% humidity. However, as the accumulator blows 
down, the gas dome expands and cools while the liquid remains 
essentially isothermal. As a result there is simultaneous 

vaporization at the liquid-gas interface and condensation in the 
gas dome. 

A t  the liquid-gas interface as vaporization occurs the vapor 

diffuses across the temperature gradient into the gas dome. 

Assuming that the process can be approximated by a quasi-steady 
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formulation, then for diffusion in a stagnant gas the mass I 

transfer for the process can be written as 

where 

$ap = rate of vapor diffusion, 

= diffusion coefficient, 

A i  = surface area of the liquid-gas interface, and 

= vapor concentration gradient. dx 

The concentration can be expressed in terms of partial pressure 
such that 

I where 

C = vapor concentration, 

Pv = local vapor partial pressure, and 

! pg = vapor density (saturated vapor at Pv). 

Hence at the dome pressure, the concentration gradient can be 
: written as 
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Combining Equations 2.1.5-53 and 2.1.5-55 and integrating gives 

where the integration is performed by parts. 

Both of the d i f f eren t ia l  terms dpg and dPV can be written in 
terms of temperature d i f f eren t ia l s  i f  100% r e l a t i v e  humidity is 
assumed, so that  

where 

P ~ ( T ~ )  = saturation pressure a t  the  temperature Tg, 

, Hence the  density differential can be expanded as 

where 

[ - .gPg and 
T 
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Combining Equations 2.1.5-57, 2.1.5-58, and 2.1.5-59, and 

substituting Clapeyronts equation for the dPs/dT tam gives 

-. fa- 
d% - % [.g[T;vfJ %] dT , 

where Clapeyronts equation is 

and where the term (hfg/TgVfg) is treated as a constant. 

Combining Equations 2.1.5-56, 2-1.5-60, and 2.1.5-61 the 

diffusion equation can be rewritten as 

The dome average terms are evaluated at the dome average 

temperature, Tg = Tdf and Tw is the tank top wall temperature. 

Equation 2.1.5-62 can be made analogous to a convective equation 

by expressing the mass transfer coefficient as 

where 

hzs = mass transfer coefficient in a stagnant gas. 
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Then, by applying Reynold's analogy a turbulent natural 

convection mass transfer coefficient can be derived in terms of 
the heat transfer coefficient, h2, from Equation 2.1.5-48 such 

that 

Equation 2.1.5-64 can then be substituted in place of (r/L) in 
Equation 2.1.5-63 such that 

which gives the rate at which water vapor is transported into the 
accumulator gas dome by turbulent diffusion. 

Since the energy transported to the gas dome by the vaporization 

process must come from the liquid and since the energy per unit 

mass required for vaporization is hfg, then the rate of energy 
transport to the gas dome by vaporization is 

where rvap is the rate of vaporization at the liquid gas 

interface. 

In the gas dome, as the accumulator blows down, the gas cools and 
condensation by turbulent diffusion occurs. The rate of 

condensation may be approximated by assuming that the gas dome 
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remains at 100% humidity and considering simple humidity , 

relationships. The humidity ratio can be written as 

where 

%, Mn = vapor, gas masses, respectively, 

Ng, I?, = vapor, gas molecular weights, respectively, and 

Pg - vapor partial pressure. 
' 

Taking the derivative of Equation 2.1.5-67 gives 

! From ~ i b b ~ s  equation, the relationship between the vapor and 
liquid condensate in the dome is 

Substituting the relationship 

j into Equation 2.1.5-69 and rearranging gives 
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1 Combining Equations 2.1.5-68 and 2.1.5-71 with Equations 

i 2.1.5-43 and 2.1.5-44 g i v e s  

and the r a t e  of condensate formation is given as 

The energy transported by the condensate t o  t h e  in ter face  can be 
! expressed as 

1 Also, s i n c e  the  condensation is taking place in the gas  dome, the 
I energy given up by the  condensation process is given up t o  the 

: gas dome a t  the  rate expressed as 
I 

: Fina l ly ,  s ince  it is assumed that the condensate is transported 
t o  the  interface at the  condensation rate 
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and the net energy given up to the gas dome by the condensation 
process can be expressed as 

Energy Transported to the Gas Dome by Combined Heat and Mass 
Transfer 

The total energy transported to the gas dome can be rewritten by 
combining Equations 2.1.5-45, 2.1.5-46, 2.1.5-48, 2.1.5-66, and 

2.1.5-77 and summing to give 

* 

cal Im~lementatioq 

The numerical scheme used for the accumulator model includes 

special features for coupling the solution scheme to the main 

code in such a way that it is time step independent. This 

scheme, as in RELAPS, is semi-implicit and special considerations 

are employed to preserve the nitrogen energy and mass. 

The numerical scheme uses finite difference techniques to solve 

the differential equations. The momentum equation is formulated 
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a by integrating Equation 2.1.5-40 over space and writing the time 

j variation in difference form as 

! 

where 

I 
n+l = pressure downstream from the accumulator junction. P 

, The inertia term is represented by 

. where Lf , , L , and L are the lengths of the liquid and 
L Lfm g~ ~ T K  

gas i n  the surge line and tank, respectively. These terns are . 

/ computed at each time step and hence vary explicitly with time 
having the effect that as the accumulator blows down the inertia 

I term changes from a liquid dominant to a vapor dominant term. The 

s liquid and gas friction terns, respectively, are formulated as 

Rev. 2 
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for the liquid, and 

! 
1 for the vapor. Friction is neglected in the tank and the line 

j friction factor is assumed to be the constant turbulent-turbulent 
' Parcy friction factor given as 

The loss factor tern, K,, is assumed to be distributed over the 
LC 

n surge line length, 
L~ 

The term DL is the surge line hydraulic 

' diameter and e is the surge line wall roughness. The elevation 

' head term, APZ, is formulated as 

where AzTK and AzL are the tank and surge line elevation changes, 

: respectively, and g is the gravitational acceleration. The 

I l iquid and vapor momentum flux terms, CONVF and C O m G ,  

! respectively are formulated as 

ff there is liquid in the tank, 

Rev. 2 
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' whk there is no liquid in the tank, 

if there is vapor in the surge line, and 

COWG 0 .0  2.1.5-88 
I 

I 

' where there is no vapor in the surge line. By formulation in 
this manner the momentum equation is solved over the pressure 

! gradient from the centroid of the gas dome to the accumulator 
I 
! junction. However, the momentum of the fluid downstream from the 

accumulator junction is not included. Also since fluxing o f  the 

gas through the junction is not allowed, we have 

! i until the accumulator empties of liquid. The effect of this 

I formulatfon is that as the accumulator blowsdown the liquid-gas 
I interface moves out of the accumulator tank and surge line. 

Thus, the centroid of the gas dome moves towards the centroid of 
I the combined tank and surge line. 

I The pressure solution is obtained by combining Equations 
I 

, 2.1.5-38 and 2.1.5-42 and multiplying by Rn/Cv , which results 
i in n 

Rev. 2 
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where QD is given by ~guation 2.1.5-78. Equations 2.1.5-41 and 
2.1.5-90 are then combined resulting i n  

Since the liquid is incompressible 

: and substitution in Equation 2.1.5-91 and expanding in 
nonconsenrative finite difference form gives 

The energy equation may then be solved directly for the new time 

I gas temperature by combining Equations 2.1.5-41, 2.1 .5-44,  2.1.5- 
I 

91, and integrating, which gives 
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2.2. Heat Structure Modela 

Heat structures provided in RELAP5/IOD2=B&W permit calculation of 

the heat transferred across solid boundaries of hydrodynamic 

volumes; Modeling capabilities of heat structures include fuel 
; pins or plates with nuclear of electrical heating, heat transfer 

across steam generator tubes, and heat transfer from pipe or 

vessel walls. The general conduction solution for the 

structures, heat transfer coupling, and source and' boundary 

! condition treatment are discussed in this section. The special 
i 

treatment of the reactor core including kinetics, decay heat, gap 

conductance, clad rupture, metal water reaction and the core heat . . 
transfer correlations are contained in section 2.3 .  

2 . 2 . 1 .  Heat Conduction Model 

: Heat structures are assumed to be represented by one-dimensional 

heat conduction in rectangular, cylindrical, or spherical 

geometry. Surface multipliers are used to convert the unit 

surface of the one-dimensional calculation to the actual surface 

of the heat structure. Temperature-dependent thermal 

conductivities and volumetric heat capacities are provided in 

tabular or functional form either from built-in or user-supplied 
data. 

Finite differences are used to advance the heat conduction 

solutions. Each mesh interval may contain a different mesh 

spacing, a different material, or both. The spatial dependence 

of the internal heat source may vary over each mesh interval. 

The time-dependence of the heat source can be obtained from 

reactor kinetics, one of several tables of power versus time, or 

a control system variable. Symmetry or insulated conditions and 
tables of surface temperature versus time, heat transfer rate 

versus time, heat transfer coefficient versus time, or surface 
temperature are allowed for boundary conditions. For heat 

structure surf aces connected to hydrodynamic volumes, a heat 
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8 1 

t r a n s f e r  package containing co r re l a t i ons  f o r  c o k e c t i v e ,  nucleate I 

bo i l ing,  transition boi l ing ,  and f i l m  hea t  transfer from the w a l l  I 

to water and reverse t r a n s f e r  from water to wall is provided. 
! 

a The following describes t h e  numerical techniques for heat 
! conduction. The i n t e g r a l  form of t h e  heat conduction equation is 

where k is the thermal conductivi ty,  s is the surface,  S is the 

internal heat source, t is time, T is temperature, v is volume, x 
represents the space coordinates,  and p is the  volumetric heat 

capacity. The boundary condit ion appl ied  t o  t h e  e x t e r i o r  sur face  
1 has the form 

The denotes t h e  u n i t  normal vector away from the boundary 

s u r f  ace. The desired boundary condit ion is t h a t  t h e  heat 

t r a n s f e r r e d  o u t  of the s u r f a c e  e q u a l s  a h e s t  transfer 

coefficient, h,  tines the difference between t h e  sur face  
temperature, Tw, and t h e  s ink  temperature, Ts. 

4 

The correspondence between the above 
2.2.1-2 yields 

expression and Equation 

2.2.1-4 
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In one dimensional problems, boundary conditions are applied on 
the left and right surfaces. ' In steady state problems, a valid 

physical problem requires that A be nonzero on at least one of 
the two boundary surfaces. If a transient or steady state 

problem has cylindrical or spherical geometry and a zero radius 

for the left surface (i.e., a solid cylinder or sphere), Ehe left 
boundary condition is normally the symmetry condition, 

= 0 Under these conditions, if B is nonzero, the numerical 
an 
technique forces the symmetry boundary condition, even if it is 
not specified. 

2 . 2 . 1  . 1 . esh Point and Thermal Pro~ertv favouk 

Figure 2.2.1-1 illustrates the placement of mesh points at 

temperatures to be calculated. The mesh point spacing for a 

rectangular problem is taken in the positive x-direction. For 

cylindrical and spherical problems, the mesh point spacing is in 
the positive radial direction. Mesh points are placed on the 

external boundaries of the problem, at the interfaces between 

different materials,. and at desired intervals between the 

interfaces, boundaries, or both. 

I 

Boundary ~ ~ o m ~ o s t t i o n  
interfaces Boundary . . . . . . . . ............. . . . . . . . . Mesh points 

1 2 3 4 etc. -Mesh polnt 
numbering 

Figure 2.2.1-1. Mesh Point Layout. 

2.2-3 
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a. 

! 

I Figure 2.2.1-2 repreeents three typical mesh points. The 

I subscripts are space indexes indicating the mesh point number, 
i and 1 and t (if present) de~ignate  quantities to the* left and 

right, respectively, of the mesh point. The 6's indicate mesh 

1 point spacings that are not necessarily equal. Between mesh 

I points, the thermal properties, k and p and the source tern, S, 

: are assumed spatially constant, but kin is not necessarily equal 
I to km and similarly for p and 6. 

To obtain the spatial-difference approximation tor the m th 

, interior mesh point, Equation 2.2.l-1. is appliaa to tho  volume 
I 

and surfaces indicated by the dashed line shown in Figure 2.2.1- 

2. For 'the spatial-difference approximation at the boundaries, 
Equations 2.2.1-1 and 2.2.1-2 are used to define the gradient 
along the exterior surfaces and applied to the volumes and 
surfaces indicated by the dashed lines shown in Figure 2.2.1-3. 

I 

: If the coefficient of the gradient in the boundary equation is 

: zero, the surface temperature is given directly from Equation 

Figure 2.2.1-2. Typical Mesh Points. 

2 . 2-4 
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Figure 2.2.1-3. Boundary Mesh Points. 

2.2.1-2. Since the code is one-dimensional, the dimensions of 

the volume 'for other than the. x or r coordinate are set to one. 
For rectangular geometry, the volume is a rectangular solid. For 

cylindrical geometry, the volume is a cylindrical annulus, and 
for spherical geometry, the volume is a spherical shell. 

The spatial finite-difference approximations use exact 

expressions for the space and volume factore and simple 

differences for the gradient terms. .. 

To condense the expressions defining the numerical approximations 
and to avoid writing expressions unique to each geometry, the 
following quantities are defined. 

For rectangular geometry 

' I  

= -L and = -  1 
*in Jlrn 6 r m  6= I 

, I  
I 
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I 
and 

lm 2 

and 

For cylindrical geometry 

and 

For spherical geometry 
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. I 

i and 

For all geometries 

1 The superscripts, v and s, refer to volume and surface-gradient 

: ! weights. The 6 B  is a surface weight used at exterior boundaries 
, and in heat transfer rate equations. 

2.2.3.2. Difference ~~~roximation at ~nternal Mesh Points 

Using a forward difference for the time derivative, the first 
tern of Equation 2.2.1-1 for the volume of Figure 2.2.1-2 is 
approximated by 

The superscript n refers to time; thus, TR indicates the 

temperature at mesh point m at t i m e  tn, and T@+~ indicates the 
temperature at mesh point m at time tn+l = tn + nt. The second 

term of Equation 2.2.1-1 for t h e  surfaces of Figure 2.2 .I-2 is 
approximately by 

Note that the above expression includes the standard interface 
conditions of continuity of temperature and heat flow. The 

surface integral ot Equation 2.2.1-1 is usually evaluated by 



~ r b t o m e  ANP, Inc. 

integrating only along the exterior surfaces of the volume 

indicated by the dashed line in Figure 2.2.1-2. If, however, the 

volume is dividbd into two sub-volumes by the interface line and 
the surface integrals of these sub-volumes are added, the surface 

integrals along the common interface cancel because of the 

continuity of heat flow. The continuity of temperature is 
implied by use of a single-valued temperature at the interface. . . 
A contact-resistance interface condition cannot be specified 

directly since the temperature, instead of being continuous at 

the interface, is given by q - hcAT, where q is the heat transfer 
rate across the interface, hc is the contact conductivity, and AT 
is the temperature change across the interface. This condition 
can be specified by defining a small mesh interval with thermal 
properties of k = h, and p - 0 .  The size of the mesh interval, 

6, is arbitrary except in cylindrical or spherical geometry, 

where the surface and volume weights are dependent on the radius. 

This mesh interval is usually chosen very small with respect to 

the dimensions of the problem. 

The space and time-dependence of the source term in  quat ti on 
2.2.1-1 are assumed to be separable functions, that is, 

where Pf is the factor that relates the reactor power (or power 

from a table) to the heat generation rate for a particular heat 
structure, P(t) is the time varying function and may be reactor 

power, power from a table, or a control variable, and Q (x) is the 
space-dependent function. The value of Q (x) is assumed constant 
over a mesh interval, but each interval can have a different 
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I I 

: value. The third term of Equation 2.2.1-1 is then approximated ' ' 

, Gathering the approximations of terms in Equation 2.2.1-1, the 

basic d i f  feranca equation for the nth mesh point is 
I .  

I 

Using the symbol r, to represent the right side, Equation 2.2.1- 
19 can be writteh as 

Thus far, the time superscripts for Gm and r m  have been omitted 
and the procedure for approximating the temperature-dependence of 

the thermal properties has not been mentioned. The procedures 

for temperature-dependent thermal properties arc discussed later. 
However, superscripts for thermal properties are written here 

even though their significance is not explained until later. For 

steady state, the difference approximation becomes 
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and no. t i m e  superscripts are needed. For the t l m u - u ~ ~ = , . - ~ . . -  

case, an equation of the type  I 

\ 

: is an explicit formula if w is zero, and is an implicit formula 
when w is nonzero. RELAP5 uses the implicit formulation with w = 

Writing Equation 2.2.1-22, in full, the difference approximation 
for the nth interior mesh point for transient and steady state 

cases is 

where 

and o is 1 for transient cases and 0 for steady state cases. 

Rev. 1 
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t i o n  a t  Bound~riea 
: 

To obtain the difference approximations for  the mesh points  a t  
. i  the boundaries, Equation 2.2.1-1 is appliaa t o  the volumes of 

Figure 2.2.2-3 with   qua ti on 2.2.1-2 used t o  define the gradient 

! 
at the surface. The second tern of Equation 2.2.1-1 a t  x = x l  is 

I 

i 
j 

The complete basic expression for the left boundary mesh p o i n t  
becomes 

If B i n  the boundary condition equation is zero, t h e  above 

equation is not used since the boundary*condition determines t h e  
temperature. Also in that case, a division by zero. would be 

indicated if Equation 2.2.1-29 were used. Approximations for the 

boundary at x = xm are derived in a similar fashion. These 

equations for  the  boundary mesh points  are converted t o  the  
impl ic i t  formulas i n  t h e  same manner as f o r  the in t er ior  mesh 
points ,  except that the  surface temperature appearing i n  t h e  
boundary condition is evaluated completely a t  the  n+l time level; 
Thus, for the left boundary 
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I In the coding, a variable. HTBCCO, is defined as C: = A1 T~ - D:. 
Substituting this relation i n t o  Equation 2.2.1-33 gives 

I For t h e  right boundary 
! 

n kn "sb t 
bM = n 6 V  + AdwL - aH t and 

O P 1 ~  1 M  .I: 
Rev. 1 
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In the coding, a variable, HTBCCN, is defined as - 4 T: - D:. 
Substituting this relation into hquation 2.2.1-38 gives 

I 

2 . 2 . 1 . 4 .  solution of Simultaneous Emations 

The difference approximations for the mesh points (Equations 

2.2.1-27, 2.2.1-38, and 2.2.1-39) lead to a tri-diagonal set of H 
equations. The coefficient matrix is symmetric unless the 

boundary condition specifies the surface temperature. In that 
case, the elements, cl and a*, are 0, and destroy the symmetry. 

The solution to the above equations is obtained by: 

1. Form El = A and F1 = ' 
bl bl 

Ci 
2. Form E - 

j bj - a j  Ejwl 

for j = 2, 3 ,  . . ., M-l . 

Rev. 1 
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: quantities written with superscript n are ignored since they are 
multiplied by u - 0, and only quantities with superscript n + 1 

I 

. I are used, If these quantities are not.temperature-dependent, the 
solution of Equations 2.2.1-23, 2.2.1-30, and 2.2.1-35 will 
immediately give steady state temperatures. When these 
parameters are temperature-depend* iterations are used to 

I 
I resolve the difficulty of obtaining thermal parameters as a 

function of temperature when the temperatures are unknown. 
I 

' In transient problems, the thermal properties, k, p ,  A, B I  and D, 

with superscript n are evaluated as a function of the 
temperatures, T", at the beginning of a time step. Since these 

I are either initial temperatures or results of the last 

time-advancement, the corresponding thermal parameters can be 

determined. Those thermal parameters with superscript n + 1 are 
evaluated as a function of the temperatures, T"", at the end of 

i the time step. 'since these temperatures are not available, the 
initial estimate of the thermal parameters is obtained using 
kn+l = kn and similarly for p ,  A, B, and D. The superscript n + 
1/2 indicates an average of the quantities with superscript n and 

If thermal parameters and boundary conditions are constant, or do 
. not vary greatly during a time step, the temperatures obtained 

from the solution of Equations 2.2.1-27, 2.2.1-30, and 2.2.1-31 

with kn+'=kn, etc., are satisfactory.  his is presently assumed 
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i The development of the difference equations uses a general form 
, 

i for the boundary conditions, but RELAP5 uses only the following 

where q~ and TT are tabular functions of time. For the 

convective boundary condition Equation 2.2.1-49, the heat 

transfer coefficient, h, can either be input or calculated 

initially by the code. Far the first three conditions, the heat 
transfer rate is given directly by the boundary conditions once 
the surface temperature has been calculated. For the temperature 
boundary condition, the heat transfer rate is obtained from the 

difference equation. The general expression, shown here, for the 

right boundary is 
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! 

; 2.2.2.  Heat Structure convective Boundary Conditions and Haat 
Transfer Models 

When the internal convective boundary condition is specified, the 

wall to fluid volumet~io heat transfer, Qwf and Qwkf and the maso 
transfer rate due to wall heat transfer, rv, are calculated as 

- described in this section. A boiling curve i s  used to govern the 

a selection of heat transfer correlations. The following two 

options are available to calculate the wall heat transfer: 

: 0pti'on 1: System Heat Transfer 
Option 2: Core Heat Transfer 

' Although both can be applied throughout the simulation, Option 1 
' is intended primarily for use outside the core, that is, the 

steam generator or component or piping walls. option 2 is 
1 intended for the fuel rod heat transfer and has specific logic 
I 

I based on Appendix K. Only Option 1 will be described in this 
section of the report.' Option 2, core heat transfer; is 

i 
a presented in the section on the reactor core, section 2.3.3. 

I 

I 
In. Option 1, the system heat transfer model, the heat transfer 
regimes modeled are classified as pre-CHF, CHF, and post-CHF 

regimes. Condensation heat transfer and the heat transfer to 
air-water mixtures are also modeled. . Figure 2 . 2 . 2 - 1  gives a 

chart of the logic scheme for selecting the heat transfer models. 

: Qwf, Qwg, the total heat flux, q, and the total heat transfer ' coefficient, h are calculated as follows 

Qwg a qwg Aw / V I  
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and 

where qwt and qwg are the effective w a l l  to liquid and vapor heat 
flux; respectively, based on the total heat slab area, Awe The' 
calculation of qvf, qwg, and rw for each heat transfer regime are 
summarized below. 

2.2.2.1. Pre  a CHF Heat Transfer ~orrelationg 

The pre-CHF regime consists of models for single-phase liquid 
convection, subcooled nucleate boiling, and saturated nucleate 

boiling. In this regime, the model assumes that the wall is 
totally wetted by liquid, Therefore, the heat transfer from the 

wall to the vapor, Qwgr is equal to zero. 

Sinale-Phase Liuuid Convection 

In single-phase liquid convection, the heat transfer coefficient 

is the maximum of the Dittus-Boelter or Rohsenow-Choi 

correlations under forced convection conditions or the maximum of 

the Dittus-8oelter40,  ohs sen ow-~hbi, or the natural convection 
correlation for natural convection conditions. 

The ~ittus-Boelter correlation is 
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and Rohsenow-Choi is given by 

The natural convection correlation,  

is dependent on t h e  flow regime a s  follows. 

Laminar flow, ( G r  : lo9) 
a = 0.59 

b = 0 . 2 5  

" C ~ N C P  

Transition flow, ( l o 9  < Gr 5 
a = 0 .021  

b = 0 . 4  

C I N c i  C l ~ ~ t r n  

Turbulent flow, (Gr > 1013) 
a = 0.1 

qwg and rw are zero throughout t h i s  heat transfer regime and qvf 
is given by 
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The subcooled and saturated nucleate boiling heat transfer 

coefficients are calculated. using the modified  hen^^ and the . 

chenQ1 correlation, respectively. Because of the noneguilibriun 
: nature of REUPS,  the subcooled-to-saturated nucleate boLling 

boundary cannot. be defined precisely. In addition, the vapor 

I generation in the subcooled boiling regime has to be included. 
' Hence, the Chen correlation is modified as follows. 

' The heat transfer coefficient in nucleate boiling is given by the 
: sum of the two effects: microscopic (boiling) and macroscopic 
I 

j (convection) 

I 

; In RELAPS, it is assumed that the wall-to-fluid heat transfer is 

by convection only, until the subcooled vapor generation criteria 

is satisfied. This is achieved by using a subcooled vapor 

a generation factor, fsubvap, as follows 
I 

I - 
j where hmic is the Chen microscopic heat transfer coefficient 

The subcooled vapor generation factor, foubvap, a measure of t h e  
first appearance of bubbles on the heat slab Surface, is 

calculated based on the onset of nucleate boiling criteria given 

by Bergels and ~ohsenow~2 and the net vapor generation criteria 

Rev. 1 
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I 

. given by Saha and Zuber. 12'  he calculation of fsubvap is 

disctissed later i n  this section. 
- 

* 
! The convection part, hmact. is taken as the maximum of the 
Rohsenow-Choi correlation and Chenls macroscopic heat transfer 

! coefficient, hmac. Thus, 

and 

! 

- 0.023 ( k )  (Prf) 0.4 
hmac CG(1-X) 4,/pfI O o 8  F. 2.2.2-15 

I 

The modified Chen correlation is obtained by setting F = 1 in the 
Chen correlation. Because of the nonequilibrfum nature of 

RELAPS, P is calculated as follows. 

if the l iqu id  flow is negative (a v e 0.0) or lici[uid f P f  f -  
subcooling is greater than or equal to 5K or the ~artinelli 

I parameter 

! I 

' Otherwise 
' I 
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: I 

1 where F a  is a fit to Chen's F-factor 
' 1  
. I  

i .  . . The suppression. factor, S, . is calculated based on the void 

1 fraction as 
I 

! 

I 1 1 a < 0.3 Q - 
j S = W a  1 - Z(1 - S t )  (ag - O e 3 )  0.3 < a < 0 . 8  g 

S t  a 2 0 . 8  . . - 
g 

2.2.2-19 

Thc Wa multiplicative factor is a weighting factor that was added 
to force the S factor, and consequently hmic, to zero as the 

steam void fraction approaches unity. The factor is defined as 

a is a user spacif&d void iractioh a t  which to begin the S 
g r 
ramp. Its value must be less than 0 . 9 9 1  to activate the ramp. 

The default value of this parameter is 1.0 (i.e. the ramp is not 

( used) . For once-through steam generator applications. a value I lass than 0.991 is needed to preclude observed sharp increases in 

1 S that  results in disproportionally high overall heat transfer as 
I tho void fraction approaches unity. 
I '  

Rev, 3 
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St  is a fit to Chen's suppression factor given by the fallowing 

expression 

= I [l + 0.42(ReTp] 0.78 ].I 32.5 ReTp < 7 0 . 0  

0,0797 

2.2.2-20 
where 

ATsat = =w - Tsat , and 

AP = difference in vapor pressure corresponding to ATSat, 
! 

I The subcooled vapor generation factor, fsubvaD, is calculated as 

' . follows. The onset of boiling occurs when Tw 2- T, , where T 
I 
I ONB W o ~ ~  
, is the wall temperature at the onset of nucleate boiling. 

;. However, the net vapor generation will not occur until the liquid 

/ subcooling, AThSub, is less than the subco~ling for net vapor 
; generation, AThNVG. RELAP5 uses both criteria. and allows vapor 

i generation when either of the two conditions are satisfied. The 

: onset of nucleate boiling is calculated using the Bergels and 

, Rohsenow correlation and ATNVC is calculated using the Saha-Zuber 
i correlation. subvap is calculated based on these two 
i conditions. 

: The Bergels and  ohr ran ow^^ correlation is 

Rev. 3 
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' where 

I 

I The bubble formation on the w a l l  occurs when T, = T . In 
W o ~ ~  

! order to make it continuous, no vapor formation occurs when 

- - 2 and increases l inear ly  based on Tw - T 
TwONB w ~ ~ ~ '  

, such that  when Tw - T , all the q, is allowed to form 
W~~~ ap 

: vapors. This is achieved by defining a function, 

ONB = MAX [-2, MIN {ATs - AT , O.O)] + 1. 2.2.2-23 
W o ~ ~  

1 

I The Saha Zuber 12' corralation for AT 
NVG 

is 
I 

where 
i 
I 

Pe - Peclet number. G D Cpf / k- 
: In order to make the ne t  vapor generation continuous, vapor 
! generation is allowed-to begin a t  Tf = - 2.0) and increase 

' T f w G  
! linearly, based on TI - T . such that a11 9~ is allowed to 

f~~ 
aP 

: form vapor a t  Tt = T This is achieved by d e f i n i n g  a 
fNv~' 

i function 

I 
%VG P 2 MlrX [ -2.  MIN {ATwG - (TSat - Tf), 0 . 0 )  1 + 1. 

2.2.2-25 
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I 
I 

. REWS/MODI allows the vapor to tom when either fNw 
Or fo~13 

' becomes greater than zero, and thus, 
: I  

1 
a In subcooled and 'saturated nucleate boiling, h an* Cl,s are 

zero. Then 
w g 

* * 
q ' P i c  ATsat + hmac (Tw - Tf) 

and 
: 

where is the portion of st available for vapor generation. 
P 

I It is calculated by 

i where , 

Ti ' =w 

otherwise* . 
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Two options are available for btkt-estimate computation of the 
critical heat flux, An option is provided to use the 
Biasi and modified Zuber correlations or the ~ecker'~~ rod bundle 

correlation. Analyses have shown that the previous best-estimate 

default CHF correlation in REltAPS/MOD2, Biasi-Zuber, inadequately 

predicts once-through steam generator (OTSG)' CHF at lower power 
levels. Consequently, Biasi-Zuber causes poor prediction of 

shell-side heat transfer regimes and dryout behavior at power 
levels less than 80 percent. The Becker CHF correlation provides 

a substantially improved prediction of dryout location and dryout 

quality and overall better response of OPSG steady-state and 

transient phenomena. Therefore, the  Becker correlation is added 
to RELAPS and is recommended for OTSG secondary shell-side heat 

structures. The Becker CHF correlation is limited by pressure 

and is only used up to 90 bar, which is more than ample for any 
OTSG transient. A linear interpolation scheme activates at 80 

bar to 90 bar and interpolates between the two CHF correlations 

to ensure a smooth and continuous transition from Becker to 
Biasi-~uber at 90 bar. The Biasi-Zuber correlation is considered 

to be applicable for all other geometries, without any 

restriction of input conditions. The Becker correlation is 

restricted by pressure and can only be used up to 90 bar. For 
pressures above 90 bar, the Biasi-Zuber correlation will be used 

with either option. 

I quality region 
; 

Rev. 3 
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This correlation is primarily flow dependent, that is, when the 

Inass f l u  , G, is greater than or equal to 300 ~g/m~-s, qarit is 
calculated as the maximum of the Biasf correlation for the low 
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and for the high quality region 

where 

2 + 8.99P1/[10 + PI ) ,  and 

. . P1 = M A X ( ~ O - ~  P, 1 . 7 )  bar. 

2 When G is between 200 and 300 Kg/m -s, qcrit is calculated using 
the Biasi correlation for the high quality region. When G is 

2 between 100 and 200 Kg/m -s, qcrit is calculated using a linear 

interpolation, with respect to G, between the maximum value of 
the two Biasi correlations (using G = 200 ~~/rn~-s) and the 

modified Zuber correlation, that is, 

When G < 100 ~~/rn~-s ,  gcrit is given by the modified Zuber 
correlation. 

Rev. 3 
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The Becker correlation is separated into two major components 
based upon equilibrium quality. For each quality regime, each 
component is further subdivided based upon pressure, For the 

Becker correlation, the mass flux, G ,  is limited to a minimum 
value of 30.0 ~~/rn~-sec by G = Max (30.0, 0 ) .  

For the low quality region, where the equilibrium quality is 
between 0.0 and 0.25, qCrit is computed by 

where, 

a, - f2(Pbar) / htg 
al = fl(Pbar) / f2(Pbar) 

'bar = M A X ( ~ O - ~  P, 2.7) = Pressure, (bar) 

big = enthalpy of vaporization, (KJ/Kg) 

and where, 

- .  
for low pressures between 2.70 and 20 bar, For higher pressures 

within the range of 2 0  to 90 bar, the f-parameter is computed by 

1 
Rev. 3 
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and where, 

'1 ('bar - l00'.5) / 1oo.o a 

For the high quality reg ion ,  where x*' is greater than 0 . 2 5 ,  

several'  logarithmic equations are used t o  calculate the  c r i t i c a l  
heat flux, qcrit. The equations are transcendental, requiring an 
i t era t ive  solution method. The logarithmic nature of the 
equations, however, is an a s se t  and allows the solut ion method to 
be simple and quick; usually converging within three to four  
i t erat ions .  The high quality qcrit is given by: 

where 

B2 - l n  ( Max [l.OE-5, [ 0.98 - E v BO 

[ * (80 + 1 .0  ) e 

B3 = -1n {Max [l.OE-5, [1.0 - E (Xe + V) BO 

(1 - Xe) xe1I4 ( 8 0  + 1 . 0  ) 

Rev. 3 
10/92 



Framatome ANP, Inc. 

with 

The coefficients E and b are functions of pressure: 

For very low pressures, between 2.7  and 5 .0  bar, 

For intermediate pressures, between 5 . 0  and 2 0 . 0  bar, 

2.2.2-35.16 

For high pressures, between 20.0 and 90.0 bar, 

Rev. 3 
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' Tho post-CHP heat transfer regime includes the transition 

, boiling, f i l m  boiling, and single-phase vapor heat transfer. The 
heat transfer in each of the regimes is  described below. 

I Transition Boilinq 

a In the transition boiling, the heat transfer is calculated based 
, on the approach given by chenD4= In t h i s  regime, it is assumed 

that a portion of the heat slab surface given by the Chen factor, 
: FL (modified to make its value equal 1 at Tw = T w a ~ )  . is wetted 

by the liquid. The wall-to-liquid heat transfer is calculated as 
follows 

: and 

The modified Chenrs liquid contact area weighting fraction, FLr 

is calculated by 

! 

: where 
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C 1  2 .4  C2, 

* 
=g 

= MIN(~' , 0.999) and 
g 

The vapor heat transfer is calculated as 

hwg ' h,(l - FL) 
and 

I 

The vapor heat transfer coefficient, hv,, is calculated using the 

Dittus-Boelter (Equation 2.2.2-6) Rohsenow-Choi (Equation 2.2.2- 

, 7) and natural convection (Equation 2.2.2-8) correlations, based 

on vapor properties as follows .. 

The constants a = 0.23, b = 1/3, and C ~ N C ~  = C ~ N C V  are used in 
I the natural convection correlation (Equation 2.2.2-8). 

i The vapor generation rate, rw, is calculated using the following 
equation 

Film Roiling 

In the film boiling regime, the vapor void fraction, ag ,  is used 

to partition the wall-to-fluid energy between the liquid and the 

vapor phases. In-addition, wall-to-droplet radiation is added to 
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the liquid heat transfer. The total wall-to-liquid heat transfer 

is calculated as f o l l o w s  

w h e r e  

The film heat transfer coefficient, h f ~ ,  is calculated using the 
modified Bromley correlation 

where 

hig - h + 0.5 Cp oTSat , and 
fg g 

The wall-to-liquid droplet radiation qwdttad is calculated using' 
a model developed by sunGo (the wall-to-vapor and vapor-to-liquid 
radiation terms of the Sun correlation are neglected). 

. .  
4 

qwd, rad - Fwf oSB(T; - TSat) , 

w h e r e  

OSB = Stephen-Boltzman constant (5.67 10" w/m2-k4) 1 I 
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for which the emissivities are given as 

r g  = 0.02, 

c f  = MIN[1 - e x p ( - a f h ) ,  0.751, and 

where fa, is a mean length and af is the l i q u i d  absorption 

coefficient, respectively. The mean length is roughly equal 
to 0.9 ay, where Dhy is the hydraulic diameter of the f l u i d  
channel, The absorption coefficient, af, for droplets is given 

bY 

The droplet diameter, dd, is calculated based on a critical 

droplet Weber number 

and l i m i t e d  t o  

The wall-to-vapor heat transfer, qwg, is ca lcu la ted  using 

Equation 2.2.2-40, and hwg is equal to hvc  quati ti on 2.2.2-41). 1 ,  
The vapor generation rate, r,, is given by Equation. 2 . 2 * 2 - 3 6 -  

Rev. 1 i 
' 10/88 



Framatome ANP, Inc. 

Sinale Phase VaDOr Heat Transfez - 
The heat transfer coefficient in this regime is. calculated using 

the Dittus-Boelter (Equation 2.2.2-6) Rohsenow-Choi (Equation 
2.2 .2-7)  and natural convection (Equatian 2.2.2-8) correlations, 

based on the vapor properties as given below. 

The constants a - 0.23, b - 113, and Cl~ci 5 Cl~w are used in 
Equation 2.2.2-8. 

For single-phase vapor, h,f, qwf8 and rw are zero, and 

and 

qwg = h(Tw - Tg) . 
2.2.2.4. c on dens at ion Heat Transfer 

When two-phase or single-phase vapor passes over a heat structure 
whose surface temperature is below the saturation temperature of 
the mixture or vapor, heat transfer occurs from the fluid to the 

structure by a condensation process. The condensation heat 
transfer coefficient44 is calculated as the maximum of the 

Nusselt laminar film correlation and the Carpenter and Colburn 

turbulent film correlation. 
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. ma Nusselt laminar film used in RE~&p!j/~ol)z-~&w 

depends on the orientation of the conaensing surface. For a 

: condensation on a horizontal surface, laminar film condensation 
in a horizontal tube with stratified flow is assumed and a 
modified form of the Nusselt equation is used: 

For a vertical surface, the Nusselt laminar f i l m  condensation 
! correlation is used 
I 

I 

where 

8 = angle of inclination to the horizontal 
. and 

I Lv volume length. 

' When the average liquid velocity is less than or equal to 0.002 

a m/s,  only laminar film condensation is used. 

I 
, The Carpenter and Colburn turbulent film correlation is 

Rev. 2 
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The heat transfer coefficient from the gas is determined by 
proportioning the pure condensation coefficient with the gas void 
fraction 

% / a  g con* MIN(I.O, 10a Q 1 , 

and the heat flux is determined in the usual way 

Heat transfer to or from the liquid is also likely under these 
conditions. This process is modeled similar to heat transfer to 
subcooled liquid, section 2.2 -2.1, using the maximum of 'the 

Dittus-Boelter or the Rohsenow-Choi correlations proportioned to 

the liquid void fraction 

' Both correlations are evaluated at the liquid conditions. The 
' heat flux is again straightforward 

! 

The volumetric vapor condensation rate, r,, is given by 
I 

Rev. 2 
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Figure 2.2-2-1. Logic Chart f o r  System Wall Heat Transfer 
R e g i m e  Selection. 
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An auxiliary feedwater (AFW) model developed by B&W is incor- 
porated in RELAP5/MOD2 to calculate the BCW once-through steam 

generator (OTSG) heat transfer correctly during auxiliary 

' I  feedwater AFW injection from high elevation locations. The model 

consists of two parts: 

. . 
! 1. A heat transfer surface area change model to calculate the . 

number of tubes wetted by auxiliary feedwater at a given 
I location. 

2. Heat and mass transfer models to Calculate energy transfer 
from the tube walls t o  the falling liquid film and to the 
steam. 

The surface area change model and the heat transfer models are 
taken directly from REDBLI code manual. In the RELAPI/MOD2 

I formulation the total energy transfer from the tubes to the fluid 

I is partitioned between the phases. A mass transfer model is 
added to calculate the mass transfer between the phases. 

In most BhW plants the subcooled auxiliary feedwater is injected 

near the top of the steam generator. As the water cascades down 

through the broached tube support plates, the  number of tubes 

: wetted by the falling film increases. This is modeled using a 

! heat transfer area change model, and the falling film heat and 
mass transfer correlations described in this section. The AFW 

model selection logic is also described in this section. 
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At the point of injection of APW, the fraction of the tubes 
wetted is a function of the infection rate. The total fraction 
of the tubes wetted by AFW at the injection location is given by 

where 

No = number of tubes wetted at the injection location, 

Nt = total number of tubes in a steam generator (input), 

w~Fw = AFW flow rate into a steam generator (kg/s) ,  

P~ = density of AFW (kg/m3}, and 

C, - user input constant (default = 0.5278). 

A s  t h e  l i q u i d  drains downward it spreads out, thereby increasing 
the fraction of tubes wetted. The number of tubes wetted by AFW 

at a dis tance  Z from the injection location is given by 

where C2 and C3 are user input constants. (The default values 

are C2 = 1.788 and C3 a 10.0.) 

Combining Equations 2.2.2-59 and 2.2.2-60 
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Multiple radial channels may be used to model M L  wetted and dry 
tube bundles. If the steam generator is modeled using multiple 
radial regions, the maximum number of tubes wetted by AFW w i l l  be 
equal to the number of tubes ( N w )  in the radial region which is . 

connected to AFW source. Thus, 
. . 

u.z.L S h (NAm - It for - one radial region model) . 
Nt Nt 2.2.2-62 

The tube heat structure heat transfer areas connected to the 
' 

secondary control volume are partitioned by 

and 

A dry = Aslab - Awet 
where Aslab is the total right side heat s kcture surface area. 

i It should be noted that N ( Z ) / N A ~  is limited between zero and one 

' to prevent unrealistic calculations. 
i 
I 

Heat and Mass Transfer Calculations 

The wetted and dry heat transfer coefficients of the individual 

tube bundle regions will be associated with the wetted and dry 
areas determined in Equations 2.2.2-63 and 2.2.2-64. The wall to 

I steam heat transfer to the dry area is determined by the Dittus- 
Boelter forced convection correlation with the steam properties. 
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The liquid heat transfer coefficient for the wetted region is 
determined by a combination of models. It is assumed that the ' 

AFW falls down the outside of the tubes as a thin film which 
spreads according to the  wetted heat transfer area correlations. 
The heat transfer coefficient is based on the liquid conditions. 
If the liquid is subcooled, (TJ. 5 Tsat - 4K), then the wall to 
subcooled liquid film heat transfer is defined by the Drew 

falling film correlation. 

where 

C~rew Drew correlation constant (input), default = 0.01, 

Pr = Prandtl number (pCp/k) 1 ,  

Re = Reynolds number (4  r / p ~ ) ,  

I' = flow/wetted perimeter (WAUX/N(Z)RD,), 

kl = theraial conductivity (w/m-K) , 
3 

P~ = density of the liquid film (kg/m ), 

2 g = gravitational constant ( m / s  ) ,  

N ( Z )  = number of wetted tubes given by Equations 2.2.2-61 
or 2.2.2-62, . 

Do = outside tube diameter (m), 

WAuX= average AFW flow rate in a control volume (kg/s), 
and 

pl  = liquid viscosity (kg/m-s) . 
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If the l iquid is saturated ' (TJ 2 Tsat) , then the liquid heat 
transfer coefficient is defined by the Chen nucleate boil ing 
correlation (see sec t ion  2 . 2 . 2 . 1 ) .  

If the l iquid temperature is T - 4) < TJ < Tsatt then an 
interpolation between the two correlations is used. 

, The mass transfer, rw, is determined separately depending on the . 
' ! l iquid condition. 
I 

where 

and 

r = 0 . 0  , 
w g  
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For (Tsat - 4 . 0 )  < Tl < Ts,t, 

and 

In the cases where (Tsat - 4.0) > TI, there is an additional 

limit applied to rwf. If rwf calculated by Equatians 2 .2 .2 -70  or 

2 . 2 . 2 - 7 2  exceeds 8 0 %  of the liquid available for boiling within a 
control volume, then the wetted area is reduced sccordingly to 

give a value which can only equal 8 0 % .  This limit avoids the 

possibility of introducing an artificial mass error by vaporizing 

more l i q u i d  than is available. 

Averaqe Heat Flux and Heat Transfer Coefficients 

The average values of heat flux and heat transfer coefficients 

are calculated as follows 
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The f a l l i n g  f i lm hea t  t r a n s f e r  is calculated only when the l i q u i d  
ve loc i ty  i n  the user-specified junction representing the  AFW 

i n l e t  is greater than o r  equal t o  0.0, that  is, the AFW is on. 
When t h e  AFW is on t h e  f a l l i n g  f i l m  and/or the regu la r  RELAPS 

h e a t  t r a n s f e r  l og i c  is se lec ted  based on t h e  following condi- 
t i o n s  : 

ft is assumed t h a t  t h e  f a l l i n g  f i lm hea t  t r a n s f e r  c o r r e l a t i o n  
is applicable only above t h e  s lug  flow regime, Hence, RELAPS 

heat t r a n s f e r  l og i c  is used i n  a l l  t he  secondary nodes 
associated with AFW below a secondary con t ro l  volume where ag 
> 0.65. - 

It is asseed t h a t  t h e  f a l l i n g  f i lm heat  t r a n s f e r  co r r e l a t i on  
is applicable only when t h e  volume average l i q u i d  flow is 
downwards. Hence, t h e  de fau l t  RELAPS hea t  t r a n s f e r  l o g i c  
requires  t h e  volume average l i q u i d  ve loc i ty  t o  be g r e a t e r  
t h a n  o r  equal t o  -0.001 m / s .  A user  over-ride opt ion does 
e x i s t  t o  remove t h i s  c r i t e r i a .  Use of t h e  de fau l t  c r i t e r i a  
can r e s u l t  i n  a  s i g n i f i c a n t  heat  t r a n s f e r  change i f  t h e  
volume average l i q u i d  ve loc i ty  f l uc tua t e s  due t o  a valve  
opening, STGR, pool hea t  t r a n s f e r  coupling, etc. 

3. Use f a l l i n g  heat  t r a n s f e r  l og i c  i n  a l l  t h e  secondary con t ro l  
volumes above a  lowermost volume where ag 2 0.85, provided 
t h a t  t h e  void f r ac t ion  sg i n  a given volume is l e s s  than o r  
equal t o  0.9999. I n  t h i s  region of t h e  steam generator  
model, even i f  t h e  void f r ac t ion  is below 0.85 due t o  
a r t i f i c i a l  l i qu id  holdup, f a l l i n g  f i l m  hea t  t r a n s f e r  l o g i c  is 
used (MODE = 13) .  I n  t h i s  case,  set 
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I hs " h 
ffg ' 

1 4. In the volumes between the lowermost control volume where 

ag 2 0.65 and the lowermost volume where og 2 0.85, the heat 
transfer is calculated by linear interpolation (MODE = 14). 

where h f ~  and h g ~  are liquid and vapor heat transfer 

coefficients, respectively, calculated by the normal RELAPS 
heat transfer logic. 

5 .  When the equilibrium quality is greater than or equal to 1, 

it is assumed that AFW has not reached to that C O I I ~ ~ O ' ~  

volume. This might be due to evaporation or artificial 

holdup of the falling liquid in the region above the node. 
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2.3. ' Reactor Core 

Simulqtion of the ieactor core requires several special models 

not used in the rest of the reactor coolant system.. The core 
thenno- and hydrodynamics are identical to any other region of 

the simulation excepting that the possibility of fuel cladding 
rupture during a MICA may require the addition of resistance to 

some of the flow junctions. The heat structure modeling is 
similar to the rest of the simulation excepting the heat source, 
a nuclear reaction, the fuel-to-clad gap model, the potential of 
zirconium oxidation, and the use of a different heat transfer 

package. These features are described in the following sections. 
The section on the fuel pin model describes both the thermal 

behavior modeling and the hydraulic effects of the occurrence of 

rupture. 

2.3.1. Reactor Kinetics 

The reactor kinetics capability can be used to compute the power 

* behavior in a nuclear reactor. The power is computed using the 

space-independent or point kinetics approximation that assumes 
that power can be separated into space and time functions. This . . 
approximation is adequate for cases in which .the space 

distribution remains nearly constant. 

The reactor kinetics model of RELAP5/MOD2 computes both the 

immediate fission power and the power from decay or fission 

fragments. The immediate power is that released at the time of 

fission and includes power from fission fragment kinetic energy 
and neutron moderation. Decay power is generated as the fission 

products undergo radioactive decay. The user can select the 
decay power model based on either an ANS standardlo2 proposed in 

1973 or on the 1979 ANS Standard for Decay Heat Power in Light  
Water Reactors. lo3 

* 
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i 2.3.1.1.. @actor Kinetics ~cruations 

: The point kinet ics  equations are 
1 

d (t) = gf 6 (t) r 

and 

P,(t) =Qf+(t) I 

where 

t = time, 

4 = neutron flux, 

Ci = number of delayed neutron precursors of group i, 

B = e f f e c t i v e  delayed neutron fraction,  

A = prompt neutron generation t i m e ,  

p = react iv i ty  (only t h e  time dependence has been 
indicated; however, the reactivity is dependent on 
other variables) , 

fi - fraction of delayed neutrons of group i, 
A~ = decay constant of group i ,  

S = source,  

3 = fission rate in #/s, 

Cp = fission cross section, 
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Pi = immediate fission power in MeV/s, and 

Qf - immediate fission energy per fission in MeV. 
2.3.1.2. F i s s i o n  Fraament Decay 

' a  The 1979 standard expresses the power P, ( t )  in MeV/s as a 
I function of time t resulting from one fission of isotope a at 

a exp ( - A m j t )  Pa(t) - ) . ~j 
j=l 

Data are presented for three isotopes, u ~ ~ ~ ,  u ~ ~ ~ ,  and Pu239. 
The parameters a and A were obtained by fitting to fission decay 

power data. .The fitting tor each isotope used 23 groups (Na = 

23). The above expression is an impulse response to one fission 
and can be extended to an arbitrary fission rate 9, (t) through 

: the convolution integral 

i 

I where the convolution operation is defined by 

Since numerical evaluation of convolution integrals is 
cumbersome, a set of differential equations equivalent to the 
convolution integral is derived. 
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I Assume that the power from each group is from radioactive decay 
: of a fission 2ragment i. Then I 

q j  (t) - '.oj % z j  = a e x p  ( - A m j t )  
a5 

; For simplification in the following derivation, the a and j 

. subscripts are dropped and the following expres~ions represent an 

i equation for one group for one isotope. From Equation 2 .3 .1 -8  we 
I 

, have 

Lapqace transforping Equation 2.3.1-8 gives 

Rearranging gives 
.. . 

Transforming to real time yields 

where 6 ( 0 )  is the impulse function. Applying a time dependent 
fission rate $ ( t )  in place of the single fission (impulse 
response), Equations 2 .3 .1 -11  and 2 .3 .1 -12  become 

Rev. 1 ,I 
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and 

The so lu t ion  of Equations 2.3.1-13 or 2.3.1-14 (remembering 
t h a t  P = X 7 )  f o r  an impulse y i e ld s  Equation 2.3.1-5 and a similar 
expression i n  t h e  standard. Solution of Equations 2.3.1-13 o r  
2.3.1-14 f o r  an a r b i t r a r y  f i s s i o n  source y i e l d s   atio ion 2.3.1-7. 
When specifying 

-- 
$ ( t )  = 1 f o r  0 t ( T and $(t) = 0 f o r  t > T . . 2.3.1-15 

Equations 2.3.1-13 and 2.3.1-14 y i e ld  another solution given in 
t h e  standard (note t h a t  the standard def ines  t a s  s t a r t i n g  a t  0 

a f t e r  f i s s ion ing  f o r  T seconds). 

A physical  model can be at tached to the terms i n  Equation 2.3.1- 
14. The f i r s t  term on t h e  r i g h t  represents  production of t h e  
isotope during f i s s ion ;  t h e  l a s t  term is t h e  loss of the i so tope 
due t o  decay. A more mechanistic model would provide for 

production of one isotope due t o  t h e  decay of another (see 
ac t in ide  model). 

As shown above, t h e  1979 ANS standard f o r  decay power can be 

implemented by advancing the d i f f e r e n t i a l  equations, which become 
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! . . 
I and 

! where .$ is the fission rate from all isotopes, Fa is the fraction 
of fissions from isotope a, and P7 is the decay power. Summation 

I of Fa over is 1.0. The value F, is an input factor to allow 
easy specification of a conservative calculation. It is usually 

I 
; 1.0 for best estimate calculations and 1.2 was recommended for a 
I .  

/ - conservative calculation with the 1973 data. The 1979 data 

should allow consistent use of 1.0 for F7. 

: The 1973 proposed standard as implemented in RELAP5/MODl used one 
: isotope and prescribed data for 11 groups. The 1979 standard 

/ lists data for three isotopes, ~ 2 3 5 ,  ~ ~ ~ 8 ,  and Pu239, and uses 23 
- groups for each isotope. A user option also allows only the 1979 

I standard data for u~~~ to be used. The data for both standards 

are built into the code as default data, but the user may enter 
different data. 

I 2.3.1.3. Actinide Decay Model 

i In RELAPS/MODl, the actinide model was simply the optional 

selection of another isotope and would be identical to using two 
; isotopes. The MOD1 actinide default data used two groups. The 

RELAPS/MOD2 model uses 
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1 and 

The quant i ty  FU is user input and is the number of atoms of u~~~ 
produced by neutron capture i n  u~~~ per f i s s i o n  f ron  a l l  
isotopes. A conservative f a c t o r  i f  des i red  should be factored 
i n t o  FU. The a and q values  can be user  input o r  d e f a u l t  values  
equal t o  those s t a t e d  i n  the standard can be used. 

The first equation descr ibes  t h e  r a t e  of change of atoms of U 239. 

The  first term on the r i g h t  represents  t h e  production of u ~ ~ ~ ;  
t h e  last  term is t h e  l o s s  of u~~~ due t o  beta  decay. The second 
equation describes t h e  r a t e  of change of Np 239 . The production 

of N p n  from t h e  beta decay of ~~~9 and ~u~~~ is formed from t h e  
decay of  N ~ ~ ~ ~ .  Solut ion of t h e  ac t in ide  equations, Equations 
2.3.1-18 and 2.3.1-19, f o r  the f i s s i o n  source given i n  Equation 
2.3.1-15 y i e ld s  t h e  r e s u l t  quoted i n  t h e  1979 standard. 

2 .3 .1 .4 .  Transformation of Eauations for  Solut ioq 

The d i f f e r e n t i a l  equations t o  be advanced i n  time are ~quations 
2.3.1-1, 2.3.1-2, 2.3.1-16, 2.3.1-18, and 2.3.1-19. (The 

equations a r e  ordered i n  s torage as listed for programming 
convenience and t o  enhance vector iza t ion. )  Multiplying by Cf and 
X,  t h e  conversion from MeV/s  t o  watts ,  as needed, t h e  equations 
become 
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and 

, The total power PT is the sum of immediate f i s s i o n  power, fission 
: product decay, and act inide  decay, and now in u n i t s  of watts is 
I 

l * 

: For solution convenience, the following substitutions are made 
I 
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and 

The equations to be advanced are now 

d - W .  ( t)  - A i  d t ( t )  - A i  Wi(t) i = lt 2, . . . f N , dt 1 

2.3.1-34 
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. 8 ' I 
. . : and ' 

! . # .  . , 
. I . , 

These equations are advanced using the modified Runge-Kutta 
methodlo5 descrf bed in section 2.3.1.7. 

3 I. 5 .  fnitializat- 

Two initialization options are provided. In both options, the 
fission rate and delayed neutrons are in steady state or 

equilibrium conditions, that is, their time derivatives are zero. 

with r(0) as an input quantity 

i and 

The first option assumes that the fission product decay and 
actinides are also in equilibrium. This is equivalent to 

I assuming that the reactor has been operating at a constant total 

power for an infinite period of time. The initial conditions are 
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and 

' The quan t i ty  Q, which is t h e  t o t a l  energy i n  MeV generated per 
! f i s s i o n ,  is e i t h e r  an inpu t  va lue  o r  can be defau l t ed  to 200 MeV, 

: The quan t i ty  Qf i s  defined from Equation 2.3.1-44 and the u s e r  
: ' inpu t  o r  defaul ted  data even i f  the second i n i t i a l i z a t i o n  opt ion  
I 

is used. The t o t a l  power is an input quan t i ty ,  and t h e  source  + 
I 

/ is computed from Equation 2.3.1-43. - 
i I 

I The second option uses  a  power. h i s t o r y  t o  determine t h e  i n i t i a l  
: values of t h e  f i s s i o n  product and a c t i n i d e  quan t i t i e s .  The power 

h i s t o ry  c o n s i s t s  of one o r  more per iods  of cons tan t  t o t a l  power. 
; For each period, t h e  input  consists of t h e  t o t a l  power, t h e  t i m e  
I 

durat ion  a t  t h a t  power, and i n  t h e  case  of t h r e e  i so topes ,  the 
i f r a c t i o n  of power from each isotope,  The f i s s i o n  product and 
1 a c t i n i d e  d i f f e r e n t i a l  equations,  Equations 2.3.1-34, 2. 3.1-55, 

I and 2.3.1-36 are advanced in t i m e  s t a r t i n g  with i n i t i a l  va lues  of 
zero. The fission r a t e  $ is defined from  quat ti on 2.3.1-37. The 

f i s s i o n  r a t e  is r e s e t  t o  zero whenever a negat ive  value is 
a computed. This  would occur whenever the use r  entered  t o t a l  power 
, is less than t h e  cu r r en t  f i s s i o n  product and a c t i n i d e  decay 

power. Thus f o r  shutdown periods,  the use r  may convenient ly 
e n t e r  zero t o t a l  power even though s i g n i f i c a n t  decay power , remains. The f i s s i o n  product and a c t i n i d e  values a t  t h e  end of 

; z ! t h e  power h i s to ry  become t h e  i n i t i a l  va lues  f o r  t h e  t r a n s i e n t .  
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The initial fission rate is computed from Equation 2.3.1-37 using I 

' the total reactor power at the start of the transient (which m y  be 
different from the last power history value) . If this fission rate 
is negative or zero, it is reset such that.- immediate fission 

i I power is lo-'' times the decay power. 
I 

The differential equations for the power history calculation are 
advanced using the same numerical technique as for the transient 
advancement except for a simplified time step control. Time step 

, control consists of. starting the advancement of each history 

' period with a time step of 1 second. The time step is doubled 
after each advancement. When the next advancement would exceed 

. the time duration, the last advanconsnt is with the remaining 
i time. This scheme was selected since with each different power 
value, the solution moves toward a new equilibrium condition 

asymptotically and the most rapid change is at the beginning of a 
! power change. 

~ - 
1 One of two models can be selected for reactivity feedback. The 
;$eparable model is defined by 

' The quantity, , is an input quantity and represents the 

j lreactivity corresponding to the assumed steady state reactor 

' power at time equal zero. The quantity, rg, is calculated during 
' input processing such that r (0 )  = r,. 
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The quantities. r,i, are obtained from input tables defining n, 
reactivity curves as a function of time. !Che quantities, V C ~ ,  

are Nc control variables that can be user defined as reactivity 
contributions. Rp is a table defining reactivity as a function 
of the current density of water, pi (t) , in the hydrodynamic 
volume i; Wp i is the density weighting factor for volume i; Twi 
is the equilibrium temperature of volume it a w i  is the 

temperature coefficient (not including density changes) for 
volume i: and np is the number of hydrodynamic volumes in the 

reactor core. The value Rp is a table defining reactivity as a 
function of the average fuel temperature T F ~  in a heat structure; 
w ~ i  and Q F ~  are the fuel temperature weighting factor and the 
fuel temperature coefficient, respectively: and n~ is the number 
of heat structures in the reactor core. 

This model assumes nonlinear feedback effects from moderator 

density and fuel temperature changes and linear feedback from 

moderator temperature changes. The name, separable, is attached 
to this model since each effect is assumed to be independent of 
the other effects. Boron feedback is not provided, but a user 
defined boron feedback can be implemented with the control 

system. 

The separable model can be used if boron changes are quite small 
and the reactor is near critical about only one state point. 

A postulated BWR ATWS accident is an example where the reactor 
could be nearly critical for two different state points. One 

point is at normal power operating conditions: high moderator 

and fuel temperatures, highly voided, and no boron. During 

accident recovery, the reactor might approach a critical 

condition with relatively cold moderator and fuel temperatures, 

with no voids, but with some boron concentration. The reactivity 

could be nearly critical for both 'states, but the contribution 

from the different feedback effects is vastly different. The 
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assumptions of no interactions among the different feedback I 

mechanisms,.especially boron, cqnnot be justified. The tabular ' 

model defines reactivity as 

and 

where B is boron density. The average quantities are obtained 
with the use of one weighting factor for each hydrodynamic volume 

and each heat structure contributing to reactivity feedback. The 

reactivity function R is defined by a table input by the user. 
In t h e  Table 4 option, the table is four-dimensional; the Table 3 
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option assumes no boron dependence and the table is then three- 
dimensional. 

!Phe tabular model overcomes the objections of the separable model 
since all feedback mechanisms can be nonlinear and interactions 

among the mechanisms are included. The penalty for the expahded 

modeling capability greatly increases the input data 
requirements. 

The reactivity function R is evaluated by a direct extension of 
the one-dimensional table lookup and linear interpolation scheme 

to multiple dimensions. one-dimensional table lookup and 

interpolation of the function V = F(W) uses an ordered set of Nw 

independent variable values Wi with the corresponding values of 
the dependent variable Vi to determine the value of V 

corresponding to a search argument W. The independent variable 

is searched such that Wi and Wi+l bracket W; an equation for a 
straight iine is fitted to the points Wi, Vi, and Wi+l, Vi+l; and 
the straight line equation is evaluated for the given W. 

Using subscripts 0 and 1 for bracketing independent values and 

corresponding dependent values, and defining w = (W - WO)/(W~- 
WO) so that w varies from 0 through 1 as W varies from Wo through 
Wl, the interpolation equations are 

a* = Vo and al - V1 - Vo . 

For two-dimensional interpolation of V a F(W,X),  two sets of 

independent variables are used: Nw values of Wi, and Nx values 
of Xj . A total of NwNx dependent values 02 V i j  are entered, one 

for each combination of variables from the two sets of indepen- 
dent variables. Graphically, the two sets of independent 

variables form a rectangular grid when the W i  and X j  variables 

are plotted on horizontal and vertical coordinates, respectively 

 he dependent variables are entered corresponding to the 
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intersections of the mesh lines. The ' search for bracketing 
values in each independent set locates a mesh' rectangle and the 
dependent values at the four corners are used to form an 

interpolation equation which 'is the product of two straight line 
functions, one for each independent ,variable. Using 0 and 1 
subscripts for the bracketing values 

and 

This process. is simply extended to three- and four-dimensions. 

: Three sets of independent variables define a three-dimensional 

: rectanguiar grid and eight dependent quantities corresponding to 

the corners of a rectangular solid are used to define the 

I i interpolation equation which is the product of three straight 

line functions. I n  four-dimensions, four sets of independent 
variables are defined and 16 dependent values are used to define 
the interpolation equations, which is the product o f  four 

I 
, straight l i n e  functions. 
6 - 

For three-dimensional interpolation 
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and 

For four-dimensional interpolation 

and 

= 1 1 j aijk~ 
i j k 1 .  W X Y Z  

i = O  j = O  k=O 1=0 

The interpolating equations define a continuous function, that 

is, there is no discontinuity in the dependent quantity as any 
one or combination of dependent variables pass to the next 
bracketing pair of values. 

Using Nw, Nx, Ny, and NZ as the number of values in the four sets 

of independent variables, the number of data points for a three- 
dimensional table is NW NX Ny and is NW NX Ny NZ for a four- 
dimensional table. Using only four values for each independent 

variable, a four-dimensional table requires 256 data points* 



Framatome ANP, Inc. 

3 3 1 .  Reactor Kinetics Numerical Procedures 

The reactor kinetics equations are advanced in t i m e  using the 
modified . Runge-Kutta Method of  ohe en. lo4 A first-order 

differential equation is written as 

where u is constant over the time step, and R(n,t)  contains the 
remaining terms of the differential equation, including the 

nonconstant portion of any coefficient of n(t) . If the 

coefficient of n(t) is @(n,t), a: would be B[n(O) ,O] ,  and R(n,t)  
would contain a term of the form, p[n(t) ,t] - a n(t). 

Multiplying Equation 2.3.1-58 by . an integrating factor and 

integrating gives 

Since 

then 

Letting A = ut, then dx = tdu, and 
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. I  

The numerical technique for advancing the solution over the time 
step consists of making approximations to the 5ehavior of  R(n,u) 
over the time step. For convenience in the following 

expressions, the following function is defined 

Stage 1: 

Assume R(n,x) = R[n(O),O] = Ro and write n(0) as not 
compute n[!] . 

Stage 2: 

Assume a straight-line variation of R(n,X) between 

compute n ($1 

and 
t 

then 

2.3 .1-64 

R~ and R1 = 
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Stage 3: 

Assume a straight-line variation of R(n,A) between Ro and R2 = 
~(h*, :] and compute n (h) . 

R(n,u) = Ro + 2(R2 - Ro) (using g = uh) 

and 

"3 
= n (h) = nZ + h (ano + R,,) Cl (oh) + 2h (R2 - Ro) CZ (ah) 

Stage 4: 

Assume a quadratic through the points Ro, R2, and Rg = R(n3, h) 

and compute n (h) . 

and 

Stage 5 :  

Assume a quadratic through the points Ro, R2 and Rq = R(n4 ,h) 
and compute n(h). 
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Third-, fourth-, and fifth-order approximations are obtained by I . 
terminating the process at the end of the third, fourth, and 

fifth stages, respectively. RELAPS uses only the fifth-order 

approximat ion. 

By direct integration, the function, Cl (x) , is given by 

Using integration by parts, a recursion relation for Cm(x) is 

During machine calculations of the Cm(x) functions for X 1, 

excessive loss of significance occurs. For this range, C3 ( x )  is 
computed from its MacClaurin series expansion 

C2 and C1 are evaluated by solving Equation 2.3.1-75 for C , ( x ) .  

During the advancement in time of the solution, the t i m e  
increment is automatically increased or decreased to maintain a 
specified degree of accuracy. After the calcultations for a 

reactor kinetics time-advancement, an empirical formula is used 
to estimate the error. If the error is excessive, the time 

increment is halved, and the advancement calculation is redone. 
If the error is sufficiently small, the time interval is doubled 
for the next time step. If the estimated error is between 

limits, the same interval is used for the next time-advancement. 
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These procedures for t i m e  step control, taken from t h e  AIREKIO~ I 

code, are as fo l lows 

and 

, J i s defined by cP (h) = Q ( 0 )  e -Gh . 
h2C (ah) 

Q -  I + [WI - ~ J + w  

The  a i n  Equation 2 .3 .1-78 is tha t  of the neutron flux equation, 

Equation 2.3.1-23. T h e  quantity, 6 ,  is defined as the  maximum 
(taken over all differential equations) of  the quantity 

The QL and QH appearing below are 0.0001 and 0.001, respectively. 

1. If' 6 c 2-15 and Q 2 QL, the program continues with the same 
time step. 

2 .  If 6 < and Q < QL, the program doubles the time step 
for the  next advancement, 

3 ,  f f  6 , 2 - l S  and 

a. Q < QL, the time step is doubled for the next 
advancement. 
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b. Q < Qg, the same time step is used for the next 

advancement. 

c. Q > QH, the time advancement is recalculated with half 
the time step. 

The time advancenent. also recomputed w i t h  the t i m e  step 

halved if % 

a. ah (of any equation) > 88.0. 

b. Negative or zero power is computed. 

If the coefficient of the neutron flux in Equation 2.3.1-23 is 

negative, a subtraction is involved in determination of the 

derivative and a loss of significant figures can occur. If this 

coefficient is negative, a check is made of the number of bits 
lost in the subtraction. If more than nine bits are lost, the 
value oi neutron flux computed by the current stage of the 

advancement procedure is discarded; instead, neutron flux is 
determined from the expression obtained by sefting the neutron 

flux derivative to zero 

The transfer of information between the reactor kinetics 

calculation and the other RELAP5 calculations is explicit. 
. . 
Hydrodynamic and heat conduction/transfer calculations precede 

reactor kinetics, and the control system calculation follows 

reactor kinetics. The reactor power used in hydrodynamics and 
heat conduction is the value at the beginning ot'.the time step. 
The reactivity used as an end-of-time step value in the kinetics 
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advancement uses end-of-tine step values from hydrodynamics and I 

heat conduction and beginning-of-time step values' from the 
control  system. 

The reactor kinetics equations are advanced at the same t i m e  step 
rate as the hydrodynamics and reactivity is assumed to vary 
linearly between time step values. The maximum time step for the 

reactor kinetics advancement is the hydrodynamic time step. That 

time step is reduced if necessary as described above. 
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! 
I 3.2. C o r e  Heat S t r u c t u r e  M o u  

I 
! 

i ?he ordinary RELAP5 heat structures are general in nature and can 

: be used for modeling core fuel pins; however, .licensing 

aalculations require special treatment of the fuel pin heat 

' transfer . To accommodate these requirements. two additional 

j modela, commonly referred to as the EM (Evaluation Model) pin and 
A 

' core surface heat transfer models, were added to the code. The 

! W pin model calculates dynamic fuel-clad gap conductance, fuel 

I 
' rod swell and rupture using either NUF~EG-0630''' or user input 
'options (for modeling M5 cladding or other zirconium-based alloy 
l cladding material types) , and cladding metal-water reaction. The 

,core fuel pin surface heat transfer is calculated with a flow . 

,regime-dependent set of correlations that include restrictions on 
/which correlations can be selected per NRC licensing 
requirements. These new models are independent and mutually i ; eqcclusive of the original system heat transfer model (described 
i 
in section 2.2.2) and the existing simple gap conductance 

! 
lm~del 'I8 (referenced in Appendix A ) .  The new models are 
[explicitly coupled to the solution scheme through the 
'modification of the gap conductance term. addition of fluid 
'hydraulic resistance upon rupture, deposition of metal-water 

'reaction energy in the clad, and determination of fuel pin 
surface heat transfer. The new EM pin model calculations are 

I 

,described in this section, while the EM heat transfer description 
;iq contained in section 2.3.3. 
I 

phe EM pin model consists of three basic parts: 

I 

I. Dynamic fuel-clad gap conductance, 

2. Fuel rod swell and rupture using NUREG-0630 or user 
I 
i 

specified swell and rupture options, and 
3. Clad metal-water reaction, 

I 
I 
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i 
'which couple explicitly to the heat structure solution scheme or 
:add fluid hydraulic resistance upon rupture. The model may be 
;executed either in a steady-state initialization ox trknsient 
I 
imode determined by user input. 
i 
! 
 he pin calculations are performed on single fuel rod which' 

represent the. average behavior of a large number of rods. Each 

/rod (also termed channel) can be broke; ' into up to ninety heat 

istructurea, each having an associated pin segment. The gap 

!conductance, deformation mode, and metal-water reaction are 
I 

ldetermined for each individual segment based on the channel 
lspecif ic pin pressure. 
I 

The changes to the EM pin model included in Version 21 and later 
+ode versions are: 
! 

1. User options to model zircaloy and/or M5 cladding (or 
i 
I 
I other zirconium-based alloy material types) in the same 
i problem, 
i 
i 
! 2.  User options to specify the pin channel as a primary or 

supplemental channel for additive form loss and BEACH. 

! 
droplet breakup calculations upon pin rupture, and 

I 
i 3. Integration of the NRC SER limitation (BEACH code-BAW- 
I 

! 
10166, Rev. 2 dated 8/13/90) for use of a maximum flow 

I 

I blockage of 60 percent in the ruptured cladding droplet 
i breakup calculations. . 

$he option to allow zirconium-based alloy cladding types requires 
bscr input to identify which pin channel. are zircaloy and which 
+re not. The zirconium-based alloy cladding also requires 
fdditional user input to specify the material properties 

I 

$ecessary to calculate the transient cladding ewall and rupture 
I 

$qhavior. 

Rev. 4 
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/The supplemental pin capability was added to improve the 
I 

: aalculat i onal methods that require modeling of multiple EM pin 
:ahannels within a single hydrodynamic fluid channel i.., an 
I 
/assembly or a group of assemblies) for LOCA app1icatfo.n~. The 
irelationship between the supplemental pin and the remainder of 
'the I pins in a common fluid channel is one in which the 

'supplemental pin swell and rupture will not define the rupture 
! . 
~flow blockage for the entire channel. Rather it will define a 
,local effect that should not be used in determination of the 

:chamel droplet breakup parameters and the additive form loss due 
!to rupture. These parameters should be controlled by the larger 
/group of pins (i.e. primary channel) and not the smaller grouping 
( i . e . supplement a1 channel ) . The supplemental rod modeling i a 

*particularly I useful for gadolinia or lead test pin [M5) analyses. 

I1t may also be used in future EM revisions for hot pin 
applications, in which the hot pin has a highex radial peak or a 
!dLf ferent initial fuel temperature. 
! 

The RELAP5 heat structure conduction scheme uses cold, unstressed 
@eometrical dimensions for its solution technique. The dynamic 
bap conductance, 

h s a ~  
, is calculated from hot stressed conditions 

erom which an effective gap thermal conductivity, sap, based on 
I 
cpld gap size, T , is determined for each pin segment. 

gcold 

$he gap conductance is determined by calculating the gap gas 

~onductivity, temphature jump gap distance, radiation component, 
8nd dynamic fuel-clad gap from the deformation models. An 
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:additive fuel-clad contact conductance term has also been 
I 

; included as an option to simulate the closed gap contribution for 
i high fuel rod burn-up applications. Two options are provided to 

jcalculate the conductance. The first option assumes .that the 
fuel p e l l e t  is concentric within the clad, while the second 

option assumes the fuel pellet is non-concentric within the clad 
.as illustrated in Figure 2.3.2-1. 
I 

L 

Inside Clad 
Surf ace 

Option 1 Option 2 

Figure 2.3.2-1. Gap Conductance Options. 
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BAW-10164NP-06 
. 8 . 8 

j Eight half-symmetrical azimuthal sections are used tor 
: determining the overall conductance for the second option without 
i 
I calculating an azimuthal temperature gradient. The total gap 
i conductance is determined by 
I 

i with 
i 

1 
/ 

2 
hsa~ = conductance through gap gas (w/m -K) , 

Mg 
= user input multiplier used to acquire correct 

I initial temperature within fuel, 

2 
h s a ~  

= gap gas conductance contribution (w/m OK), 

gas 

%ad I conductance due to radiation contribution from 
fuel to clad (w/m2-K) , and 

hfcc = gap contact conductance contribution due to fuel- 

cladding mechanical interaction (w/m2-~) . 

Rev. 4 
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! 

 h he radiation gap conductance contribution is calculated by 
I 
I 

IwFere I 

o = Stefan-B01tzmm constant, 

'=f I emissivity of fuel surface, 

=c = emissivity of clad-inside surface, 

=fs = fuel outside surface temperature (K), and 

=its = clad-inside surface temperature (K) . 

Rev. 4 
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0 . 5  ma% ( 1 , [Picc/(6.89x10 ) )  I 

.. 203.2-2 .2  I 
where 

% = harmonic mean conductivity, (w/m-K) , 

Reff = effective surface roughness, (m) , 

M2h = ra t io  of RHR fuel surface roughness t o  wavelength - 

(FUR is defined as  Relative-Height-Rating), 

Pfcc = interface contact pressure, ( P a ) , ,  and 

H, - Neyer hardness for the cladding, (Pa). 
. . 

The harmonic mean conductivity is defined as  

where kf is the f u e l  surface thermal conductivity. (w/m-X), 

evaluated a t  the average temperature of the  outer two f u e l  mesh 
points.  kc is the  cladding conductivity, (w/m-X), .evaluated a t  
the average temperature of the inner two ciadding mesh points .  

The e f f ec t ive  surface roughness is given by I 
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The fuel surface roughness to wavelength ratio 1500147 is given by 

'6P' Meyer hardness for the cladding is defined as a function 

as the inside cladding surface temperature, Tics, - 

3 2 % = Max (exp [CITi,, + CITicr + C3Tics + c,], lo5)  . 

The constants C1, C2, CJ8 and C4 are user input or defaults t o  

C, - - 2 . 5 6 2 1 ~ 1 0 ~ ~  8 (K-3), 

C2 = 4 . 3 5 0 2 ~ 1 0 ~ ~  4 ( f 2 )  8 

Cj, - - 2 . 6 3 9 4 ~ 1 0 ~ ~  , (x-')~ and 

=4 = 26.034 , (dimensionless). 

The contact pressure between the fuel and cladding is 151 

= cladding radial displacement due t o  contact (from Ufcc Equation 2.3.2-41.9 through 2..1.2-11.12), (m), 

E, = Young's modulus for the cladding (see Equation 2.3.2- 
291, (Pa) 8 
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ric - hot, stressed inside cladding radius (m) , 
=oc = hot, stressed outside cladding radius (m), 

= Poisson's ratio for the cladding (dimensionless input) , 
' C  (default value is 0.3) , 

= Poisson's ratio for the fuel (dimensionless input), *' (default value is 0.314). and 

Ef = Young's modulus for the  fuel given e i t h e r  by the 
code for U02 f u e l  (Pa) as, 

I. 

or by a user specified cubic equation 

3 CITf + C2Tf + C3Tt + C4*  2.3.2-2.9 

The gap gas conductance is calculated by 

h g a ~  
t Mu 

[ r n  + 3.6(RF : RE) + (gl+ g2)1 N I 

gas . n-rl 2.3.. 2-3 

where 

n = number of the azimuthal segment, 

N = user controlled total number of azimuthal segments; 

1, for option 1 or concentric fuel pellets, 

8, for option 2 or non-concentric fuel pellets, 

Rev. 3 
10/92 



I I 

a I I Framatome ANP, Inc. 

Kga. = thermal conductivity of gap gases  (w/m-K), 

' n = width of fuel-clad gap at the midpoint of the n-th 

azimuthal segment ( m ) ,  

Rp - user input surface roughness of the fuel (m), 

RC - user input surface roughnos8 of t l ie clad (m), 
. 

Q1 + 92 temperature jump distance terms for f u e l  and 
cladding (a), with 

where 

I 

r = hot fuel-clad. gap size (m) 
4 

riC - rf I 

=ic  = hot, stressed inside clad radius (m), and 

ri - hot f u e l  outside radius ( m ) .  

The temperature jump dis tance  tern account for t h e  temperature 
discontinuity caused by incomplete thermal accommodation of gas 
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molecules to surface temperatures. The t a m s  also account- for 

the inability of gas molecules leaving the fuel and cladding 

surfaces to completely exchange their energy with neigA5oring gas 
' molecules, which produces a nonlinear temperature gradient near 

the fuel and cladding surfaces. The terms a ~ %  calculated by the 
i equation ' 

where 

T = temperature of gas in fuel-cladding gap (K), 
9 

Pg 
= channel gas pressure (Pa), 

I 

fi = mole fractions of i-th component-of gas, 

I "i = accommodation coefficient of the i-th component of 
gas, and 

Mi - molecular weight of i-th component of gas. 
, The accommodation coefficients for helium and xenon aze obtained 

, by using curve fits to the data. 100 ' 

! : and .- 

(Helium) 

a x e m  0.749 - 2.5 10 T 
g 

(Xenon) . 
I 
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If Tg is greater than 1000 K, Tg is set to 1000K. The accommodation 

coefficients for other gases are determined by interpolation. 

The volumetric heat capacity and thermal conductivity of the fuel 
rod materials, except the thermal conductivity of the gap gas, must 
be supplied by the user. For the computation of gas thermal 
conductivity, the user is required to provide the gas composition 
in terms of mole fractions of seven comrnon gases included in the 
model. 

The conductivity as a function of temperature for a pure noble or 
diatomic gas is calculated using the following correlation. 

The constants A and B for seven common gases are given in Table 
2.3.2-1. The thermal conductivity of a gas mixture is calculated 
from the expression 

Ng 
Kgas = Z 

i=l 

where 

Rev. 6  
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and 

Ns = number of components i n  the mixture, 

Mi = molecular weight of component I, I 

Xi - mole Fraction of component i, and 

Xi - thermai conductivity of component i (w/xnX). 

I 

I Table 2 . 3 . 2 - 1 .  Constants Used i n  Gas Thermal Conductivity 
Correlation. 

Gas 

He 

Constant 

A B 

2.639  log3 0 .7085  

2 . 9 8 6  *. lo-'  0.7224 

8 .247 loe5 0.8363 

4 . 3 5 1  X O - ~  0.8616 

1 .097 loo3 0.8785 

5 .314 l o w 4  0.6898 

f .853 log4 0.8729 

me1 Rod Swell and RuDture 

The hot fuel-clad gap distance used to compute the total gap 

conductance for each p i n  segment is defined as  before. 

Tlie thermally expanded fuel outside radius, rf, is determined 
from 

. . 
Rev. 3 
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where 

r = cold unstressed fuel outside radius (m), 
fc,ld 

uTF = radial displacement due to fuel thermal expansion 
(m) 8 and 

uFC - fue l  radius over-specification factor determined 
during pin transient initiation (m) . 

The thermal expansion of the fuel is determined by summing the 
diametrical expansion of each f u e l  mesh interval  input on the 

general heat structure  card series. 

where 
. . 

N~ = total number of f u e l  mesh intervals, 

m = heat structure radius a t  the ins ide  of mesh interval 
n (m) , 

= radial strain function defining the fuel thermal 'T' expansion as a function of fuel temperature. 
. 

with 

- average mesh interval temperature, (K), and 
constants C1, C2, C3, and C4 are user input or 

11 a 
defaulted to (from MATPRO 11 Rev. 2"'), 
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?he fuel is defined by the first material type specified in the 
heat structure input, with the next material type being the gap 
md the third the clad as shown in Figure '2.3 -2-2. Any deviation 
from the geometry will result in an enor  or misinterpretation of 
$he information by the pin model. The gap can pdly be mesh 

Interval wide, while fuel or clad must be greater than or equal 
to one mesh interval. 
I 

Currently no provisions are made for 
annular fuel pellets. 

the calculation of the inside clad radiue is not as 
$traightfoward as the fuel outside radius. Seven different 
Balculational modes are required to cover the possible clad 
bonditions. They are defined as: 

. Elastic and thermal expansion within an unruptured channel, 

. Elastic and thermal expansion within 166.7K ( 3 0 0 ~ ~ )  of the - - 
I clad rupture temperature within an unruptured channel, 

3 .  Plastic daforrnation within an unruptured channel, 

4. Elastic thermal expansion within a ruptured channel, 
I 
5.  Plastic deformation in a ruptured channel, 
6, Ruptured segment, and 

1. Fuel-cladding mechanical iteration (closed gap) . 

Bach mode is related to the NUREG-0630 calculated -- ~upturs 
tigmperature for zircaloy cladding by the equation: I 
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Figure 2.3.2-2. Fuel Pin Representation. 
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i 
i where 
f T 

N P t  
= cladding mpture temperature (K) , 

I - Oh = clad hoop stress (kpsf) , and 

H dimensionle~s clad heating ramp rate, 0 r .  H r 1. 

The mpture temperature for other zirq-fonium-based alloys is 
icalculated by the following equation: I 

where a1 through a7 are user-specified inpue constants. The clad 
boop stress for any pin segment in either equation is given by 1 
I 

! 

1 q = C  (P r. - P  r ) / (roc - r* ) ,  2.3.2-18 
I ''eold occold cold lCcold 

with 
= cold unstressed inside clad radius (m), 

I I =ic,ld 
! = cold unstressed outside clad radius (m), 
! , roccold 

P - internal fuel rod pin pressure far that 
i channel (Pa), and 

I = external fluid pressure of the right-hand 
I Pf side heat ~tructura associated volUms (Pa) . 

1 
The heating rate can be either a user input constant or one of 
+bee additional transient -dependent algorithms discussed in 
I 
$@tail later in this section. 

$t the beginning of each new time step following a successful 
*ELAPS t i m e  step advancement, the hoop stress and nannalized 
&eating ramp rate are computed for each pin segment. The clad 
qverage temperature is also known at this time. If the clad 
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average temperature is greater than the rupture temperature, then 
rupture occurs. Should the segment still be elastic and the 
rupture minus the clad temperature is less than 166.7K (300 F) , . 
then the segment stays elastic. Between these two temperatures the 
clad can be either elastic or plastic depending upon this 
temperature difference and the burst strain as described in the 
following paragraphs for ruptured or unruptured channels. 

Mode 1: Unruptured Elastic and Thermal Deformation 

Within an unruptured channel, the clad is considered purely elastic 
if it has never gone plastic, ruptured, or the temperature 
difference between rupture and clad average temperatures is less 
than 166.7 K (300 F). The inside clad radius for this pure elastic 
mode is determined by 

where 

UTC = clad radial displacement due to thermal expansion (m), 

ucc = clad radius over-specification factor (m), 

determined during pin transient initiation, and 

ue = clad radial displacement due to elastic deformation (m). 

The clad thermal expansion is determined similarly to that for the 
fuel . 

with 

NHS = total number of mesh intervals in the heat structure, 

r, = heat structure radius at the inside of mesh interval n or 

outside of n-1 (m) , and 
€TC = radial strain function defining clad thermal expansion as 

a function of clad average temperature. 
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I The radial strain function is defined by either a user input I 
. , 1 table as a function of cladding temperature for zirconium-based I 
! material types other than zircaloy or a built  i n  code correlation 
i Set for zircaloy cladding %I9 consisting of I 
I 

i for Tc 5. 1073.15 K (a phase), and 
j I 

i 
f o r  2 1273.15 K (P phase), where TC is the average cladding . 1 I 
,temperature (K). In the a phase to P phase transition zone, 
! 1073.15 K c TC < 1273.15 K, a table lookup is used. Some 
Iselected values are l isted i n  Table 2 . 3 . 2 - 2 .  

I 

Table 2.3 .2-2 .  Thermal Strain of Zircaloy for 
1073.15 K c T c 1273.15 K. 

I I 

1 Radial Strain Axial Stxa in  
e e - 

1 Z U L  TC ATC 
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1 

The average clad temperature is calculated v i a  a volume weighted 

average. 

The maximum clad average temperature is calculated for each EM 

pin channel and written at each major edit and at the end of each 

case. The segment number and time of the peak cladding 

temperature is also specified. The fuel volume weighted average 

temperature, Tf, is calculated similarly to the cladding. 

 he elastic deformation, ue, is calculated by 

, where 

E = Young's modulus for clad (Pa), 

oh = segment clad hoop stress (Pa), 

=z = channel clad axial stress (Pa), and 

v = Poissonts ratio for clad (dixnensionless). 

The channel axial stress is the same fox. all segments in the 
channel and is determined by 
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4 

' I  

Young's modulus is given either by the code for zircaloy cladding 

;as 
! 1 1.088 1011 - 5.475 ld -Tc; for 1090K 2 Tc 

4 

I 7 
1.017 10" - 4.827 10 T,; for 1240K L Tc w 1090I 

E = 

I 
b 

10 ; &OX- Tc > 2027K8 

2.3.2-28 

bz by a user-specified cubic equation that can be used for 
eirconium-based alloy cladding 

Poisson's ratio is a constant which is defined as 0.30 tor zircaloy 
by the code, however, the user can over-ride this value for 
! 
kirconium-based alloy cladding types. 
I 

+he normalized heating ramp rate for the elastic mode is determined 
i 
by one of two methods. The code calculates an instantaneous 
beating rate for one method, while the other method sets the rate 
I 

t o  a normalized user-input value between 0 and 1. The calculated 

+eating rate is normalized via a constant value, H ,  of 28 K/s 

$or zircaloy cladding or a user input for other zirconium-based 
4Lloy cladding materials. 

i 

The normalized heating rate is always limited to values between 0 
ind 1 or( 0 K/s / &,,om) s H s ( 2 8 K / s  / Lrn - 1 ) for zircaloy 
dladding and between ( H B 1 i  ,,,, / H-, 1 .r H s ( Laput / H~norm) for 
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i ~ther zirconium-based alloy cladding types. This limit is applfed 
1 %  

$0 H prior to using it in any subsequent checking or calculations. 
The superscripts reflect the current time, n, and old time, n-1, 
talues. The zirconium-based alloy slow or fast ramp rate divided 
by the normalized rate is still limited between 0 and 1, but they 
40 not have to be equal to 0 or 1. Values greater than 0 or less 
dhan 1 activate the slow or fast ramp c-ee at different 
lionaalized heating rates. , 

I 
I 

*ode 2: Unruptured Elastic and Thermal Deformation Within 166.7K 
I 

(300 F) of -ure Te- 
i 

Yhsn the clad average temperature is within 366 .71  (300 F) of the 
I 

*pture temperature, the elastic inside clad radius is calculated 
I 

4s shown in Mode 1. This radius is compared against the plastic 
qnside clad radius calculated in Mode 3. If the elastic radius is 
dreater than the plastic radius, then. Mode 2 is retained and the 

qnoide clad radius is set to the elastic radius. If not, the clad 
'qeeomes plastic (Mode 3 )  and the plastic clad calculations are 
dscd. An informative message is printed when a segment first 
qecomes plastic. No return to elastic Modes (1 or 2) is permitted 
&ce the clad becomes plastic. 

! 

'ic - =(ri, I 1 . elastic ricplastic 

2 r. Mode - 2 . 
rice~astic lCplastic 

c x Mode = 3 . 
ricela= t ic iCplastic 

I 

Mmrf* 3: -ed P~WC ncfarmatian 

T unruptured plastic deformation is determined by the plastic 
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where c, is 0 . 2  * eB (s, is the burst strain) based on.'NURE0-0630 
for maximum cladding plastic strain and on user input tables for 
zixconium-based alloy cladding. The plastic strain or burst strain 
is determined by a double interpolation, relative to H and T,, in 
ithe user input or default NUREG-0630 burst strain Tables 2.3.2-3 
I 

:and 2.3.2-4.  The plastic strain behaves as a ratchet. Once a 
/given plastic strain is reached, no decrease in its value is 
'allowed. In other words, for plastic mode calculatione 

:where the superscripts refer to the current and old time valuee. 

,If the plastic mods is selected, the normalized heating ramp rate 
:is calculated from any of three user options: user input constant, 
average ramp rate, or plastic weighted ramp rate. The normalized 
:average ramp rate is calculated from 

iwhere 

! 
t = time (81, 

I 
I n = superscript defining the current time, and 

i p = superscript defining the time in which the clad first 
I went plaet ic . 
,The normalized plastic weighted ramp is calculated by 
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Table 2.3.2-3. NUREG-0630 Slow-Ramp Correlations for 
Burst Strain and Flow Blockage. 

Rupture 
temperature, 

C 

600 

625 

650 

675 

700 

'7 2 5 

750 

775 

800 

825 

850 

875  

900 

925  

950  

975 

1000 

<lo C/S - 
burst 
strain, 
A 

<lo c/s - 
flow 

blockage, 
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Table 2.3.2-4. NUREG-0630 Fast-Ramp Correlations 
for Burst Strain and Flow Blockage. 

>25 C/S - - >25 C/S 
Rupture burst flow 

temperature, s train,  blockage, 
C S A 
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with 

All three options have H limited to between 0 and 1. 

flode 4: Elastic T h e w 1   mansion in Ru~tured ChanneL 

When a segment within the channel ruptures, the remaining 

segments in that channel are effected. Following rupture all 
external mechanical forces are removed from the clad. for any 

elastic segments (Mode 1 or 2) the clad can shrink back to a 

thermally expanded state marked by Mode 4. The inside clad 
radius is calculated by 

for segments in this mode. 

Mode 5 :  Plastic Deformation in a Ruutured Channeb 

Any segment which was plastic in a channel when another segment 
ruptured has its mode redefined from 3 to 5.  The clad inside 

radius remains frozen from that time forth. The gap size can 

change, however, due to thermal expansion or contraction of the 
fuel pellet. 

A segment ruptures when the clad temperature exceeds the 
calculated rupture temperature. An edit is provided at the time 

of rupture for clearly identifying the rupture segment and time. 
Mode 6 is associated with a ruptured segment. 

Upon rupture various calculations and changes occur. All other 

segments in that channel have redefined mo.des. The clad rupture I 
I 

radius is calculated by one of two methods (fine or coarse mesh 
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! 
i 

hodtng options) chosen by the user. The fine meah noding option 
I 

(mputes the inside radius as 
! 

with this option, the gap conductance is, calculated as thoug& there 
f s  steam in the gap. The steam thermal conductivity is evaluated 
dt ,the gap temperature and used with the hot gap s i z e  to compute 
Fhe conductance. This option also calculates inside metal-water 
$eaction f o r  the ruptured segment. 

The coarse mesh noding option computes the inside clad radius as 

! 

%is option uses the regular gap gas conductance and does not 
donsider inside metal-water reaction. It is intended For use 
nominally when the expected rupture length is small when compared 
do the total segment length. The microecopic effecta at the 
kpture  site censidered with the f ine mesh option are expected to 

Lje negligible when compared to the longer segment behavior. With 

$he coarse mesh option, the overall behavior w i l l  bs more closely 
aontrolled by the entire segment rather than just the rupture site 
cronditions. 

I 

Within the ruptured channel various calculations are modified at 

& time of rupture. Each segment within that channel undergoas a 
dode cdange. The pin pressyre becones that of the hydrodynamic 
VoXuma associated with the ruptured segment. An additive form loss 
cpcfficient is calculated at rupture based on the clad flow 
*ckage by a simple expression for an abrupt contraction- 
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where 

p2 = fraction of t h e  chamel flow area unblocked, 

= (1-0 - /A Ablocked channel) ' # 

The flow blockage is obtained via a double table interpolation 

relative to the normalized heating ramp r a t e  and rupture 

temperature similarly to the clad burst strain. The tab le  is 

either user supplied or default NUREG-0630 values listed i n  Tables 
2.3.2-3 and 2 . 3 . 2 - 4 .  The additive value of the loss coefficient is 

edited at the time of rupture .  The flow blockage loss coefficient 

is added automatically to the problem for a primary pin channel 

unless the user overrides via a new optional input. If added, the 

form loss is applied to the forward flow direction for the inlet 

(bottom) junction and the reverse flow direction for the exit (top) 

junction attached to the volume in which the clad ruptured. The 

user option to exclude this £ o m  loss  addition from the junctions 
has-been included for supplemental pin channels or for certain non- 

licensing sensitivity studies with multiple cross-connected 

channels. 

Another option has been added to the EM Pin model to help minimize 

user burden when running EM reflooding heat transfer analyses with 

BEACIf (BAW-10166 Section 2.1.3.8.4) . This user-controlled option 

automatically includes code-calculated pin rupture, droplet break- 

up (up to 60 percent blockage) for primary pin channels and 
convective enhancement adjustments fo r  primary or supplemental pin  

channels. The input  grid parameters are modified with the ruptured 
values and will be retained for  use in the reflooding heat transfer 

calculat ions.  T h i s  model is opt ional  and requires i npu t '  to 

activate the calculations. If no in$ut is specified the default is 

t h a t  no rupture enhancements will be calculated and no droplet 
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! 
I 
:breakup calculations will be performed for any supplemental pin 
I 

i channels. 
! 
I 
When this option is activated, Equations 2.3.2-41.1 through 2.3.2- 
41.4 will be calculated following cladding rupture for primary pin 
,channels, only. The first calculatfon.performed determines the 
I midpoint elevation of ruptured segment, 'referenced from the bottom 
of the pin channel (which coidcides with the bottom of the heat 

' structure geometry or reflood stack) . This midpoint elevation, 

: zgrid# is the location where the ne; "gridM is idserted. This 
[elevation is used to determine the droplet break-up effects for the 
I 

i aptured segment. 

! 
I where 

OZ 
seg 

= elevation change of pin segment. 

:The second set of calculations is to calculate rupture droplet 
1 

/breakup efficiency. These calculations are identical to those 
I 

- described in Sections 2.1.3.7. and 2.1.3.8. of Reference 123. The 
rupture atomization factor, qetamax, is calculated as 

i n = number of equal size droplets resulting from the sp l i t -  
up of the larger droplets, 

I L I 
efb = flow blockage fraction (limited to a maximuin of 0.60). . I 

h e  increase in the' drbplet surface area from that used tor 
knterface heat transfer is defined in Equation 2.1.3-105 123 as 

Rev. 4 
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I 

I 
The proportionality constant, CmaxDBB, is determined from the 

donstant, cl, the rupture flow blockage fraction ( l i d t a d  to a 
uiaximum of 0.60), and the length of the ruptured segment. 

i 
the velocity of the fluid at the ruptured location increases cause of the flow area reduction. The physical area in the coda 
dqlculations is not modified, but a velocity multiplier, used for 
determining the droplet Weber number, is calculates from 

I 

I 

ihe cladding rupture results in an increase in the pin outside heat 
qransfer surface area. The increase in area is not directly 
included in the conduction solution in the code calculations. It  
i s  accounted for by using the rupture convective enhancement factor 
arid applying it to the grid wall heat transfer enhancement factor, 

I jqq. - for primary or supplemental channels. The rupture 
dnhancement , h, is an multiplicative contributibn determined by 

- I 

: 1 % - Rupture -a Ratio 
i 
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I r = outside clad radius of the ruptured node given by 
=pt,c 

= ric + [ r ~ ~ c o l d  - 
ric cold/ [ lit cold /ric 1. '  2.3.2-41.6 

.. 

I 
4 

p e  to ta l  w a l l  heat transfer convective factor then becomes 

I 

These droplet break-up and convective enhancement terms are 
! 

bptionally calculated and edited at rupture by the EM pin model. 
I 

I 

! 

I 
I 
I 

I I 
I 

i 
I 
i 
I 

1 
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' They are stored for use when the reflooding heat transfer option 
(BEACH) is activated. 

Vode 7: Fuel Claddinu Mechanical Interaction (Closed Gaq 

Conductance) 

i ' The inside cladding radius obtained from any of the pr&ious s i x  
! modes is checked for further displacement due to fuel cladding 
1 mechanical interaction if the closed gap option is active. If 

' the fuel radius plus the residual gap adjustment term is greater 

than the cladding radius without the mechanical interaction, then 

the cladding radius is adjusted for the overlap assuming the fuel 

is an incompressible rigid body. That is, if 

, then this is a mechanically deformed, closed gap condition with 

* 
Ufcc " rf + - =ic and 2.3.2-41.9 

cg 

Otherwise, the gap is open and 

ufcc = 0.0 and 2.3.2-41.12 

where 

ric = hot'stressed inslde clad radius (m) , 
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ft - inside cladding radius, ri without gap contact 
datemined by calculationaf modes 1 through 6 (n), 

rf = thermally expanded fuel outside radius (a). 

= residual gap size during contact, determined Ucg during pin transient initiation (n) , and 
uicC = clad radius displacement due to contact (m). 

The closed gap option. if selected, is turned off once reflood 

(BEACH) is initiated. 

Once the inside clad radius is calculated, the clad thickness, 

?c' can be determined by the thin shell approximation 

regardless of the deformation mode. This value is used to 

compute the hot stressed clad outside radius, roc. 

The logic block diagram and calculational order for the fuel rod 

swell and rupture is shown in Figure 2.3.2-3. The selecti'on 

logic and calculational details were included in this section. 
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! 2.3.2.2. Tr Pressure Cal&atjom 
I 
! The channel internal pin pressure is determined by the perfect 

i gas relationship 

: where the relationship is broken into parts by pin segments or 
end plena components. 

with 

ps = internal pin gas pressure (Pa), 

n = number of moles of gas (Kg mole), 
B 
T = gas temperature (K) , 
9 

3 V = gas volume (m ) , 
g 
R = universal gas constant (J/Kg mole R), and 

i = pin segment or plenum designation. 

The number of pin segments may include all segments or exclude a 
top and/or bottom unheated segment as specified by the user. The 

option to exclude these unheated segments was added to allow 

modeling of the upper and lower end fittings. 

The total gas moles, n , inside the clad pressure boundary is 
'T 

I 
I 
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F i g u r e  2.3.2-3. Fuel Pin Swell and Rupture 
Logic and Calculation Diagram. 
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I 

which constant during the transient u n t i l  rupture 

occurs. Therefore, 

I 

Since the number of moles is constant 
I 

reduces to 

where tho superscript * denotes the trinoiont and O denotes final 

steady-state values. 

The summation can be broken up further by 

top v 0 
v~ 2 3  + 31 [< +i E Eo, 94 T ~ (  

* 
top V R + I  j-bot 25 T gj + T)P~]  *pr 

i '  
I where 
! 

3 V = dynamic gas volume in upper pin plenum (m ) ,  
pu 
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Tp = upper pin  plenum temperature ( K ) ,  
u 

= =ic of the top pin segment, 

3 

VpC 
= constant gas volume in lower pin plenum (n ), . 

=PC 
= lower pin plenum temperature ( K ) ,  

I 

3 = Tic 
of the bottom pin segment, 

I 

3 V = hot  dynamic gap volume for segment j (m ), 
gs 

T = gap average temperature for segment j (K), 
gi  

without unheated bottom segment, 

with bottom unheated segment, and 

Top seg; without unheated top segment, 

(Top seg - 1) ; with top unheated segment. 

The dynamic gas volume in the upper pin plenum is calculated by 

I if an axial expansion option is selected by the user.  otherwise, 
.the code defaults to 

where 

VO = i n i t i a l  hot gas volume in upper pin plenum (m3), 
Pu (user input),  

3 AV = change in gas volume in upper pin  plenum (m 1 ,  pu 
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rieu = inside clad radius of the top pin segment (m), and 

A+ = change in gas plenum length (m). 

The change in gas plenum length is calculated from the'net change 
in the fuel and clad s t a c k  lengths due to axial thermal 

expansions as follows. Let 

ALcf = change in gas plenum length from cold condition (m), 

= ALc - ALf , 2.3.2-51.4 

where 

ALc = total axial thermal expansion of clad from cold 
condition (m) , 

ALf = total axial thermal expansion of fuel ' from cold 
condition (m), 

# seg 

. Then 

A$.= change in gas plenum length from hot initial 
condition (m) , 

= A L ~ ~  - A L ~ ~  , 2.3.2-51.7 

8 

where 

A L : ~  = initial over-specification in gas plenum length (m), 
determined during pin transient initiation, 
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'j = axial length of the jth segment (m) , 

'ATF - fuel strain function of Equation 2.3.2-15, evaluated 
at fuel volume weighted average temperature Tf of 
Equation 2.3.2-25, (dimensionless) , and 

=ATC = axial strain function defining clad axial thermal 
expansion as a function of clad volume average 
temperature, (dimensionless),, 

qhe axial strain for the cladding is defined by either a user-input 
tiable versus cladding temperature for zirconium-based alloy 

cladding (Note: This table replaces the cubic fit froraRev. 3 Eqn 
2.3.2-51.8.) or a built in code correlation set for zircaloy. 

ctiadding temperature (K) of Equation 2.3.2-24. In the a phase to @ 

I transition zone, 1073.15 K < Tc c 1273.15 R. a table lookup 
i used. Some selected values are listed in Table 2.3.2-2. t '  
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2-3-2.3, Steady-State and Initialization Calculations for the EM 
Pin GaD Conductance Model 

The pfn modex gap conductance calculations are divided into two 
separate periods, steady-state and transient. The transient 

calculations ware discussed in the preceding subsection with some 
references to-the initialization values set up at the end of the 

pin steady-state calculations. These values are related to over- 

specification of the initial boundary values and conditions 

obtained from a steady-state fuel code. The set-up and details 

of these initialization calculations are contained in the 

following paragraphs. 

The steady-state pin calculations are performed when any one of 

the following conditions apply: 

I. RELAPS is being executed in its steady-state mode. 

2. RELAPS is being executed in its transient mode and the pin 
=ode1 transient initiation trip was input and has always 

been false- 

3 -5 is baing executed in its transient mode without a pin 

nodel trip prior to the second time step after the transient 

calculations begin. 

Durhg the steady-state pin calculations, the gap conductance is 

comgrrted as described earlier in the transient dynamic gap 

section; however, the user supplied steady-state hot stressed 

outside fuel and inside clad radii as well as the initial pin 
pressoro remain at the input values. The gap conductance is 
calcu3ated across the constant gap thickness as a combination of 
gap gas, fueX-cladding mechanical contact, and radiation 
conductances by 
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input 

The multiplier, M is provided to allow user adjustment of the 
gr 

initial stored fuel energy for each individual pin segment 

: determined by the steady-state fuel code. The multiplier is 
intended as a compensation for neglected terms or differences 
between RELAPS and the steady-state fuel code. Its value may be 

The gap temperature differential at the end of the iteration is 

I 

I 

: 

1 
' 

; 
j 

calculated from the fuel outside surface to the cladding inside 

surgace - 

: user input or calculated by the code during initialization via an 
iteration to match a user supplied volume average fuel 
temperature. The input or calculated value remains constant 

throughout the initialization and transient calculations. The 

method for determining the gap multiplier is based on a gap 

multiplier input for each pin segment. Input of a positive vaSue 

sets the gap multiplier to the input value. Input of a negative 

value equal to the fuel volume average temperature selects the 

iterative code calculation for the gap multiplier. The iteration 

uses the input mesh point temperature distribution and a 
multiplier of one to calculate the gap conductance. That value 

is used to advance the conduction solution one iteration. The 
calculated fuel volume average temperature (Equation 2.3.2-25) is 
subtracted from the absolute value of the input value. 

Rev. 3 
l0/92 



I 

I Framatome ANP, Inc. 

i Using the assumption that both the slope of the Fuel mesh point 
temperatures and the overall gap conductance will not change 

/ significantly, the last gap multiplier (1.0 for the first 

! iteration) can be adjusted via a ratio to give a new multiplier, 
I 
I 

/After calculation of the new gap multiplier, another conduction 
I solution iteration step is taken. The fuel volume average 
I temperature differential is recalculated via Equation 2.3.2-52.1. 
! If the absolute value is greater than 2 K, then another iteration 
! step ie taken after recalculating a new multiplier via Equations 
i 2 .3 .2 -52 .2  and 2.3.2-52.3. If the absolute value is less than 2 K, 
I 

;$hen the iteration has converged and the last multiplier calculated 
' i s  edited and used during the steady-state and transient EM pin 
' calculations. Up to twenty-one iterations are allowed. 

If I :convergence is not obtained in twenty-one iterations, then the code 
;will stop at the end of the initialization proces~  and appropriate 
:failure messages will be edited. Failure of the iteration to 
I 
,eonverge is generally xelated to poor estimates given for the 

!initial mesh point temperature distribution. An improved estimate 
:will normally allow the iteration to converge properly. 
I If 
iconvergence is still a problem, user specification of the 

'multiplier is also available. - 

:At  I the completion of the EM pin steady-state calculations (i.e., 
/after EM pin steady-state trip becomes true or during the first 
pime step if there is no trip) several calculations are required to 

! 
initiate the pin traneient calculations. The user-supplied cold 

mstreased pin geometry input via the heat stxucture cards is 
plastically expanded using the final code calculated temperature 
and mechanical stresses. 
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t and 

: w i t h '  

r = thermally expanded outside f u e l  radius (m), 

*ic = thermally and mechanically expanded inside clad 
o radius (m) , 

= e las t ic  deformation due to mechanical stresses (mj, 
Ue and 

Ufcc = elastic deformation from gap mechanical contact (m). 
  his term is calculated from the user supplied input 

' The calculated radii are compared against the  input values by 

I 

%C = =ic 
I 

input lie, 

contact pressure and cladding radii during the  
initialization. 

for P = 0.0 
'=input 

for Pf ccinput > 0.0 
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where 

= difference in the outside fuel final steady-state 
calculated and input radius termed fuel radius wer- 
specification factor (m) , 

= difference in the inside cladding final steady-state 
Ucc calculated and input radius tanned clad radius over- 

specification factor, and 

u 3 final steady-state residual gap during mechanical 
c9 contact. 

These three terms compensate for differences between the steady- 

state fuel code and RELAP5 for effects such as cladding 

creepdown, fission gas induced fuel swelling, or gap contact. 

They are retained at these initial values and used as described 
in the transient calculations. 

Terms for the transient pin pressure advancement are also 

calculated at the end of the pin steady-state calculations. . The 
I 

steady-state terms 

and 
i 

A ( A L ~  - A L ~ ) O  2.3.2-57.1 

. are computed for each channel within the pin model and used 

during transient pin pressure calculations. 

Rev .  3 
10/92 



Framatome ANP, Inc. 

2.3.2.4-  Metal - Wat er Reaction Modu 

When zircaloy cladding is raised to an elevated temperature in a 
steam atmosphere, an exothermic reaction will occur. The steam 

reacts with the zircaloy cladding causing oxidation of the 
claddf ng and liberation of hydrogen gas based on the following 

chemical reaction equation 

Baker and Just ' lo  derived a parabolic relationship to describe 
the rate of metal reacted . 

where 

2 W = weight of metal reacted per unit ... area (g/cm ) , 

= rate constant [&I 
t = time (seconds), 

AE = activation energy [$%k] f 

R - gas constant = 1.987 [-I t and 

T = cladding surface temperature (K). 

The method of solution for determining the energy aadition from 
the Zr - H20 reaction or metalrater reaction (MWR) has two 

options available 'within the code. The original or default 

method uses an explicit formulation to calculate the velocity of 
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the oxide boundary. The second, user-selected option uses an 

implicit method for determining the thickness of the oxide layer. 

Both solutions are acceptable for licensing applications since 
they are based on. the parabolic rate relationship derived by 

Baker and J U S ~ ~ ~ O  as required for 10 CFR 50 Appendix K 
applications. 

For applications that use relatively coarse time step sizes, it 

has been noted that under certain conditions the explicit method 

can produce a large spike in the MWR energy generation rate 

calculated just after cladding rupture. The thin inside oxide 
thickness calculated over large time steps can lead to excessive 
MWR energy on the first few time steps after rupture, especially 

if little cladding surface heat transfer is predicted. If the 

inside cladding temperature is near 1800 O F  or above, the energy 

addition can quickly lead to an increase in cladding temperature, 
that further enhances the energy addition rate. These 

conditions may be encountered following cladding ruptures during 

SBLOCA events that uncover the core for extended time periods. 

They may also occur during the later portions of the adiabatic 

heatup phase of an LBLOCA. The .implicit formulation calculates a 
smoother, but still conservatively high, energy addition rate and 

: correspondingly more realistic cladding temperature response than 

that from the original implementation of the explicit model 
during this period. ' The energy additions from the two 

formulations will approach each other after a short time 
I interval. 

The details of the two implementations will be discussed in this 
section. . The explicit model formulation is the default model 

that' will be used if not specifically requested by the user for 
any application.   he specified method will be used for both 
inside and outside MWR calculations to determine the MWR energy 

addition, hydrogen gas liberations, and oxide growth rates. 

Rev. 3 
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licit ~etal-water ~eacti.a O ~ ~ j o n  

! The explicit implementation of the cladding outside metal-water 
reaction rate in.cylindrica1 coordinates is determined by the 

parabolic rate relationship derived by Baker and Just for 
describing the clad metal-oxide interface velocity dr,J dt. 

where 

= clad outside surface temperature (K), 

42 = cladding density 

= outside clad radius (m) . 

The reaction calculation begins after the clad surface 

: temperature exceeds the specified initiation temperature and 

assumes the process to be isothermal with an unlimited steam 

supply. The initiation temperature is not a true threshold for 
e reaction to begin; however, it should correspond to a 

rature below which the reaction has a negligible effect on 
oxide thickness or energy generation rate during tho 

ient. The rate equation can be simplified by considering 
e actual clad dimensions. The entire clad thickness is small 

?I-1 respect to the actual cladding outside radius. The ro/rox 
therefore will be close to but greater than one, and may be 

approximated by 
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I I 

rl-1 : Simplifying, given that, rox rl 
= , on. gets - =ox 

2.3.2-60 

If the clad is oxidized up to its limited maximum of 17% of the 

t o t a l  clad thickness, the 'error due t o  the approximation for a 
typical PWR fuel pin is only one to two percent. 

K MN 

The explicit implementation of the inside metal water reaction is 
calculated for the ruptured segments only when the fine noding 

option is selected. The equations solved are nearly identical to 
the outside calculations; however, the geometry terms are 

dt 

described with inside radii. 

= - 
out 

Given that 

Rev. 3 
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The implicit formulation of the Baker-Just equation implemented 

into RELAPS/MODP takes its formulation from the NRC-approved, 

FRAP-T6-BCW Ira computer code (BAW-10165). The outside ' oxide 

thickness finite difference form is given by: 

l and the rate of oxide thickness change is then calculated by 
. 2.3.2-62.4 

At d t  out 

I The i n s i d e  oxide thickness f i n i t e  difference form is given by: 

l and the rate of oxide thickness change is than calculated by 

( vet.l-warer E n e r m  -tion end Hvdroaen F ~ J o ~ u ~ ~ o .  

Oncd the oxide interface velocity (or oxide thickness change) is 
calculated w i t h  either method, the metal-water heat generation 
rate can be computed. First, the old oxide interface radius, 
r 1  . , i s  calculated. 

out 
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Then the energy generation rate is computed. 

where 
Gpnr - energy generation rate (w) , 

4m 

= outside heat structure surface area for heat 
transfer (rn21, 

out 

AH - heat of reaction , [-I 

2.3.2-62 

zc 5 atomic weight of clad (g/gmole), and 

4184 = conversion factor (w-s/kcal).  

d N ~  
The molar rate of hydrogen gas production, [* ouJ and/or 

steam consumption, [> _j, can he determined from the 

chemical reaction equation (Equation 2.3.2-57.2) . The molar I 
production rate is 

= [, 1n01,s "3 or [' 1n01:s H ~ O ]  . 2.3.2-63 

The hydrogen gas mass production rate.is  - 

31 m ~ , ~  
dt out = dt out =b out 1 

Rev. 3 
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d N ~  
out 2 H2 = O 8 O O 2 * I  out , B t  2.3.2-64 dMH 2 

dt 

d N ~  
2 - 

out dt 
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and t h e  corresponding water mass reacted is 

f o r  z ircaloy cladding. 

' ~ ~ 0  - 0.018 dt 

For an isothermal process,  the  steam required for react ion must 
be brought up to  the surface temperature with the following 
energy 

out 

' with 
I 

I 

dMn 0 
2 

Qsteam dt 

C = specific heat capacity (J/Kg - K )  evaluated a t  P ' (Toe + 'steam 112 f 

Cp tToc - 'steam 1 f 

out 

= associated heat structure outside surface 
TOc temperature (K) , 

= associated r ight  hand s i d e  volume steam 
Tsteam temperature (R), 

Qsteam - energy needed to bring the  steam to reaction 
temperature [w) and 

I The energy added into  the  clad is 

Rev. 3 
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I 

(Rote: Equations 2.3.2-68 and 2.3.2-69 from rev is ions  2 and 
before have been deleted.)  1 
The in s ide  metal water reac t ion  is ca lcu la ted  for t h e  ruptured . 
segments only when t h e  f i n e  noding option is selected. The 

equations solved a r e  near ly  i d e n t i c a l  t o  t h e  ou ts ide  
ca lcu la t ions ,  however, t h e  geometry terns a r e  described with 
i n s ide  r a d i i .  

Given 

the inside MWR energy addi t ion can be calcula ted.  The i n s ide  
energy addi t ion can be computed based on e i t h e r  t h e  e n t i r e  hea t  
s t r u c t u r e  o r  on a ratio of a t h r e e  inch segment t o  t h e  t o t a l  
l eng th  of t h e  heat  s t r u c t u r e  segment. The user  has  t h e  option t o  
override t h e  de fau l t  option of t h e  e n t i r e  heat s t r u c t u r e  a r ea  
with the r a t i o  option. The area for i n s ide  metal-water energy 
addit ion is defined as e i t h e r  

1. E n t i r e  hea t  s t r u c t u r e  sur face  area  (de fau l t  option) 

A~~~ 
= 

Aoutside heat s t r u c t u r e  o r  

2. A t h r ee  inch r a t i o  t o  t h e  length  of t h e  heat  s t r u c t u r e  
p in  segment 

'SHT -[ '6:::; ] 'outside hea t  at?ktUr* ' 

where 

0.0762 = a converted three inch length ( m ) ,  and 
= heat s t r u c t u r e  channel length i f  input  

o r  the cont ro l  voluxne e leva t ion  change 
if no input  was supplied (m)  . 

Rev. 3 
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- I  

This surface area is used for the associated hydrogen production 
rate calculatfons as well. 

I 
4184 ,d I 4  [ ] [y] , ' 

OC cold 

' 

The molar production or consumption rates are 

i and 

The inside metal-water reaction should occur with steam that is 

hotter than the clad inside surface temperature. Therefore, all 
' 

the reaction inergy should be deposited i n  the clad. 

a The last step in the  metal-water calculations is advancement of 

the energies, radii, and production masses. The total energy 
added t o  the clad for a time step of At is 

Rev. 3 
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. The oxide thicknesses are also updated 

and 

- 1  + [% ] At 

: The hydrogen mass e v o l v e d  is summed. 

1 out = 'OX o u t  out 

The metal-water o x i d e  layer thicknesses are adjusted during 

certain periods in the pin swell and rupture calculations. Since 

the metal-water reaction rate is inversely proportional to the 

oxide thickness, it is nonconservative to neglect thinning due to 
clad swelling. The swelling is insignificant while the clad is 

elastic; however, during plastic deformation and a t  rupture the 

thinning may be significant. Therefore, durinb plastic 

calculations (Mode 3) or a t  rupture (Mode 6 ) ,  the oxide 

thicknesses are adjusted by 

= out 

out ]At , ( k g H 2 L  
I 

+ ,  [2 = M~:-l 2 

and 

2.3-58.9 

in + dt 
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where n and n-1 are the current  and l a s t  time s t ep  values, 
respectively. Recall that the inside clad radius cannot 

rl-1 during these iden t i f i ed  periods; therefore,  t h e  r a t i o  (ri, 
/rig) w i l l  always be less than o r  equal to one. 

2.3.2.5. pin Model ~dditional Edi t  Variables 

Several new parameters have been added to the EM pin model edit 
t o  a id  t h e  user  i n  confirming t h a t  a l l  Appendix K requirements 
have been m e t .  These parameters include t h e  channel peak 

cladding temperature (PCT) , TC, time of PCT, and t h e  maximum 
metal-water oxidation fraction. The pin segment within each 

chamel i n  which the PCT and maximum oxidation a r e  found are also 
specif ied i n  the output. 
. . 

The volumetric f r a c t i o n  of the cladding t h a t  is oxidized is 

computed for  each p i n  segment.or heat  s t ruc tu re  by 

The channel average oxidation f r ac t ion  is computed for the heated 
segments by 

chan 
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where 

top = the index of the uppermost heated segment, and. 

bot = the index of the lowermost heated segment. 

The channel oxidation fraction was added to provide a quick 
evaluation of the whole-core metal-water hydrogen generation. 

This is not a whole-core value, however. 

: 
2.3.3. Core Heat Transfer Modeu 

The system heat transfer regime classifications are used in the 
core heat transfer model except that the pre-CHF regime includes 
condensation heat transfer. As dndicated in section 2.2.2 (Heat 

Transfer Model, Heat Sources and Boundary Conditions), the core 

heat transfer option can. be used throughout the simulation but 
, has been developed specifically for application within the core 

; region. The following sections present first the heat transfer 
* 

; switching logic and then the heat transfer and CHF correlations 
used in the core model. 

A filtered flow option has been included specifically for use 

with the core heat transfer package. This option was added to 

address the Appendix K requirement to eliminate any calculated 

rapid flow oscillations of a periods less than 0.1 seconds during 
the LBLOCA blowdown phase. The general non-homogeneous, non- 
equilibrium code formulation dictates t h a t  the flow should be 
tracked in two separate phasic components. Theref ore, the 

individual phasic mass fluxes, G and G will be filtered 
g f, 

separately. They will be filtered by passing the instantaneous 
flux value through the equation for a low pass filter. 

where 

Rev. 3 
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The filter break frequency is set to remove perturbations in the 
mass fluxes of periods less than Q.l seconds. The break 
frequency is user specified, through the value of an individual 

control variable. The user also designates core heat structure 
geometries in which the flow filtering is applied. Each phase is 

filtered independently at time step, q ,  and summed to give a 
total. These three filtered mass fluxes are used in the core 
beat transfer and CHF calculations when this option is selected. 

. *  

1 The individual filtered mass fluxes were added as a parameter 

I 

I Z = filtered mass flux, 

P = filter break frequency, and 
G = instantaneous mass flux, G or Gf 

g 

1' 1 which may be plotted or used in control system applications. 
I I 

ore Heat Transfer Selection L o a i ~  

. This section presents the SBLOCA and LBLOCA logic to select the 

heat transfer regimes and correlations applied under the Core 

Rev. 3 
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a heat transfer option. The switching logic for LBLOCA is 
responsive to two main goals: (1) once departure from nucleate 

' 
boiling (DNB) has occurred, it does not allow the use of nucleate 

, boiling or other pro-CHF heat transfer correlations for the test 
' of the simulation, and (2) after DNB, .it locks into film boiling 

or convection to steam once the wall superheat (ATsat) is greater 
, than or equal to 166.667K (300 PI. Liquid convection (single- 

phase) or condensation (two-phase) is allowed when Tw is less 
than Tsat even though the DNB or film boiling lock-in has 

, occurred. 
i 
i 

. The no return to nucleate boiling and the lock into film boiling 

restrictions of Appendix K are not applicable to SBLOCA. 

i Therefore, an SBLOCA option was added to the LBLOCA logic by 

, removing these restrictions. All other LBLOCA logic and 

correlations are equally applicable for SBLOCA. 

! 

- The core heat transfer switching logic is diagrammed in Figure 
/ 2.3.3-1. The pre-CHF correlations are used if anyone of the 

following conditions are satisfied: 

1. The surface temperature of a heat slab, T,, is less 

than the saturation temperature, TSat, based on the 
total pressure, P. 

2. The total pressure, P, is greater than or equal to the 

! critical pressure, PCrit (3208.2 psia) - 
I 3 T, 2 Tsat, P c PCritt and the critical heat flux has 

not been exceeded at this time or before. 

: A result of the third criteria is that in the unlikely event that 

i '  the wall experiences dryout without passing through CHF, there is 

Rev. 3 
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' no prohibition against a return to pre-CHP heat transfer 
correlations. 

The post-MF correlations are used when Tw I. TSat, P < Perit, and 

: the critical heat flux has been exceeded a t  the present time or 
. before. 

a QIF has been exceeded, a lock-in to film boiling 

occurs if the wall superheat (Tu - TSat ) equals or exceeds 300 F. 

I A film boiling heat transfer coefficient is also used if a 
' transition boiling value is calculated such that L t s  value 

a exceeas a pre-CHF value. 

at Transfer correlation Selection 

When the wall temperature is less than the fluid saturation 
! 
a temperature, the heat transfer is calculated using the maximum of 
: the Rohsenow-Choi or the Dittus-Boelter correlations. 

Under these conditions, the fluid would normally be subc001ed 

: single-phase water. There is no prohibition, and the same 
I correlations apply, to heat transfer from steam or a two-phase 

j mixture to the heat slab. 

a 
A pemanent lock-in to film boiling option may be specified by I 

user input. If this option is chosen and film boiling is ever I 

. i predicted, then a return to transition boiling is prohibited. 
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Figure 2.3.3-1. Core Model Heat Transfer select ion Logic. 
a) Main Drive Routine for En Heat Transfer. 
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S u b r o u t i n e  
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Figure 2,3.3-1. Core Model Heat Transfer Selection Logic. 
b)  Driver ~ o u t i n e  f o r  Pre-CHF and CHF 

  or relations. 
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GO = 271 2459798 kg/m2-s 
----.- 

(Q 2 x lo6 lb&-fi2) < Gl = 678 1149495 kg/m2-s 
(0 5x lo6 lbdhr-fr2) 

PHI ==LOW Lifnit of High Pressure Con. 
(1500 or i 600,~sia) 

P1300 = 8963 MPa (13.00 psia) 
PI ,,, = 6.895 F a  (1000 psia) 
PLo = 4,999 MPa (725 psia) 
qa- = 2 . 8 3 9 ~  16 w/m2 

(~,OOo Btu/ilI.-#) 

F igure  2.3.3-1. Core Model Heat Transfer S e l e c t ~ i o n  Logic.  

c) Driver Routine for CHF Correlations. 
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+ 
Subrout ine k C a l c u l a t e  q  and h u s i n g  

PSTDEM 
T r a n s i t i o n  B o i l i n g  Corr. 

1 
Calcu la te  I$ Vapor HT 
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MODV = MODRT 

MODHT = MTEMP 

C 
4 

I Calcu la ted  q  and h us ing  t 
f i l m  B o i l i n g  Corr. 
S i t  MODE = ?ore, q fB  = q  

MTEMP = MODHI = 23 

Use q  & h us ing  
film b o i l i n g  
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\ 1 If X >  0.95 MODHT+MODV-12 
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, = Min [ I ,  20 (I-x)] 

q  = y qfB + (I-'?) qyaD 
1 

Qwf = af q f  0  

q r q  = a 1  '16 (I- Y )  qvaD 
If X >  0.95 PODHI=MODHT+MODV-11 

1 
100 ? 

f 
, 

qYg = qlYg qvg = 4 'u f  

q w f  = 9  -q 
m a  I 

q,g = q-qwf , 
Calcu la te  huf h h & r 

t v 4 ,  w  i 

, - I 
Return 

Figure 2.3.3-1. Core Model Heat Transfer Selection Logic. 
d) Driver ~outine for Post-CHF correlations. 
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* When the wall temperature is equal to or greater than the fluid 1 

a saturation temperature and the equilibrium quality is less than 
I 

or equal to zero, the maximum of the single-phase liquid and the 
nucleate boiling heat transfer correlations is used. However, 

, when the quality is greater than zero, only the nucleate boiling 
correlation is used. 

MAX{~DBI ~ R C ,  ~ N B )  Tw 2 Tsat and Xe s 0.0 

Tw 2 Tsat and Xe > 0 . 2.3.3-2 

A combination of the Chen, Thorn, and Schrock-Grossman 

cbrrelations are used tor 'the nucleate boiling and the forced 

convection vaporization regimes. Switching between the 

correlations is dependent on pressure and void fraction and in 
accordance with the ranges of the correlations. Linear 

interpolation between the ranges of application of the 

correlation is employed to eliminate discontinuities in the value 
of heat transfer. Specifically, 

Linear on a 

( h ~ h ~ m  ' hSG' 

if P 2 P ~ O O O  and a9 ( D . 8 ,  

if P 2 P ~ O O O  and ag 2 0 . 9 1  

if P 2 P ~ O O O  
and 0.8 < ag c 0 . 9 ,  

I Linear on P if P750 < P < PIOOOI 
{h~henr h ~ h o m  ' ~ S G  (ag)  

where 

6 
p750 = 5.171 10 Pa (750 psia) , and 
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For very' high quality, X - > 0.95, the total .heat flux is calculated . ' 

by a linear interpolation on quality between the nucleate boiling 
value and the value for single-phase vapor heat transfer. 

CHF Correlation Selection 

The appropriate CHF correlation can be dependent on the fuel design 
being evaluated. RELAPS/MODZ-B&W allows seven options in the core I 
heat transfer logic for high flow-high pressure CHF in order to 
accommodate this design dependence. For lower pressure and lower 
flow conditions, a single set of correlations, dependent on flow 
and pressure, have been selected. The high flow regime is defined 
as the mass flux, G, greater than or equal to GHI (500,000 lbm/hr- 
ft2). In this area, the user may specify the high pressure CHF 
correlation, CHFHPf as: 

1. B&W-2 applied at P - > PHI = P1500r G > GHII 
2. BWC applied at P - r PHI = P1600r G 2 GHII 
3. BWCMV applied at P - > PHI = Pi5o0, G ) GHII 

4. BWUMV applied at P - > PHI = P1500r G 2 GHII 
5. BWU User-Specified applied at P - > PHI = P1500, G 2 GHI, 
6. BHTP applied at P - > PHI = Pl600r G > GHI~ Or 
7. BHTP User-Specified applied at P - > PHI = P1600r G ) GHII 

where 
P1500 = 10.342 l o 6  Pa (1500 psia), 
P1600 = 11.032 lo6 Pa (1600 psia), and 

GHI = defa,ult of 678.115 kg/m2-sec (500,000 lbm/hr-ft2), 
or user-input value for BHTP and BHTP user- 
specified. 

I 
Under each selection the value of the pressure above which the 
correlation will be applied, PHI? is specified. Lower pressures for 
the high flow regime are covered by a combination of the Barnett 
and modified Barnett correlations and interpolation. 

Rev. 6  
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( Linear on pressure 

i Barnett Plooo p < p1300, 
CHF = 

Linear on pressure 
{Barnett, Modified Barnett) P725 P < PIOOO p~iar 

! 
( Modified Barnet t 

where 
P1300 = 8.963 lo6 Pa (1300 psia) , and 

= 4.999 . l o 6  Pa (725 psia) . 

For the low flow regime, G < GLOl the CHF value is the maximum of 
the low flow MacBeth correlation or the Griffith correlation for 
all pressures. 

I CHF = MAX {MacBeth, Griffith), 2.3.3-6 

where 

GLO = 271.246 kg/m2-sec (200,000 lbm/hr-ft2), or user- 
i n p u t  value. 

In the middle flow regime, GLO G < GBlf the CHF value is 
determined by the linear interpolation on mass flux between the 
high flow CHF at its low flow limit and the low flow CHF at its 
high flow limit. 

i 
I 

! In all regimes, two additional constraints are appliedi 

1. An absolute lower limit of CHF is pet at 2.839 10' w/m2 

Rev. 6 
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2. For vapor fractions greater than 0.8, (ag > 0.8) , the 
value of CHF is taken as the value of the heat flux 

I calculated using the transition boiling heat transfer 
i 1  

correlation. 

post-CHF Heat Transfer Correlation Selection 

Three post-CHF heat transfer regimes: transition boiling, film 

boiling, and single-phase vapor are considered. For wall 
temperatures before the film boiling lock-in (ATsat c 300 F), the 

heat flux is taken as the maximum of the transition or film 
boiling correlations. An exception to this occurs if transition 
is selected and the heat flux value would be larger than that 

calculated using the pre-CHF heat flux correlation at the current 

surface temperature and fluid conditions. For such a case, the 

film boiling heat flux (identified as temporary film boiling) is 

used, This exception is needed to prevent post-CHF heat transfer 

values higher than or equal to pre-CHF nucleate boiling heat 

transfer. 

unless 

qTB 2 qpre-CHFI 

then 

Once the wall temperature is 166.667 K (300 F) greater than or 

equal to the fluid saturation temperature, the heat transfer is 
locked into film boiling or single-phase vapor. Film boiling is 
used up to a wality of 0 . 9 5 ,  and single-phase forced convection 

is applied above -0.999 with a linear interpolation between 0.95 
and 0.999. 
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X <. 6.95, .  . - . I ~ F B  or ~ T B  

0.95 X < 0.999, Linear on X { (gpg o r  ~ T B )  r 4 8 ~ ~ )  

A permanent f i l m  bo i l i ng  lock-in option is a l s o  ava i l ab l e  through 
user con t ro l  which w i l l  only al low f i l m  bo i l i ng  or single-phase 
vapor hea t  t r a n s f e r  once f i l m  b o i l i n g  is calcula ted.  This  optiov 
may prevent o s c i l l a t i o n s  caused by f i lm  boiling t o  t r a n s i t i o n  
bo i l i ng  switching p r i o r  t o  reaching the permanent f i l m  bo i l ing  
lock-in temperature c r i t e r i a .  

3 . 3 2  Pre-CHF Heat Transfer  Corre la t ions  (Core Nodel) 

As i n  t h e  system heat t r a n s f e r  model, the core heat t r a n s f e r  
regimes included are  c l a s s i i i e d  as pre-CHF and post-CAP regimes. 
Condensation hea t  t r a n s f e r  is a l s o  included. . Figure 2.3.3-1 

g ives  a chart of t h e  l o g i c  scheme f o r  s e l e c t i n g  t h e  hea t  
t r a n s f e r  models. The volumetric heat t r a n s f e r  r a t e s  f o r  each 
phase a r e  ca lcula ted as 

and 

Qwg " qwg Aw/V. 

The t o t a l  heat f l u x  from the hea t  s t r u c t u r e  is 

I 

r and the corresponding hea t  t r a n s f e r  c o e f f i c i e n t  is 
I 

h * hwf + hwg r 
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where pwf and qwg are the effective wall-to-liquid and vapor heat 

flux, respectively, based on the total heat slab area, Aw. The 
pre-CHF heat transfer regime consists of convection to subcooled 
or a two-phase t lu id  and nucleate boiling. 

~onvection 

For convection from the wall to the fluid, the maximum of 

 ohs sen ow-choiSg or the ~ittus-~oelter~* correlation is used. 1 

The Dittus-Boelter correlation is 

and  ohs sen ow-~hoi is given. by 

C ~ D B  and C ~ R C  are user input constants (default - 1). Qwg and r w  
are zero throughout this heat transfer regime and qwg is given by 

Since condensation is not expected to occur on the fuel rod 

surface during LOCA, a simple heat transfer model is added. The 
vapor and liquid heat transfer coefficients, h i  and h i ,  
are calculated using Equation 2.3.3-13 and u s i n g  the total mass 
flux, G ,  and the appropriate (liquid or vapor) fluid properties. 
The heat transfer is partitioned based on the void fraction as 
follows 

Rev. 1 
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and 

The condensation parameters, qwff 4wgf and rW, are calculated as  
given below . 

and 

Nucleate Bailing 

For nucleate boiling, the heat transfer logic, section 2.3.3.1, 
makes use of the Chen, Thorn, and the Schrock-Grossman 

correlations. 

Chen and Modified Cheg 

The' implementation of the chen41 and modified  hen^^ 
correlations, is slightly altered by the core model switching 

logic. It is the sane as the system heat transfer model, section 
2.2.2.1, except for the use of the subcooled vapor generation 

factor, fsUbVap. Again, because of the nonequil$brium nature of 
REmP5, the subcooled-to-saturated nucleate boiling boundary 

Cannot be defined precisely. In addition, the vapor generation 

in t h e  subcooled boiling regime has to be included. Hence, the 
Chen correlation is modified as follows, . . 



' I 
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The heat transfer coefficient in nucleate boiling is given by the 
: sum of the two effects: microscopic (boiling) and macroscopic 

(convection) 

and 

where 

Clmic and Clmac are user input constants (default = 1). 

In the system model, the Chen microscopic component is altered by 
the subcooled vapor generation factor, fsubvap8 to give the 

contribution above. 

In the core model, the modification takes place in the 

development of the vapor generation rate, r,, and no direct 
alteration of h,i, is made. Thus, 

where hmic is Chents microscopic heat transfer coefficient, 
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The subcooled vapor generation factor, which is a measure of the 
first appearance of bubbles. in the channel, is calculated based 

on the onset of nucleate boiling criteria given by ~ergels and 
  oh sen ow^^ and the net vapor generation criteria given by Saha 

and Zuber. I 3 O  The calculation of ismvap is discussed in section 
2.2.2.1. 

* 
The convection part, h,,,, is taken as the maximum of the 
Rohsenow-Choi correlation and the Chen macroscopic heat transfer 

coefficient, hmac. Thus, 

where 

The modified Chen correlation is obtained by setting F = 1 in the 

Chen correlation. Because of the nonequilibrium nature of 

RELAPS, F is calculated as follows. 

if the liquid flow is zero or liquid subcooling is greater than 
or equal to 5K. Otherwise, 

where F' is equal to 1.0 if the inverse of the Martinelli 
parameter 
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Otherwise, FC is a fit to the Chen F-factor 

The suppression factor, S, is calculated based on the void 
fraction as 

where S 0  is a fit to the Chen suppression factor given by the 

following expression. 

where 

= Tw - Tsat# and 

AP is the difference in vapor pressure corresponding to 
**sat- 
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Thozn 

The Thorn nucleate boiling correlation is given by 

and 

I 

h~hom ' 4/bTsat r 
I 

i where 

C ~ T  is a user input constant (default - 1) and the 
conversion factors C l ~ p  and Clp are given in Table 2.3.3-1. 

Schrock and Grossman 

The Schrock and ~ r o s s r n a n l ~ ~  correlation is 
' 

and 

where the inverse of the Martinelli parameter, x;:, is given by 

Equation 2.3.3-22 and CIS= is a user input constant (default = 
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Heat Flux calculatjon 

When X ( 0.95 and qwg and bg are zero 

9wf = q, 

and 

hWf = h. 

When X > 0.95, it is assumed that the liquid heat flux, qwf, 
decreases linearly based on X from the value chlculatdd by the 
nucleate boiling correlation to zero at X = 1. Siniilarly, the 
vapor heat flux, qwg, increases linearly from zero at X = 0.95 to 

the value calculated using the single-phase vapor heat transfer 
correlations described in section 2.3.3.4 at X = 1. Thus, 

and 

where 

4 w f  " 4NB 

hws = qwg/(Tw - Tg) r 
f = 20(1 - X ) ,  

QNB = heat flux, q, calculated using nucleate boiling 
correlations, and 

qv = total heat Flux calculated using the vapor heat 
transfer correlation described in section 2.3.3-4 
(Equation 2.3.3-64). 
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I 

f 
T a b l e  2.2.3-1. E n g l i s h  - SI Conversion F a c t o r s  

P a r a m e t e r  

l e n g t h  

l e n g t h  

mass 

I C l p  = 6894.757293 P a / p s i a  pressure 
t 

j C I E  = 1055.05585 J / B t u  e n e r g y  

; ClsE = 2326.0 ( ~ / k g )  / ( ~ t u / l b m )  I : s p e c i f i c  ene rgy  

2 
C l e r  = 3.154590745 (w/m2)  / ( ~ t u / h r - f t  ) h e a t  f l u x  

I CIHF = 1.356229899 (kg/m2-s) / ( l b m / h r - f t 2 )  mass flux 

Rev. 6 
0 1 / 0 6  



Framatome ANP, Inc. 

In order to make the tranaition from single-phase liquid heat 

transfer to nucleate boiling continuous, the heat flux in the 
subcooled boiling regime, where Tw > Toat and Xe 0.0, is 'taken 

as the maximum of the values calculated using single-phase liquid 
and nucleate boiling correlations. That is, 

= m ( q l i q t  WB) r 2.3.3-36 

where 

q l i q  - single-phase liquid heat flux calculated using the 
convection correlations given in section 2.2.2.1 and 

WB = heat flux, calculated using nucleate boiling 
correlations. 

when q - qliq, all the additional heat transfer parameters are 
calculated using the equations for convection given in section 
2.2.2.1. When q = ~ N B ,  the additional parameters are calculated 

using the equations for nucleate boiling. 

Calculation of rw 

In nucleate boiling, rw is calcilated using Equation 2.2.2-28. 

The qvap in this equation is slightly different than that used in 
system heat transfer, This is because the subcooled vapor 

generation function, fsubvap, calculated in section 2.2.2.1, is 

used differently here than that used in the system model. In the 
system model, the microscopic heat transfer portion (hmic) of the 
Chen correlation remained zero when fsubvap 0.0 (when Tw or Tf 
does not satisfy the  vapor generation criteria). In the core 
model, the macroscopic portion of the heat is added to liquid 

until fsubvap > 0 . 0 .  
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1 .  

I 
i In the core model, q,,, is calculated as follows 
: I 

! I . . 
; where 
! 
I 

qconv = hconv (Tw - Tf) r 
! 

i with 

l/Z MIN [2.0, MAX(O.0, Tsat - Tf ) I  T f  ~ T W  

I Y is a linear interpolation function to make q,,,, = 0 at 

The Reynolds number, Ref, in hDB is calculated using 

2.3.3.3. Critical Heat Flux Correlations 

The CHF correlations used in the core heat transfer model are B&W- 
2, BWC, BWCMV, BWUMV, BWU User-Specified, BHTP, BHTP User- 
Specified, Barnett, modified Barnett for high flow, and MacBeth and 
Griffith low flow. The first seven were developed by B&W 
specifically for B&W fuel and serve as the high flow-high pressure 
correlations depending on the fuel type. The later four are public 
domain and serve in the low flow regime for low pressures. The 
switching logic is described in section 2.3.3.1. 

Rev. 6  
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The ~ h w - 2 ~ ~ 6  correlation was developed by BLW in t h e  early 19708s 
for application to B&W8s 15 by 15 fuel assembly design. It is 
given by 

where 

C l g ~ 2  = user input constant (default = l), 

re if h 2 hf,sat or xa > 0.0 
Xeth = 

(h - hf,sat)/(hgrsat - hf,sat) S 1 otherwise, 

h = Xug + (1 - X) Uf + P/p , and 

hf,sat and hg,,.t are liquid and vapor saturation 
enthalpies. 

I 
The conversion factors Cl~r, C~IN, c t ~ ~ ,  Clp and C l s ~  are given 
in Table 2.3.3-1. 

! 

i =lo7 

I The BWC correlation was developed by B&W in the late 1970's for 
application to the B&W 17 by 17 fuel assembly and zirconium grid 

. 2,3-81 
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i 1  

15 by $5 assembly. The correlation is held proprietary by B&W 
I and given by 

! 

= C1 BWC ''EP ' 5  8. i k r i t  (A6 + A, (P/Clp - 2000) 

I where 

. .. 
Cl,, = user input constant (default - I), 

A1 0.309191 1 0 ~ ~ ~  

A2 = 0.388223 lom5, 

I 
AT = 0.189646 and 

I As = 0.175233 

I 

a The BWCMV correlation was developed i n  the  mid 1980's for 

application to  the 17 by 17 fuel assembly with mixing vane, MV, 
grids .  The correlation is held proprietary by B&W and given by 
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: I 

, where 
0 user Anput constant (default - I), 

, C1~WV 2 2 
"S ' C1 + C ~ L +  C3s + C ~ L S  + C ~ L  + C ~ S  (input) 

dimensionless, 

L = heated (active) length of the core (inches) , 
S = spacer grid spacing (inches), - 

l3.ml.m 

The BWUMV correlation was developed from the same database as 
s - B W ~ W ' ~ ~ ,  but with additional data in 'tho mid-range flow regime. 
It is applicable to 17 x 17 fuel assemblies with mixing vanes for 
wide pressure, mass flux, and quality ranges. Derivation of the 

BWlXV correlation is given in Appendix I of-this report. The 
correlation, as implemented in RELAPS/MOD2-BfW, is given by: 

CIEF FLS 

I where 

= l m  = user input constant (default - 1) and 
FLS = the spacer grid spacing factor used in B W W .  

1 BfjUMV is dependent on the variables: 

Rev. 2 
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= exp [P / (1000*Clp) 1, 

x2 = G / ( lo6 * C~MF) t and 

where P is the system pressure in Pa, G is mass flux in kg/m2-sf 

X.th is the quality at CHF. and Clp and C ~ M ~  are the English-to- 

metric conversion factors for pressure and mass flux, respectively. 

The empirical coefficients are: 

BWU User-Specified CHF Model 

There are several general CHF correlations using the form of the 
BWU correlation for high pressure, high flow CHF applications of 
different fuel designs. The code has been modified to allow user 
input of the new CHF coefficients with the generalized BWU CHF 
correlation form given by: 

2 qcrit = Clgwuus C ~ E F  FLS (a0 + alxl + a2x2 + a3x3 + a4xl + 

R e v .  6  
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I 

I 

I 

where 

Clgwuus = user input constant (default = 1) and 

FLS = the spacer grid spacing factor given for BWCMV. 

The BWU user-supplied CHF model is dependent on the variables: 

xl = exp [P / (a14 * C l p )  I ,  
6 

x2 = G / (10 * C ~ M F )  , and 

where P is the system pressure in Pa, G is mass flux in kg/m2-s,  
Xefh is the quality at CHF, and C l p  and C l m  are the English-to- 
metric conversion factors for pressure and mass flux, respectively. 

The incorporation of the general form of the BWU CHF correlation 
into t h e  code with empirical coefficients, a0 through a14, allows 
options for user input of a new BWU CHF correlation that may be 
developed from CHF performance testing of new or modified fuel 
designs. Therefore, the new correlation could be implemented 
without a future coding change if the form of the correlation is 
unchanged. 

I 

i 
! BHTP 

: The general form of the approved HTP CHF correlation165 is as 
follows: 

' , where qbas, has been converted from its correlated units of 
I 

: MRtu/(ht-ft2) into the SI units, w/m2 via the l o 6  and C1.p terms. 
! 
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The implementation ~ ~ . R E L A P ~ / M O D ~  sets the F, parameter to 1.0 for 
LBLOCA applications that could have flow direction changes during 
the blowdown phase. (This is a similar approach that was 
previously adopted for the Tong non-uniform flux distribution 
factor in the BWUMV correlation in Appendix I of BAW-10164.) An 
axial power shape-dependent value for the Fax factor is applied in 
the determination of CHF for the SBLOCA analyses, which do not 
predict an initial core flow direction change. - 

I The BHTP CHF correlation is the same form as the HTP CHF 
: correlation described above however, the coefficients used in the 

equations to calculate the A, B, and HTERM parameters have been 
optimized for use in the NRC-approved thermal-hydraulics LYNXT code 
(Reference 164) and these have been incorporated into RELAP5/MOD2. 
The following table contains the BHTP CHF correlation coefficients 

I 

defined in Reference 164 as follows: 
I 

The ranges of applicability for the coolant conditions that have 
been approved by the NRC for the BHTP CHF correlation (Reference 
164) used in DNB analyses and the values applied to the RELAP5/MOD2 
applications as coded are given in the following table. Another 
table provides the ranges for the fuel design parameters. 
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Acceptable Range Code Range 

Coolant conditions 

Pressure, psia 1385-2425 > 1600* 

Local mass flux, Mlbm/ (hr-ft2) 0.492-3.549 > 0.5** 

Inlet enthalpy, Btu/lbm 383.9-644.3 Not limited 

Local quality < 0.512 Not limited 

* The HTP correlation is used exclusively down to 1600 psia and 
based on linear interpolation with the Barnett CHF correlation 
down to 1300 psia. 

** The HTP correlation is used exclusively down to 0.5 ~lbm/hr/ft~ 
and based on linear interpolation with the low flow CHF 
correlations down to 0.2 ~lbm/hr/ft~. 

Test Section Geometry 

Fuel rod diameter, in 0.360-0.440 

Fuel rod pitch, in 0.496-0.580 

Axial spacer span, in 10.5-26.2 

Hydraulic diameter, in 0.4571-0.5334 

Heated length, ft 9.8-14.0 

The EM core heat transfer package used for LOCA analyses includes a 
variety of generic CHF correlations that are used for lower 
pressures and flow conditions. Linear interpolation regions are 
used to provide smooth transitions from the high-pressure high-flow 
CHF correlations to the other generic correlations. 
Generally the high-pressure high-flow CHF correlation is used 
exclusively within its approved range of applicability with 
extrapolation to pressures and flows outside the range for the 
linear interpolations. 

Rev. 6 
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I n  o rde r  t o  r e t a i n  f l e x i b i l i t y  i n  t h e  ranges  used f o r  t h e  BHTP CHF 
c o r r e l a t i o n ,  an o p t i o n  was added t o  a l l ow t h e  u s e r  t o  change t h e  
minimum p r e s s u r e  and mass f l u x  range v i a  i n p u t  when t h e  BHTP 
c o r r e l a t i o n  is  used. A code inpu t  op t ion  a l lows  t h e  u se r  t o  change 
t h e  d e f a u l t  high p re s su re  CHF t r a n s i t i o n  (PHI of  1600 p s i a )  and high 
mass f l u x  t r a n s i t i o n  ranges  (GHI of 0 .5  ~ l b m / h r - f t 2 ) ,  r e s p e c t i v e l y ,  
on t h e  BHTP c o r r e l a t i o n  op t ions .  

BHTP User-Supplied CHF Model 

An op t ion  has been added t o  RELAPS t o  a l low f o r  t h e  u se r  t o  select 
t h e  gene ra l  form of t h e  HTP CHF c o r r e l a t i o n  

and s p e c i f y  i n p u t s  f o r  t h e  c o e f f i c i e n t s  d e f i n i n g  t h e  A, B, and 
; HTERM parameters  g iven  i n  t h e  prev ious  s e c t i o n  and r epea t ed  h e r e  

I 
: f o r  c l a r i t y .  

f 

Rev. 6 
0 1 / 0 6  



I , Framatome ANP, Inc. 
' I  

! 

In order to retain flexibility in the ranges used for the user- 
supplied BHTP CHF correlation, an option was added to allow the 

: user to change the minimum pressure and mass flux range via input 
when the BHTP correlation is used. A code input option allows the 
user to change the default high pressure CWF transition (PHI of 1600 

! psia) and high mass flux transition ranges (Gnl of 0.5 ~lbrn/hr-ft2), 
respectively, on the BHTP correlation options. 

! 

! 

1 Hiqh to Low Flow CHF Transition 

Figure 2.3.3-1 highlights the methods used for calculating CHF over 
the entire pressure and flow range. When the mass flux is above GHI 
the high flow correlations are used and when it is less than GLO the 
low flow correlations are applied. The high-to-low flow 
interpolation is performed when the mass flux is between GHI and 
GLO. GnI is defaulted to 0.5 ~lbm/hr-ft2 (678.115 kg/m2-s) as listed 
in Figure 2.3.3-1 and also discussed in the text in Section 
2.3.3.1. (Note that GHI can be changed by user input for the BHTP 
and user-supplied BHTP CHF options if necessary.) This option was 
added along with the BHTP and user-supplied forms of the BHTP CHF 
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correlations to allow a change in the default value of 0.2 Mlbm/hr- 
ft2 (271.25 kg/rn2-s) for GLo if needed. This option was also added 
to facilitate mass flux transition changes if needed without 
requiring a future code modification. In is noted that any 
application that applied a change in the default value of GLo.(or- 
GRT for the BHTP options) would require additional justification to 
support its use. 

Barnett 109 

The Barnett correlation is widely accepted and applied within the 
industry for high flow medium pressure CHF. The correlation is 
given by 

where 

C l g ~  = user input constant (default = I ) ,  

Rev. 6  
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I L + segment length (input) (m), 

I 

I 
Dhe - heated equivalent diameter (input) (m), 
Dr - rod diameter calculated using the heat s lab input 

(m) ! 

! flodified ~arnettll' 

i As with the Barnett correlation, the modified Barnett has been 
: widely accepted and is applied i n  the high flow, low pressure 

regime. The correlation is given by 

! 
where 

C~MBR = user input constant (default = l), 
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I 

; and the other variables are the same as in Barnett. 

The MacBeth low-flow correlation is applied in combination w i t h  the 

Griffith correlation over the entire pressure range. The 
correlation is given by 

. .. 
-0.1 

(D$CIIW) (1 - xe*) 8 2.3.3-44 

where 

=lMAc = user input constant (default = 1). 

The Griffith correlation applied in converse with MacBeth low flow 
is given by - 
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where 

=~GRP = user input constant (default = 1). 

2.3.3.4.- - Heat -f== =om*- 

As in the system model, the post-CKF heat transfer regimes in the 
core model include the transition, film boiling, and single-phase 
steam heat transfer. 

The total heat flux from wall-to-fluid is calculated using the 
McDonough, Milich, and King correlation. 132 

: where 

CITR and CITRl = user input constants (default - I), and 
= critical heat flux calculated using the correlations 

qcrit given in section 2.3.3.3. 

I The slope of the heat flux C is calculated by the linear 

: interpolation between the values given below 

! essure. MPa (~sial 

The wall temperature corresponding to TwCHFt is calculated 
using the Thorn correlation given by  quat ti on 2.3.3-28, by setting 

1 
Rev. 3 
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! 

! 

i When the quality X > 0.95, the heat flux is calculated by linear 

a interpolation, based on quality, between ~ T R  and the value 
I 

. calculated using the single-phase vapor correlation given later 

: in this section. 

I 
i where 

i and 

qv = single-phase vapor heat flux (q of Equation, 2.3.3-64). 
I 

, 
The partitioning of the energy between the phases,' q ~ f  and qwg, 

I is done slightly differently than that in the system model 

transition boiling. This is because in the core model the total 

' heat flux has to satisfy the value calculated using Equations 
2.3.3-46 or 2.2.2-47. qwf and qwg are calculated as follows. 

and 

where 

FL = the Chen factor given by Equation 2.2.2-38. 



and 

, If. Gf < 'E;gt 

I 

%f = Gf 
I 

and 

%g = q, - %f . 
- The other heat transfer parameters are calculated a s  follows. 
I 

hwf " 4wfIATsatr 2.3.3-50 

i 
hwg " qwg/ (Tw - Tg) r 2.3.3-51 

! 

h = hwf + hwgt 2.3.3-52 

and 

rw is calculated using Equation 2.2.2-42. 
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~oilinq 

The total wall-to-fluid heat flux in the film boiling heat 

; transfer regime is calculated using either the c s r  

I ' correlation l2 5-12 or the Condie-Bangston 1v13 correlation. me : choice of correlations is determined by the user through the.use 
1 of the heat transfer multipliers. 

q ' qpB - h(Tw ' Tv, 2.3.3-53 

: This heat flux is calculated based on the cold heat transfer 
! surface area. This area is used in all heat structures with only 

I one exception. A user option has been added to allow adjustment 
of the surface heat transfer coefficient following clad rupture. 

When this option has been requested, the heat flux in a ruptured 
' segment single heat structure is multiplied by the ratio of the 
ruptured-to-cold outside cladding radius to approximate the 

' enhanced pin surface area. The heat flux for any of the core 

! heat transfer f i l m  boiling correlations under these conditions is 
; computed by 

The vapor temperature, 
Tvr calculation is determined by a user 

input option. It is the R E U P 5  volume steam temperature, T Q' or 
it is obtained by solving the following two equations 

simultaneously for a given system pressure, P, and wall 
temperature, 

*we 
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l 

and 
I 

where 

B(P) = 0.26/[1.15 - ( P / P ~ ) ~ * ~ ~ ]  , and 

pc = critical pressure, 22.12 MPa'(3208.2 psia) .  
, _ . I  

The solution of Equations 2.3.3-54 and 2.3.3-55 also gives the 

actual quality Xac. From physical considerations, the following 

limits apply 

0.0 c Xac/Xe c 1 , and 

' The total heat transfer coefficient, h, is calculated by 

: where 
- 4  

C=~LM = user input constant (default = 1) . 
: The Chon CSO heat transfer coefficient, hvc, is given by 
' I  
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8. . 
where 

I 

Subscript vf refers to properties evaluated at (T w + Tv)/2. 

Re - De P, <j>/% 

and 

F is the heat transfer enhancement factor to account for  the 
S 

effect of the entrained liquid droplets, and it is calculated 
using the following equation 

When Xe is less than or equal to zero, Tv is set equal to Tsat 
and hvc is set equal to zero. 

a When the quality X > 0.95, the heat flux is calculated as 
i 

I 

where 
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a and 
I 

I 

' % single-phase vapor heat flux given by Equation 2.3.3-64. 
I 

! 
I 

! 
I The partitioning of the energy between the phases is done as  
described below. . 

%f * *.f q ~ ~ f  

' and 
t 

! f, is calculated using Equation 2.2.2-42. 

Condie Benqs - ton IV Coxrelation 134 
I 

I The vapor temperature, 
=v is the saturation temperature, Tsat. 

I The heat transfer coefficient, h, 5s calculated by: 
1 
I 
! 

! where 
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. - thermal conductivity at  Tsat, 

Pr = Prandtl number evaluated at TmI1, 

Re = Reynoldls number = Gtot D /pg , ' 
g 

x = equilibrium quality , 
D = hydraulic diameter. e 

: The total heat transfer coefficient, h, is calculated by 

i where 

t 

=~FLM 
= user input constant (default = 1). 

I 

The partitioning of the energy between the phases is done as 

described in the previous section on the CSO correlation. 

- 
i 
I 

$inale-phase Va~or Heat Transfer 
I 

j In single-phase vapor convection hwf, sf, and I? w are zero, 

! - 
' qwg - qconv + qrad 2.3.3-64 

I 

This heat flux is calculated based on the cold heeat transfer 
surface area. This area is used in all heat structures with only 
one exception. A user option has been added to allow adjustment 
of the surface heat coefficient following clad rupture. When 

this option has been requested, the heat flux in a ruptured 

segment heat structure is multiplied by the ratio of the 

ruptured-to-cold outside cladding radius to approximate the 

enhanced pin surface area. The heat flux for the steam heat 
transfer under these conditions is computed by 
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The heat 

h = 

transfer coefficient computed 

' 
The convection heat flux, qconv, is calculated as the maximum of 

, the McEligot and Rohsenow-Choi correlations. 

where 

(McEligot correlation) , 
and 

"MC 
and CIRC are user input constants (default - 1). 

The radiation heat flux, 

correlation by suneo provided 

greater than T . 
Q 

is calculated 

greater than 650 

using the 

K and Tw is 

where 

'SB - Stefan-Boltzman constant (5.67 loD8 w / ~ - ~ K ~ )  , and 
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. .  

The emissivity of water vapor, r is given by 
g ' 

a - 1 - exp(-ag Lm), 
g 

where 

L is the mean beam length, 0.85 De. The absorption m 
coefficient, a g ' for vapor6' is given by 

For the wall emissivity, cw, the user has the following options. 

I _ _  €W = user input (default = 0 .67 ) ,  2.3.3-70 

, or i f  the core heat transfer model is coupled with the core pin 
I 

' model, E can be calculated using the MATPRO-Version 10 
133 j correlation as given below. 

' where 

I 

6 is the oxide thickness. 
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where €4 is the wall emissivity calculated using the Equation 
2.3.3-71 or  quat ti on 2.3.3-72. 
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2.4. Initial Conditions, Boundary conditions, and SteaBy-State 
Calculations 

All transient analysis probl- require initial conditions from 

which to begin the transient sfm~lation. Usually the initial 
conditions will correspond to a steady-state with the transient 
initiated from a change at some boundary condition. - In generali' 
the initial conditions required are a determinate set of the 
dependent variables of the problem. The hydrodynamic model 

requires four thermodynamic state variables at each hydrodynamic 

volume and the two velocities at each junction. Heat structures 

require the initial temperature at each node, control systems 

require the initial value of all control variables, and the 

kinetics calculations require the initial power and reactivity. 

All of these parameters are established through the code input 

and initialization process for a new problem, For a restarted 

problem, the values are established from the previous 

calculation. For restart with renodalization or some problem 

changes, the initialization will result from a combination of the 
two processes. 

Typically, detailed problems require a period of code execution 

with constant boundary conditions in order to acquire consistent 

steady-state values of the hydrodynamic variables. The code may 
be executed in either the normal transient mode or a special 

steady-state mode determined by user control.   he transient ]node 
requires the user to determine if steady-state exists, while the 
code evaluates the convergence with the steady-state option. A 

discussion of the special steady-state calculation treatment is 
included in this section. 

Boundary conditions may be required for hydrodynamic models, heat 

structures, or control components if there are parameters 

governed by conditions outside of the problem boundaries. These 

could be mass and energy in flows or an externally specified 

control parameter. A description of the generalized boundary 

conditions is included in this section. 
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All variables of the problem which are established by integration 

require initial values in order to begin a calculation or 
simulation. Problem variables which are related through quasi- 
steady relationships to the integration variables do not require 
initial conditions since they can be established from the initial 
values required in integration variables. An example is the pump 
head which is related to the pump flow and speed, both of which 

are obtained by integration and thus require initial conditions. 

. . - i  

Input initial values are required in order to begin a new problem 
whether a steady-state or transient run is selected. These 

initial values are supplied by the user through card input -for 
each component (heat structure is an exception and can be 

initialized by input or by a steady-state initialization using 

the heat structure boundary conditions at time zero). 

The hydrodynamic volume components have seven options for 
specifying the volume initial conditions. Four options are 

provided for pure steam/water systems. The remaining three 

options allow noncondensibles. .Boron concentration can be 

specified with all seven options. Regardless of what option is 
used, the initialization computes initial values for all primary 

and secondary dependent variables. The primary variables are the 
pressure, void fractions, the two phase energies, the 
noncondensible quality, and the boron concentration. Secondary 

variables are quality, density, temperature, etc. 

Heat structure initial temperatures must be input. ~apending 

upon the initialization option selected these temperatures are 
either used as initial temperatures or as an initial guess for an 
iterative solution to the steady-state temperature profile. The 

iteration solution option will attempt to satisfy the boundary 

conditions and heat sources/sinks that have been specified 

through input. 
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Initial conditions must be specified Sor each control component 

which is used, e$en if the option to compute the initial 
condition is selected, Theoretically only the integral functions 
should require initial conditions; however, a sequential single 
pass solution scheme is used for control components and unless 

the control variables are input in an order so that no cantrol . 
variables appear as arguments until after they are defined will 
the input initial condition not be needed for non-integral 

functions. The specified initial value for a control variable 
defined by integration is always needed, 

. - 
The reactor kinetics model requires specification of an initial 
power and reactivity, and previous power history data may be 

entered. 

2 . 4 . 2 .  Steady-State ~nitializatioq 

RELAPS/MOD2 contains an option for steady-state calculations. 

This option uses' the transient' hydrodynamic, kinetics, and 

controls algorithms and a modified thermal transient algorithm to 
converge to a steady-state. The differences between the steady- 

state and transient options are that a lowered thermal inertia is 
used to accelerate the response of the thermal transient and a 

testing scheme is used to check if a steady-state has been 

achieved. When steady-state is achieved, the run is terminated, 
thus, saving computer time. The results of the steady-state 
calculation are saved so that a restart can be made in the 
transient mode. In this case, all initial conditions for the 
transient are supplied from the steady-state calculation. It is 

possible to restart in either the transient or steady-state mode 
from either a steady-state or transient prior run. The following 
subsections describe the fundamental concepts of steady-state 

during transient calculations. 
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2.4.2.1. Fundamental Concepts for Detecting Hydrodynamic Steady- 
State Durina Trwsient WcuJatjons 

The fundamental concept of steady-state is that the state of a 
system being modeled does not change with respect to t h e .  In 

the hydrodynamic solution scheme three terms can be monitored 
whose variation in time include the variation of all-of the other 
terms. These three terms are the thermodynamic density, internal 
energy, and pressure. Furthermore, these three terns can be 
combined into a single term, enthalpy. Hence, monitoring the 
time variation of enthalpy is equivalent to monitoring the time 
variation of all of the other variables in the solution scheme. 

For each volume cell in the system model the enthalpy can be 

written as 

where subscript i denotes the ith volume element, superscript n 

denotes the  solution time, tn, hi is the volume element enthalpy 
in units of energy per unit mass, Vi is the element volume that 
is constant, and pi, Ui, and Pi are the thermodynamic density, 

internal energy. and pressure, respectively, of the substance 

within the volume. Since volume is constant, Equation 2 . 4 - 1  can 
be simplified as 

The rate of variation with respect to time can be e~pressed 
numerically as 

where superscripts n and n+l denote the old and new time values, 

respectively. Absolute hydrodynamic steady-state occurs when 
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Equation 2.4-3 is zero for each of the volume elements in the 
modeled system. 

In order to simplify the task of detecting steady-state a system 

mean enthalpy can be expressed as 

n - a v i [ p x  + p!] 
Ph = i 1  NVOLS . 

A system mean rate of change can also be formulated as 

NVOLS r 'I 

n+l n+l  + p;+l] - [ P i  1% [Pi ui .. + q] 
c e l  

NVOLS 

However, since the rate  of change i n  any volume element can be 
positive or negative these terms would tend to cancel. Hence, a 

better formulation for the mean rate of change is as a mean 
square summation that can be written as 

n 

&dl2 = _a = 
at NVOLS .ti 

. 

i=1 2.4-6 

During the course of the problem solution,  quat ti on 2.4-6 can be 
used to monitor the system approach to steady-state because, as 

each volume ,element approaches steady-stata, its rate of change 
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goes to zero hnd drops out of the sumation. The detection of 

absolute steady-state is therefore relatively simple, since the 
calculations need only be monitored until Equation 2.4-6 becomes 

zero. However, another property of Equation 2.4-6 is that it 
will fluctuate wildly, varying between small and large 

magnitudes. These fluctuations dedrease in magnf tude as the 
calculations proceed toward steady-state. Hence, Equation 2.4-6 

is not a well behaved function and it is therefore difficult to 
monitor its behavior. However, a wall behaved function can be 
curve fitted to the results of this equation over reasonable time 
intervals. An exponential function is of this type and if 

the coefficients a, p ,  7 ,  and 4 may be computed by the method of 
least squares over any reasonable time interval greater than four 

time steps. Equation 2.4-7 has the property that it can increase 

to large values at small values of time and then decrease to 
small values as time increases and the system approaches steady 

state. Equation 2.4-7 represents the time smoothed root mean 

square (RMS) rate of change in system enthalpy. 

Because the user must provide boundary conditions, controls, or 

trips to guide the transient solution to steady-state, it may not 

be possible to achieve an absolute steady-state. For example, a 
steam generator water level control may be modeled so that the 
water level oscillates between high and low setpoints. In 

addition, since numerical schemes are inexact, it may only be 

possible to calculate absolute steady-state within a small limit 

of precision. For this kind of fluctuating average steady-state, 

the RMS (dph/dt) will approach a constant positive non-zero 

value. As a result, an additional method must be used to detect 
an average steadyqstate over limited t h e  intervals. 
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I n 
I f  the system ph is varying with time over the interval 

I its variation can be exprisoad approximately in the form of i 
straight line such that 

If the system is approaching an absolute steady state,  then the 
line rate of change will be zero and Equation 2.4-9 will give the 

system time average ph such that 

where the superscript tl- t2 denotes a time average over the 

interval tl s tn ( t2. 

The second testing method consists of monitoring the system phn 

a t  the completion of each successful time step and at reasonable 
time intervals solving for the straight l i n e  coefficients a and b 
using the method of least squares. 

In performing the method of l eas t  squares, the mean system 
enthalpy is computed at the successful completion of each time 
step in the interval 
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and an equation expressing the sum o f  the- squares of' the I 

differences between ph" and Equation 2.4-9 can be written as 

The coefficients a and b can then be calculated by the method of 
least squares. 

A measure of the RMS fluctuation of phn with respect to the line 

of Equation 2.4-9 can also be computed using the mean square form 
of Equation 2.4-11 where 

The RMS fluctuation then represents a measure of the typical 
difference between the mean system enthalpy and the line of 

Equation 2.4-9. However, the coefficients a and b cannot be 

calculated with any better precision than the overall precision 
of the solution scheme f o r  the entire system. 

2.4.2.2. ~alculational Precision and the steadyestate 
Converuence criteria . 

In the RELAPS/MOD2 solution scheme, after. the successful 

completion of calculations over a time step, three fundamental 
variables are computed for each volume element in the system 

modeled. These variables are: 

1. pn+', the thermodynamic density of the volume substance, 
"'i 
where subscript m denotes the solution by conservation 
of mass. 
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2 .  $+I, the themodynamic internal energy of the volume ' 

substance resulting from conservation of energy. 

3.  P:", the thermodynamic pressure of tho volume substance 
- resulting from the combined solutioh conserving 

momentum, mass and energy. 

The superscript n+l denotes the new time solution at time tn+l = 
tn + ~t". Only three of these variables are required to define 

the thermodynamic state of the volume substance. 

In RELAPS/MOD2, the thermodynamic pressure; phasic internal 

energies, and vapor volume fraction are used to compute the state 

utilizing a set of properties tables. In the resulting 

calculations, a thermodynamic density pnel is calculated 

corresponding to the solution results. If the pressure and 

overall internal energy are preserved then the precision of the 
calculations can be defined as 

for each volume element in the system. If the calculations were 

exact then Equation 2.4-13 would be zero. However the properties 

tables are limited in precision to a tolerance of 51 in the fifth 
significant figure and in statistical terminology the mean 

expected precision would be approximately +5 in the sixth 

significant figure. If the mean expected precision is considered 
to be a standax4 precision, an approximate expression can be 
written in terms of the property table density 
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which is approximately f5 in the density sixth significant figure 
and ihich represents the best expected precision for the 

calculational scheme. 

In the steady-state testing scheme, the precision of the volume 
enthalpy can be written as 

Similarly, the precision of the rate of change i n  volume enthalpy 
can be written as 

which simplifies t o  
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For the entire system at the current time step, a statistical 
precision can be defined, w h e r e  

'NVOLS 
> 

, q y  u;+q 

NVOLS 

1 *v: 
* i=l I 

for the system mean enthalpy, and where 

for the system rate of change in enthalpy. 

Simple mean differences for the entire system can also be written 

NVOLS 

for the system mean enthalpy, and as 

f o r  the system rate of change in enthalpy. 
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The relationPhip between the mean difference and preoision terms 
defines the uncertainty characteristics of the overall soiution 
scheme. From Equations 2.4-19 through 2.4-22, it is obvious that 

-e  < 6, 5 r, , n - 2.4-23 

where subscript n denotes the particular term, p h  or d(ph/dt), 
being considered. In particular, if e n  is small it can be 
concluded that calculations are made with a high degree of 

precision throughout the entire system modeled. If the mean 

difference term is such that 

then the overall system solution is said to be unbiased. This 

means that the overall system mass, energy, and momenturn are 

precisely conserved. However, if 

then the overall system solution is said to be biased. b his 
means that if b qua ti on 2.4-23 is true and 

then the overall system solution behaves as f it were losing 
mass, energy, or momentum. If . 

J n > 0 ,  2.4-27 

then the system solution behaves as if it were gaining mass, 
energy, or momentum. In RELAP5 the size of the calculational 
t i m e  steps are controlled to maintain a high degree of precision 
which in turn limits tho system bias.   ow ever, the f 
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characteristics just described' can have an effect in determining 
time' average steady-state. 

Since the time average straight l i n e  test defined by Equation 
2.4-9 is conducted over a time interval, time average precision 
and. mean difference terms must be calculated over the same time 
interval using the reiationships 

and 
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where superscript tJ t2 denotes a time. average over the time 
interval and the sumnation term nl and n2 denote the number of 

time steps taken over the interval from tl to ta, respectively. 

Equations 2.4-28 through 2.4-31 represent the precision of the 
actual calculations relative to the thermodynamic state 

algorithr. These equations have the characteristic that if the 
system approaches absolute steady-state both Equations 2-4-28 and 

2.4-29 will become very small. Since the properties tables are 

limited in precision, it is useless in a practical sense to 
continue calculations if absolute steady-state is achieved with a 

precision better than that for the properties tables. This 

criteria can be defined by considering equations similar t o  
Equations 2.4-28 and 2.4-29 but written in terms of the 

properties tables standard, precision. These equations can be 

derived by simply substituting Equation 2.4-14 for the density 
difference tern in the equations leading to Equations 2.4-28 and 

The steady-state convergence criteria can then be defined by 

combining the calculational and'standard precisions such that 

f o r  the system mean enthalpy, and 

f o r  the system rate of change in enthalpy. 
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I 

These equations represent the steady-state convergence cr i t er ia  
and it can be said that within tha limits of calctalational and 

. properties precision, time average steady-state is achieved when 
the mean rate of change i n  system enthalpy is within the limits 

where a is the mean rate of change in system enthalpy given by 
' Equation 2.4-9. If Equation 2.4-34 is true and if Equation 2.4-7 
i is such that 
I 

then absolute steady-state is achieved. If Equation 2.4-34 is 
true and 

then the system is fluctuating and time average steady-state is 
achieved. 

2 . 4 . 2 - 3 .  Steady-State Testing Scheme, Time Interval Control and 
OUt~ut 

In the steady-state testing scheme, the concepts discussed for 

detecting steady-state are used and calculations are performed 
over time intervals composed of a number of time steps. Because 

the nature of each problem is different a systematic method of 
varying the test time intervals is performed. 
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These tests are perfornied in two parts. First the system model 

overall state and rate of change in state are monitored by 

evaluating ~quations 2.4-1 through 2.4-6 and including these- 
results in the least square terms for Equation 2.4-7. At time 

intervals computed internally, Equation 2.4-7 is evaluated and 
the current system rate of change is determined. If the rate of 

change in state is increasing, then a diver- condition is 
indicated, If the rate of change in state is decreasing or zero, 
then a c o n v e r m  condition is indicated. Second, if a 
converaent condition is indicated, then calculations are 
performed to determine the system average state and average rate 

of change in state over the internally computed time intervals. 
These time averages are formed by obtaining successive 

overlapping least square solutions for Equation 2.4-8. These 

successive time average values are compared and the achievement 
or nonachievement of a time average steady-state is determined. 
In performing these tests the calculational precision is 

accounted for by using Equations 2.4-13 through 2.4-36- 

In the steady-state scheme, each time a solution For s qua ti on 

2.4-7 is obtained, the overall state and steady-state convergence 

test results are printed. p his printout is composed of current 

time results and time smoothed results integrated over the test 

time interval. The current time results are (a) the state and 

rates of change in state resulting from Equations 2.4-4, 2.4-5,  

and 2.4-6, (b) the current time uncertainties resulting from 

Equations 2.4-19 through 2.4-22, and (c) the current time mean 

and root mean square (RMS) mass errors. The time smoothed 
results that are printed are the current time evaluation of 

Equation 2 -4-7 and the resultant coaf ficients of ~ ~ ~ d t i o n  2.4-7 

determined by the least squares solution over the time interval 

from tl to the current time TIMEHY. The time, tl, -corresponds to 

the time at the successful cornplation of calculations for the 
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f i r s t  t i m e  s t ep  a f t e r  problem i n i t i a t i o n .  For example', if the 
problem is a problem then tl, corresponds to 

where ~ t l  is t h k f i r s t  successful time s tep.  If the'problem is a 
RESTART problem, then tl corresponds t o  

1 tl TREST + At , 

where TREST is t h e  t i m e  of r e s t a r t  and A t  is the f i r s t  successful 
t i m e  s t e p  a f t e r  r e s t a r t .  I f  the r e s u l t s  of the .overa l l  state 
tests indicate a converaent condition, then  t i m e  average t e s t s  
a r e  in i t i a t ed .  

The t i m e  average tests cons is t  of approximating t h e  overa l l  s t a t e  
with a set o f  three s t r a i g h t  l i n e s  where each test  l i n e  is f i t t e d  
t o  the  calculat ional  r e s u l t s  over successive test in te rva ls .  The  

t i m e  r a t e s  of change of t h e s e ' t e s t  l i n e s  a r e  then monitored t o  
determine t i m e  average steady-state. I n  the  t e s t i n g  scheme, when 
t h e  t i m e  average t e s t s  a re  i n i t i a t e d ,  calculations continue u n t i l  
t he  successive t e s t  t i m e  in te rva l  is exceeded. A t  t h i s  time t h e  
first test l ine ,  Line A, is defined and its r e s u l t s  a r e  printed.  
Calculations then continue u n t i l  t he  next successive test time 
in te rva l  is -exceeded. A t  t h i s  t i m e ,  the second t e s t  l i n e ,  Line 
B, is defined f o r  the  second test in te rva l  and t h e  t h i r d  test 
l ine ,  L ine  C, is defined for the combined f i r s t  and second t e s t  
in tervals .  The r e s u l t s  f ir  the  three  test l i n e s  a r e  then printed 
and tests a r e  performed to determine the achievement of t i m e  
average steady-state. Xf steady-state has not been achieved, 
then t e s t  hine A is reset t o  sine and the process is repeated 
u n t i l  steady-state is achieved. 

I n  t h e  printed e d i t  for t i m e  average steady-state tests the  
r e s u l t s  for each of the th ree  test  l i n e s  a r e  printed. The test 
l i n e  results a r e  obtained by curve f i t t i n g  Equation 2.4-7 o*er 
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each' of the l i n e  test intervals .  The results printed are the 
endpoints of Equation 2.4-9 evaluated a t  the t e s t  i n t e rva l  s t a r t  
and end times and t h e  t i m e  r a t e  of change o f  Equation 2.4-7. 

Also printed are the time average uncer ta in t ies  from Equations 
2.4-28 through 2.4-31, the RMS f luc tua t ion  of system mean p h  

about the l i n e  from Equation 2.4-12, and t h e  mass e r r o r  
integrated over t h e  l i n e  test interval .  

I n  performing both the overal l  and t h e  t i m e  average sets of 
t e s t s ,  calculat ions  proceed through a log ic  scheme t o  perform 
tests that nonitor the solut ion scheme's approach t o  steady- 
s t a t e .  A f t e r  completing the l og ic  schema calcuia'tions, t h e  
steady-state conclusions and next course of ac t ion  a r e  printed.  
Th i s  pr in tout  is composed of statements of the  mode of 

convergence and t h e  s t a t e  of t h e  system i n  alphanumeric terms. 
These statements a r e  defined as t h e  calculat ions  proceed through 
t he  logic  schema. To prevent excessive printout  during the 

overal l  s t a t e  convergence tests, the  f i r s t  test f o r  overa l l  
convergence is not performed u n t i l  the completion of t en  
successful t i m e  s teps.  A t  t h i s  t i m e  a current  test t i m e  i n t e rva l  
is i n i t i a l i z e d  a s  h t c  = TIMEHY - tl. If  t h i s  test indica tes  a 
diveraent condition, then the  test t i m e  i n t e rva l  is incr'eased and 
t h e  t e s t  procedure is repeated. To increase t h e  tes t  time 
in te rva l ,  three t e s t s  a r e  performed. F i r s t ,  the current  test 
t i m e  in te rva l  is halved and t h e  t i m e  t2 is estimated as 

1 t2 - TIMEHY + , At, . 

Then Equation 2.4-7 is 'evaluated a s  y(t2) .  I f  y(t2) is grea te r  
than the  current  value of y, then t h e  time t2 is reset t o  
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and Equation 2.4-7 is reevaluated, whia results in resetting 
y(t2). If y(t2) 'is again greater than y, then the time ta is 
again reset to 

In any case, the test time internal is expanded by either 

maintaining, halving, or doubling the current test time interval 
based on a projected estimate of the current time smoothed 

convergence function. This test procedure is then successively 

repeated until a converaent condition is calculated. 

To provide efficiency for the time average tasting scheme, upon 

the first occurrence of an overall state converaent condition the 
time average testing scheme is activated and the test time 

interval is redefined by estimating the t i m e  interval over which 
a 10% change in state will occur. This time interval is 
approxiniately 

1 However, to prevent excessively small or large intervals, the 
I 

time interval is limited such that 

10 dt At, < 100 dt , 

where' dt is the current calculational time step. The 

calculations for the time average scheme then proceed with each 

successive test time interval specified 10% larger than the time 
interval just completed. As the calculations progress and 

approach steady-state, the line segments approach a constant 

value within the steady-state convergence criteria. When this 
condition is met, the test time interval is doubled. If this 

condition is recursively maintained for two more successive test 
intervals then a final steady-state has been achieved and the 
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j calculations are terminated. If the line segment tests indicate 1 
that the solution is diverging from steady-state the results of 
the time average tests are discarded. When the conditions of - 

Equation 2.4-7 again become true, the time average tests are 
reinitiated and the procedure is continued until steady-state is 
achieved. 

! 

2.4.2.4. Heat Structure Heat Conductance Scheme steadv - 
I 

: In both the steady-state and transient sblution schemes the same 
f transient heat transfer algorithm is utilized. However, in the 

steady-state scheme the heat structure heat capacity data input 

' by the user are ignored. Instead, this term is evaluated as an 

artificially small number such that 

where p C p  is the heat capacity term, A X  is the heat structure 
mesh interval, k is the heat structure thermal conductivity and 

A t h t  is the heat transfer scheme calculational time step. 

Equation 2.4-44 corresponds to the explicit stabiiity criteria 
for a transient numerical heat conduction scheme. 

In a transient solution scheme, the heat capacity term is treated 

analogously to a thermal inertia and its magnitude determines the 
characteristic response time of the conduction solution. For 

example, pCp is typically quite large and on the order of lo5 or 
larger. Hence, a large value of p C p  results in a characteristic 

response time mu'ch greater than the hydrodynamic response time. 
Indeed, hydrodynamic steady-state can be approximately achieved 

in reasonably short calculational times before large heat 
structures have even begun to respond. 
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2.-4.3. Boundarv Conditions 

Boundary conditions are required in most transient calculations. 

In reality, boundary conditions take the f o b  of the containment 
atmosphere, operator actions, or mass and energy sources which 

are not explicitly modeled as part of the system. Such boundary 

conditions are simulated by means of a time dependint volume, a 

time dependent junction, a specified heat flux on a heat 

structure surface, an energy source, or a specified variation of 
parameters in control components to simulate an operator action. 

The time variation of the boundary conditions are specified by 

input tables or can be varied dynamically by use of trips and 
control variables which effect step changes based on time or any 

other dependent variable of the simulation.' A few of the 

possible boundary conditions and suggested ways of modeling them 

will be described. 

2.4.3.1. Mass Sources or S i n k s  

Hydrodynamic mass sources or sinks are simulated by the use of a 

time dependent volume with d time dependent junction. The 

thermodynamic state of the fluid is specified as a function of 
time by input or by a control variable. The time dependent 
junction flows or velocities are also specified. This.approach 

can be used to model either an inflow or an 0utfl0~. 

Typical pressurized water reactor applications require simulation 

of high pressure injection, law pressure injection, main 

feedwater, and auxiliary feedwater. These inflow conditions are 

specified for these sources with time dependent junctions which 
. . 

use the flow rate contained within a control variable. Other 

control variables, trips, functions, or general tables may be 
used in defining the value of the control variable used for flow 
control. 



C 

Framatome ANP, Inc. 

3.4.3.2.  Pressure Boundarv 

A pressure boundary condition is modeled using a time dependent 
volume 'in which the pressure and thermodynamic state variables 
are specified as a function of time through input by tables o r  by 
a control variable. . The time dependent volume. is connected to 
the system through a normal junction, thus, infloir or outflow 

will result depending upon the pressure difference. For inflow 

conditions, time dependent volume conditions represent the state 

of fluid which enters the system. Only the static energy of an 

incoming flow is fixed by a time dependent volume. , The total 

energy will depend upon the inflow velocity and increases with 
increasing velocity due to kinetic energy. 

The additional boundary conditions represented by a time 

dependent volume concern the viscous damping terns inherent in 

the momentum formulation. For this purpose the derivative of 

velocity across the time dependent volume is zero and the length 
and volume are assumed to be zero (regardless of the required 

input). The fact that the .energy of inflow increases with 

velocity can lead to a nonphysical result since the stagnation 
pressure also increases and f ~ r  a fixed system pressure an 

unmitigated increase in inflow velocity can result. This effect 

can be avoided by making the cross sectional area of the time 

dependent volume large compared to the junction so that the 

volume velocity of the time dependent volume is small and thus, 

the total energy of the inflow is constant. When a large area 

ratio exists between the time dependent volume and the junction 

connecting it to the system, a reservoir or plenum is simulated. 

As a general rule, all pressure boundary conditions having either 

inflow or outflow should be modeled as plenums for stability and 

realism. In particular, when an outflow is choked the critical 
flow models more closely approximate the conditions at large 

expansions ( e .  little or no diffusion occurs). Thus, this 

assumption is consistent with the choked flow models and i s  

recommended. ! 
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2.5. Control Svstm 

The control system provides the capability to evaluate 

simultaneous algebraic and ordinary' ditferential equations. The , 

capability is primarily intended to simulate control systems 

typically used in hydrodynamic system but it. can also model 

other phenomena described by algebraic and ordinary 'di t farcntiai 
equations. Another use is to define auxiliary output quantities 
such as differential pressures so they can be printed in major 
and minor edits and be plotted. 

The control system consists of both control variables and trip 

functions. Each component is defined by a specific function of 
time-advanced quantities. The time advanced quantities include: 

hydrodynamic volumes, junctions, pumps, valves, heat structures, 

reactor kinetics, trip quantities, and the control variables 

themselves (including the control variable being defined). This 

permits a multitude of control components to be developed that 
perform basic operations, including such things as valve position 

control, safety system initiation and control, and boundary 

system flow or pressure control. 

2.5.1. control VariaJZe Com~onents 

Nearly every standard engineering function is available in the 
RELAPS control variables. The control variables provide 

arithmetic, integral, differential, proportional-integral, lag, 

lead-lag, and shaft operation components for user defined 

calculations. The individual operations are described in detail 
in the following sections. 

In the following equations that define the control components and 
associated numerical techniques, Yi is the control variable 

defined by the ith control component; ~ j ,  R, and S are real 
constants input by the user; X is an integer constant input by 
the user; V-J is a quantity advanced in time by RELAPS and can 
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include Y i ;  t is time; and s is the Laplace transform variable. 
Superscripts involving the index n denote t h e  ievels. The name 
in parentheses to the r igh t  of the definition is used in input 
data to specify the component. 

2.5.1.1. Arithmetic Control Com~onentg 

Constant 

Addition-Subtractioq 

(CONSTANT) . 

(MULT) . 

(DIV) 
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and 

I Table ~ o o k u ~   unction 

Yi - S P(V1) (FUNCTION) 2.5.1-8 

a where F is a function defined by table lookup and interpolation. 

-. 

Standard Functions 

(STDFNCTN) , 2.5.3-9 

. . . -.. ) . Only MAX and MIN may have multiple argumelith. 

where td is the delay t i m e .  A user input, h, determines the 

length of tho table used to store past values of Vl. The maximum 

number of -time-function pairs is h+2. The delay table time 
increment is td/h. The delayed function is obtained by linear 
interpolation using the stored past history. As time is 
advanced, new time values are added to the table. once the table 
fills, new values replace values that are older than the delay 

j time. 
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(TRIPUNIT) . 

(TRIPDLAY) 2.5.1-12 

In the above two trip related components. tr is a trip number and 
a negative indicates that the complement of the trip is to be 
used. U is 0.0 or 1.0 depending on trip tr (or its complement if 
tr is negative) being false or truei and Tr is -1.0 if the trip 
is false and the time the trip was last set true if the trip is 

true. 

No numerical approximations .are involved in evaluating the 

algebraic components. Evaluation is by simply performing the 

indicated operations. In the sequence of operations that perform 

a time advancement of the trip, heat conduction, hydrodynamic, 
reactor kinetic, and control systems of RELAPS, the control 

system is processed last. Thus, the end of time step (n+l) 

values for trip variables tr and all V1 variables except control 

variables Y, are available. The control components are evaluated 
1 

in component number order. As the first control variable Y1 is 
being evaluated, only old time values are available for all , 

control component variables. Once Y1 is evaluated, the new time 
value is available for the remaining control variable evaluations 

of Y1- In general, while Yi is being evaluated, new time values 
are available for Yk, k < i, and only old time values are 

available for Yk. k 2 i. 
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In the example, 

Inc . 

T and P, which represent a temperature and pressure from the heat 
1 structure or hydrodynamic systems, are new time values. The 

value Y8 is also a new time value because it was advanced before 
control component 10, and Y10 and YI5 are old time values. 

I Initialization of the algebraic control components is very 

: similar to a time advancement. At the start of control component 

initialization, all other time advanced quantities have been 

initialized. Control component input includes an initial value 

\ and a flag that indicates if initialization is 'to be performed. 

The. initialization proceeds in the order of component numbers. 

. '   he initial value entered becomes the initial value if no 

initialization is specified. If initialization is specified, it 
I 

: is simply the specified computation using the available data. If 

- I  component i references Yk, k < i, the initialized value of Yk is 

; used: if k 2 i, the entered initial value is used. 

I ; 
! 
' The integration component evaluates 

(INTEGRAL) 1 2;5.1-14 

. where tl is the time the component is added to the system, and 
the initial value at tl is tho input item regardless of the 
initialization flag. 
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The integral is advanced by the trapezoidal approximation 

I 

: Both new time (n+l) and old time (n) values are available for V1, 

: except when it is a control variable Yk, k 2 i. For the case 

: when V1 = Yk, k 2 i, the vn and vn+l are instead vnol and vn. 

Use of the integral component when old time values will be used 
should be'avoided. Consider the example . . 

and 

This acceleration-velocity-distance system cannot be advanced 

without use of old values. AS a general rule, it is considered 
better to use the old value in the algebraic expression and not 
in the integral expressions. 

~hus, using Y 1  = a, Y2 = V, and Y j  d: 

Y, I INTEGRAL (Y1), 2.5.1-21 

1 
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and 

Y, INTEGRAL (Y2) 

2.5.1.3. ~ifferentiat$on control Com~onente 

Two components provide for differentiation 

One component evaluates the derivative by the inverse of the 

integration technique 

(DIFFERNI) . 

This component is not recommended since it can be unstable, 

requires an accurate initial value, and does not recover from a 
bad initial value. The recommended derivative component, uses a 

simple difference expression 

Yi a S (DIFFERNI) 2.5.1-24 At 

Differentiation is a poisv process and should be avoided. 

Differentiation of control system variables can almost always be 
avoided. Filtering the result of differentiation of other 

variables should be considered. Similar to the case of the 

integral component, old time values are used when advancement of 
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I This component evaluates 

I 

! 
: or in Laplace transform notation 

This component is advanced in time by 

, and 

The comments in the previous section concernihg integration with 
V 1  = Yk hold for this component. 

If the initialization flag is off, Y D  is the entered initial 

value and 

If the initialization flag is on 
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I and 
! '  
' 8  

3 . 5 . 1 . 5 .  Laa Control Combonent 

j The lag component is defined in Laplace transform notation as 

Through algebraic rearrangement 

Transforming to the time domain gives 

r t  

The above expression is advanced numerically by 
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If the initialization flag is set, 
I t 

I 

Y i  - sv; . 
Lead-Lau Control Com~onent; 

The lead-lag component is defined in Laplace transform notation 

(LEAD-LAG) 2 . 5 . 1 - 4 0  

i 
a 

i Rearranging algebraically, this yields 

i A,S V, (s) S V, (s) - Y .  (8) 
Y i ( s )  = + 

A2 A2s 
. 

I 

i Transforming to the time domain gives 

I 

. I 

A S V  

Yi = - + 1: [5 V;2- YJ dt . 
' I  A2 

I 
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Note that the differentiation implied by the sVl(s) term has been 
avoided. 

The above expression is advanced numerically by 

: and finally 

I 

1 If no initialization is specified, ID - 0 and Yi is the entered 
! initial value. If initialization is specified, then 

Y i  = SVi and I. = [I - q SVi . 
For both lag and lead-lag components, if V1 = Yk: k = i is an 
error; when k < 2 ,  old and new values are used as indicated;  if 

and YE . k > i, V: and 3'' are really Yk 
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2.5.1.7. Shaft Com~oner& 

The shaft component is a specialized control component that 

advances the rotational velocity 

where X is the moment of inertia, +i is the torque from component 
i, fi is friction, and rc is an optional torque from a control 
component. The sumations are over the pump, generator, motor, 

or turbine components that might be connected to the shaft and 
- the shaft itself. The shaft and each associated component 

contains its own model, data, and storage for inertia, friction, 

and torque, and has storage for its rotational velocity. Each 

associated component also has a disconnect trip number. If zero 

(no trip) the component is always connected to the shaft. If a 

trip is specified, the component is connected when false and 

- disconnected when true. Any disconnected component is advanced 

separately and thus can have a different rotational velocity than 

, the shaft. All connected components have the same rotational 
! velocity. 

The shaft equation is advanced explicitly by 

Inertias, torques, and friction are evaluated using old time 

information. The torque from the control system, r c ,  would be in 

terms of new time values for quantities other than control 

variables and would use new or old time values for control 

variables depending on their component numbers relative to the 
shaft component number. Except when a generator component is 

involved, the shaft component calculations consist of solving i 
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Equation 2.5.1-49 for ' un+l separately for each component 

disconnected from the shaft (if any) and for the shaft and the 
connected components as one system. For separated components, 
the new rotational velocity is stored w i t h  the component data and 
the sunmations are only over terms within the component. For the 

shaft and the cohnected components, the summations are over the 
shaft and the connected components, and the new rotational 

velocity is stored as the shaft's and each connected component's 

rotational velocity. A tripped generator, attached or connected, 
is treated as described above. An untripped generator rotates at 

the input synchronous speed, and if connected to the shaft, the 
shaft and all connected components are forced to the synchronous 
speed. 

The trip system consists of the evaluation of logical statements. 

Each trip statement is* a simple logical statement which has a 
true or false result and an associated variable, TIMEOF. The 

TIMEOF variable is -1.0 whenever the trip is false and contains 

the time the trip was last set true whenever the trip is true. 

This variable allows for time delays and unit step functions 
based on events during the transient. 

Within the strrrcture of RELAPS, the trip system is considered to 

be only the evaluation of the logical statements. The decision 

of what action is needed, based on trip status resides within 

other models. For example, valve models are provided that open 
or close the valve based on trip values; pump models test trip 
status to determine whether a pump ehctrical breaker has - 
tripped. 

Two types of trip statements are provided, variable and logical 
trips. Since logical trips involve variable trips and other 
logical trips, complex logical expressions can be constructed 

from simple logical statements. ~ 0 t h  types of trips can be 
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latched or unlatched. A latched tr ip,  once set true, is no 
longer tested and remains true for the remainder o f  the problem 
or until reset at a restart. An unlatched trib is evaluated 
every time step. 

a A variable trip evaluates the statement 

I 

: The value T,- is the ith trip variable that may be true or false. 
1 Values V1 and V2 are quantities from the heat structures. 
I 

hydrodynamics. reactor kinetics, control systems. or may be a 
I 

TIMEQF quantity. C is a constant; OP is one of the arithmetic . 
' relational operations; EQ is equal; NE is not equal; GT is 

: greater than; GE is greater than or equal; LT is less than; and 
I LE is less than or equal. 
i . .. 

Trips are evaluated at the beginning of the overall RELAPS time 
advancement and are evaluated in numerical order. Except for 

TIMEOP variables, all other V quantities have beginning of time 

step values and the results of the trip evaluation are 

independent of the evaluation order. But when a variable trip 

statement references TIMEOF T )  the new value of TIMEOF is 
used if k < i. 

2.5 .2 .2 .  Loaical T r i m  

A logical trip evaluates 

The values Tr j  and T,p are variable or logical trips and the 
minus sign if present denotes the complement of the trip value. 
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The value OP is one of the logical operations, AND, OR (inclusive 
or), or XOR (exclusive or). 

Logical trips are evaluated following the evaluation of variable 
trips and are evaluated in numerical order. When Trj (or T,p) is 

a variable trip, new trip values are used; when T , ~ '  -is a logical 
trip used in logical trip expression i, new values are used when 

j * i, and old values are used when j 2 i. 
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The RELAPS code architecture is the result  of experience with the 
development of large thermal-hydraulic computer codes at INEL. 
Convenience, allowance for future modifications, and computer 
efficiency were primary considerations in designing RELAPS. This 

section presents the basic organization of the code, a brief 
discussion of the numerical approach, the order of processing of 

the solution, and a discussion of the treatment of approximations 
and accumulated mass and energy decrements. 

vel O r u a w i o n  3;1. TOD Le 

RELAP5 is coded in a modular fashion using top down structuring. 
The various models and procedures are isolated in separata 
subroutines. The top level structure is shown in Figure 3.1-1 
and consists of input, steady-state, transient, plotting, and 

stripping blocks. 

Figure 3.1-1. RELAPS Top Level Structure. 

RELAPS - 

I I b I I 
INPUT - STRIP STSTAT TRNGTL PLOTMD 
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The input block processes input, checks input data, and prepares 
required datp blocks for all program options. 

The steady-state block deternines the steady state conditions if 
a properly posed steady-state problem is presented. The steady- 
state is obtained by running an accelerated transieht until the 
time derivatives approach zero. Thus, the steady-state block is 
very similar to the transient block but contains comrar&nce 
testing algorithms to determine satisfactory steady-state, 

divergence from steady-state, or cyclic operation. With this 

technique, approach to steady-state from an initial condition 

would be identical to a plant transient- from the initial 

condition. Pressures, densities, and flow distributions would 

adjust quickly, but thermal pffects would occur more slowly. To 

reduce the transient time required to reach steady-state, the 

steady-state option artificially accelerates heat conduction by 
reducing the heat capacity of the conductors. 

The transient block advances the transient solution. Further 

discussion of this and the equivalent portions of the steady- 
state block is given in section 3.2. 

The plotting block produces time history plots of simulation 

results generated from the steady-state or transient blocks. 

This block can also produce plots from data saved on a 

restart-plot file from an earlier simulation. 

The strip block extracts simulation data from a plot-restart file 
for convenient passing of RELAPS simulation results to other 
computer programs. 
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ient and Steadv - State W$yvie% 
Figure 3.2-1 shows the second-level structures for the transient 
and steady-state blocks or subroutines. Since these blocks are 

nearly identical, the transient blocks .are discussed with 
ekivalant steady-state block names shown in parentheses. 

I TRNSET 1 I TRAN 1 I TRNFlN 1 

I 
I .  I I I I 

! Figure 3.2-1. Transient (Steadyostate) Structure. 

I 
1 

I I 

The Subroutine TRNCTL (SSTCTL) consists only of the logic to call 
the next lower leve l  routines. Subroutine TRNSET (SSTSET) brings 
dynamic blocks required for transient execution from disk into 
SCM or LCM, performs final cross-linking of infornation between - 
data blocks, sets up arrays to control the sparse matrix 
solution, establishes scratch work space, and returns unneeded 
SCM and LCM memory. Subroutine TRAN (SSTAT) controls the 

transient advancement of the solution. Nearly all the execution 
time is spent in this block and this block is the most demanding 
of memory. Nearly a l l  the dynamic data blocks must be in SCM and 
LCM, and the memory required for instruction storage is high 

HYDRO 
I 

TSTATE TRlP 
b 

I . HTADV DTSTEP 
(STSTEP) 

RKlN CONVAR 
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since coding to advance a11 models resides in this block. The 

T W  bloak is a single segment. Further segmentation results in 

a. significant execution time penalty because the processing time 
to complete one advancement is of the same order of magnitude as' 
required to load one segment from disk. In order to avoid the 
excessive delay in waiting for disk transfers of'segments, a: 
segment when first loaded is copied . . to LCM. Subsequent 

references to the segment use the fast LCM-SCM transfer. The 
Subroutine TRNFIN (SSTPIN) releases space for the dynamic data 
blocks that are no longer needed and prints the transient timing 

Figure 3.2-1 also shows the structure of the TRAN (SSTAT) block. 
DTSTEP (STSTEP) determines the time step size and whether 

transient advancement should be terminated. TSTATE applies 

hydrodynamic boundary conditions by computing thermodynamic 

conditions for time dependent volumes and velocities for time 

dependent junctions. The remaining blocks perform or control the 
calculations for major models within RELAP5: trip logic (TRIP) , 
heat structure advancement (HTADV), hydrodynamic advancement 

(HYDRO), reactor kinetics advancement (RKIN), and control system 
advancement (CONVAR). The blocks are executed in the order shown 

in the figure from left to right, top to bottom. Although 

implicit techniques are used within some of the blocks (HTADV and 

HYDRO), data exchange between blocks is explicit, and the order 
of block execution dictates the time levels of feedback data 

between models. Thus, HTADV advances heat conduction/convection 

solutions using only old time reactor kinetics power and old time 

hydrodynamic conditions. HYDRO, since it follows HTADV, can use 
both new and old time heat transfer rates to compute heat 

transferred into a hydrodynamic volume. 
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3.3. solution AccUrU!l 

The semi-implicit and nearly-implicit solution methods are mass 
and energy conservative. The mass from tho state relationship is 
compared to the mass from the continuity equation, and the 

difference is a measure o f  the truncation error inherent in the 
numerical solution. This is the main 'method used ti control the 
time step and thus control the truncation error even though mass 

and energy are preserved in the solution scheme. 

3.3.1. Time Sten Contro& 
- -.. 

A variety of checks on solution acceptability are used to control 

the time step. These include material Courant limit checks, mass 

error checks, material properties out of defined ranges, water 

property errors, excessive extrapolation of state properties in 

the meta-stable regimes, and a change in heat slab temperature of 
more than 50 K. 

The material Courant limit check is made before a hydrodynamic 

advancement takes place and, thus, it may reduce the time step, 
but it does not cause a time step to be repeated. All of the 

other checks may cause all or part of the time advancement to be 

repeated at a smaller time step. The material Courant limit is 
evaluated for each hydrodynamic volume using the volume mass 
average velocity, that is, 

The N volumes are sequentially divided into five subsets, that 

is, (1, 6, 11, . . . ) volumes belong to the first subset, ( 2 ,  7 , 
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12, . . .) volumes belong to the second subset, etc. The five 
Courant limits for the five subsets are rearranged in ascending - 

I : order, that is, 

1 2 3 4 5 
~ t ,  s o t ,  nt, at, s at, .. 

1 Obviously, A t c  is W e  Courant limit for the entire system. This 

is the number printed at each major edit under "CRNT. DT ". 
2 For the semi-implicit scheme, A t c  is used for limiting time step 

size. Thus, partial violation of the material Courant limit is 
allowed.for this scheme. There is no user input option to select 
the degree of partial Courant limit violation. For the 

nearly-implicit scheme, five times at: is used for limiting the 

time step s i z e  for the transient mode and 10 times ~ t f  is used 

for limiting the time step size for the steady-state mode. 

: The mass error check is made after the time step solution is 
I ., 
: nearly complete and, thus, if excessive mass error is detected 

then the time step is repeatedvat a reduced interval. Two types , 
i of mass error measures are computed. The first one is designed 
! to check the validity of density linearization and is defined as 

j where pmi is the total density obtained from the mass continuity 

equation, p s i  is the total density computed from the state 
! relationship, and p f i  is the liquid density computed from the 

I state relationship. The second one is a measure of overall 

system mass error and is given by 
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If either em or ems is greater than 2 loD3, the time step is 
rejected and repeated with one half of the. tine step size. 

Otherwise, the time step is accepted and the next time step size 
is doubled if both e m  and ems are less than 2 10-4. 

~t any point in the solution flow %f a material property is found 
to lie outside the defined range then the time step is halved and 

repeated. This process will proceid ' until the user specified 
minimum time step is reached. If the minimum time step is 

reached without obtaining a valid solution, then the code 

calculation is terminated and the last time step is repeated with 

a diagnostic dump printed. A program stop is encountered after 

completion of this step. This same procedure is applied for all 

property or extrapolation failures. 

The semi-implicit numerical scheme described in sections 2.1.1.4 

and 2.1.1.6 has two calculations of the new time variables ag, 

Ugr  Uf, and Xn. These variables are first calculated in 

connection with a linearization of all the product terms involved 
in the time derivatives and are referred to as tentative new time 
variables. They are denoted by a tilde in sections 2.1.1.4 and 

2.1.1.6. This first calculation uses a numerically conservative 

form for all flux calculations of mass and energy but because the 

products in the time derivatives are linearized the quantities 

agpg, afpfr agpgUgr afpfUf, and agpgXn are not numerically 
conserved. These tentative new time values are only used to 

evaluate the interphase heat and mass transfer terms to be used 

in the second evaluation of the basic equations. Xn this second 

evaluation of the basic equations the products appearing in the 
t i m e  derivatives are not linearized.  his second step aiso uses 
the numerically conservative form for the flux terms. Hence, the 

final end of time step values have been calculated using an 

accurate nmerically conservative form of differencing. 
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The truncation errors in the linearization procedure may produce 

, errors in the solution of pressure, phasic energies and void 

fraction. Since the state is* computed from these basic 
, variables, +he resultant density m y  have s&e error. This error 

, is used in the time step controi presented in section 3.3.1. 

: Furthermore, the oonvactlve te- in the field equations are 

i computed w i t h  donored properties determined by the directions of 
. phasic velocfties. There are chances that the final veldcities 

: may differ in directions from the explicit velocities used to 
I 

I 
define the donored properties. This may result in mass/energy 

I errors due to incorrect properties used in tne numerical scheme. 
: I The scheme used to handle this situation will be presented next. 

' The term velocitv fli~-flor, refers to the situation in which the 
final velocities and the explicit velqcities differ in sign. In 

. the RELAPS numerical scheme the pressures and final velocities 
-are calculates using the donor properties based on the explicit 

I velocities. The velocity flip-flop implies that inconsistent 

: donor properties were used for the pressure computation and the 
i final mass/energy computation. This may result in bad velocity 
I 

! and energy solutions and large mass errors. 

- - I - ; Is+ , pij, uijt agj, Pgj ,  and gj be the junction liquid 
j fraction, liquid density, liquid energy, void fraction, vapor 
; density, and vapor energy respectively, based on the explicit 
! 

.L - .I 4r 

velocities and zfj ,  f j  ufjt agj8Pgjr and 
gj 

be the aame 

variables based on the final velocities. A velocity flip-flop 
has occurred when one of the junctions in a system satisfies the 

: following condition 

Rev. 2 
8/92 
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Under such circumstances, the pressures and final velocities are 
recalculated using the donor properties of the p+eviously. 
calculated final velocities. The solution is then accepted if no 
velocity flip-flop exists between the previws f i n a l  velocities 
and new final vslocities. Otherwise, the time-step size is 
reduced. 
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5.0 LICENSING DOCUMENTS 

This section contains documents generated as a result of U.S. 
Nuclear Regulatory Commission (NRC) review of previous 
versions of this topical report. Sections 5.1 and 5.2 contain 
responses to rounds one and two questions, respectively, for 
revision 1 of this report. These documents were previously 
issued in the approved proprietary and non-proprietary 
versions as appendices H and I. Section 5.3 contains the 
Safety Evaluation Report (SER) issued for revision 1. 

Section 5.4 and 5.5 contain responses to NRC questions on 
revisions 2 and 3, respectively, of this report. Section 5.6 
contain supplemental information to revisions 2 and 3. 
Section 5.7 contains the SER issued for revisions 2 and 3. 
Section 5.8 contains responses to NRC questions on revision 4. 
Section 5.9 contains the SER issued for revision 4. Finally, 
Section 5.10 contains the pages removed or replaced from 
revision 3 to create revision 4 and Section 5.11 contains 
pages that were replaced due to SER direction and 
typographical errors. 

Rev. 4 
9/99 



This page intentionally left'blank. 

Rev. 2 

8 /92  



: T h i s  section contains round one questions transmitted t o  B&W by 

: I . W .  Hodges of the NFtC in his letter of March 31, 1988, and 
: responses transmitted by BLW to the NRC in letters dated August 

: 15, 1988, Navamber 23, 1988, and December 23, 1988. 

Rev. 2 
8/92 



Question: The REfiAPS/MOP2 - B&W code manual (BAW-10164P) was 
reviewed and compared to the RELAP5/MOD2 code 

manual (NUREG/CR-4312, EGG-2396). Some discrepancies 

a between the two manuals were noted i n  the  equations shown 
below. Clarify why the equations are different and verify 
that M e  equations i n  the RELAP5/MOD2 - BLW manual reflect 
the actual coding i n  the  program. 

a. Eq. 2.2.1-27 in  RELAP5/MOD2 B&W versus Eg. 528 in 
REtAPS/MODZ 

b. Eq. 2,2.1-33 i n  RELAPS/MOD2 B&W versus Eq. 534 i n  
RELAPS/MODZ. 

c. Eq. 2.2.1-34 in RELAPS/FIOD2 BLW versus Eq. 535 in 
RELAPS/MODZ. 

d. Eq, 2.2.1-37 in REWIPS/MODZ B6W versus Eg. 538 in 
RELAPS/MOD2. 

8. Eq. 2.2.2-13 in RELAP5/MOD2 B&W versus hmi, on pg. 107 

in RELAPS/MOD2. 

f .  Eq. 2.2.2-38 in RELAPS/MODO BLW versus AWf on pg. 111 

in RELAPS/MOD2. 

g. Eq. 2.2.2-58 in RELAPS/MOD2 B&W versus the condensation 
model given on pg. 116 in RELAPS/MOD2. 

h a  Eq. 2 . 3 . 2 - 2  in RELAPS,.'YODS B&W versus Eq. 375 in 
RELAPS/NOD2. 

i. Eq. 2.3.2-3 in RELAPS/MODZ BLW versus ~ q .  576 in 

RELAPS/MOD2. 



Eq. 2.3.2-5 in' RELAPS/MOD2 BCW versus Eq. 577 in 

Eq. 2.3.2-10 in RELAPS/MOD2 BfW versus Eq. 592 in 
RELAPS/MOD2. 

Eq. 2.3.2-11 in RELAPS/MODZ BtW versus Eq. 593 in 
RELAP5/MOD2. 

Eq. 2.1.3-24 in RELAPS/MODP BLW versus Eqm 181 in 
RELAPS/MODP. 

Eq. 2.1.3-53 in REUPS/MOD2 BLW v e r s u s  Eq. 210 i n  
RELAPS/MODP. 

Eq. 2.1.3-97 in R E ~ P S / M O D ~  B&W versus Eq. 253 in 
RELAPS/MOD2. 

Eq. 2.1.3-102 in RELAP5/MODZ B&W versus Eq. 258 in 

q. Eq. 2.3.1-8 in RELAPS/MOD2 B&W v e r s u s  Eq. 659 i n  
I 

RELAPS/MOD2, 

I Response: The following text responds by parts: 

The tern dm in the difference approximation f o r  the m t h  
interior mesh po in t  for the  one dimensional heat 

conduction solution in BAW-10164P is defined correctly 

by Equation 2.2.1-27. The RELAPS/MOD2 coding 

(subroutine HTlTDP) agrees with Equation 2.2.1-27. 

Equation 528 of NURZG,;CR-4312 and ZSG-2396 t c n t a i n s  two 

typographical errors. 

In Equation 2.2.1-24 of BAW-10164 and Equation 525 of 

NUREG/CR-4312 and EGG-2396 $, should be k:,. 



0 .  

fn Ewat ion  2.2.1-26 of BAW-10164 and Equation 527 of 
n 

NURK/CR-4312 and EGG-2396 K: should be k,. 

There should be a minus n-n s ign  on t h e  right hand s i d e  
of  quat ti on 2.2.1-32 o f  BAN-10164 and  quat ti on 533 of 
NUREGJCR-4312 and EGG-2396. 

Changes to  BAW-10164 w i l l  be prepared and released i n  
the  first r e v i s i o n  t o  the document. 

b. The term dl in the left boundary condit ion for the 
conduction solution (Equation 2.2.1-30) i n  BAW-10164 is  
d e f i n e d  c o r r e c t l y  by Equation 2 . 2 . 1 - 3 3 .  The 
RELAPS/MODZ coding (subroutine HTlTDP) agrees with 
Equation 2 -2.1-33. Equation 534 of NUREG/CR-4312 and 

EGG02396 contains two typographical errors.  

c. There are several typographical errors i n  both Equation 
535 of NUREG/CR-4312 and EGG-2396 and Equation 2.2.1-34 

of BAW-10164. Equation 2.2.1-34 should read as 

follows: 

b krl 61 c l d t  b n - k 61 C l b t  
should be - , and 

B: 8: 

v in the lsst t e n  should be Qrl srl. 

The equaticn is coded correctly in RELAPS/XODZ. 

Changes t o  BAW-10164 w i l l  be prepared and released in 
the first revision to the  document. ' 



d .  Equation 2.2.1-37. of BAW-10164 is correct and the 
coding of REWS/MOD2 agrees with . the  equation. There 

are two typographical. errors in NUREG/CR-431.2 and EGG- 
2396 Equation 538. 

In the first l i n e  of text  af ter  Equation 2.2.1-38 

- $ $ - D: should be replaced by C: = $ T: - D: cn 

A similar typographical error exists on page 245 of 

NUREG/CR-4312 and EGG-2396. 

e. Equation 2.2.2-13 of BAW-10164 is incorrect, It should 
read: 

The Equation on page 107 of NUFZEG/CR-4312 and EGG-2396 
is correct. The coding of RELAPS/MQDZ is correct and 

agrees with the above equation. 

Changes to BAW-10164 will be prepared and released i n  
the  first rev i s ion  t o  the document. 

f a  The FL factor given by ~ ~ u a t i o n  2 . 2 . 2 - 3 8  of B A K - i O U 4  

is the  fraction of wall surface area wetted and 
e~zivalent to A,,,~/% on page Ill cE the REIAPS/XCC2 

manual, Equation 2 .2 .2 -38  is correct vhereas t h e  for3 
of the correlation on page 111 of NUREG/CR-4312 and 

EGG-2396 is incorrect. The coding for  REIAPS/MODZ 

agrees with the  equation in BAW-10164. Note should be 

taken of the difference in u n i t s  for these c o r r e l a t i o n s  



i n  the two reports. Sf units  are used for Equation 
2.2.2-38 i n  BAW-10164 while Br i t i sh  un i t s  are used on 
page Ill of NUREG/CR-4312 and EGG-2396. 

g. The volumetric  vapor generat ion r a t e ,  rw8 for 
condensation is given correctly by Equation 2.3.2-58 of 
BAW-10164. The coding for REL?iPS/MODZ agrees with this 
equation. The equation on page 116 of NUREG/CR-4312 

and EGG-2396 misrepresents rw for condensation. 

h.  The core  heat  transfer models, Section 2.3 .2  and 2.3.3 
of BAW-10164, are e s s e n t i a l l y  new models which were 
added t o  RELAPS/MODZ-BLW t o  enhance the reactor  core 
simulation, The original  RELAPS/MODS! hea t  transfer 

model has been maintained i n  RELAPS/MODZ-B&W and is 
referred to  a s  t h e  System Heat Transfer Model, The 
System Heat Transfer Model is applied t o  t h e  reactor 
coolant  system exter ior  to  the  reactor core and to the 

. . secondary s i d e .  While maintaining the basic heat 

structure form of RELAPS/MOD2, the Core Heat Transfer 
Model contains  new heat t rans fer  coe f f i c i en t s ,  a pin 
model with a d i f ferent  gap conductance approach, a p in  

rupture model, and a  metal-water reaction model. There 
is unlikely to be good correspondence between BAW-10164 

and NUEUEG/CR-4312 and EGG-2396 within the features  o f  

the core heat transfer and f u e l  pin packages. 

\ 

Equation 2.3.2-2 is part  of the new fuel pin  model for 
the core. Xt is printed correctly and the  coding i.l 

REUPS/MODZ-BLW agrees with the equation. 

Note: T h e  f c r a u l a t i o n  of Equation 2 . 3 . 2 - 2  is 

ident i ca l  to t h e  fornulation used i n  FRAP-T6- 

B&w, BAW-10165, ~ ~ u a t i o n s  2.1.3-1 and 2.1.3-2. 



i .  Equation 2.3.2-3 is incorrect. ft should be: 

There is no intended correspondence t o  Equation 576 of 

NUREGi/CR-4312 and EGG-2396. Equation 2.3.2-3 is a 
s i m p l i f i e d  form o f  t h e  FRAP-T6-BLW, BAW-10165, 

formulation of Equation 2.1.3-3 with r& always taken as  
'the average hot fuel t o  cladding gap width. 

Changes to BAW-10164 w i l l  be prepared and released i n  

the first  revision to the document. 

j. Equation 2.3.2-5 is stated correctly for the new care 
heat transfer and fuel pin models. Equation 577 of 
NUREG/CR-4312 and EGG-2396 is incorrect. 

k. Equation 2.3.2-10 of BAW-10164 contains a typographical 
error. It should read: 

The coding of RELAP5/MOD2 is correct and agrees with 
t h e  above equation. 

Changes t o  BAW-10164 w i l l  be prepared and released i n  
the  first revision t o  the document. 

1. Equation 2.3.2-11 of SAW-1.0164 and Equation 533 of 

NU=G/CR-4312 and EGG-2396 are equivalent  but in 
dif ferent  forms. 

Equation 2.1.3-24 i n  BAW-10164 correctly defines the 
c r i t i c a l  Weber Number. The coding of RELAPS/MOD2 

corresponds to  Equation 2.1.3-24. Equation 181 of 

5-9 



NUREG/CR-4312 and EGG-2396 contains a typographical  

error. 

n. Equation 2.1.3-53 correctly defines the relationship 
between the Lackhad - Martinellf parameter n ~ H  and the 
ratio of the phasic pressure drops. There is a 
typographical error in equation 210 of MfREG/CR-4312 
and EGG-2396. 

Equation 2.1.3-53 - enters into tie coding through 

Equation 2.1 .3-77 whose exponents are specified by the 
definition of the "xn tern. Equations 2.1.3-53 and 
2.1.3-77 are consistent as given i n  BAW-10164 and the 

coding of RELAPS/MOD2 is properly represented by 
Equation 2.1.3-77.  

Equation 2.1.3-71 contains a typographical error. The 
second term of the quadrat ic  Cx should be C x. 

Changes to BAW-10164 will be prepared and released 

i n  t h e  first revision to  the document. 

0. The definition of the friction factor. A L t T 8  for the 

t rans i t ion  regime between laminar and turbulent flow is 
calculated correctly by   qua ti on 2.1.3-97 i n  BAW-10164. 

Equation 253 of NUREG/CR-4312 and EGG-2396 contbins .. 

typographical errors. 

Equation 2.1.3-97 enters into the coding as part of the 

derivation for Equation 2.1.3-167 which corresponds t o  
RELAPS/MOD2 as  prograwed. Equation 2. I. 3-107 can not 
be derived fron Equation 253 o f  NUREG/CR-4312 and EGG- 

2396. 



Emations 2.1.3-98 of BAW-10164 and Equation 254 of 
r ? u ~ ~ G / C R - 4 3 1 2  and EGG-2396 are both incorrect and 

should read as follows: 

The coding of RELAPS/MODZ is correct and agrees with 
the above equation. 

~(2-R*) in  quat ti on 2.1.3-107 of BAW-10164 and in 
Equation 263 of MIREG/CR-4312 and EGG-2396 'should be 
replaced by L [ 5.285 ( 1.189 - R* ) 1. 

The coding of RELAPS/MOD2 is correct and agrees with 

the above. 

Changes to BAW-10164 will be prepared and released in 
the first revision to the document. 

The critical Reynold's number is properly given by 
Equation 2.1.3-102 BAW-10164 and the coding of 

RELAPS/MOD2 corresponds t o    qua ti on 2.1.3-102. 

Equation 258 of NUREG/CR-4312 and EGG-2396 contains 

typographical errors. 

Equation 2.3.1-8 of BAW-10164 contains a typographical 
error. It should read: 

P ( t ) - A a j  . j  4 7 - a exp(-la t) . 
a j  

The coding of RELAPS/MOD2 is correct and agrees with 

the above equation. 

Changes to BAW-10164 will. be prepared and released in 
the first revisioh to the document. 



2. Qumtion: Verify the correctness or typographic error for 

each of the following items. 

a. Verify that Eq. 2.2.2-25 is shown correctly. Define 
delta-TWG. Also, should Tt be TW? 

b. Are R2 and R3 defined correctly on pg. 2.2-307 

c. page 2.2-30 refers to Eq. 2.2.2-34/35. Should this 

page actually refer to Eq. 2.2.2-40/41. 

- - .  
a. On page 2.1-46 reference is made to Eq. 2.1.3-1. 

Should reference tie to Eq. 2.1.3-23 

Response: The following text responds by parts: 

a. Equation 2.2.2-25 and the use of Ti are correct in BAW- 

10164. The tern h.TWG is defined as: 

where 

= ~ N V C  = the liquid temperature above which n e t  
vapor generation can occur. 

This modeling agrees' with RELAPS/MODI coding. 

b- Eqllation 2.2 .2 -45  and its subcomponents, nanely RI, Rz. 
and R,, are correct i n  BAW-10164. Typographical errors 

i n  NUREG/CR-4312 and EGG-2396 on pages 126 and 
127 for these terns. Reference can be aade 'to K. B. 

Sun8 J. M. Gonzales, and C. I,. Tien, I1Calculation of 
Combined Radiation and convection Heat Transfer in Rod 
Bundles under Emergency cooling conditions,* Journal ot 

I 
Heat Txamer,  Tr ansactions of ASME. 98 1976 page 4-19. 
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c. The references i n  t h e  l a s t  paragraph on page 2.2-30 t o  
Equations 2.2.2-34 and 2.2.2-35 are i n  errort reference 
should be made to  Equatians 2 .2 .2 -40  and 2.2.2-41 

respectively. 

Changes to BAW-10164 w i l l  be and released i n '  
the first revision to the document. 

d. The reference i n  the  middle paragraph on page 2.1-46 t o  

Equation 2.1.3-1 is not correct; reference should be 
made to Equation 2.1.3-2. 

Changes t o  BAW-10164 w i l l  be prepared and released in 
t h e  first revision to the document. 



, 3. Question: Eq. 2.2.2-51 is a Ndsselt condensation 
correlation. Describe where and bow'this corralation is used 
in the code. 

Response: la the RELAPS~MODP and RELAP5flODZ-BLW computer 
codes, a form of the Nusselt laminar f i ln  condensation 
correlation is used that differs from the form givm by 
Equation 2.2.2-51 of BILW-10164 (urd also on page 114 of 
NLTREG/CR-4322) . The correlation as used in those codes 
depends on the orientation of the condensing surface as 
described below. 

I 

a. U z a n t a l  SW-, (inclination angle of the volume to 
the horizontal is zero) 

For condensation on a horizontal surface, laminar film 
I 

condensation in a horizontal tube with stratified flow is 
assumed, and a modified form of the Nusselt equation (page 
341 of Reference 4 4  in BAW-10164), given by 

i s  used. 

b. vertical Surface 

For condensation on a vertical surface, the Nusselt laminar 
film condensation correlation (Reference - 4 4  in BAW-10164), 
given by 



where 
8 = angle of inclination to the horizontal 

l and 
= volume length, 

/ 

is used, 

When the volume average liquid velocity i s  less than or 
equal to 0.001 m / s ,  only laminar film condensation is used. 
These changes will be incorporated into the next revision to 
BAW-10164. -. 



Question: Clarify why Eq. 2 2 . 2 5 4  is multiplied by the 

Response: Equation 2.2.2-54 would be more clearly wri t ten  

as, 

The weighting of hcO, by void fraction is t o  restrict the 
surface area available for condensation. At high void 

fraction straight a weighting is adequate; however, at very 
g 

low void fraction a weighting may under predict the rate of 
g 

condensation. The term MIN(1.0, 10 ) is applied to adjust 
4 

the weighting a t  low void  fractions.  

This  weighting . . of hcon e x i s t s  i n  the  RELAP5/MOD2 - . coding. . 



5, ~ u e s t i o n :  c l a r i f y  why t h e  coefficient i n  t h e  Rohsenow-~hoi 
c o r r e l a t i o n  is 4.36 i n  t h e  system model (Eq. 

2.2.2-7) b u t  4.0 i n  the c o r e  mdel (Eq. 2.3.3-15). 

Response: The c o e f f i c i e n t  i n  t he  Rohsenow-Choi c o r r e l a t i o n ,  
as o r i g i n a l l y  given (W. M. Rohsenow and H. Y. 

Choit BeatJ Ma= -urn T x m ;  Pxentice-Hall, 
Inc.; 1961;page 166), depends on the wall condi t ions:  

Wall Condition goef f icf ent 

Uniform T~ 3.66 

Uniform hea t  flux 4.36 

Y. Y. Hsu recommends a value  of  4 .0  f o r  this coefficient for 
< 

blowdown hea t  t r a n s f e r .  T h i s  is a compromise between the 
laminar forced convection condi t ion  ,of uniform heat flux and 
the uniform temperature c o n d i t i o n .  Refer t o  
Thermohvdraul ics o f  TW o-Phase Systems for T ndustrial Desian 
and Nuclear Fnafneerinq; Edited by 3. M. Delhaye, . M .  ~ i o t ,  

and H. L. Reithmuller,  liemisphere Publishing corpora t ion ,  
1981, pages 2 6 1  and 262.  B&W feels t h a t  the compromise 

c o e f f i c i e n t  i s  more a p p r o p r i a t e  for t h e  condi t ions  i n  t h e  

core than the uniform heat  f l u x  value.  

On page 2.3-71 of BAW-10164 an i n c o r r e c t  reference was given 
f o r  t h e  Rohsenow-Choi c o r r e l a t i o n .  The c o r r e c t  reference is 
g iven  above. 

Changes t o  BAW-10164 w i l l  be prepared and re leased  i n  the 

f i r s t  rev is ion  t o  the document. 



Question: All of the' heat transfer coefficients are coded 
with a user input multiplier. Clarify whether a 

multiplier other than 1.0 will ever be used in a licensing 
calculation, and provide justifications or bases for those 
multipliers with values other than 1.0. 

Response: The incorporation of multipliers on the heat 
transfer was to provide some degree of user 

flexibility for general code use and to allow for sen- 

sitivity studies which may f o m  part of a plant licensing 
basis. The multipliers to be used in evaluations are 
documented in the applicable evaluation model report (BAW- 

10168 for applications to Westinghouse designed NSSS). 

Note: As of 7/8/88 ft is B8Wts intention to use a 

muitiplier of 1.0 on a l l  REIAPS/MOD2-B&W heat 
transfer coefficients for application on Westinghouse 
designed NSSS with the exception of certain sensitivity 
studies. 



7. ~uestion: Eq. 2.3.3-59 sets the film boiling heat transfer 

coefficient to the maximum of the CSO film boiling 
correlation and the  ohs sen ow-~hoi correlation. Clarify the 
applicability of the Rohsenow-Choi correlation to film 

boiling heat transfe; and why the f i l m  boiling. heat transfer 
coefficient is calculated in this manner. 

Response: The lower bound of single phase wall to vapor 

convective heat transfer is given by the Rchsenow- 
Choi correlation (Equation 2 .3 .3 -66  of BAW-10164). The 

lower bound for flow film boiling is convective heat 

transfer to vapor. Therefore it is reasonable to use the 

lower bound convective heat transfer correlation as the 

lower bound for the flow film boiling regime. The CSO 

correlation is, in fact, the product of a convective to 
vapor heat transfer term (Equation 2.3-3-60 of BAW-10164) 

and l iquid content based enhancement tern, (1 + F,). 

Recent modifications to RELAPS/MOD2-B&W, FRAP-T6-B&W, and 

the B&W Evaluation Model for ~estinghouse-designed NSSSfs 
have replaced the CSO flow film boiling correlation with the 
Condie-Bengston IV correlation (K. G. Condis, S. J. Bengston 
and S. L. Richlint post - CHF m a t  Transfer Data An alvsis, 
. ! 2 ! 2 & ;  EG&G unpublished report) . The 

same reasoning applies to the lower bound o f  the flow film 
boiling heat transfer regime and the use of Rohsenow-Choi is 
maintained. 

A telephone conversation has been conducted with the NRC 
informing them of the change. A letter formally advising of 
this modification to the RELAPS/MODZ-B&W and FRAP-T6-B&W is 
being prepared for submittal in the near future. 

3 



Appropriate changes to BAW-10164, RELAPS/MOD2-BLW, and BAW- 

10165, FRAP-T6-B&W, will be prepared and released in the 

first revision to those documents. The BCW evaluation model 
report for Westinghouse-designed NSSS, BAW-10168, as 

submitted on July 25, 1988, uses and properly reflects the 

use of the Condie-Bengston correlation. 



Question: Provide an assessment of the CSO film boiling 
heat transfer correlation and the McEligot single-phase 
steam correlation to verify the correlations * accuracy for 
calculating film boiling and single-phase steam heat 
transfer. 

Response: Xn the RELAPS/MOD2-B&W EM heat transfer package, 
the film boiling heat transfer coefficient is calculated 
using either the CSO or the Condie-Bengston IV correlation. 
For EM applications, B&W will use the Condie-Bengston IV 

correlation to calculate film bailing heat transfer. 
Therefore, an assessment of the Condie-Bengston correlation 
instead of the CSO cdrrelation will be made in response to 
this question. The applicability of Condie-Bengston XV and 
McEligot correlations for LBLOCA applications is 
demonstrated by the simulation of the Semiscale MOD1 test S- 
04-6, which is discussed in detail as a rekponse to question 
12. Additional assessments of these correlations are 
discussed below. 

sessment of the Condie-Ben~ston IV Correlatio~ 

yoders ' ' evaluated the Condie-Bengston IV correlation using 
the available rod bundle film boiling data base. Figure 4.3 
of Reference 8.1 shows the comparison between the 
correlation predicted heat f l u  and the film boiling data. 
From this figure, the correlation can be characterized as 
producing reasonable to conservative predictions. Yoder, in 
fact, concluded that "the Condie-Bengston IV correlation 
does a reasonable job in predicting film boiling heat 
fluxes.n Therefore, B&W concludes that the condie-Bengston 
IV correlation is appropriate for the prediction of film 
boiling heat transfer in the BLW RSG LOCA Evaluation Model. 



The McEligot convective steam coolfng correlation has been 
used in other approved computer code for EM applications. 
It is also the approved correl&tion used by the Japanese 
Nuclear Safety  amm mission to calculata convective heat 
transfer to steam in their evaluation moc3el. Experimental 
studies of convective steam cooling heat transfer in single 
tubes and rod bundles support the use of the McEligot 
correlation to calculate convective heat transfer to steam. 

Larsen and Lord 8 0 4  studied ' convection and' radiation heat 
transfer to superheated steam in heated tubes. Their 
results (Figura 12 in Reference 8.4) show that the 
correlation properly predicts convective heat transfer to 
steam for bulk Reynolds nmbero, R%, (calculated based on 

the bulk steam temperature) above 5000, but overpredicts the 
heat transfer for Reynolds numbers below 5000. However, in 
rod bundles, such as in a nuclear core, the convective heat 
transfer at low Reb would be higher than in a single tube 

due to the mixed convection in rod bundles. 

Wong and Hochreiter * studied low Reynolds number forced 
convection steam cooling using the 161-rod FLECHT-SEASET 
bundle. The inlet Reynolds number was varied from 2500 to 
17,000. Their results show that the Dittus-Boelter 
correlation underpredicts the heat transfer over this range 
of  Reynolds numbers and that the degree of underprediction 
increases w i t h  decreasing Reynolds numberl For a given set 

of conditions , the Dittus-Boelter correlation predicts 

larger heat transfer coefficients than dois  the McEligot 
correlation. Therefore, from the Wong and ~oehreiter study 
it can be concluded that the nc~ligot correlation w i l l  in 
general underpredict the heat transfer for Reynolds numbers 
below 17 , 000. 



~ o d a r ~ "  also evaluated the rod bundle stem cooling data 
base. The results (Figure 4.9 of Reference 8.1) show that 
the ~ittus-~oelter correlation is appropriate for use in 
calculating ~onvective heat transfer to. steam for R% less 

than 20,000. This is consistent with the study by Wong and . 
Hochreiter. Thus, from Yodar8s work, it can also be 
concluded that the McEligot correlation is valid' for use at 
low Reynolds numbers, Sozer, Anklam and Dodds also reached 

this same conctlusion. 

Recently, Kumamaru, et a1 * ' evaluated various convective 
steam cooling correlations using the uncovered bundle heat 
transfer test data urrder high pressure boil-off conditions 
in the Two-Phase Flow Test Facility (TPTF) . These tests 
covered a pressure range from 3 to 12 MPa and vapor Reynolds 
numbers from 10,000 to 62,000. The results of the 

evaluation (Figure 13 in Reference 8.7) showed that the 

McEligot correlation reasonably predicts convective heat 

transfer to steam. 

From the evaluation of the available literature on 
convective heat transfer to steam, it is concluded that the 
McEligot correlation is reasonable and appropriate for Use 
in calculating convective heat transfer to steam in both the 
transition (low Reynolds number) and the turbulent (high 

~eynolds number) flow regimes. 
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Question: The Schrock and Groasman correlation is applied 
at pressures greater than 1000 psia. Howevar, based on the 
information in the *$HETAl-B code manual, the data base for 

- the correlation only goes to 505 poia. Clarify the accuracy * 

and applicability of this correlation for pressures greater 
than 1000 psia. 

Response: The data base for the Schrock and Grossman 
correlation is limited to below 505 psia. However, the 
correlation hps been used in KRC-approved codes for 

licensing applications and in audit calculation codes (for 
example WREM, FRAPT-6, and TOODEE2). Extension of the 
correlation for use at high pressures is supported by its ' 
sound theoretical development which accounts tor pressure 
effects. 

! 

I 

The heat-momentum analogy is used in the development of the 

Schrock and Grossman correlation. Analogies between heat, 
I mass and momentum transfer have been successfully used by 
i 

1 the thermal hydraulic research community to transfer 
i information between these parameters. Schrock and Grossman 

assumed that the ratio between the two-phase and the single- 

phase liquid heat transfer coefficients, hTp/hl, was a 

function of the Lockhart-Hartinelli parameter, Xtt, given by 
I d 

Equation 2.3.3-23 in the RELAPS/MODZ-BLW topical report 

where the single-phase liquid heat transfer coefficient $8 

given by the Dittus-Boelter correlation. It should also be 
noted that the Lockhart-Martinelli parameter is the square- 



' root of the. ratio between the single-phase liquid pressure 
drop and the single-phase vapor pressure drop (Equation 
2.1.3-53 in BAW-10164). The fwo-phase pressure drop is 
calculated using the assumption that the pressure ratio 
between tho two-phase and the  single-phase is a function of 

Xtt' This approach has been successfully applied i n  
calculating two-phase pressure drops over the range from 
atmospheric pressure to the critical pressure. Based on 
this result, it is concluded that the Schrock and Grossman 
correlation is applicable at pressures above -1000 psia. 



lo .  ~ u a s t i o n :  Provide an assessmerit of the  fuel behavior models 
(gap conductance, clad deformation, and metal-water 
reaction) added to RELAPS/MODZ-BCW. 

Response: The fuel behavior models incorporated into 
RELhP5/MOD2-3&W by B&W were obtained from current technology 
computer codes, such'as  FRAPT-6, REWS/MQD2 and MATPRO- 

Version 13, and implementea according t o  the requirements of 
10CFR50d46 Appendix K. An assessment of each of these 
models is presented below. 

-. 
EaD Conductancq 

The RELAPS/MODZ-BCW' gap conductance model was developed 
based on the models i n  FRAPT-6 and RELAPS/MOD2, Recently, 
EG&G~O * evaluated the RELAPI/MODP dynamic gap conductance 
model using t h e  Power Burst Fac i l i ty  (PBP) test LOC-11C. 
Figu-re 9-10, i n  Reference 10.2, shows the variation of fuel 
centerline temperature with loca l  fuel rod power; the 

calculate8 r e s u l t s  using FRAPT-6 are also shown. From the 
r e s u l t s  shown in t h i s  figure, 'it can be concluded that the 

gap conductance models in both RELAFS/MOD2 and FRAPT-6 

r e a l i s t i c a l l y  predict fuel temperatures. The FRAPT-6 code 
has been widely used in calculat ing cladding and fue l  
thermal and mechanical responses during t ransients .  I n  
addition, RELAPS/MOD2-BLW gap conductance a t  steady-state is 
adjusted, using the gap multiplier % (discussed below), to ' 

match the NRC-approved fuel pin  code results. Based on this 
assessment, it can be concluded that RELAPS/MODP-B&W would . 
calculate realistic fue l  rod temperatures. The sources o f  
each of Me  te rns  in the  gap conductance model are given 
below. 

The correlat ion for the gap conductance in REWP5/MOD2-3LW 
(Equation 2.3.2-2 i n  ~ ~ ~ - 1 0 i 6 4 )  is the same as that used in 
W - T I - B L W  (BAW-10165  quiti ion 2.1.3-2). It f~ to be noted 



that the constant 3.6 in  Equation 2.3.2-2 is the same as 
t h a t  used i n  ERAP-T6 coda, avan though tho FRAP-T6 manual 
(NUREG/CR-2148, Equation 2) statas 3 .2 .  

The correlation for the temperature jump distance term, (pi 
+ gn) ; in REIAPS/MOD2-B&W (Equation 2.3.2-5 in BAW-10164) *is 

the same as that in PEZAPT-6 (Equation 4 in NUREG/CR-2148). 
RELAP5/MOD2-B&W uses a value o f  0.74 for "the constant tern 
in the equation for the accommodatidn coefficient o f  Xenon, 

while FRAPT-6 uses a value of 0.749, which is consistent 
with the value reported by Lanning and Kann. loml It is 
concluded that the value used in RELAP5/MODZ=B&W should be 
updated to 0.749. This was accomplished in Revision 2 to 
BAW-10164. The gap radiation heat transfer in RELAPS/MOD2- 
BCW (Equation 2.3.2-4 in BAW-10164) is calculated in the 
same way as in FRAPT-6 (Equation 7 in NUREG/CR-2148). 

RELAPS/MOD2-B&W (Equations 2.3.2-10 and 2.3.2-11 in BAW- . 
10164) and FRAPT-6 (based on the coding) use the same 
correlation to calculate the thermal conductivity o f  the gas 
mixture, Rgas. The individual gas thermal conductivf ties, 

kit in RELAP5/MOD2-BbW are calculated using the correlations 
given in MATPRO Version 11 (Revision 2). These same 
correlations are also used in RELAPS/MOD2. 

The , gap width at the mid-point 02 th. n-th .azimuthal 
segment, rn, is. calalated using a simplified form o f  the 
equation given in FRAPT-6. This would have a minimal impact 
on the results because of the use of the gap'multiplier, %, 

. . 

as explafned below. . 
During the steady-state initialization of RELAPS/MODZ-BgW, 

h g a ~  Is adjusted using the multiplier, q, ouch that  the 

gap stored energy calculated by RELAPS/MOD2-B&W is greater I 



than or equal to the value calculated using the NRC-- 
approved fuel pin code, TACO2 (or TACO3 upon NRC approvai). 
The multiplier calculated during steady-state remains 
constant throughout the transient. A similar method has 
been used by B&W in the NRC-approved topical report BAW- 

The transient internal pin pressure, Pg, is calculated using 
the methodology in the NRC-approved CRAFT2 computer code 

el Rod Swellina. Ctgs Deformat*. agB R u m  

The hot fuel-cladding gap distance, rg, is calculated using 
Equation 2.3.2-12 in BAW-10164. The fuel thermal expansion, 

: u ~ p  (Equation 2.3.2-14 in BAW-10164), is calculated in the 
same manner as in RELAPS/MOD2 (NCREG/CF2-4312, Equation 583). 

The fuel radial thermal strain function, cTP. (Equation 
2 . 3 1 5  in BAW-10164), the cladding strain function, eTC 

(Equation 2.3.2-21 in BAW-10164), and Young's modulus of 
elasticity, E (Equation 2.3.2-28 in BAW-10164)~ are 
calculated using the correlations given in MATPRO Version 11 
(Revision 2). RELAPS/MODZ also uses these game correlations 
in calculating the fuel-cladding gap. 

The cladding thermal expansion, UTC (Equation 2.3.2-20 in 

BAW-10164), required updating in RELAPS/MOD2-BPW. UTC 
should be calculated based on the cladding thickness rather 
than the cladding radius as was done in RELAP5/MOD2 
(NUREG/CR-4312, Equation 585) . This update has been 

recorded in Revision 2 of BAW-10164. 

The steady-state fuel and cladding radii calculated by 

REWLPS/MOD2-BfW and the corresponding values calculated 
using the NFtC-approved fuel pin code (TACO2 at present or 

TACO3 after its approval) are made equal by using the Over- 
specification factors, up=  quati ti on 2.3.2-13 in BAW-10164) 



and ucc  q qua ti on 2.3..2-19 in BMP-10164). The values of u g ~  

and ucc remain constant during the transient. In 
REXAPS/MOD2, similar adjustment parameters can be input to 
the code. In CRAFT2 and THIETAl-8, the cold unstressed 

dimensions are calcul'ated from the hot stressed dimension 
code inputs (as determined by the steady-state fuel pin 
code). These values are .used as the basis for calculating 
the fuel and cladding geometry changes during a transient. 
Thus, using adjustments in thermal-hydraulic codes to match 
calculated fuel and cladding radii with values calculated 
from a steady-state fuel pin computer program is a standard 
procedure. 

The clad swell ing and rupture models used in F E W S / M O D Z - B C W  

are from NUREG-0630. The WUREG-0630 models were developed 
as licensing standards for W C A  analysis using the data base 
generated from an extensive research program sponsored by 
the NRC. During plastic deformation, the normalized ramp 
rate, H, is calculated using a plastic weighted time average 
equation (Equation 2.3.2-36 in Baw-10164) . Its basis is an 
NRC letter from C .  N. Lauben to L. E D  Phillips lo regarding 
TOODEEP models for swelling and rupture. It is concluded 
that REWISS/MOD2-BCW properly calculates clad swelling and 
rupture as per NRC requirements. 

Beta1 Water Reaction 

The metal-water reaction rate in RELAP5/MOD2-BLW is 
calculated using the parametric relationship derived by 
Baker and Just (Reference 120 in BAW-10164) as required by 
Appendix K. 



10.1 D. D. hnning and C. R. Ham, of Me- 
le to the C a l c w  of Gab C a m  

Zircaloy-Clad U02 Fuel Rods, BNWL-1894. 

10.2 R m  A. Dimenna, et al, RELAPS/MO_Wodals an4 
C o r ~ e l a t i o ~ ,  NUREG/CR-5194, August 1988. 

10.3 Letter from Richard P. Denise (Acting Assistant 
Director for Reactor Safety, Division o f  Syatcms 
Safety), NRC to 3. H. Taylor, B&W, January 31, 1980 

(Transmitting letter from G. N. Lauben, NRC to L. Em 
Phillips, NRC, Subject: TOODEEP Models for Swelling 
and Rupture, January 15, 1980). 



Question: Does the fine node option discussed on page 2.3- 
57 of the RELAP5/MOD2-B&W manual allow f o r  the metal-water 
reaction to occur no less than 1.5 inches axially from the 
ruptured point as required by Appendix K? 

Response: The finb node option described on pagei 2.3-57 of 

BAW-10164 has no restriction on the node size. However, in 
a system code l i k e  REWLP5/MODS-B&W, i t  is unlikely to use a 
node size smaller than 3 inches due to execution time. 
Furthermore, fuel rod thermal behavior is calculated using 
FRAP-T6-B&W (BAW-lOlef), not RELAPS/MODZaB&W. AS such, 
compliance with Appendix K restrictions on the amount of 
local and whole core metal-water reaction is demonstrated 

via FRAP-T6-B&W calculations. Hence, REWS/MOD2-B&W metal- 
water calculations are not significant to the overall 
result. Core node size used in the RELAPS/MOD2-B&W (and 
FRAP-T6-BfW) LOCA EM is defined in BAW-10168. 



12. Question: In the large break loss-of-coolant (LBmCA) 

assessment using data from Semiscale MOP1 T e s t  S-04-6, the 

depressurization calculated w i t h  the ~ S / K O D 2 ,  cycle 

36.04 code was - faster than in the experiment (Figures 6.1-3 

to GL1-9). . 

I 

a. Clarify why the faster deprsssurf zation was calculated 
I even though the break flow in this calculation compared 

reasonably well to the data. 

I ,  
b. Clarify why the densities upstream of the vessel side 

I break calculated in the two RELAPS/MOD2 calculations 

were lower than the measured data (Figure G.1-21). 

c. Clarify why the mass flow in the intact loop hot leg 
was underpredictad for the first 10s in both 

calculations, (Figure G.1-14). - - .. 

d. In Figures 6.1-30 and G.1-31, the RELAPS/MOD2-B&W 

evaluation model (EN) calculation showed slightly 

better cooling than the RELAPS/MODP, cycle 36.04 

calculation in the period after approximately 12 or 13 
s. Clarify what caused this difference between the two 
calculations. 

Response : 

The ~hmiscale  MOD^ test S-04-6 was reanalyzed using 

REWIPS/KOD%-B&W due to the following changes in the B&W 
evaluation model (BAW-10168): 

1. The CSO film boiling correlation was replaced by the 
Condie-Bengston I V  correlation. 



2. ~ h o  B&W-2 correlation was replaced by the BWCMV 
correlation for the high flow, high pressurs flow 

condition. 

3 .  Moody' slip was assumed at the break junction. 

4.  The ECCS bypass flow modeling was updated (see Section 
4.3.4.2 of the LOCA EM topical report, BAW-10168 
Volume I). 

The test data and BE prediction reported in Section G . 1  of 

BAW-10168 Volume I still remain valid and are reproduced 
herein for completeness of the comparison with the new EM 

benchmark. The responses to questions 12 and 13 are 

incorporated into the following discussion. 

Test S-04-6 was one of the 200 percent offset shear double- 
ended cold leg break tests conducted in the Semiscale MOD1 
test facility. RELAPSlMOD2-BLW was used to predict t he  

test, first using the INEL Cycle 36.04 options (base case) 

and second using the B&W installed evaluation modal (EM) 
options. Both cases predicted higher break mass flow rates 
than shown by the data, and, as a result, the predicted 
depressurization rates were higher than the data. The 

predicted cladding temperature at the peak power location of 
the high powered rod using the EM option was higher than the 
Cycle 36.04 prediction. Both cases predicted higher 

cladding temperatures than the measured data. From this 
study, it is concluded that the EM: option would properly 
predict the system behavior during the blowdown phase 02 a 
PWR large break loss of coolant accident (LBWCA).  



?m isometric view of the Semiscale MOD1 test facfiity used 
for the cold.leg break tests is shown in Figure 12.1. It is 
a  small scale model of a typical four-loop recirculating 
steam generator PWR. It consists o f  the following major PWR 

components: a pressure vessel with the core simulator, 
lower and upper plenums, and downcomer; an intact loop with 
a steam generator, a pump and a pressurizer; a broken loop 
with a simulated steam generator and a simulated pump; 

emergency coolant systems (ECC) in both loops that include 
an accumulator, and high and low pressure injection pumps; 
and a pressure suppression system with a suppression tank. 
The configuration of the electrically-heated 40-rod bundle, 
shown in Figure 12.2, is typical of a 15 by 15 fuel assembly 
(0.422 inch rod outside diameter and 0.563 inch pitch) 
except that the heated length of the 'test rods is 5.5 feet 

compared with 12 feet for commercial r~ds. The bundle has 
an inlet peaked axial power profile (peak at 26 inches from 
the bottom of the heated section). TQree of the four center 
rods have a peak power density of 12 kv/ft and the fourth 
rod is unpowered. Of the remaining 36 rods, 33 rods have a 
peak power density of 11.46 kw/ft and three rods are 
unpowered. 

The transient was initiated after the system reached steady- 
state by breaking two rupture assemblies that allowed the 
flow of the primary fluid into the suppression tank through 
two blowdown nozzles, each having a break area of 0.00262 
ft2. The suppression system was maintained at a constant 
pressure of 34.8 p s i a .  ~t blowdown initiation, the power to 
the primary coolant pump was reduced and the pump was 
allowed to coast down to a speed of 1500 rpm, which was then 
maintained for the duration of the test. . ~ u r i n g  the 



transient, the  power to the -core was automatically 
controlled t o  simulate the thermal response of nuclear rods. 
The. measurements made during the transient included 
pressure, flow, density, and fluid temperatures at different 
locations in ' the  primary and secondary systems, and surface 
temperatures at different elevations of thd  selected heated 
rods. .The sequence of events relative to the transient 
initiation is given in Table 12.1. 

The nodalization of the RELAFS input model for the semiscale 

MQDX test facility is shown in Figure 12.3. The 

nodalization of the primary system is very similar to- the . 
RELAP4 model given in Reference 12.3. The geometry and. 
other needed input information for the primary system was 
obtained from this RELAP4 model. l2 m 3  The and other 

input information for the secondary side o f  the steam 
generator were obtained from the REIAP5/MODO input model 
given in Reference 12.4. The input information obtained 
from the REWLP4 and the RELAPS/MODO input models were 
verified using the geometry values given in Reference 12.2. 

The RELAPS base input model consisted of 89 V O ~ U I ~ ~ S ,  98 

junctions, and 50 heat structures. Some of the important 
features of the model are given below. 

I. The core was modeled with two channels t o  account for 

the radially peaked power profile. The f luid v o ~ ~ e s  
associated with the three high powered rods were 

modeled as a hot channel. The remaining core f l u i d  
volumes were modeled as an average channel* Each 
channel was axially divided into s i x  volumes in order 
to make the model consistent with the EM plant nodel. 



The axial division coincMed w i t h  selected axial steps 
in the power shape .curve. Crossflw junctions were 
used to connect the hot and average channel volumes. 

The active heater rods in each channel were modeled 
using tan heat slabs, that is, one heat slab per power 
step. 

3 The pressurizer was modeled using an eight-equal- 
volume pipe component. 

4. The accumulator was modeled using the accumulator 
component. 

5. The high and low pressure pumps were simulated using 
time- dependent volumes and junctions. 

6. The suppression system was modeled as a time-dependent 
volume. 

Break nozzles'were modeled as trip valves. 

The homologous curves for the intact loop pump were 
obtained from th' RELAP4 input model. a2 The measured 
pump speed versus time data were input to simulate the ' 

pump coastdown during the transient. 

The measured power versus time data were input to 
simulate the electrical power supplied to the heater 
rods during the transient. 

The moisture separator on the secondary side of the 
steam generator was simulated using the separator 
component. 



11. !?onequilibrium and nonhomogeneous options were selected 
8 

for each volume and junction. 
I 

I 

12. The break junctions and the pressurizer surge line 
/ junction were treated as choked flow junctions using a 

discharge coefficient of one. 

The following modifications to the base nod& were made to 
select the EM options. These options ,are the same as those 
used in the EM plant model reported in BAW-10168 Volume I. 

1. The equilibrium option was selected for the core inlet, 

outlet, and core volumes. 

2. The homogeneous option was selected for the core inlet, 

outlet, and the normal (vertical) core junctions. 

3. The EM heat transfer option with the BLW high pressure 
CHF correlation with nixing vanes (BWCMV) was oeiected 

for all the core heat slabs. The post-CHF lock-in 

option, that would force temporary film bailing if CHF 
is exceeded and conditions would permit a return to 

nucleate boiling, was used. 

4 .  The 90/10 weighting factor was used in the 

underrelaxation of the interphase heat transfer. 

5. Break junctions used the EM choked flow correlations, 
Extended Henry-Fausks in the subcooled regime, Moody 

for the saturated .fluid, and Murdock-Bauman for 

superheated steam, with static properties. A discharge 
coefficient of one was used for subcooled flow and 0 . 6  



for saturated and superheated flow conditions. These ' 

coefficients were chosen to reasonably approximate the 
leak flow boundary conditions from the test. 

The break junctions in the base model were selected as 
EM choked flow junctions. An additional junction and a 
time- dependent volume were added at each break plane. 
These junctions were used to switch the flow from 

choked flow to a flow calculated by the RELAPS momentum 
equations when the system pressure was close. to the 

suppression tank pressure and choked flow was no longer 
appropriate. The non-choking option was selected for 
these junctions. When the velocity calculated using 
the orifice equation is less than the choked junction 

velocity, the choked junction is closed and the second 
junction is opened, and will remain open during the 
remainder of the transient. 

I I 

7 .  EM ECC bypass flow modeling was used. 
! 

! 
8. The EM heat transfer package, including the Condie- 

Bengston IV film boiling correlation, was used. 
I 
I 

aansieht Simulation 

The base case and the EM case were run with constant 

boundary conditions to obtain steady-state test conditions. 

The steam generator secondary side pressure was adjusted to 
obtain the desired primary system conditions. The measured 

and the predicted steady-state conditions are given in T a b l e  
12.2. Trips were used to initiate the sequence of events, 
given in Table 12.1, during the transient. 



e measured and predicted pressure variations near the 
vessel s.ide break are shown in. Figure 12.4. Both .Cycle 
36.04 and the EM predicted lower pressures than the data 
during the entire transient. The EM calculated a relatively 
faster' depressurization rate than Cycle 36.04 after about 10 
seconds from the transient initiation. As a result, the 
pressure near the break location reached the suppression 
tank pressure at about 21.1 seconds in th* En case, and at 
25.7 seconds in the base case as compared to 37 seconds in 
the test. 

The pressure response near the pump side break is shown in 
Figure 12.5. The predicted pressure response near this 
break location, using the EM option, was similar to the 
prediction near the vessel side break. ~etween 1; 0' and 8.0 
seconds, the base case predicted a higher pressure than the 
data. The difference between the measured and the input 
values of the HPX flow rates near this break location is the 
cause of this difference. The break plane pressure reached 
the supprsksion tank pressure at 19.3 seconds in the EM test 
case, and 25.6 seconds in the base case as compared to 27.0 
seconds in the test. 

The pressure responses at other locations in the primary 
system are shown in Figures 12.6 through 12.10. From these 
figures it can be concluded that the pressure response in 

the primary system is similar to the pressure response near 

the vessel side break shown in Figure 12.4. The Cycle 36.04 
pressure response near the broken loop simulated pump 
suction side, as shown in Figure 12.7, supports the 

conclusion made from Figure 12.5 that the HPX flow rate 
difference is the cause for the prediction of higher 
pressure than the data in the 1.0 to 8.0 second time period. 



The pressure responses in tho intact and +ha.-broken loop 
accumulators. shorn in Pi#-8 12.11 and 12.22 o~geotively, 

are consistent with the primary system pressure response. 
The sudden 'drop in measured pressure in the broken loop 
accumulator at about 2.5 seconds was caused by the opening 
of a valve in the surge line before the onset. of 

injection. l2 In the present model, the initial pressura 
in this accumulator was set to 520 psia  as was done in the 
RELAP4 model given in Reference 12.3. 

The differential pressure across M e  pressurizer. which 
reflects the pressurizer liquid level. is shown in Figure 
12.13. 30th the EM and Cycle 36.04 predicted a faster 

decrease in liquid level than tho data. Again this is 
consistent with the system pressure response.' 

The mass flow rates at different locations in the primary 
system are shown in Figures 12.14 through 12.20. In the 
test, the mass flow rate was estimated from the measured 
density and the volume flow rate. The mass flow ratas given 
in the data report12*l were digitized to generate the 
comparison plots. During .the digitalization the 

oscillations in the original data plots were smoothed out. 
The vessel side break flow rate for the option, shown in 

Figure 12.14, includes the break junction flow rate and the 
ECC liquid bypassed. 

Figure 12.14 shows that, near the vessel side break, both 
Cycle 36.04 and the EM predicted higher flow rates than the 
data during the early part of the. transient. Cycle 36.04 . 
correctly predicted the transition from single-phase to two- 

phase conditions which occurred at about 2.8 seconds, while 

the EM predicted an earlier transition than the data. The 

prediction also showed oscillatgry flow behavior between two 



and four seconds from the initiation of the transient. These 
oscillations are caused by the critical flow transition 
switching logic from Extended Henry-Fa~ske to Moody and the - 
non-4guiXibrium nature of the flow near the break location 
at this tim4. In the EM model, the transition from the 
~xkended Henry-Fauske to Moody occurs when the upstream node 
equilibrium enthalpy is close to the saturation enaalpy, 
Until this condition is reached only liquid is allowed to 
flow through the break, since the non-equilibrium option is 

selected, vapor can exist in this xalume, even though the 
equilibrium enthalpy is lower than the saturation enthalpy. 

As a result, the void fraction increases until the condition 
to switch to Moody is reached. As the choked flow 

correlation is switched to Moody, the break node void 

fraction decreases due to the high slip between the phases 
as calculated by the Moody slip correlation. This reduction 
in void fraction causes the equilibrium enthalpy to decrease 

below saturation which in turn causes a switch in the 

critical flow correlation. The switching between the two 

choked flow correlations continues until the liquid reaches 

saturation, When the systerp presSure was.clase to the 

suppression tank pressure, large spikes were observed in the 
data as well as in the prediction. These spikes were caused 
by the movement of liquid slugs from the accumulator 
injection location to the break. 

The system depressurization rate depends on the mass and 
energy crossing the boundaries of the system. In the EM 

case; the use of the' Moody discharge correlation causes the 

system to loose more energy than mass. This is due to the 
high slip ratio between the phases at the break location as 
compared to the RELAPS Cycle 36.04 choked flow model. Thus, 

a lower CD value .needs to be used with the ~oody correlation 
to approximate the depressurization rate predicted by Cycle 
36.04. . 



The upper plenum to hot leg flow rates ware biased more 
towards the broken- loop than the intact loop for about ten 
seconds as shown in Figures 12.16 and 12.17. The large flow 
reversal in the broken loop hot leg, observed in the test at 
about one second after transient initiation, was not 

predicted by the code. This flow bias is due to the 
relative differences between the depressurization rates of 
the two hot legs. 

\ 

The data as well as the prediction show that t h e  core inlet 
flow remains negative during the entire blowdown period as. 

shown in Figure 12 - 2 0 .  For the first second after the 
initiation of the transient, both cases predicted higher 

values than the measured negative flow rate. From 7 to 12 
seconds, the EM predicted less of a negative flow rate than 

the data and the Cycle 36.04 prediction. 

The flow rates from the intact and the broken loop 

accumulators are shown in Figures 12.21 and 12-22, 

respectively. The starting points for the accumulator 

injection as well as the flow rates are consistent with the 
pressure response near the injection location. The spike in 
the broken loop accumulator flow data was caused by the 

opening of a valveL2 and therefore the actual flow did not 

start until about 3 seconds after transient initiation. The 

oscillations in the Cycle 36.04 prediction of this 

accumulator flow were due to the time steps taken by the 
code. The time steps were larger than those allowed by the 
Courant limit. Similar oscillations were observed in an EM 

case when the code used the same tine step as in the Cycle 
36.04 case. The EM case discussed here was run using time 
steps which were smaller than that allowed by the Courant 
limit and it calculated a smooth flow rate as shown in 

Figure 12.22. 



The density variations near the vessel side and the pump 
side breaks and near the core inlet are shown i n  Figures 
12.23, 12.24, and 12.25, respectively. 'The spikes fn the 
data as well as in M e  predictions, during the later part of 
the transient, were caused by movement of liquid slugs from 
the EcC injection location to the break. Near the vessel 
side break the EM calculated density decreased rapidly at 
about 1.5 seconas after transient initiation. From 1.5 
seconds to 5 seconds, oscillation were observed in this 
density calculation which - coincided with the break flow 

oscillations shown in ~ i ~ u r e  12.14. The early decrease in 
density an8 its oscillatory behavior are attributable to the 
switching in the choked flow models as described earlier. 
After about 5 seconds, the ]EM calculated density agreed 

reasonably well with the data until the end of blowdown. 

Cycle 36.04 underpredicted the density from about 3 to 11 

seconds into the transient even though the code predicted 

the break flow reasonably well (Figure 12.14). Relatively 

lower slip between the phases, calculated by the Cycle 36.04 
choked flow model, caused more than the required amount o f  

liquid to be discharged from the break volume; thus, 

resulting in a lower volume average density prediction. 

Near the pump side break, both the EM and C y c l e  36.04 

overpredicted the density from 1.5 to 6.0 seconds and 
underpredicted it during the remainder of the transient 

which is consistent with the pressure prediction shown 
in Figure 12.5. Both Cycle 36.04 and the En overpredicted 
the density near the core inlet as shown in Figure 12-21. A 

lower core heat transfer prediction, which is discussed 

later ia this Section, is the major cause of the high 
density fluid near the core inlet. 



Fluid temperature variations at different locations in the 
primary syotem are shown in Figuru 32.26 .through 12.31. 

.me calculated liquid and vapor t-peraturea are shown in 
these figures. The figures show that, once the system fluid 
condition has switched from a subcooled liquid to a t w o -  
phase mixture, the liquid and vapor temperatures generally 
remain near saturation duri'ng the major portion of the 

blowdo6 period. During the accumulator infection period, 
the data as well as the prediction show subcooled liquid and 
saturated steam at the injection location (Figure 12.29). 

As the liquid slugs move toward the break, the fluid 

conditions along the path change from a saturation condition 
to saturated steam and subcooled liquid (Figures 12.27 and 

12.28) . The effect of lower core heat transfer during the 
: later part of the transient can be observed in the fluid 

conditions near the core inlet (Figure 12.30) and exit 

(Figure 12.31) . . . .  

The cladding temperature variations at the peak Power 

location in the average and the high powered rods are shown 
in Figures 12.32 and 12.33, respectively. From an 

examination of the data given in Reference 12.1, it was 

observed that the cladding temperatures of the rods near the 
vessel wall were much higher than those of other rods (data 
D8-27 in Figure 12.32). The unpowered rods i n  the bundle 
could reduce the temperatures of the nearby heated rods. 

However, test 5-04-5, which is the counterpart of test 

S-04-6 ( w i t h  all rods powered) showed a similar trend in its 
results. For most of the inner rods, both tests gavk about. 
the same temperatures at the peak power locations. 

Therefore, only the cladding temperatures for the inner rods 
should be used for comparing the data with predictions. 

The predicted cladding surface temperatures are shown in 
Figures 12.32 and 12.33. In the test, the themnocouples 



were located In the creases of the inner sheath. In the 
model, the cladding was modeled using two radial nodes. 
Therefore, the imer node temperature would and should b~ 
closer to the data. However, in RELAP5 only surface 
temperatures are stored in the plot file. At steady-state, 
the calculated temperature of the inner node, in both cases, 
was found t o  be close to the data. During the transient, 
the difference between the surface temperature and the inner 
node temperature was about 10 F. Hence, the surface 
temperature is sufficient for comparison purposes. 

The EM CHF correlations were found to be conservative i n  
predicting DNB. Cycle 36.04 predicted DNB early by about 1 
second for the average powered rods and correctly predicted 
DNB for the high powered rods, The EM predicted DNB within 
0.5 seconds for the average powered rods and within 0.1 
seconds for the high powered rods after the initiation of 
the transient. The DNB in the test occurred at about 3 

seconds after the initiation of the transient. 

Cycle ' 36.04 and the EM both predicted higher cladding 
temperatures than the data during the entire transient 
period with the EM being even higher than Cycle 36.04. The 

EM calculated cooling-of the high and average powered rods, 
after reaching the peak cladding temperatures, agreed well 
with the cooling rate for rod D8-27. Both the test and the 
EM prediction show a slow cooling of the core after 10 
seconds from the initiation of the transfent while; Cycle 
36.04 shows a slow heatup during the same period. From 
Figure 12.20, it can be concluded that the magnitude of the 
core flow during this period is slightly higher in the t e s t  
than it is in either predictions. In the test, this higher 
core flow promotes added core cooling. In the EM 
calculation, even though the core flow is lower, the very 

high cladding temperatures before 10 seconds causes a slow ! 



cooling of tbs core &ring tho later part o f  the transient. 
In , the Cycle 30.04 calculation, the lower core flow 
calculation in the later part o f  the blowdown and the 
approximately correct cladding temperature prediction at 10 
seconds cause the cladding temperature to increase slowly 
during the later part of the transient. 

and Conc1,usio~ 

Semiscale HOD1 large break LOCA test 5-04-6 was simulated 

using RELAPS/MODZ-BLW with one case using the Cycle 36.04 
options and the other using the B&W EM options. The EM 

options selected in this study are the same as those 

selected for actual plant modeling (BAW-10168). As 
expected, both cases predicted higher break flow rates, 

faster system depressurization rates, and higher cladding 

temperatures than the data; the EX generally preaicted 

higher values for these parameters than Cycle 36.04. 

The consistency between the transient behavior predicted by 

the RELAPS/MODZ-B&W evaluation model version and the test 

data, given allowances for the effects of the EM discharge 
and core heat transfer. models, supports application of BLW's 

EM version for conservative calculations of blowdown during 
large IBCA transients. When applied according to ~ppendix K 

requirements, using a spectrum of effective break area- 

discharge coefficient combinations, REWS/MOD2-B&W should 

prove effective in defining limiting end-of-blowdown 

conditions. 
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Table 12.1. Sequence of Events During Test S-04-6 . 
Event 2ia~msL 

%lowdoh Initiated 
ECC Accumulators Znitiatsd 

HPI Pumps Started 

Steam Generator Feedwater 
and Discharge Valves Closed 
LPI Started 

Table 12.2. Conditions at Blowdown Initiation. 

Parameter Data Cvcle 36.04 EM 

Core Power, kW 3.44 1.44 1 . 4 4  

Cold Leg Fluid Temperature, F 5 4 3 . 0  543.5 543 0 

Hot Leg Fluid Temperature, F 610.0 610.3 609.5 

Pressurizer Pressure, psia 2252.0 2253.3 2252 6 

Pump Speed, RPM 

ICL Flow Rate, lbm/s 
Steam Generator Pressure, psis 850.0 809.5 803.5 

Pressure Suppression Tank 
Pressure, psia 34.8 3 4  a 8 3 4 . 8  



I . figure , 12.1. Seniscale MODS Test Facility - Cold Leg 
. , . 8 

: , Break Configuration. 
' I 

I 



8 
the tm~~ou~ce  LOCllron 

Elwrtran ol fnrrmocoupco 
DO* Bottom 01 Core 

Figure 12 .2 .  Semiscale MOD1 Rod Locations for 
Test 5-04-6. 
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FIGURE 12.4, SEMSCALE MOD 1 TEST S-04-6; PRESSURE E A R  THE 
VESSELSDEEREAK. 

FIGURE 12.5. SEMSCAtE MOD 1 TEST S-04-G; PRESSlR?E EAR THE 
PUMP SIDE BREAK. 
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f law 12.6. SEMISCALEMOD1 TESTS444RESStlRENEARTHE 
NTACT LOOP PUMP U(CT. 
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12.7.  SCALE MOD I TEST s-04-~; PRESSURE N w 
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FIGURE 12.8. SEkIQSCALE MOD 1 TEST S44-8; PRESSUZE El THE 
UPPER m. 
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FIGURE 52.10. SEMlSCALE MOD1 E S T  S-04-8; PRE~SURE NEAR THE 
TOPOFTHEPRESSLIRaER. 
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RGaRE 12.12. SEMSCALEMODI TESTS44-6:PRESSVIEIYM 
BROKEN LOOP ACCUWUATM. 
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FIGURE 12.1 3. SEMISCALE MOO 1 TEST SO4-6: DlFFERPtmAL PRESSURE 
N 'TFIE P R E S S U m .  
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FIGWE 12. IS. SEMSCALE MOO1 TEST 5-046: MASS now RATE NEAR 
SIDE BREAK -ORE ECC N J E C ~  W 
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FlGLRE t 2.16. sEMIsc~E MOD1 TEST - MASS ROW RATE N 
THE NTACT LOOP HOT LEO. 
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FlGURE 12.17. SEMlSCALE MOD I TEST S-04-6: MASS FLOW RATE NEAR 
T H E W  StvlULAToR INLET. 
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FIGURE 12.18. SEMISCALE MOD1 TEST MASS FLOW RATE H NTACT 
LOOP COLD LEO (BEFORE ACCllMULATOR NJECTION POPFT). 
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FKURE 12.19. EMSCALE MOD1 TEST S-04-8; DOWN- N E T  FLOW 
RATE FROM THE NTACT LOOP. 
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RGIlRE 12.20. SEMSCME MOO1 TEST 5446: MASS ROW RATE AT 
THE CORE INLET. 
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FIGLRE 12.2 1 . SEMSCALE MOD1 TEST 9-04-6: MASS FLOW RATE FROM 
ME INTACT LOW ACCWTCM . 



I FIGURE 12.22. &MSCA~E Mob1 TEST 5- MAS3 FLOW R A E  FROM 
THE BROKEN LOOP ACCtJMULATOR. 
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FIGURE 12.23. =SCALE MOO 1 TEST $44-6: OWSrrY NEAR THE 
VESSELSlOEBREAK. 
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FIGWE 12.24. S O J I S C A L E ~ # D I T E ~ ~ ~ ~ ~ - ~ : ~ ' E ( E A R M W  
SlDE BREAK [BEFORE THE ECC ~C~ LOCATION). 
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FIGURE 12.25. SEMSCALE MOD 1 TEST S-04-6; DENSTTY f&R THE 
CORE N E T .  
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FlQlRE 12.26. SEMSCALEMOD~ T E S T S - O Q . B : F L U ) ~ ~ U R E M A R  
THE VESSEL SIDE BREAK. 
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FIGURE 12.27. SEMSCU MOD I TEST S-W-6: FLUID TEhPERATtlRE NEAR 
PUMP SIDE BREAK @€FORE ECC NJECTiON LOCATM) . 
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M 12.28. SEMSCALE MOD 1 TEST FLW W - Z A T U R E  
N THE N A C T  LOOP HOT LEO. 

FlGURE 12.29. SEMlSCALE  MOP^ TEST -6; FLUD TEMPERATURE N 
WACT LOOP COtD LEG (NEAR ECC INJECTION POPICT). 
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FK3URE 12.31. WSCALE MOD1 TEST S-044 FLUD TeAPERATlRE N 
UPPERPlEtwvl. 
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FIGURE 1 2.32. SEMSCALE M00 1 TEST S 4 4  AVERAGE POWER ROD 
CLADWGS TEMPERATURE AT PEAK POW LOCATION, 

FIOUAE 12.33. SEMSCALE MOD1 TEST S-04-6; HlGH POWER ROD 
TEMPERATURE NEAR PEAK POWER LOCATK)N. 
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: 1 3 .  Question: The 5-04-6 results presented by BLW d i d  not 
i 

compare the calculated and measured pressurizer level 
response. Provide this comparison to verify the code and 
system models BLW intends to use in plant calculations 

I adequately' calculate t h i s  phenomenon. 

. . 
Response: See the response t o  question 12; 



14. Question: In small break LOCAs (SBXdCAs), accurately 
calculating the mass distribution in the primary system is 
import.ant to predicting the overall sydtem response. The 

codeldata comparisons provided by 3 & W  for the WFT- L3-5 

assessnent calculation did not include any comparisons that 
would indicate how well RELAPS/MOD2-BCW calculated the mass 
distribution. 

a. Provide plots comparing calculated and measured 

densities around the primary system to verify the mass 
distribution was accurately calculated by the code. 

b. Compare the calculated and measured times of loop seal 
clearing and provide a comparison of the calculated and 

measured primary system mass inventories. 

c. Provide a comparison of the calculated and measured 

break flows for LOFT L3-5. 

d. Clarify why the pump coasted down more rapidly in the 
calculation for LOFT3-5 than in the experiment (Figure 

Response : . . 

As indicated in Section G.2  of W - 1 0 1 6 4 ,  RELAP5/MOD2-B&W 

predicted the overall system response, including primary and 
secondary system pressure, pump coastdown, natural 

circulation and long-term cooling, reasonably well. Despite 

the underprediction of the BE discharge model, which in 
large measure reflects the need to use a discharge 

coefficient greater than one, such uncertainties are 
generally accounted for in PI applications through a 
spectrum study. This is equivalent to varying the discharge 
coefficient in search of the bounding or most severe 

(highest peak clad temperature) SBIX)CA. 



aCb. The calculated' and measured values for the intact loop 
hot leg density, cold leg density, loop seal and 

primary system mass inventory are presented in Figures 
14.1, 14.2, 14.3, and 14.4, respectively. The loop 

seal plot (Figure 14.3) indicates that the loop seal 
blow.-out phenomenon was not observed because core 

bypass and reflood'assisted bypass were utilized in the 
test. The discrepancy in the loop seal height is due 
to a difference between the AP tap location and the 

level calculation by RELAPS control variable that 

consists of the vertical section of the puinp suction 
piping including M e  pump volume. Although the upper 

elevation of the AP tap was not available, the main 
point of this plot is to demonstrate that both the 
prediction and the test data showed that the loop seal 

was not cleared due to a core bypass designed to 

prevent core unc'overy. Test measurements during the 

pump coastdown ( 0  - 30s in Figure 14.3) do not 

accurately reflect the actual loop seal liquid level. 

The calculated hot and cold leg densities and mass 

inventory are consistently higher than the test data as 

a result of an underprediction of the BE discharge 

model. 

I e. The calculated and measured leak flowrates are 

presented in Figure 14.5. In general, the RELAPS BE 

discharge_model underpredicts the discharge flowrate. 

This is reflected in the primary system pressure Shown 

in Figure 0.2-10 (BAW-10164) and the mass inventory 
f plot in Figure 14.4. 
I 

I 



d.. The pump coastdown is affected by the leak flowrate, 
which is substantially higher .than the measured data 
during the  coastdown period as shown in Figure 14.5. 
As a result, the reverse flow fluid torque exerted upon 
the pump reduces its speed more rapidly. This 
phenomenon is also  observed in the benchmark 
calculation with REUP4/MOW. The RELAP4 model was 
obtained from EGG-LOFT-5089, Best Estimate Prediction 
for LOFT Nuclear Experiment W-2, which has the same 
homologous pump data. 



FIGURE 14.2. LOFT TEST L-3-5; COtO LEO DENSITY (W MSCHAROE). 



FlGilJRE 14.3. LOFT TEST t-3-5: LOOP SEAL HElWT (PUMP SUCTION PIPE). 

FIGURE 14.4. L W  TEST L-3-5; NORMA- RCS H m o R Y  



FIGURE 14.5. LOFT TEST L-3-5; LEAK ROWRATE. 
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a 15. Question: In the BhW SBLOCA methodology, RE&?@S/MODZ-B&W is 
used t o  calculate the system response including partial or - - 

, 
total core UncOVery. Because tOET L3-5 did not include core 
uncovery, the code's ability to calculate the core inventory 

during core tkcovery in a SBLOCA was not d~m~nstrated. TO 
demonstrate this capability of REUPS/MOD2-BLW, provide the 
re su l t  of SBLOCA assessment calculation involving core 
uncovery . 
Response: To v e r i f y  REIAPS/MOD2-BPW capability t o  calculate 
core uncovery/recovery and loop seal clearing, a benchmark 
analysis was performed on Semiscale Test S-IS-1. The 
results of the benchmark are presented i n  the response to 
question 17. 



: 16. ' Question: NUREG-0737, Item 11.K3.30, required that codes to 

be used to perform SBLOCA licensing calculations be verified 
withe respect to their ability to calculate phenomena 

associated with nancondensibles in the primary system; the 
s ingle-phase , two-phase, and ref lux modes of natural 
circulation; and condensation heat transfer. The 
intonnation provided thus far by BCW has not addressed these 
items, In addition, integral assessment against data for 
LOFT h o t  L3-1 and Semiscale  st S-07-10 was requested in 
NUREG-0737, Item 1I.K. 3.30. The staff agrees that 
assessment of REULP~/MOD~-B&W against these specific tests 
is not required because the SBLOCA data base is considerably 
larger'thari when NUREG-0737 was written. However, the tests 
used to assess the code should cover the range of phenomena 
typical of small break LOCAs (natural circulation, core 
uncovexy/recovery, loop seal clearing phenomena, pumps 

on/of f, etc. ) . Provide the assessment calculations needed 
to veqify that RELAPS/MOD2-BLW is capable for accurately 
calculating all the phenomena expected to occur in SBLOCAa. 

Response: The primary system response to SBWCA is mainly 
controlled by break size and decay heat removal via the 
steam generator. The MIST and OTIS benchmark results 

provided in Chapter lo of the MIST final report and the 
RELAPS/MOLI2 benchmark of the OTIS Feed. and Bleed Test, 
respectively demonstrate that RELAPS is capable of properly 
predicting SBWCA phenomena. The benchmarks show that the 
primary sSstd pressure response and primary system mass 
inventory were well predicted. Further discussion o f  SBrx>CA 

phenomena, such as liquid entrainment, core 
uncovery/recovery, loop seal clearing, and pump trip and 
coastdown, is presented in the response to question 17. The 
reflux and natural circulation modes of care cooling, and 
the effect of noncondensible gas on condensation heat 
transfer are addressed herein. 
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p7oncondensible Gas 

A mechanistic model to calculate surface condensation in the 

presence of noncondensible gas was developed, based .on the. 
stagnant film model of Colburn and Hongen, and was 

incorporated i n  RELAP5/MOD2-BLW. This model was benchmarked 
against single tube separate effects tests performad a t  the 
B&W Alliance Research Center and at MXT. The results of the 
benchmark calculation - are published in the mProceedings of 
the Eighth ~nternational' Heat Transfer ConfereRce," San 

Francisco,'l986, pages 1627-1634. The results show that the 
prediction of RELAPS is in good agreement w i t h  the test 
data. 

lux and Natural Cir~ulat~ion 

The results of the ~estinghouse small break spectrum 

analysis presented in WCAP-10081A show that the most 

limiting. case is generally predicted for break areas 
equivalent to between 2 and 6 inches in diameter. The break 

sites in this range do not depend heavily on the steam 
generator to remove decay heat because the primary system 
pressure rapidly falls below the secondary side pressure- 

On the other hand, M e  natural circulation and reflux modes 
of core cooling become important for smaller breaks (less 
than 2 inches in diameter - 0.52. break) because the primary 
system pressure remains above the secondary side pressure 

for an extended period of time. Thus, f o r  licensing 

applications, to determine the most limiting break in the  

SBLOCA oategory, the ability of RELAPS to accurately 
calculate steam generator heat removal will not 

significantly impact overa l l  r e s u l t s .  Furthennore, 
RELAPS/MODl benchmark results of the Semiscale MOD-2A 

natural circulation t e s t s  shown in EGG-SEMI-63 15 and 

NUREG/CR-3690 have demonstrated that the code Can 

qualitatively predict all modes of natural circulation 

including reflux cooling. The hydrodynamic model 

improvements made to RELAPS/MODZ further enhance its 

accuracy in predicting natural circulation phenomena 



Additional benchmarks on natural circulation and reflux 

cooling using REtAPS/MOD2 (Cycle 36) were performed 

separately by .S. Guntay of Switzerland, and by K. R. Ardron 
and P. C ,  Hall of the United Rfngdom. The results of the 
post-test calculations of OECD-LOOT Experiment LP-SB-03 

(0.4% cold l.g break) demonstrate that R W P S / M O D Z  generally 
performed well, predicting all the key events in the correct 
sequence and with reasonable accuracy in timing. Except for 
the leak discharge and core heat transfer @el%, B&Wts 
SBmCA EM utilizes the BE options in RELAPS/MODZ for 

hydrodynamic models, nonhomogeneous frictional flow and 

nonequilibrium models that were used in the above mentioned 
analyses. Thus, the B&W version of RELAPS/MOD2-B&W will 

perform as well as RELAPS/MODZ Cycle 36. 



Question: The experience with advanced thermal-hydraulic 

computer programs has shown 'an important sensitivity to 

modeling of the steam generators when analyzing SBLOCAs. 

Specifically, the modering o f  liquid entrainment, 

cond9nsation, and hydraulic resistance ( i t  flow regime 
maps) could significantly depress the mixture level in the 
core. This phenomenon was obsented in Semiscale Test S-UT- 
8 and later studied in Semiscale Tests S-LH-1 and S-LH-2. 

Recognizing Semiscale's atypicality, the staff nevertheless 

believes this phenomenon to be real and, therefore, possible 

in a full scale reactor. It is for this reason that we 

request validation of your computer program to predict this 
phenomenon, should it occur in a full scale reactor. 

Validation with Semiscale Tests S-LH-1 and S-LH-2 or 

demonstrating that the phenomenon obsented in the Smiscale 
experiments is calculated to occur in a plant calculation 

would be acceptable. Use of other integral experiments for 
validation requires that these experiments simulate the 

hydraulic behavior observed in the Semiscale tests. 



Response: . .. In response to the  above request, RELAPS/MODP-B&W 
was benchmarked against Semiscale test S-W-1. S-Ui-1 is a 
5% break at the pump discharge pip. with a 0.9'2 core bypass 

flow from the downcomer to the upper head. The simulation 

of S-LB-1, using RELAPS/MOD2-BLW, demonstrates thei 
capability of the code to predict SBLOCA phenomena, such as 

core uncovery/recovery, natural circulation including reflux 
boiling, loop seal clearing, and ECCS performance. The 
results of the westinghouse break spectrum analysis in WCAP- 

10081A show that the peak clad temperature (PCT) is 

generally predicted for break sizes greater than two inches 
in diameter (0.5% cross-sectional area of the cold leg 

pipe). For breaks above this size, the primary system 

depressurizes rapidly and falls below the secondary side 

pressure. Thus, decay heat removal via the steam generator 
is provided only briefly during the early phase of such 

transients, and the steam generators do not play a 
significant role in mitigating these accidents. For smaller 
breaks, that depend mainly on the steam generator for core 

cooling, numerous benchmarks of Semiscale test series S-NC, 

that demonstrate the adequacy of RELAPS/MODZ to predict 

long-term core cooling by reflux boiling and natural 

circulation, have been performed. 17-11 17-2 S-M-1 addresses 

important SBLOCA phenomena, such as loop seal clearing and 

core uncovery/recovery, that are observed in larger break 
size S B ~ C A S .  

Test Facil i tv'  

The S-LJi-1 test was conducted using the semiscale MOD-2C 
facility shown in Figure 17-1. It consisted of a pressure 

vessel with simulated reactor internals and an external 

downcomer. The intact loop simulated three unaffected loops 
of a typical Westinghouse 4-loop PWR, while the broken loop 

simulated an affected loop in which the break is assumed to 



occur. The intact loop steam generator contained s i x  
inverted U-tubes, and the broken loop steam generator 

contained two inverted U-tubes. The reactor core simulator 

was a 5 x 5 bundle with electrically heated rods (23 rods 
were powered during the test). 'The upper head region. 

contained a simulated control rod guide tube and two 

simulated support columns, The bypass line that extended 
from the external downcomer to the upperhead was used to 
simulate the core bypass flow, A pressurizer was connected 
by a surgeline to the intact loop hot leg. Both loops had 

primary coolant circulation pumps. Emergency core coolant 

from an accumulator and pumped injection system (ZIP1 and 
HPI) were routed to the loop cold legs. An open loop 

secondary coolant system was used to control the secondary 

side pressure with feedwater and steam c-ontrol valves. 

The Semiscale MOD-2C FELAPS model was originally developed 
by EG&G for the post-test analysis of experiments S-M-1 and 

S-LH-2 (NUREGICR-4 4 3 8) . The nodalizati on diagram is shown 
in Figure 17-2. The model consists of 183 hydrodynamic 

volumes, 172 junctions, and 256 heat structures. All v0lum8 

and junction parameters are calculated with nonequflibrium 

and nonhomogeneous models. Steam generator secondaries, ECC 

injection, system environmental heat losses, and both vessel 

and piping external heaters are modelled in detail. The 

core axi61 pdwer profile is modelled with twelve stacked 
heat structures over s i x  two-foot long axial fluid volumes, 
The upper head region is nodalized to allow for junctions to 
be connected at the elevations of the -top of the control rod 

guide tube, core bypass line and support columns, and at the 

elevation of the holes in the guide tube below the Upper 
core support plate. 



Several changes were made to the original EGLG model to 
properly account for and distribute unrecoverable lossas due 
to pipe bends, orifices at the pump discharge pipes, area 
changes at the steam generator inlet and outlet plenums, and 
flowmeters in the hot and cold leg pipes. A steady-state 

calculation was made with these changes to obtain the 

initial conditions presented in Table 17-1. Tho calculated 
initial conditions compared well with the test conditions 

except for the secondary side massas and pressures. ~hese 
were adjusted to achieve the desired primary cold leg 

temperatures. The calculated pump speeds are slightly 

higher than the test measurements (8% and 3 4  for the intact 

and broken loops, respectively) as a result of higher pump 
discharge orifice resistances calculated by FEWPI. 

Prior to transient analysis, additional changes, that do not 
affect the steady-state initial conditions, were made to 

incorporate B&W8s SBLOCA EM options into the model; they 
are: the core surface heat transfer model, the leak 

discharge model (BAW-10164P), and thermal equilibrium in the 
core region. A leak discharge coefficient of one was 

applied to both the subcooled and saturated choke flow 
models. The external heaters were modelled mechanistically 
in RELAPS, and the measured power to the heaters as a 

function of time Mas input as a boundary condition. The 

core decay jower and pump coastdown speeds as a function of 
time were also input to the modal. There was l imited 
secondary- side steam valve modal information available f rom 

this experiment. Since tha secondary system responses have 
an impact on the natural circulation and reflux boiling 

Phases of the transient, the secondary side pressure 
responses from the experiment were used as boundary 

conditions in the calculation (see Table 17-2). 



The sequence of major events is presented in Table 17-2. 

The transient was initiated at zero seconds by opening the 
leak, and thereby causing a flow of subcooled primary fluid 

out the break, resulting in a rapid system depressurization. 

Figure 17-3 shows good agreement in the leak flowrate 
between the MWIP5 calculation and the experimental data. 
The primary system pressure response is controlled by the 
leak flow, and Figure 17-4 shows that the calculated 

pressure is in good agreement with the experimental pressure 
up to 200 seconds. The calculated time to ;each the safety 

injection system (Sf S) setpoint of 1827.5 psia (pressurizer) 
is approximately 3 seconds later than the experiment, 
primarily due to a slower draining in the pressurizer. This 

is believed to be caused by a higher overall intact loop 
resistance observed in the initialization analysis. The 
calculated steady-state pump speed in the intact loop is 

approximately 8% higher than that of the experiment. 

The draining of the steam generator tubes occurred after the 

pump speed coasted down to zero at 100 seconds. A t  this 

point, the primary system entered a reflux condensation 

cooling mode. Figures 17-5 through 17-8 show U-tube liquid 

levels in both the intact and broken loops. It should be 
noted that  the measured liquid levels using df f ferential 
pressure cells can lead to considerable error during the 
pump coastdown period ( 0  - 100 sec). - Bath the 

prediction and the experimental data show that the upflow 

side of the U-tube consistently drained later than the 

downflow side due to de-entrainment and reflux condensation 
on the tube surface, Following draining of the steam 

generator U-tubes, a liquid seal was formed In the p u p  
suction of both loops. The seals caused a blockage of steam 
flow t o  the break. As a result, the primary system entered 



a period of manometric level depression in both tho downflow 
side of the pump suction seals and in the core liquid level. 
To clear the pump suction loop seals, the liquid head 

imbalance between the downcomer and the core must accrue to 

the total of the loop seal level plus the liquid holdup, due 

to reflux condensation, in the upflow side of the U-tubes. 

As shown in Figures 17-5 and 17-7, the liquid level in the 
upflow side of the steam generator U-tubes is a significant 
contributor to the total AP, that opposes loop seal 

clearing. The loop seals cleared at 175 seconds and 214 

seconds for the intact loop and the broken loop, 

respectively. 

Figures 17-9 through 17-12 show the liquid level in the pump 

suction pipes. The intact loop seal cleared first, Followed 
by the broken loop, because the primary-to-secondary heat 

transfer was terminated earlier in the intact loop than in 
the broken loop. Clearing of the loop seals produces a 

continuous path to the break for steam generated in the 

core. The steam conditions at the leak result in lower leak 

mass flows, but higher volumetric flows. As a result, the 
primary system began a rapid depressurization. 

Following loop seal clearing, the RELAPS depressurization 
rate was faster than was observed in the experiment, in 

s p i t e  of good agreement in discharge mass flowrate between 
the calculation and the experiment. The energy discharge 

rate and heat-loss to the ambi'ent surroundings of the test, 

were not available to confirm the reasonable hypothesis that 
steam venting is the primary cause of the larger 

depressurization rate in the =LAP5 prediction. 

One of the important parameters used as an indicator for 

SBLOCA mitigation is core collapsed liquid level. This is 
shown in Figure 17-13. As a result of correctly predicting 



primary system mass inventory and reflux heat transfer, the 
agreement in the  first core level depression between the 

calculation and the experiment is excellent. After clearing 
the loop seals, core decay heat continues to boil-dff fluid 

in the core region and, since the HPIS flow alone' is not 
sufficient to makeup for fluid l o s t  out the break, the care 
liquid level continues to. decrease until accumulator 
actuation is achieved. - 
Accumulator in j ection occurred much earlier in the 

calculation than in the experiment due to the faster 

dcpressurirst ion rate. However, the shortonbb core boil-of f 
period was compensated for by increased flashing. Thus, the 

second core level depression was calculated to be nearly the 
same as the measurement except for its timing. The 

experiment shows that a nore significant and uniform core. 
heat-up occurred during th; second core level depression. 

The ability of RELAPI to correctly predict the two distinct 

core liquid level depressions demonstrates that the code can 

accurately calculate important thermal-hydraulic system 

parameters, that are used to determine the most limiting 

SBLOCA. Figure 17-14 shows the normalized primary system 
mass inventory. It confirms the adequacy of the  EM 

discharge model. The mass inventory increased following 

accumulator injection. The HPIS injection flow rates for 

both the intact and broken loops are presented in Figure 17- 
15 and 17-16, respectively. The calculated flow rates are 

higher than--those of the experiment due to the faster 

depressurization rate predicted by RELAPS. 

In C O ~ C ~ U S ~ O ~ ,  the benchmark results show that the 
calculated overall system 'responses are in a good agreement 
with the experimental data. REL?iPS/MODZ-B&W calculated the  



major events of the transient, namely two-phase natural - ' 

circulation, reflux and liquid holdup, pump suction loop 
seal clearing, core liquid level depression, ECCS injection 
and core recovery, in the proper sequence. The benchmark 
demonstrates that RELAPS/WDZ-B&W can aclequately predict the 
system thermal-hydraulic responses during a SBLLICA. 



References 

17-1. K. P. Ardron and P. C. Hall, nWK Experience with 
RELhP5/MOD2,* Central Electricity Omorating Board, 

Generation Development and Construction Division, 
Barnwood, Cloucester, UK (Private Communication) . 

17-2. Po Ting, R o  Hanson, and R. J8nlcs, mternatiom code 
~s se s sment  and  ADD^ cations ~roq3;glg, m G 0 l 2 f O t  Val. 

1, March 1987. 

17-3. G. G. Loomis and J. E. Streit, pesults of ~emiscals 
POD-2c small - Bre ak (5%)  LOSS-of Coolant Accident 
Ex~eriments S-m-1 and S-LH-2, NUREG/CR044 3 8 8 November 

1985. 



Table  17-1. Comparison of Calculated and Measured Initial 
Conditions f o r  Semiscale Test S-LH-1. 

Parameter 
. . 

~ressuri zer Pressure', psia 

j Core Power, Xw 

I Pressurizer Liquid Level, inches 1 5 5 - 5  155.6 
I 

i Cold Leg Fluid Temperature, F 
Intact  Loop 552.  I 552.2 

I 

Broken Loop 555.6 556.7 

Primary System Flowrate, lbm/s 
In tac t  Loop 

C 

Broken Loop 

Core Bypass F low ( O  of t o t a l  core flow) 

I 

, S G  Secondary Pressure, psia 
Intac t  Loop 
Broken Loop 

, Core AT, F 

'; SG Sec~ndary  ~ ~ d s  -~aIass, lbm 
Intact  Loop 
Broken Loop 



Table 17-2. Comparison of Calculated and Measured Sequence of 
Events for Semiscale T e s t  S-Ui-1. 

Break Opened 

Pressurizer a t  1827.5 p s ia  (SIS] 

Reactor Scram 

Pump Coastdown In i t ia ted  
Intac t  Loop 

Broken Loop 

- Feedwater Off 
Intac t  Loop 

Broken Loop - 

MSIV Closure 
In tac t  Loop 

Broken Loop 

HPIS I n i t i a t e d  

In tac t  mop 
Broken Loop - 

Pressurizer Emptied 

Intac t  Loop Seal Cleared 

! Broken Loop Seal Cleared 



~ a b l e  17-2. Comparison of Calculated and Measured Sequence of 
Events for Semiscale Test S-LH-1 (continued). 

Event Meaaurea RELAPS 

Injection 
Intact Loop 503.8 3 2 4 . 0  

Broken Loop 501.4 324 .0  
. - 

SG Secondary S i d e  Pressure Used in the RELAP5 Prediction 

Time. secondq J2&wLua v 



Broken loop 

steam fine - 

Reclrculatlon lines 

lntrcl loop main 
storm Isolallan 

Pressure 

Intact loop pump 
suctian (iocp seal) 

Blowdown valve 

Broken loop pump 
sucllon (bop seal) 

Vessel Condenad brrrk 
downcomar flow mrasurtng tank 

Figure 17-1: Semiscale MOD-2C .System Configuration* 
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FIGURE 17-3. S€MlSCAlE TEST S-LH-1: LEAK FLOW R A E .  

FIGURE 17-4. SEMSCALE TEST W- I; PRIMARY SYSTR4 PRESSURE, 
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flGlUFIE 17-7. $EMSCALE TEST -1; BFIOKP( LOOP STEAM -TOR 
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FIGURE 17-8. SEMlSCALE TEST S-LH- 1; mOKW LOOP STEAM ENERATOR 

LOO 
Tl.e€LEVEL-00WNsIDE, 

I 
'EST DATA ------- FIEUPS/M002BaW EM 



*T DATA 

TEST DATA 
-------  FMAPS/MOQ2-€SW Ek% 

FIGURE 17- 10. SEMISCALE TEST S U -  1: NTACT LOOP WMP SUCTION 
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FjQURE 17-1 1 . SEMSCALE TEST ZHn-I: LOOP RklP SUCTW 
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RQURE 17-12. SEMISCALE TEST S-LH-1; BROKEN LOOP PUMP SUCTION 
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FIGURE 17- 13 . S E M ~ S C ~ E  TEST S-LK 1: VESSEL UQCDD LEVEL. 

FIGURE 17- 14. SEMISCALE TEST S-IH- 1: PRIMARY SYSTEM NORMALIED MASS. 

TEST DATA 
------- F E L A P 5 m 2 a w  eR 



FIGURE 17- 15. SEMISCALE TEST S U -  1; NTACT LOOe ECC FLOW RATE. 

FIGURE 17-16. SEMISCALE TEST S-IH- 1; BROKEN LOOP ECC FLOW RATE. 
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Question: In BAW-10168P, BhW Loss-of-Coolant Accident 

 valuation Model for ~ecirculating Steam Generator Plants, 
'BCW stated that  the SBLOCA methodology would be applied to 
breaks up to approximately 1 ft2. The one SB~CA.assessment 

provided for review by' BCW was LQFT Test L3-5. The break in 
LOFT Test L3-5 was equivalent to a break size of 
approximately 0 . 1  ft2 in a PWR. Because of the factor of 
ten difference between the break size analyzed and the 
largest break size t o  be analirzed, provide a RELAPS/MODO- 
B&W assessment calculation where the break size analyzed is 
approximately 1 f t2. 

Response: For small breaks, the reactor vessel  does not 
empty, and the LBLOCA phenomena such as ECC bypass, reactor 
refill (adiabatic heatup period), and reflooding do not 

occur. Based on experience, B&W selected the 1.0 ft2 break 
as a transition point in switching EX methodolog$. This is 

consistent with the criterion employed by Westinghouse. 

Furthermore, over a sustained period of time, Westinghouse 
has shown that this break s i z e  is not the l init ing case in 
either the large or small break LOCA category. As such, B&W 

believes it is not necessary to perform a demonstration 

analysis of a 1 ft2 SBLOCA case. 



I 

: 1 

3-2 ResBonses to Round 2 Remest for Additional 

This section contains round two questions transmitted to BLW by 
j M.W. Hodges of the .  NRC in his letter of March 23, 1989 and 

[ responses transmitted to the NFIC in letters from J. H. Taylor of 

i BLW dated May 11, 1989 and July 2 0 , .  1989. 

- Rev. 2 
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Question: The following questions are related to the 

response to Question 10 in the discussion of the sources of 
the fuel behavior models added to RELAP5/MODI-B&W. 

a. The response provided the sources of the gap 
conductance, clad deformation and metallrater reaction 

models, but did not provide calculations to verify 
proper implementation o f  the models in the code. 
Provide the results of calculations that demonstrate 
these models are properly implemented. 

Response: Demonstration of proper implementation of 

computer models is available in the code predictions 
and benchmarks that have been supplied within the 
evaluation model topical reports and in the code 

certification documentation maintained at B&W. The 
topical studies provide overall validation of the code 
and any changes made to it including model 
interactions. These are already available for review 

in the topicals, The code certification process 

provides detailed validation of model inplemantation on 
a model by model basis. All models that BPW 

incorporates into its computer codes are implemented in 
accordance w i t h  B&W procedures for computer code 

development and certification. The B&W procedure lor 
certification requires that a change be: 1) described 

. in a change specification document. 2) be verified by 
independent calculations of the coded results (usually 
manual calculations performed on a t i m e  step per time 
Step basis) . 3) have the verification calculations 
independently reviewed and approved for accuracy, 

comprehensiveness, and conclusions. 4) have all steps 



documented in files stored permanently at BLW.   he 
process and the file. are subject to audit by the B&W 

quality assurance organization and Mcc audit teams. 
Because of the detail involved in +he files, if is not 
considered practical to publish the results; however. 
the files are readily available and open for audit at 
the B&W offices at any tine. BCW believes that tho 

procedure and filing of detailed results is sufficient 
to assure that the code models, as described in the 

topical reports, are properly implemented. 

The following is additional information regarding thq 
implementation of the Baker-Just correlation in 

RELAS/MODt-BLW. 

Equation 2.3.2-58 in RELAPS/MOD2-B&W is derived based 

on the Equations 10, BSa and B5b in Reference , . 120 of 
BAW-10164. To obtain Equation 2.3.2-18, the plane 

geometry assumption in Equation 10 is replaced by the 

cylindrical geometry assumption using Equations B5a and 
B5b. Equation 2.3.2-58 is reduced to the equation for 
a plane geometry as given by the Equation 2.2.2-60 
which is essentially the same as the Equation 10 in the 

Reference 120. Equation 10 2. also the starfing point 
for the metal water reaction Equation 2.2.2-1 in m- 
T6-B&W. 

differential equation [Equation 10) is slightly 
different from one used Ln FpAp-T6-B&We In 

REWS/MOD2-B&W it is assumed t h a t  



where $ ( t )  represents the remaining terms in Equation 

On the other hand, FRAPT6-BLW assumes that 

It is to be noted that t h e  method used i n  RELAPS/MOD~- 
BbW is consistent w i t h  that used in CRAFT2 and. the 
method used in FRAPT6-B&W is consistent with t h a t  used 
in THETAlB. 

On comparison of the equations in RELAPS/MOD~-B&W to 
the  source codes, a possible units problem was noted in 
Sect ion 2.3, O n  page 2.3-35, the cladding hoop stress 
is defined in units of kpsi. However, the units for 
Eqn. 2.3.2-18 would give the hoop stress in units of 
Pa. Clarify this discrepancy. 

Response: As stated in the question, there is an 
inconsistency in the unit for the hoop stress oh in 
Equations 2.3.2-17 and 2.3.2-18. The inconsistency is 
in the topical repart: not in the code. In the code, 
the hoop stress calculated using Equation 2.3.2-18 is 
divided by 6.894757*10~ (to convert Pa t o  kpsi) before 
it is used in Equation 2.3.2-17. In order to  make the 
unit for uh consistent in these two equations, Equation 
2.3.2-18 should be written as 



and the other variables .are defined i n  the  topical 
report. 

This modification to Equation 2.3.2-18 will be made in 
the next revision to the topical report. 



Question: The following questions are regarding the new 

assessment calculation fo r  Semiscale Mod-1 ~ e s t  S-04-6 

provided in response to Question 12. 

a. The EM and BE calculations over-predicted the system 
depressurization rate and the peak 'cladding 

temperature. Clarify if the PCP would still be over 
predicted if the calculated pressures matched the 

measured pressure. 

Response: From Figures 12.32 and 12.33 in Round-1 

question 12, it can be seen that the main reason for 
the EM calculation of higher cladding temperature is 
the prediction of the early CHF. In the M calculation 
the CHF occurred within 0.2 seconds whereas in the test 

CHF occurred at about 3 seconds after the initiation of 

the transient. From Figures 12.8 and 12.9 it can be 

seen that during the first 3 seconds of the transient 

the code predicted the core pressure response 

reasonably well. Therefore the over-prediction o f  the 
cladding temperature in the EM calculation will not 

change even if the calculated pressure matched the data 
during the later part of tha transient. 

In an attempt to match the calculated pressure response 

with the data, the EM case was rerun using CD = 0.4 
during the two phase and steam blowdown period. It is 
to be mgted that CD = 0.6 was used in the M 
calculations given in M e  response to question 12. 

From Figure 2.1 it can be seen that the code calculated 
pressure response agreed reasonably well with the data. 
The calculated cladding temperature is lower than the 

CD = 0.6 case during the later part of the transient, 
as shown in Figure 2.2. However, it is still much 
higher than the data. All other parameters, except the t 



density near the core inlet, Figure 2.3, showed similar 
behavior a s  i n  the CD = 0 .6  case. From about 7.5  

seconds to 14 seconds the CD = 0.4 case calculated 
density was higher than the data. During this period 

the in tac t  loop cold leg (ICL) f low rate was higher 
than the broken loop cold leg (BCL) flow rate. The 
excess flow from the XCL flowed down to lower plenum 
through the downcomer, As a result of the flow 
reversal in the downcomer, high density fluid from the 

lower plenum entered the core inlet volume (volume 

335). It is to be noted that the code calculated 
density is a volume average density in the lower plenum 
(volume 235 in Figure 12.3) where as the measurement is 
at a local point. 

Prom this study it can be concluded that the EM would 
calculate higher cladding temperatures than the data 

even if the correct depressurization rate is 
calculated. A similar trend is expected in the BE 
calculation even though the difference between t h e  
calculated and the measured cladding temperature would 
be much smaller. 

b The response noted the EM and BE RELAP5/MOD2-B&W 

calculations predicted a faster decrease in the 

pressurizer liquid level (Figure 12.13) than the data 
and stated this was consistent with the system pressure 
responst?i:- The response, however, does not explain why 
the level 'decreases were different. Clarify why the 

calculated and measured levels were different. 

Response: The f a s t e r  decrease i n  the calculated 

pressurizer level shown i n  ~igure 12.13 was primarily 
caused by the pump side break flow rate shown in Figure 
12.15. From Figure 12.15 and 12.17 it can be seen that 



during the early part o f  the transient the flow in ths 
broken loop hot leg is higher than the data. As a 
result, the intact loop hot leg flow rate is lower than 
the data as shown i n  Figure 12.16. From Figure 12.19 
it can be seen that the intact loop cold leg ' f low rate 
is in reaoonable agrement with the data. This flow is 
mainly controlled by the pump. The lower intact loop 
hot leg flow rate  caused the pump t o  pull  additional 
Flow from the pressurizer. 

c. The response stated the calculated upper plenum to hot 
leg flows (Figures 12.16 and 22.17) were biased towards 
the broken loop over the intact loop due t o  relative 
differences i n  the depressurization rates between the 
two hot legs. B&W also noted that a flow reversal in 
the broken loop hot leg at 1 s observed in the test was 
not calculated in either analysis. Clarify the reasons 
for the differences between the measured data and the 
calculated results. 

Response: The difference between the calculated flow 

rates and data in the intact and the broken loop hot 
legs is mainly due to the over-prediction of the pump 
side break flow as discussed with the response to 
guestion 2b. 

d. The oscillations i n  #e calculated EM break flow after 

2 s (~igits 12.14) were attributed to the c r i t i c a l  flow 
switching logic between the Extended Henry-Fauske and 
Moody models. Was the same switching logic used in the 
original Test S-04-6 calculation? X f  so, why were the 
oscillation only seen in the new S-04-6 calculation? 
Also Section 4 . 3 . 4 . 1  of BAW-10168P discussed an EM 

method of smoothing the transit ion from the Extended 
I 

Henry-Fauske model to the Moody model using a linear 



weighting technique over the very low quality range. 
Clarify if this technique was used and, if so, clarify 
why it was not effective in providing a smooth 
transition between the critical flow models. 

Response: The main cause for the oscillations in the EM 
calculated vessel flow rate, shbwn in Figure -12.14, 
from 2 to 4 seconds after the initiation of the 

transient was due to the use o f  CD = 3.0 for subcooled 
and CD = 0.6 for the saturated and two p3rase break flow 
conditions. Even thaugh the extended Henry-Fauske and 

the Hoody correlation flow rates are made continuous at 
the transition boundary, the use of a smaller CD value 

for the Moody calculated flow rate causes the flow 
discontinuity at the transition point. The 

discontinuity in the CD along with the criteria used to 
switch between the two correlations, as explained in 
question 12, caused the glow to oscillate for about 2 
seconds. After about 4 seconds the flow remained twa- 

phase and the calculated flow rate was smooth. 

In the EM applications the same CD value is used with 
the extended Henry-Fauske and the Hoody break flow 
correlations. Theregore, these flow oscillatians will 
not be present in the EM calculations. 

It is to be noted that the method used to smooth the 
flow rats at the transition point is different from 

that given in section 4.3.4.1 of the EM topical report 
BAW-10168. Instead of linear weighting, an under 

relaxation of velocity as described by the equation 
2.1-4-47 of RELAPSflOD2-BCW topical report BAW 10164 



used. This is further discussed in response t o  
question 12 of the first set of questions on the PI 
topical report BAW-10168. 

An early decrease and subsequent oscillations in .the 
density near the vessel side break in the EM 
calculation from 1.5 to 5 s were attributed to the 

switching in the choked flow model (See Figure 12.23) . 
During the oscil latory period from 1 . 5  to S a# the EM 
calculated density showed an increasing trend that 
contributed to the good agreement between the EM 
calculat ion and the test data after 5 s. Was this 

increasing trend also caused by the switching i n  the 
choked flow model? If so, was M e  good 'agreement after 
5 s fortuitous because the switching in the choked flow 
model is an unphy.sica1 condition? If not, clarify why 
the density increased in the EM calculation.. Because 
the early density decrease was also calculated in the 
old EM analysis (and the BE calculation), clarify 
further how the early decrease was caused by the  
switching logic. 

Response: The causes for the v e s s e l  side break flow 
oscillations during the 1.5 to 3.5 seconds transient 
period(figure 12.14) are the discontinuities in the 
break flow at the subcooled t o  saturated transition 
boundary-as discussed with the response t o  question 26. 
As a resuit of these discontinuities, the density near 
the vessel side break shows similar oscillations during 
this period (Figure 12.23). Once the break flow 
condition stabilizes and becomes completely two phase 
(after about 5 seconds) the break flow and the density 

near the break show smooth behavior. The good 

agreement between the density calculation and the data 
after 5 seconds not fortuitous, but caused by 



accurate code predictions after the calculated flow 

regime parses the transition zone and becomes two 

phase. This result shows that for the test 9-04-6 two 
different CD values have to be used with the EH break 

- flow model, in order to calculate the c o m c t  system 
behavior. The flow behavior in tha transition zone 
could be made smoother if the CD in the transition zone 
is made continuous. It is to be noted that the two CD 
values in this test simulation are used to match the 
break Flow boundary condition with the data. tn the EM 
applications, the same CD value is used during 

subcooled, two phase and single phase vapor flow 

conditions. Theref ore, the discontinuities in the 

break flow and the density near the break will not 
exist in the EM calculations. 

f. Better cooling of the cladding after 12 s in the EX 
calculation as compared to the BE calculation was 

related to differences in core flow and the higher 
cladding temperatures in .the EM calculation. Provide 
additional information on calculated heat transfer 

coefficients, heat fluxes, etc., to support the 

discussion in the response. 

Response: In the En calculation of Semiscale test S-04- 

6 ,  the better cooling of the cladding after 12 seconds 

(Figures 12.32 and 12.33 of Round-1 question 12 related 
to RELAP~/MOD~-BLW topical report 10164) as compared to 

the Cycle 36.04 calculation was related to differences 
in core flow and higher cladding temperatures in the EM 
calculations. 

From Figures 12 -32 and 12.33 it can be observed that 
the El4 calculated cladding temperatures are higher than 

the Cycle 36.04 calculation. Figure 2.4 shows the 



calculated core flow rates near the peak power location 
i n  the hot channel. It can be reen thht after about 12 
seconas the EPI flow rate is generally larger than that 
of cycle 36.04. As a result, the calculated a 

higher' heat transfer coe f f i c imt  than the Cycle 36.01  

prediction as shown i n  Figure 2 -5.  The higher .wall 
I temiirature and higher heat t r a n s f i r  coef f i o iant  

prediction i n  the EM calculation resulks i n  a higher 
heat flux prediction than Cycle 36.04 an shown in 

I 

Figure 2.6. The prediction of higher heat fXw after 
12 seconds i n  the M calculation causpd better cooling 
of the cladding as show, i n  Figufes 12.32 and 12.33. 
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: 3. The following questions are related to the information 
provided in the response to Question 14 on -LOFT ~ 3 - 5  

benchmark calculation. 

a .  For several of the parameters presented, .the 
differences between the calculated and measured results 
were related' to the underprediction 02 i l t h e  break flow 
in the REIAPS/MOD2-BfW calculation (see Figure 14.5). 

cla;ify why the break flow was under-predicted. 

.Response: The purpose of the U F T  L-3-5 benchmark 
analysis presented in Appendix G Section 2 of BAW 

10164P is to demonstrate that the B&W version of 
REIAPS/MOD2-3 6.04 can adequately predict the small 
break phenomena observed in the L-3-5 experiment. 

Although this version is not used for the licensing 
application, it is important to establish a baseline 
for the development of the SBIDCA EM. As discussed in 
Appendix G Section 2, the Ransom-Trapp discharge model 

in RELAPS/MOD2-36.04 'under-predicted Ute two-phase 

discharge flow rate. As a result, the calculated 
primary system inventory is higher than the experiment, 
and the primary system depressurization is slower for 
the RELAP5 calculation than for the experiment. 

B&W has reanalyzed the L-3-5 experiment w i t h  the EM 
discharge models using discharge coef f f cients of 1.0 
and 0.6- respectively for subcooled and saturated 
blowdown. In addition, the core bypass resistance from 
the inlet annulus to the upper plenum region is reduced 
t o  achieve approximately 6 .  bypass flow (estimated 
bypass flow rate is 6.6% per EGG-LDFT5480). The 

original analysis has approximately 4.48 bypass flow. 
The results of t h i s  reanalysis form the basis for the 
response to this question. 

5-116. 



The blowdown was initiated 4.8 seconds after the 

reactor scram as shown in Table 3.1. The RC pump trip, 
atain feedwater isolation, and auxiliary feedwater 

initiation are identical to the original analysis 

presented .in Table G.2-2. A comparison of the timing 
of events during the early phase of the blowdown 

between the two cases shows good agreement. This 
confirms t h e  consistent. subcooled leak flow 

calculations between the BLW EK and Ranson-Trapp 

discharge models. As the primary system enters the 
saturated discharge phase, the discharge rate between 
the two models vary substantially. The EX discharge 

model calculates a higher leak flow rate then the 

measurements as shown in Figure 3-1. The effects of a 
higher leak flow rate are re f l e c t ed  in the primary 
system depressurization rate and normalized mass 

inventory presented in F i g u r e s  3-2 and 3 - 3  

respectively. Although the xperimontal data for the 
leak flow during the early phase of the blowdown are 
not available, Figure 3-3 seems to indicate that the 
calculated subcooled leak flow is higher than the test 
data. 

A comparison of the calculated hot leg and cold l e g  
densities with those of ths experiment shows that 

R E W S  can correctly calculate the  primary system mass 
distributxon. Water i n  the hot leg drained at 

approximately 600 seconds as shown in Figure 3-4. As a 

result of the higher leak flow calculated by the EM 
discharge model, water in the cold leg pipe drained 
earlier than the experiment as shown in Figure 3-5. 

This causes a sudden reduction in the leak flow rate a t  
670 seconds as the fluid density changes drastically 
following the draining. 



The secondary s i d e  pressure exceeds t h e  primary s i d e  
pressure a t  7 7  deconds , approximately 43 seconds 
e a r l i e r  t h a n  t h e  experiment due t o  the higher 
depressurization r a t e  calculated by the  EM discharge 

model, This  leads  t o  a loss of na tura l  c i rcu la t ion  and 
is cons~rvative f o r  t h e  SBmCA analysis.  

The r e s u l t s  of t h e  analysis  demonstrate that RE LAP^- 

MOD2-BtW can adequately predic t  the important phenomena 
observed i n  the L-3-5 experiment. such a s  pressur izer  
draining, pump coastdown, na tura l  c i rcu la t ion ,  ECC 

i n j e c t i o n ,  l o s s  of natural  c i rcu la t ion ,  hot  l e t  
draining, and long-term cooling. Furthermore, t he  

comparison p l o t s  confinn t h a t  B&Wts SBLOCA evaluation 
model is consentative i n  the overal l  system 
thermal hydraulic responses t o  a small break LOCA. 

The . response  also s t a t e d  t h a t  the pump i n  the 

REWLPI/MODZ-BCW calculat ion had a faster coastdown than 
the  pump i n  the  test because of grea ter  reverse flow 
f lu id  torque ac t ing  on the pump i n  the calculat ion 
during the coastdown period, and t h a t  the f a s t e r  
reverse flow torque was due t o  the l a rge r  break flow 
calculated. The connection between t h e  reverse flow 
f l u i d  torque act ing on t h e  pump and t h e  break flow r a t e  
is not clear. - Clarify how the  break flow affected the 

pump pprfotmance. Also, i n  Figura 14 .5 ,  the measured 
b r e a k  f l o w  d u r i n g  t h e  pump .coastdown p e r i o d  
(approximately the f i r s t  30 s) is not shown. HOW w a s  
the conclusion reached that the calculated break f low 
w a s  l a rge r  than the measured break flow during t h i s  
period? 

.. . 



Response: The response to p e s t i o n  14-3 with regard to 
the pump coastdown was inaccurate. The break flow has 
only a .light affect on the RE pump coast down. The 
difference in pmp coast down appears to be due to the 
pump descriptive data used in the analysis. The 
initial several seconds o f  coast down are governed by 
the moment of inertia and the frictional torques of the 

pump and motor. Fluid interactions w i t h  the pump 

during small breaks do not contribute significantly. 
In order to predict the coast down observed in the 

test, the reported moment o f  inertia must be increased 
by a factor of 4 to 5 or the frictional torques reduced 
by the same factor. A comparison of tho moment of 

inertia reported for the LOFT facility to a typical RE 

pump value shows that the moment of inertia of the LOFT 

pump is 0.0001 that of a full sized pump. This small a 
value is surprising in light of the scaling of the LOFT 

facility. At present BLW can only speculate along the 
line described to explain the pump behavior in the L-3- 
5 test prediction. 

AS discussed in the response to part a of this 

question, the lack of experimental data in the first 30 
seconds of the transient and the  uncertainty associated 

with the measurements available, make it difficult to . 
confirm that the calculated leak flow is higher than 

the experiment. However, the comparison of the primary - 
systems mass inventory logically leads to that 
conclusion. 



Table 3.1. Sequence of-Events for: LOFT L-3-5 with EM 
Discharge Model8 

D e n t s  Time (secl 
Experiment RELAPSflODZ w i t h  

Reactor scrammed 

: LOCA Initiated 
! ' RC Pump Tripped 

HPIS Initiated 

: Pressurizer Emptied 
RC Pump Coastdown 
SG Auxiliary 

I 

Feedwater Initiated 
: Secondary side 

i . Pressure Exceeded 

j Primary Side 

i SG Auxiliary 
: Feedwater Terminated 
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The following questions are related to the response to 

Quest ion 16 regarding how RELAPS/MODZ-BCW meets the 
requirements of NWREG-0737, Item II.K.3.30. 

a. The response stated that the RELAPS/MOD2 calculations 
of OTIS and =ST tests demonstrated the code was 
capable of properly predicting SBmCA phenomena, and 

that the results showed the primary systerp pressure'and 
mass inventory were well predicted. However, no 
comparisons were provided. Also, the OTIS and MIST 
tests were perfomed with the once through steam 

generator geometry of B&W plants whereas the 

FtELAPS/MOD2-BLW is intended f o r  use for plants with 

recirculating steam generators. Provide additional 

benchmark results for facilities with a R S G  design to 

demonstrate the LOCA evaluation model and RELAPS/MOD2- 

B&WbS ability to calculate small break phenomena with 
RSG plants. 

Response: A SBLOCA transient is characterized by a 

relatively slow depressurization of the RCS. It begins 
with subcooled blowdown to saturation pressure followed 

by saturated depressurization for an extended period of 
time. Following the RC pump trip, the primary system 

undergoes a transition from forced flow to natural 
circulation, and distinct liquid levels are developed 
in the ro'actor vessel and in portions of the primary 
loops. Manometric balances are developed in the 

primary system while the core decay heat is removed via 
the break, natural circulation, and reflux boiling. As 

the core liquid level continues to decrease, the 

hydrostatic balance causes clearing of the pump suction 
loop seals. The primary system liquid inventory 



continues to decrease until the ECCS' overcomes. the leak 
flow. The ph~nomena involved are generally conuqon to 
both RSG and OTSG plant designs (excepting reflux 
boiling) and demonstration of code capabilities can be 
extended from one design to the other. Tha ability of 
RELAPS/MODZ-BLW to correctly predict these key 
phenomena anit. associated parameters is demonstrated by 
the results of benchmark analyses on three different 
f a c i l i t i e s  MIST (OTSG) test 320503, Semi-scale (RSG) - 

S-LEI-l and LOFT ( R S G )  L-3-5. 

Although the MIST facility represents a scaled BLW 

NSSS, and the performance of the OTSGs and its impact 

on natural circulation are not directly applicable to 
the RSG plant, the primary system inventory and 
depressurization rate are primarily controlled by the 
break size. The predictions of the primary system 

inventory and mass distribution within the primary 
system for the MIST test are applicable to any plant  
configuration. The benchmark of MIST test 320503 and 
the afher benchmarks contained in reference 4.1 

demonstrate RELAPS/MOD2s ability in fluid tracking, 

phase distribution, and heat removal through the 

natural circulation period and into the steam water 
separated boiling pot period. 

The issue'of the effects of the steam generator 
performance on natural circulation and reflux bailing 
is addressed by the benchmark of Semiscale test S-LH-1- 

AS discussed in the response to question 17 f the 

round one questions on REW\PS/MODZ-BLW and question 5 

of this question set, the results demonstrate the 

cadets ability to correctly predict the SBLOCA 



transient, In addition, fluid velocities in the uphill 
'side of the steam generators are provided, in response 
to question 5, to denonstrate that the coda calculates 

natural circulation and reflu% boiling during the 
period when the steam generators are effective. 
Figures 10-1 and 10-2 (round one questions on 

REWS/MOD2-B&W) show liquid and vapor velocities in 
the uphill side of the steam generator tubes. ' The 
negative liquid velocity (fall back) indicates the 

ref lux mode cooling . No experimental data are 
available for comparison. 

In discussing RELAPS/MOD2-B&Was ability to calculate 

the effects of non-condensible gases on the system 

response, the addition of a model to calculate surface 
condensation in the presence of a non-condensible was ' 

discussed. ~enchmarking of this model against separate 

effects tests was also discussed by referencing a paper 

presented at the Eighth 1nternationaZ Heat Transfer 

Conference in 1986 without providing the results, 

Provide appropriate results from this paper. Also, 

provide results which verify the code's ability to 

calculate the ef facts of non-condensibles on the 

overall system responses, including system pressure, 

heat transfer, natural circulation, and non-condensible 

transport, etc. 
- 

Response: The reference paper presented at the Eighth 

International Heat Transfer Conference is attached. 

The benchmark results of t h e  separate effects tests 
demonstrate that RELAPS/MOD2-BCW is capable of handling 
the effect of noncondensible gas on surface 



condensation. However, the volume of noncondensible 
gas that can be trapped in the primary system during 
small break LOCA (SBLOCA) is to0 small to impact steam 

generator performance in the liquid natural 

circulation, two-phase natural circulation, or rsflux 
boiling modes. Thus, the effects of noncondensible gas 
are not directly considered in the analysis. The 

remainder of this response deals comprehensively with 

the impact of noncondensibles on the results of SBMCAs 

in five subsections: (1) the general effects of 

noncondensible gas on SBLOCA, (2) potential sources of 

gas, (3) effects on steam generator performance, (4) 

gas effects on larger SBLOCAs, and (5) conclusions. 

Generalized Effects of ~oncondensible Gas on sBLOCA 
. - .  

For the purpose of discussing the impact of 

noncondensible gas, SBLOCAs can be considered in two 

groups: (1) those that require the steam generator to 

remove energy for a substantial period of time and (2) 

those that do not. After reactor trip, pump coast 

down, and removal of the initial core stored energy, an 
SBLOCA depressurizes (or not) in accordance with a 

balance between the energy source of the core and the 
energy sinks of the break and'the steam generators. If 

break floy is insufficient to cause a decrease in the 
system average specific energy then the system will 

depressurize to the just above the secondary pressure, 

and the energy removal necessary to k;ep tho system 

from repressurizing will be accomplished by the steam 
generators. If break flow is sufficient to cause a 
decrease in system average specific energy then the 



system will depressurize unt i l  the break flow and the 
core decay heat are i n  balance. This balance p o i n t  may 
vary w i t h  t i m e ,  as different energy and f l u i d  sources 
(the ECCS) and sinks (generally break quality) develop, 
but w i l l  generally act with the decay heat to produce a 
gradual system depressurization as decay heat is 
reduced. Simil'arly, the first group of S-s will 
become. independent of the s t e h  generators 88 the decay 
h e a t  drops. 

If s u f f i c i e n t  noncondensible gas is presen t  t o  
i n t e r f e r e  w i t h  t h e  performance of the steam genera tors ,  
the f i r s t  group of small breaks e i t h e r  w i l l  n o t  
depressurize o r  w i l l  r ep ressur ize  depending on t h e  
t iming of t h e  appearance of t h e  gas. LOCAs of this 

class may depend s t rong ly  upon the ECCS in j -ec t ion  
c a p a b i l i t y  f o r  successful  terminat ion,  such that,  i f  

t h e  r e s u l t a n t  p ressure  increase s i g n i f i c a n t l y  decreases  
the i n j e c t i o n  c a p a b i l i t y  of t h e  ECCS, more severe core 

uncovery may be experienced. As will be shown below, 
however, t h e  amount of gas r e l ea sab l e  t o  the RCS is so 

small for t he se  accidents  that it does not 
substantially interfere with the performance of the  
steam generators. 

The e f f e c t  of noncondensibles on t h e  second c l a s s  o f  

SSLOCAs i s - a  result and consequence of t h e  design of 
the ECCS. As t h e  break s i z e  increases ,  
depressurization becomes more r ap id  and t h e  pressure a t  
which t h e  leak and decay heat balance becomes lower. 

A some break size, the balance point w i l l  coincide 
with the i n i t i a t i o n  of flow from the low pressure (RHR) 



injection system. If it is also t t u e  that the f low 

from the system is required to assure core decay 
heat removal, it might be possible for the nitrogen 
cover gas from the accumulatorm to pressurize the 
system such that the flow from the low pressure system 
would be momentarily cutoff.  As will be shown latex, 
although it is possible that nitrogen is injrcted for 
these types of SBLOCA, the injection is insufficient to 
raise the RCS pressure up to the RHR system shutoff 
pressure or the gas enters at such a late time t h a t  the 
high pressure system. can supply all o f .  the required 
ECCS. 

The sources of noncondensible gas t h a t  can affect steam 
generator performance during SBLQCA axe the dissolved 
gas in the reactor coolant system (including the 

pressurizer liquid region, the charging system, and the 
refueling water storage tank); the gas i n  the steam 
space of the pressurizer; the gas generated by 

radiolytic decomposition of the coolant; t h e  gas in the 
gap and plenum volumes of the fuel; and possibly gas 
resulting from cladding metal-water reaction. These 

can become free gas within  the  reactor coolant system 
(RCS) by boiling or fla~hing of liquid, by alteration 

of the solability of the gas in water, or by direct 
generation. All three processes occur, to some extent, 
in LOCAs, resulting in a time varying concentration of 
free gas within the RCS. Accordingly, most arguments 

that the gas is inconsequential are  based on the  
maximum releasable amounts of gas as opposed to t h e  



actual amount of gas expected.. For typical small 

breaks this amounts to an overprediction of the gas 
volume by more than 500 percent. 

Acounting for all sources of gas, exaapt hydrogen from 
metal-water reaction, the total volume of gas available 
for release within the RCS of a 4-loop Westinghouse 
designed plant, including one hour of  radiolytic 

decomposition, is about 117 cubic feet at the secondary 
control pressure of 1150 p s i a  and 562 F. This amounts 

to 29 cubic feet per steam generator or about 5.7 

percent of the tube volume (assuming 101 tube 

plugging). If the potential for metal-water reaction is 
included up to the limit allowed by 10CFR50.46 ( 1% of 

the core oxidizes), the t o t a l  available gas would be 
about 231 cubic feet at 1150 psia and 561 F. This  
gives 58 c u b i c  feet: per generator or about 11 percent 
of the tube volume (again considering 10% tube 

plugging) Real i s t i ca l ly ,  SBLOCAs are resolved in 
about half an hour or less with peak cladding 

temperatures below 1500 F. Under these conditions, 

only about 10% of the water storage tank is injected 
into the RCS, there is e s s e n t i a l l y  no metal-water 

reaction, and only one half of the RCS is f lashed or 
boiled. Thus the amount of released gas is only 36 
cubic feet for the system or 9 cubic feet per 
generatot ,  , about 1 . 8 %  of the generator tube space. 

Notwithstanding this, the remainder of this answer 
considers the maximum releasable amounts of gas. 



Effect of ~ o n c o n d e n s i k b s  0x1 SBmCAs which Reauira 

s t e a r n e u  

In sufficient quantity, noncondensible gas can impede 
t h e  a b i l i t y  of  t h e  steam genera to r  t o  transfer energy. 
For those  SBLOCAs t h a t  rely on the steam genera to r s  t o  
remove part  o r  most of the decay heat, an alteration of 
steam genera tor  performance might seriously change the 
course and consequences of the accident .  The steam 
genera tors  remove energy by l iqu id  n a t u r a l  c i r c u l a t i o n ,  
two-phase n a t u r a l  c i r c u l a t i o n ,  or r e f l u x  b o i l i n g .  
Typical ly ,  an SBLOCA w i l l  proceed through a l l  t h r e e  of 

t h e s e  phases. The r e f l u x  mode is t h e  most significant 
because it is during t h i s  mode t h a t  t h e  co re  has a 

of experiencing a cladding temperature 
excursion. During t h e  o t h e r  two modes, t h e  core is 

covered with water o r  a two-phase mixture. The 

p o t e n t i a l  impact of noncondensible gas on each of these 
modes of cool ing  is discussed below. 

L iqu id  natural c i r c u l a t i o n  is charac te r i zed  by t h e  
t r a n s f e r  of energy from t h e  core to t h e  steam genera to r  
by water i n  its liquid s t a t e .  The process may occur 
w i th  steam i n  t h e  system but  the steam must be trapped 

i n  regions away from t h e  c i r c u l a t i o n  path s i n c e  the 
water i n  t h e  c i r c u l a t i o n  path is by d e f i n i t i o n  
subcooled ' fif s a t u r a t e d  water is present then the p l a n t  
is  i n  two-phase n a t u r a l  c i r c u l a t i o n ) .  Heat exchange 
within the steam generators is by a convection process  
and will not  be i n t e r f e r e d  with by t h e  presence of 
noncondensible gas. The only way that such gas could 
i n t e r f e r e  would be  t o  block the circulation flow. The 



total amount of noncondensible gas releasable, for a 
plant i n  this mode, is 29 cubic feet at the steam 
generator control pressure. If released, this gas 

would e x i s t  as small bubbles suspended within the RSC 
coolant and would be circulated around the coolant loop 
with the coolant. Separation may occur in regions of 
low velocity such as the steam generator plenums, the 
RC pump casings, the upper downcomer, or the reactor 
vessel upper head. Collection in any of these regions 
will not interfere with circulation because if 

collection threatens to interfere, the gas would be 

swept back into the circulating system to collect 
elsewhere. 

A worst case assumption is that the gas all'collects in 

the steam generator tube region. The maximum amount of 
the tube bundle length that could be occupied by the 

gas is less than three feet. Under this hypothesis, 

the gas would be pushed to the downside of the tubes 

and cause a 12 percent (51 feet is the length of the 
average steam generator tube) reduction in the cold 
side driving head for circulation. This, in t u n ,  
would slow the flow quickly causing an increase in 

heating of the coolant in the core, compensating for 
the loss of cold side head. The end result would be a 

slightly slower circulation rate operating at a 
slightly . , wider temperature differential, but 

transferring the same amount of energy. The effect 
would be barely noticeable. 

As, Or: if, the primary coolant system continues to 
loose inventory, the capability to keep the hot leg 



temperature below s a t u r a t i o n  and still t r a n s f e r  the 
required heat w i l l  be lost. The Cora w i l l  start t o  
generate steam t h a t  will flow t o  the steam generators 
and be condensed. The return coo lan t  from the steam 

genera tor  w i l l  remain subcooled and the process 
cont inue much l i k e  l iquid n a t u r a l  circulation. Thie is 
the beginning of t h e  two-phase natural 'circulation 
period. Noncondensf bles , i f  present, w i l l  continue t o  
flow throughout the system a s  in liquid natural 
c i r c u l a t i o n .  Again, a worst case assumption could be 
made that t h e  noncondensibles accumulate i n  t h e  middle 
of t h e  steam genera tor  tubes. The existence of t he  

plug of noncondensibles i n  t h e  middle of the generator 
would be compensated for in the same way as occurs i n  
l i q u i d  n a t u r a l  c i r c u l a t i o n .  The circulation r a t e  would 
slow s l i g h t l y  and t h e  h o t  leg would develop a h igher  
void f r ac t ion .  

A s  two-phase circulation proceeds, t h e  f l u i d  l o s s  is 
such t h a t  t h e  downside of t h e  steam generator tubes can 
no longer  suppor t  a column of sa tuxated  water and steam 
t o  t h e  he ight  of t h e  center of the  tubes. A t  t h i s  t i m e  
t h e  p l a n t  makes a gradual t r a n s i t i o n  into t h e  ref lux  
node. The upper or h i g h e s t  of t h e  steam genera to r  
tubes w i l l  make the t r a n s i t i o n  first and the  generator 
w i l l  perform i n  a mixed mode for a period of time. The 

noncondensible impact is also mixed. For those steam 
generator tubes i n  two-phase c i r c u l a t i o n  t h e  impact is 
as  described above, very little. For those  t u b e s  in 
t h e  reflux mode, t h e  impact is a reduct ion i n  t h e  tube  
s u r f  ace area a v a i l a b l e  for condensation. The 

noncondensibles c o l l e c t  in the steam generator t u b e s  0x1 



the tube down side and act to reduce the heat transfer. 
As w i t h  the other modes, and as detailed below, the 
volume of the noncondensibles available is so small 
that little impact is possible. 

Pull refluxing in the of noncondensible gas 
has been. studied experimentally. Single tube tests4-' 
and tests performed in M e  Semiscale Hod 2A facilityb.' 
show that the addition of noncondensible gas to an RSG 
results in the division of the tuba length into two 

zones. The upstream, active zone, experiences nearly 
no effect from the in jaction of noncondensibles, while 

the downstream passive zone experiences neariy total 

heat transfer blockage. The steam generators act as if 
their heat transfer areas have been reduced in 

proportion to the gas concentration. According to 
tests in the Semi scale facility'.', gas volumes up to 

about 5 percent of the tube volume have no detrimental 

impact on steam generator performance. Gas volumes 
above 5 percent require gradually increasing thermal 
potentials to maintain full heat transfer rates. 

For SBLOCAs that do not involve cladding temperature 

excursions above 1500 F, an assumption that there is no 
significant core wide metal-water reaction is 
reasonable, and the maximum gas volume available for 
release is limited to 5.7 percent of the steam 
generator tubes. AS this is essentially the upper 

limit for 'no effect demonstrated by Semiscale, there 
will be no detrimental effect on steam generator 

Performance. Should the LO- involve higher cladding 

temperatures, the inclusion ofV'a 1 percent oxidation of 



the core zirconium would produce a maximum gas 
concentration of 11 percent of the steam tube 
volume. For this concentration the Semiscale tests 
show a 50 psia increase in system pressure to be 

required t o  compensate for  tbe lowered steam generator 
heat transfer area. Such an increase, abwe the steam 
generator control pressure o f  1150 psia, would not 
substantially reduce the injection capabilities for the 
centrifugal charging and safety injection systems. 
Therefore, for those SBILOCAs that rely on the steam 
generators fox part ia l .  energy removal and pressure 
control,  the  evaluation need not directly consider t h e  
consequences of noncondensible gas i n  the RCS. 

Effect of Noncondensibles on SBfACAs Which 50 Not 
peauire Steam Generator Heat p em oval 

As discussed previously, the larger SBLOCAs w i l l  
depressurize rapidly to pzessures at which an 
equilibrium exists between the core decay heat and the 
break flow. During the depressurf zation, such gas as 
is present will expand, but, since the steam generators 
are now a heat source rather than a heat s ink,  the 
e f f e c t  on steam generator performance is beneficial. A 

possible adverse e f f e c t  of noncondensible gas occurs 
for SBLOCAs that  reach approximate equilibrium a t  
pressures i u s t  below the  RHR injection system dead head 
pressure. If mitigation of these events requires RHR 

flow, and if the plant accumulators were to expel 
nitrogen at the critical t i m e ,  the gas might 

repressurize the system above the dead head pressure 

and stop RHR injection. The system would shortly bleed 



down and reestablish R injection, but, if timing were 
crucial, the momentary lack of RKR injection could 
increase the severity o f  the evant. 

The effect o f  accumulator discharge o f  nitrogen has 
been studied for large break i n  the Semiscale 
facility'". Depending on the amounti and rate of gas 
discharge into the RCS, the systez~ responded with an 
abrupt pressure increase followed in a f e w  seconds by a 
pressure decay to a stabilized value that was 20 to 30 
psi above the pre-discharge pressure. The pressure 
increase continued far past t h e  end of gas injection, 

indicating an interference with steam condensation. By 
the end o f  the reported data, the pressure seems to be 

falling gradually back to the pre-inj ect ion pressure. 
Aside from the pressure impact, the effect of t h e  
injection of gas was to push water from the downcomer 
into the core and momentarily increase the flooding 

rate. This, in turn, slightly reduced the cladding 

temperatures. 

These experimental results are directly applicably only 
for large breaks. For SBLOCA, the  slower system 
depressurization wi 11 alter the impaat of nitrogen 
injection. System pressure w i l l  nat be increased: 

rather the rate of depressurization will be slowed. 

The interference with steam condensation will not be as 
noticeable as in the Semiscale tests because 

condensation is not a strong effect in an SBLQCA a t  t h e  
t i m e  of nitrogen discharge. These trends are 
observable in the Semiscale results in Figure 31 of 
reference 4.4. Here the initial pressure spike is 



reduced as t h e  r a t e  of n i t rogen i n j e c t i o n  is slowed. 
For the  s lowest  i n j e c t i o n  r a t e  there is no pressure 
su rge  b u t  only a gradual pressure increase.  SBLOCA 

i n j e c t i o n  rates w i l l  be considerably belov M e  s lowes t  
of rates used i n  t h e  Semiscale tests. 

To address  the p o t e n t i a l  for an adverse impact on 
SBlaCA because of accumulator g a s  i n j e c t i o n ,  tho break  
spectrum is divided i n t o  t h r e e  more parts: (1) t h o s e  
breaks that w i l l  depressur ize  t o  i n j e c t  n i t rogen  b u t  
w i l l  do s o  only after o t h e r  ECCS s y s t e m  ( the  two high 
pressure  systems) can assu re  adequate co re  coo l ing  
without t h e  RHR system, ( 2 )  t hose  events  that 

depressur i ze  sooner than t h a t  bu t  which do not  f a l l  t o  
p ressu res  w e l l  below t h e  shu to f f  head of the RWR - 
system, and ( 3 )  those  events  . t h a t  depressur i ze  t o  
p ressu res  w e l l  below t h e  shutof f  head o f '  t h e  RHR 

i n j e c t i o n  system. The demarkation of each ca tegory  
w i l l  be developed and f i n a l l y  t h e  c h a r a c t e r i s t i c s  o f  

t h e  n i t rogen e f f e c t s  i d e n t i f i e d  t o  show t h a t  no adverse 
consequences occur. 

For RCS pressures around 2 0 0  p s f a ,  both t h e  c e n t r i f u g a l  - 

charging system (CC) and t h e  safety i n j e c t i o n  system 
(SI) have reached a  runout cond i t ion  with a t o t a l  
i n j e c t i o n  flow of about loo lbm/s. such an i n j e c t i o n  
flow is capable of removing a l l  c o r e  decay h e a t  for a 
3500 ~ w k  p l a n t  a t  and after. 300 seconds. Also, an 
expansion of t h e  n i t rogen i n  the accrupulators a t  
cons tan t  temperature shows t h a t  the accumulator gas 

w i l l  not expand beyond t h e  t ank  a t  pressures above 2 0 0  

psiam Therefore,  any event  t h a t  takes longer  t h a n  3 0 0  



i 

seconds to depressurize to 200 psia or lower does not 
require the RHR injection system to mitigate the 
accident and there are no adverse effects of nitrogen 
injection. 

From the Semiscale results, the maximum impact on 

system pressure was about 30 psia. An examination o f  

the system designs to be covered by this evaluation 
model shows that the lowest RfIR injection system 

shutoff head is about 165 psia. As MiR injectfon 
builds fairly quickly with decreasing primary pressure, 

any accident that can be assured to hold pressure below 
150 psia will receive abundant ECCS flow. Therefore, 

any accident that would depressurize to 120 psia 

(maximum impact is 30 psia) without nitrogen effects 

will not be adversely affected should gas injection 
occur 

The breaks between these two categories, those that 

depressurize to less than 200 psia prior to 300 seconds 

but stabilize at pressures greater than 120 psia, range 
from approximately 0.3 to 0.5 square feet in area, The 

break area is not actually significant but is useful as 
a tag for a normalized leak flow rate. An examination 
of the rate of system depressurization and the rate of 

accumulator depressurization for these accidents shows 
that accumylator inject ion takes place in two phases, 

The initial phase is predominately adiabatic and 

controlled by the initial energy of the pressurizing 

gas. This phase is responsible for the rapid injection 
of coolant and is active for 10 to. 20 seconds longer 
than the system depressurization. The second phase is 



controlled by the heating of the gas within the tank by 
natural convection with the walls of ,the tank. This 
phase causes a vary slow expansion of gas and/or water 
into the RCS. 

An examination of a break tha t  depressurizes to a 
stable pressure of 140 psia shows that the adiabatic 

expansion of the nitrogen does not cause gas expansion 
beyond the volume of the tank and that, with gas 

heating, t h e  gas does not  expand into the RCS until 
about 340 seconds. At this time the expansf on of t h e  
gas into the RCS, allowing for heating to RCS 

temperatures, is about 2 cubic. feet per second with 

excess leak flow (potential for steam leak flow above 
that required to relieve core decay heat) at 80 cubic 
feet per second. 

. . 

For events that depressurize to 130 psia, t h e  adiabatic 
expansion phase is essentially over at the same time 
that gas expansion into the RCS is predicted. 

Comparing t h e  gas expansion rate for this event to the 
excess volumetric leak flow at 150 psia shows that the 

cumulative gas added to the RCS by 300 seconds could 
have been vented within 15 seconds if system pressure 
were to increase to 150 psia. 

For an event that depressurizes to .I20 psia, the 

adiabatic expansion is still effective as gas is being 
expanded into the RCS. A comparison of the nitrogen 

injection rate, with the gas heated to the RCS 

temperature after injection , to the  excess volumef sic 
leak flow at 150 psi% shows that there is 301  more 



excess volumetric leak flow than is required to vent 

the accumulator gas being discharged. The rate of 
discharge continues to drop with time. 

Taken together, these studios show that, for eventr 

that do not depressuriza below 1 4 0  psia, accumulator 
gas discharge will not occur while tha IUIR injection 
system is required for core cooling, and that, for 
those events that do depressurize to below 140 psia, 
the affect of nitrogen injection would be to slow the 

depressurization of the system rather than cause a 
repressurization. This demonstrates that  there  are no 
adverse effects of nitrogen injection from the 
accumulators for SBWCAs. To the contrary there are 

most likely beneficial effects. Semiscale observed 

that some water was pushed out of  the downcomer and 
into the core. To a small degree that might occur 

during an SBLOCA. A larger benefit could accrue if the 
gas where flushed into the steam generators where it 
might interfere with the reverse heat transfer taking 
place. 

An examination of the consequences of noncondensible 
9.8 on the results of SBLOUU has shown that for 
smaller bieaks which require +he steam generators for 

energy removal, the amount of gas avai lable  for release 
to the RCS is small, the gas expected to  be released is 
less than 20% of that releasable, and that the impact 
of a postulated  nomechani s t i c  release of a l l  available 
gas into the RCS is negligible. For larger breaks, it 



has been demonstrated that a potential adverse impact 
of nitrogen injection froo t&e accumulators, as the 
accumulator water is depleted, does not occur and that 
there may in fact be a benefit from such M injection. 
Therefore. it is reasonable to neglect the effects of 
noncondensible gas within the small break LOCA 

evaluation model. 

In discussing RELAPS/XOD2-B&Wts ability to calculate 
natural circulation, two calculations of WFT-OECD Test 

LP-SB-03 (by S. Guntay and P Hall, respectively) were 
referenced as demonstrating RELAPS/MODZ 's ability to 
calculate natural circulation. You concluded that 

REUPS/MODP-BLW should perform as well as RELAPS/MOD2 
because of the similarities between the two codes. 

However, no results were provided in the response to 
support this assertion. References to support the 
assertion that the code adequately calculates natural 

circulation were provided in rbsponse to Question 17. 
Because of the similarity of the references, it was 
concluded the reference for the work by Guntay was to a 

Summaq in an International Code Assessment Program 

report that did not discuss natural circulation. Also, 
the work by Ardron and Hass was shown as a private 
communication. This material does not acceptably 

demonstrate the code's ability to calculate natural 
circulatidm. Provide results of RELAPS/MOD2-BCW 

assessment calculations of a RSG geometry that verify 

the code's ability to calculate all three modes of 

natural circulation: single-phase. two-phase, and 
reflux. 



Response: The calculation o f  natural circulation in a 
PWR is mainly dependent on the temperature difference 
b e w e n  primary and secondary sides and the 

hydrodynamic models that affect flow regime and heat 
transfer. It is independent of steam generator design. 
For single-phase natural circulation, the benchmark 
results of MIST test 340213 a n  acceptable to 

demonstrate that RELAPS/MOD2-BLW is capable 02 

calculating single-phase natural circulation when a 
positive temperature difference e x i s t s  between the 
primary and secondary sides. 

B&Wgs benchmark of the LOFT Experiment I,-3-5 also 

demonstrates the ability of, the code. to calculate 
natural circulation. The code predicted single-phase 
natural circulation for the requisite period of time as 
shown in Figure G.2-8 of BAW-10164P and Figure 14.1. in 
the response to round one Question 14 on the 

RELAPS/MODZ-B&W topical report (BAW-10164P). 

To demonstrates t h e  code's ability to predict two-phase 
natural circulation and reflux cooling i n  the predicted 

and test benchmark of the S-LH-1 experiment, a 

comparison of flows, through the hat legs or steam 
generator tubes, was considered. However, test flow 
and density data are not readily usable to make a 

meaningful, comparison. Therefore, a qualitative 
assessment is provided below. 

The two-phase circulation and reflux mode cooling is 
believed t o  start  after pump coastdown to zero speed. 
at about 90 seconds (Figure 24 in MIREG/CR-4438), and 

1 



continues to approximately 250 seconds until the 

primary system pressure falls below the secondary side 
pressure. During th i s  period, two-phase circulation 
and raflux cooling co-exist witk two-phase natural 
circulation predominantfng in the earlier period when 
the core, liquid level remains near the top o f  the core 
as shovn in Figure 31 of NUReG/ER-4438, and with the . 
reflux cooling mode dominant in the later period when 
the core is substantially uncovered. The primary 
system pressure and steam generator tube levels shown 
in Figures 5-4 through 5-8 (of Quest ion  S of this set 
of questions) indicate  that  the required condit ions for 
two-phase circulat ion and reflux coa l ing  e x i s t  during 
t h i s  period for both the  test and prediction. An 
examination af the  calculated steam generator tube 

phasic velocities in Figure 5-21 confirms that the 
REWIPS/MOD2-B&W code predicted two-phase circulation 
and reflux cooling. 

To confirm that these modes of steam generator cooling 

existed in the experiment, the data from NUREGJCR-4438 
(results of Semiscale MOD-2C Small break Loss-of- 

Coolant Accident Experiments S-LH-1 and S-LH-2) are 
used. The hot leg volumetric f l o w  rates and densities 
shown in Figures 26 and 25 ,  respectively, indicate  that 
there is a two-phase natural circulation period t o  at 
least 140 'seconds (end of data) . The collapsed liquid 
level in the in tac t  loop steam generator downflow leg, 
shown in Figure 23, actually increases at approximately 
120 seconds. This is caused by two-phase mixture 
entering from the uphill side of the steam generator 
tubes, and further supports the existence of two-phase 



natural circulation in the test. 

The characteristic signature of reflux cooling is to 
have a vofded hot'leg pipe and uphill s ide  of the steam 

generator tubes in addition to a positive primary to 
secondary differential temperature. This is the case 
for both the intact and broken loops. An increase in 
hot leg volumetric flow (Figure 26) occurs at 105 

seconds as steam travels to the intact loop tubes to 
replace fluid that is draining out. This is a good 
example of counter-current tvo-phase flow. 

Additional evidence of reflux cooling can be seen i n  
Figure 23 i n  NUREG/CR-4438; The collapsed l iquid 
levels in the uphill rides o f  the .steam generator tuber 
remain stable after 120 seconds while the downhill 
sides of the tubes continue to drain. This indicates a 

continuous supply of condensate to the uphill sides as 

a result of reflux cooling. Although no distinct 

period of transition from two-phase circulation to 

reflux cooling can be determined, the data indicate 
that, following the pump coastdown, steam generator 
cooling begins  with predominantly two-phase natural 

circulation and changes to predominantly reflux of 

cooling a t  approximately 120 seconds as the primary 
system inventory continues to decrease. 

- 
Based on the'above discussion, it is concluded that the 

RELAPS code can adequately predict two-phase natural 
circulation and ref lux cooling. In addition, good 

agreement in the leak flow rate (Figure 5-3) and the 

primary system pressure response (~igure 5-4) between 



the test and the calculation confirms that the 
quantitative performance of the code with respect to 
energy removal v ia  two-phase natural circulation and 
reflux cooJing is excellent. 

In conclusion, the range of test comparisons provided 
is diverse to the extant that all phenomena involved in 
the prediction of single-phase and two-phase natural 
circulation, and reflux cooling i n  an RSG plant have 
been demonstrated. Therefore, BLW doer not believe it 
is necessary to provide additional benchmarks. 

The response did not discuss how the requirements o f  

NUREG-0737, Item II.K.3.30, were met with respect to 
condensation/vaporizatLon heat  transfer i n  RELAS/MOD2- 
BhW. Clarify how 'there processes are modeled in the 
code and how well the models represent t h e  
condensation/vaporization processes  important to  
accurately calculating the system response to a small 
break LOCA. At a minimum, how well the models 

represent the condensation of steam i n  the  steam 
generator U-tubes, condensation due to the mixing of 

cold ECC water with steam in the primary system, and 
the vaporization of the sore fluid and calculation of 
vapor superheat should be discussed. 

Response: kn assessment of the RELAPS/MODZ-B&W 
condensatf on-vaporization models. is given below. From 

this assessment it is concluded that the REWIPS/MOD2- 

B&W condensation-vaporization models reasonably meet 
the NUREG-0737 requirements. 



me ReTAPS/nOD2 heat transfer package is used to 
calculate surface condensation in steam generator 

tubes. Nithianandan et a . ' have evaluated there 
models using the B ~ W  single tuba test. and HIT 
pressurizer test and found them fo be satisfactory. 

The vaporization of core fluid and the vapor superheat 
prediction depend on the surface heat transfer as well 
as the interphase heat transfer. A11 interphase heat 

transfer models in REEAPS/MOD2-B&W are the same as in 
REWPS/MOD2. Dimenna a t  a at ECCG have made a 
detailed assessment of the interphase heat transfer 

models. They concluded that the models are reasonable 

approximations of the current understanding of the 

interphase heat transfer technology. 

In the EM heat transfer package, the wall heat transfer 

during the subcooled and saturated nucleate boiling 

regimes is calculated using the Thorn, Chon, and Schrock 

and Grossman correlations. These correlations have 

been widely used in the nuclear industry and are 

accepted by the heat transfer community. In the 

saturated nucleate boiling regime both vapor and liquid 
are near saturation condition and all the surface heat 

transfer is used to generate saturated steam. The 

voiding during the subcooled boiling heat transfer 

depends on -the interphase heat transfer. Nithianandan 
et aim4.' has assesred the subcooled vapcr generation 

models in REL?LP~/PIOD~ using two of Christensen's 

subcooled boiling tests and concluded that these models 
are satisfactory. 

The wall heat transfer in the film boiling regime is 

calculated using the Condie-Bengston t V  correlation. 

The '~c~ligot correlation along with wall to vapor 



radiation are used to calculate the single-phase vapor 

heat transfer. In the response to Question 8 (round 
one on RELAP~/MOD~-B&w), the Condie-Bengston I V  and 
MeEligot correlations were assass~d and concluded to be 
acceptable. ' The wall to vapax; radiation is calculated 
using the Sun at al. correlation which is widely used 
in th. industry. 

The prediction of vapor superheat during film boiling 
depends on the intorphase heat transfer. Lin et 
al.'" assessed the RELAPS/MODZ heat and mass transfer 
models using Chenls single tube tests 'conducted using 
the -high test facility. The code was found to over- 
predict the vapor temperature for the high quality test 
and under-predict it for the low quality test. It is 
to be noted that it is difficult to measure the correct 

vapor temperature during two-phase flow conditions. 

Even if RELAPS/MOD2-%&W does not calculate the Vapor 
superheat correctly, it will have very little impact on 

the prediction of the peak cladding temperature. In 
the BLW SBIDCA methodology only the core collapsed 

liquid level is used from RELAPS/MODZ-BCW. The FOAM2 
computer code uses this collapsed liquid level to 

calculate the mixture level and the steaming rate which 
are used in FRAP-T6-BLW. Jn FRAP-T6-BLW single-phase 
heat tranm&er is assumed above the mixture level 
irrespective of the vapor generation below the mixture 
level. This method conservatively eliminates pool 

entrainment of liquid. Therefore, the peak cladding 

temperature calculated by FRAP-T6-B&W will be 

conservative. In response to question 5 of this set, 
the methodology has been verified by simulating the 
Semiscale SBmCA test S-LII-1 cladding heatup. 



The condensation of steam in the cold legs by subcooled 
ECC water depends on the interphase heat transfer 
model. As mentioned earlier, from a detailed 

assessment of the interphase heat transfer models, 
Dimenna et al.'*', concluded that the models are 
reasonable. Development assessment at EG&G'~@, using 
Bankof f ' s s t ra t ig i ed  flow condensation test and ~ o k i  8 s  

steam water mixing tests provide indications of  the 
applicability of these models. 

Additional information regarding the acceptability of 
the interphase condensation lodels can be obtained from 
the B&W simulation of Semiscale LBmCA test S-04-6, 

Semiscale SBLOCA test S-LH-1 and the LOFT SBLOCA test - 

L-3-5. The S-04-6 results are given i n  response t o  
question 12 (round one questions on REWS/MOD2-BCWJ . 
From the fluid temperature prediction near the 

injection locat ion,  shown in Figure 12.29,  it can be 
concluded that  the code calculated fluid temperature 
agrees reasonably well with the test data during the 
accumulator inject ion period. The mass flow rates near 
the injection location, shorn in Figures 12.18 and 

12.19, and the system pressure response, ohom in 
Figures 12.4 through 12.19,  do not show non-physical 
behavior during the accumulator injection period. 
Similar observations can be made from the pressure and 
temperatur* calculations near the in jaction 1ocati.on 
for  tests S-WI-1 and L-3-5, Figures 4.1 through 4.4. 

From this assessment of the RELAPS/MOD2-B&W 

condensation-vaporization models, it is concluded that 

these models reasonably meat the MIREG/O737 

requirements. 
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The following questions are related to M e  a n a l y s i s  of 

semiscale Test S-LH-1 provided in response to Question 17. 

a. Provide information to show haw well the REUPS/MOD2- 

BhW analysis calculated the rod temperatures in the 
Semiscale core, and discuss what effect the over- 

prediction of the core collapsed liquid leva1 from 200 
r to approximately 300 s had on the core thermal 

response. 

b. The faster depressurization in the RELAPS/MODZ-BCW 

calculation after the loop seal cleared was stated to 
be due to steam venting, This response is not 
considered adequate. Because the loop seal cleared in 

both the test and the calculation, would not steam 

venting be occurring in both the test and calculation? 
Additional information is needed to clarify the reason 
or reasons for the difference between the calculated 
and measured depressurization rates. 

c. The nodalization diagram for the Semiscale Test S-LH-1 

analysis has more detailed nodalization than that 

recommended 'in BAW-lOl68P for SBLOCA EM model. For 
example, 16 volumes were used to model the U-tubes on 
t h e  primary side of the steam generator versus eight in 
the EM model, and eight nodes in the downcomer versus 
three in the EM model. Because the peak cladding 

temperatko ialculation can be affected by the steam 

generator nodalization, clarify the effect of a8 

analysis results of the more detailed nodalization used 
in the S-LH-1 analysis versus the nodalization 
recommended in BAW-10168P. 

Response: BbW presented a benchmark of Semiscale test 

S - u - 1  as the response to Question 17 of the first round of 



questions on BAW-10164.  As a result of further 
investigation into that benchmark and the test results, a 
revised benchmark has been run. The revision, which uses a - 

tighter match to boundary conditions and recognition of some 
scale atypicalities, produces results that agree with the 
e~eriment 'far better than the original benchmark. The - 
-following response contains both the original and the 
revised 'benchmarks and supersedes the response to question ' 

17 of the first set. For convenience question 17 i s  quoted 
below. 

I f .  " The experience with advanced thermal hydraulic 
computer programs has shown an important - 

sensitivity to modeling of the steam generators 

when analyzing SBLOCAs . Specif ieally, the 

modeling of liquid entrainment, condensation, and 
hydraulic resistance ( e  flow regime maps) 
could significantly depress the mixture level  in - 
the core. This phenomenon was observed in 
Semiscale - Test S-UT-8 and later studied in 
Semiscale Tests S-LH-1 and S - u - 2 .  Recognizing 

SemiscaloOs atypicality, the staff nevertheless 
believes this phenomenon to be real and, 
therefore, possible in a full scale reactor. It 

is for this reason that we request validation of 
your computer program to predict this phenomenOnf 
Should it occur in a f u l l  scale reactor. 
~aiidation with Semiscale Tests 9-m-1 and S-LH-2 

or demonstrating that +he phenomenon observed in 
the Semiscale experiments is calculated to occur 
in a plant calculation would be acceptable. Use 

Of other integral experiments for validation 

rewires that these experiments simulate the 
hydraulic behavior obsemed in the Semiscale 
tests. 



Semiscale S-LH-1 is a 5% break at the pump discharge pipe 
with a 0 .98  core bypass flow from the downcomer to the upper 
head. The simulation of S-frH-1, using RELAPS/MOD2-BtW, 

demonstrates the capability of the code to predict SBLOCA 

phenomena, such as core uncovery/recovery, natural 
circulation including reflux boiling, loop seal clearing, 
and ECcS performance. The size o f  the break is such that 
decay heat removal via the steam generator is provided only 
briefly, and the steam generators do not play a significant 
role in mitigating the simulated accident. Numerous 
benchmarks of Semiscale test series S-NC, that demonstrate 
the adequacy of REWIPS/MODZ to predict long-term care 
cooling by reflux boiling and natural circulation, have been 

performed by' the industry. 5-1t5-2  he simulations of S-LH-1 

presented herein confirm the industry results for 
RELAP5/HOD2-B&W with particular attention to the larger of 
the small breaks which form the most severe challenge to the 
ECCS 

Test F a c u  . . 

The S-LH-1 test was conducted using the Semiscale MOD-PC 

facility shown in Figure 5-1. It consisted of a pressure . 
vessel with simulated reactor internals and an external 
,downcomer. The intact loop simulated three unaffected loops 
of a typical gestinghouse &loop PWR, while the broken loop 
simulated an affected loop in which the break i s  assumed to 
occur The intact loop steam generator contained s i x  
inverted U-tubes, and the broken loop. steam generator 
contained two inverted U-tubes. The reactor core sfmulator 
was a 5 x 5 bundle with electrically heated rods (23 rods 
were powered during thb test). The upper head region 
contained a simulated control rod guide tube and two 



simulated support columns. The bypass line that extended 
from the external downcomer to the upper head was used to 
simulate the core bypass flow. A pressurizer was connected 
by a surge line to the intact loop hot leg. Both loops had 

primary coolant circulation pumps. Emergency core coolant 
from an accumulator and pumped injection system (LPI- and 
HPI) ware routed to the loop cold legs. An open loop 
secondary coolant system was used to control the secondary 
side pressure with feedwater and steam control valves. 

The Semiscale MOD-2C RELAPS base model was originally 
developed by EG&G for the post-test analysis of experiments 
S-LH-1 and S-LH-2 (NUlE~/kR-4438)  . The nodalization diagram 
is shown in Figure 5-2. The model consists of 181 

hydrodynamic volumes, 1 7 2  junctions, and 256 heat 

structures. All volume and junction parameters are 
calculated with nonequilibrium and nonhomogeneous models. 

steam gensrator secondaries, ECC i n j e c t i o n ,  system 
environmental heat losses, and both vessel and piping 
external heaters are modelled in detail. The core axial 
power profile is modelled with twelve stacked heat 
structures over six two-foot long axial fluid volumes. The 
upper head region is nodalized to allow for junctions to be 
connected at the elevations of the top of the control rod 
guide tube, core bypass line and support columns, and at the 
elevation of -the holes in the guide tube below the upper 
core support plate. 

Changes were made to the original EG&G model to account for 
and distribute unrecoverable losses due to pipe bends, 

orifices at the pump discharge pipes, area changes at the 
steam generator inlet and outlet plenums, and flometers in 
the hot and cold leg pipes. A steady-state cal~~lation was 



made with these changes to obtain the initial conditions 
presented in Table 5-1. The calculated initial conditions 
compared well with the test conditions except for the 
secondary side masses and pressures. These were adjusted to 

achieve the desired primary cold leg temperatures. The 
calculated pump speeds are slightly higher than the test 
measurements (8% and 3% tor the intact and broken loops, 
respectively) as a result of higher pump discharge orifice 
resistances. The following changes that  do not affect the 
steady-state initial conditions were made: the + e REWIPSflOD2- 

BCW core surface heat transfer model was invoked, the leak 
discharge models were set to those for an evaluation model 
calculation, and thermal equilibrium was assumed in the core 
region. 

As in the EGLG model, the external heaters were treated 

mechanistically in RELAPS, and the measured power to the 
heaters as a function of time was input as a boundary 

condition. The core decay power and pump coastdown speeds 
as a function of tima were also input to the model. There 
was limited secondary side steam valve model information 

available from this egperiment. Since the secondary system 
responses have an impact on the natural circulation and 

reflux boiling phases of the transient, the secondary side 
pressure responses from the experiment were uked as boundary 
conditions in the calculation (see Table 5 - 2 ) .  

In order to ifiprovs the results several model ohangas were 
incorporated into the revised benchmark. The changes, 
detailed later in the section on Bevised Model Chanaea, 
were: 

1) Alteration of the discharge coefficient from 1.0 
to 0.7 at a leak inlet void fraction of 70 

percent. 
a 



I 

' I  

I 

2) Alteration of upper downcomer modelling to account I 

for the bypass of the intact loop HPI. 

3)  A junction in the simulation of the guide tubes I 
was made homogeneous and the connection of the 

core bypass to upper head adjusted. 

4 )  Rearrangement of the vessel lower head flow paths. 

5)  Reduction of the loop exterior heat loses. 

6 )  The secondary side pressure versus time curve was 
altered slightly. 

Results of Base ~nalvsis w i t h  a CD of 

The sequence of major events is presented in Table 5-2 for 
the original and revised analyses. Figures 5-3 through 5-21 
Show the results of the benchmark calculations. The 

original results are indicated as dashed lines on all of the 
figures. The transient was initiated at zeto seconds by 

opening the leak, and thereby causing a flow of subcooled 
primary fluid out the break, resulting in a rapid system 
depressurization. A leak discharge coefffcient of 1.0 war 

applied to both the subcooled and saturated choke flow - .  
models. Figure 5-3 shows good agreement in the leak flow 
rat0 between the base calculation and the 

experimental data. The primary system pressure response is 
controlled by the leak flow, and Pipure 5-4 shows that M e  

calculated pressure i s  in good agreement with fhe 

experimental result up to 200 seconds. The calculated t i m e  
to reach the safety injection eysten (SIS) setpoint, 1827.5  

psis in the pressurizer is approximately 3 seconds later . 



than the experiment, primarily due to a slower draining i n  
the pressurizer. This is caused by a higher overall intact 
loop resistance. The calculated steady-state pump speed in . 
the intact loop is approximately 81  higher than'that of the 
experiment. 

The draining of the steam generator tubes, shown in Figure 
5-21, occurred after the pump speed coasted down to zero at 
100 seconds. At this point, the primary systeza entered a 
reflux condensation cooling mode as evidenced by the 
counter-current flow shown in Figure 5-21. Figures 5-5 
through 5-8 show U-tube l i q u i d  revela in  both the intact and 
broken loops. It should be noted mat the measured liquid 
levels using differential pressure cells can lead to 
considerable error during the pump coastdown period ( 0  - 100 
seconds). '-' Both the prediction and the experimental data 
show that the upflow side of the U-tube consistrntly drained 
later than the  downflow side due to de-entrainment and 
reflux condensation on the tube surface. 

Following draining of the steam generator U-tubes, a l i q u i d  
seal was formed in the pump suction of both loops. The 
s e a l s  caused a blockage of steam flow to the break. As a 
result, the primary system entered a period of manometric 
level depression in both the dawnflow side of the pump 
suction seals  and in the core liquid level. To clear the 
pump suction loop seals, the liquid head imbalance between 
the downcometand the core must accrue to th? total of the 
loop seal level plus the liquid holdup, due to reflux 

condensation, in the upflow side of the U-tubes. As shown 
in Figures 5-5 and 5-7, the liquid level in the upflow side 
of the steam generator U-tubes is a significant contributor 
to the total aP that opposes loop seal clearing. The loop 
seals cleared at 175 seconds and 214 seconds for the intact  

loop and the broken loop, respectively. 



Figures 5-9 through 5-12 show the liquid level in the pump 
suction pipes. The intact loop seal cleared first, followed 
by the broken loop, because the primary-to-secondary heat 
transfer was tenainated 'earlier in the intact loop than in 
the broken loop. Clearing of the loop seals produces a 
oontinuow path t o  the break for steam geierated in the 
core. The steam conditions at the leak result in lower leak 
mass flows, but higher volumetric flows. As a result, the 
primary system begins a rapid depressurization. The base 

i model dep~essurization rate was faster than was observed in 
the experiment, in spite of good agreement in discharge mass 
flow rates between the calculation and the experiment. The 
effect would be consistent with a model that was discharging 

! a higher quality at a larger volumetric rate than the 
I 

corresponding experiment. This observation is part of  the 
F- basis for the alterations made to the model for the second 

i 
benchmark. It is unfortunate that there are no experimental 
results available by which the energy discharge rate or the 

I 
heat loss to the ambient surroundings can be determined. 
With data of that sort the above hypothesis could be 

directly confirmed. 

One of the important parameters used as an.indicator for 
SBLOCA mitigation is core collapsed liquid level. This is - 
shorn in Figure 5-13. As a result of correctly predicting 
primary system mass inventory and reflux heat transfer, the a . . 
agreement in 'the first core level depression between the 

calculation and the experiment is excellent. After clearing 
the  loop seals, core decay heat continues to boil-off fluid 
fn the core region and, since the HPIS flow alone is not 
sufficient to makeup for fluid lost out the  braak, the core 

l i q u i d  level continues to decrease until accuiulator 
actuation is achieved. 



Accumulator injection occurred much earlier in the base EM 
calculation than in the experiment due to tha faster 
depressurization ;ate. However, the shorten;d cote boil-of f 

period was compensated for by increased flashing. Thus, the 
second core collapsed liquid level depression was cazculated 
to be nearly the same as the measurement except for its 

timing. The experiment shows that a more signiticant and 
uniform core heat-up occurred during the second depression. 
The ability of RELAP5 to correctly predict the two distinct 
core liquid leve l  depressions demonstrates that tho code can 
accurately calculate important thermal-hydraulic system 
parameters. 

Figure 5-14 shows the normalized primary system mass 
inventory. The mass inventory increased following 

accumulator injection. The HPIS injection flow rates for 
both the intact and broken loops are presented in Figure 5- 
15 and 5-16, respectively. The calculated flow rates are 
higher than those of the experiment due to the faster 

depressurization rate predicted by. RELAPS for this base PI 
model. 

Following the completion of the base RELAP5 calculation, the 
collapsed liquid level was used with the power and pressure 
time histories to calculate core mixture levels with the 

FOAM2 code. The resultant mixture levels were input w - into 

FRAP-T6 with pressure, decay heat, core mass fluxes from 
FOAMZ, and inlet enthalpy to compute a predicted cladding 
temperature excursion. The results of the FRAP-T6 

calculations are shown in Figures 5-19 and 5-20 for the 8.2 
and 1 0 . 2  foot core elevations. During both temperature 

excursions the calculated temperature peak. exceeded the  

experimental values for both elevations, demonstrating 
COnSe~atism In the evaluation modal steam cooling models. 



Revised Model Chancres 

The first benchmark simulated the test using a leak 

discharge coefficient of 1.0 for the entire transient. 
After loop seal c l e a r i n g ,  the calculated system - 
'depressurization, Figure 5-4, exceeded that of the test due 
to over-prediction by the Moody choked flow correlation. 
Based on experimental data, the  Moody critical f l ow  model is 
observed to over-predict two-phase leak flows for qualities 
greater than 10 percent while under-predicting the flow for 
lower qualities. To account for this the revised model used 
dual discharge coefficients, switching between the 
coefficients at a void fraction of 70 percent. 

The RELAPS/MODZ-BCW EM choked flow model has an option to 
. include four discharge coefficients as functions of the leak 

inlet conditions. Separate coefficients can be used for 
subcooled flow, during the transition to two-phase flow, 

I 

during two-phase, and for steam (superheated) flow. In 
making adjustments to these coefficients it is equally 

important to maintain their relationships to each other as 
ik is set individual coefficients correctly. Once relative 
values are determined specific values can be se t  by 

comparison to data or through a spectrum approach as is used 
in licensing. Although experimental data indicates that 

Moody under-predicts the dischargi rates for low quality 
f l o w ,  the datkalso show that the sane discharge coefficient 
should be applied to Henry-Fauske extended into the . 
subcooled region and Moody at low qualities. Using 1 . 0  as 

the base discharge coefficient for extended Henry-Fauske 
suggests that 1.0 should also be used for the transition 

regime, a reduction to about 0.7 be used for thB. two-phase 
regime, and 1 .0  be used under superheated conditions.. The 



I . 1 
normalized values of discharge coafficients used in the 
revised model were 1.0, 1.0, 0.7, and 1.0. 

The REWS/XODZ-BLW EM choked flow model also provides 

control over the conditions at which to apply the discharge 
coefficients. The -lower bound for the transition.regime is 
set to 1 percent void fraction and the upper boiznd at 70 

percent void fraction. The subcooled coefficient applies ' 
whenever the leak inlet void fraction is less than . l  

percent. The supperheat discharge coefficient is applied 
whenever the leak inlet enthalpy is greater than or equal to 
t h e  leak node saturated steam enthalpy. The table that 
follows shows the coefficients and the switching in chart 
form* 

Once the relative values of the discharge coefficients have 

been specified, the specific values to be used in a given 
evaluation can be determined. This can be done through an 

adjustment o f  the break area or through the multiplication 
of each o f  tho discharge coefficients by a constark. In 

licensing calcuiations this is done by break area adjustment 
and is part of the spectrum approach to the identification 
Of the worst case break. In experimental benchmarks this is 
usually done by adjusting one of tho coefficients to match a 
measured flow and than adjusting the remaining coefficients 

to maintain their relationships with each other. Based upon 
the test data for S-M-1 ;ubcooled and transition 

discharge coeMicients were set to 1.13. Therefore, the 
two-phase value became 0.79 ( = 0.7 1.13) and the 
superheated value 1.13.' 



Discharge cVf f icients Relationships 

System depressurization and inventory prediction of the 
original model' were further complicated by a difference 
between the predicted and experimental break inlet 

conditions. Following loop seal clearing, the calculated 
break inlet flow was composed of steam from core boiling and 
system flashing and the broken loop ECCS liquid. The 
resultant break quality was between 85 and 90 percent. 
Evidence from the experiment -- measured break i n l e t  
quality, break flow rate, system mass balance, and the 

reactor vessel level decrease rates -- indicates that the 
break inlet quality should lie between 70 and 75 percent. 
Vessel and system mass balances calculated from the test 
data between .- 300 and 500 seconds cannot be matched using the 

intact loop H ~ I ,  decay heat, and flashing. The test break 
density indicakd a quality of 70  to 80 percent. The break 

mass and energy discharges cannot be reasonably matched 
unless a quality of about 70 percent is used (break energy 
rate is inferred from the system energy balance and 

depresurization) . On an individual basis the uncertainty of 
each measurement makes it difficult to be absolutely 

conclusive about the break inlet quality. However, taken in i 

Value used in 
Revised Model 

1.13 

13 

0.79 

1.13 

Normalized 
Value 

1.0 

1.0 

0.7 

1.0 

~egime . 

Subcooled 

Transition 

Two-phase 

Superheat 

' . Range o f  
Application 

ag < 18 

ag 1 1% & 

a < 70% 
g - 

a > 7 0 5  6 
9 

Wmix < H 
g ,  sat 

'mix 2 Hg, sat 



combination the evidence is compelling that the break 
quality averaged about 70  -percent and that his  was caused 
by bypassing of  most of the intact loop IIPI. 

The intact loop HPI bypass was probably caused by a . 

combination of the atypically short distance between inlet 
nozzles and high steam velocities in neighborhood of the 
broken leg nozzle. The intact cold lag .mixture, which may 
not have been well mixed, transits the top of the downcomer 
so quickly that there is little time for a separation of 
steam and water prior to the high velocities at the broken 
loop nozzle. The result is essentially the entrainment of 
most of the HPI acroas the top of the downcomer. A change 
was made in the cold leg nozzle to downcomer connection for 
the revised model to essentially force bypass of the intact 

loop HPI. Noding changes included separation of volume 101 
into two volumes (101 & 102) of equal height. The two cord ' 

leg nozzle junctions were modelled as one-half the original 
area and connected as upward oriented junctions to the top 
of .  control volume 101. A. separate bypass function (103) 
with one-half the cold leg nozzle area was connected as a 
downward oriented junction between the two cold legs. 
Associated changes were made to the junction connections 
from 101 to 102 to the rest 02 the downcomer. The 
arrangement is depicted in Figure 5-2a. 

The reactor vessel upper head region drained too qufckly in 
the original- - calculation. Phase separation in the guide 
tube allowed high upward steam flow which promoted draining. 
The junction between control volumes 183 and 284 Was 
switched to a homogeneous condition. Justification of this 
switch is rooted in the atypical small size of this 
connection with the plugged drain holes. This type of model 
would not be used in plant applications. An associated 

change, which is currently used in the applications, was the 



modelling of the reactor vessel upper head connection of the 
bypass line.' The junction was connscted to the top of 
control volume 192 instead of the botto* of 193 to give a 
better bypass inlet phase condition. 

The connection to the top of control volume 230 represented 
the Semiscale geometry; however, it allowed the bottom of 
the downcomer to trap steam during the last portion of +he 
pump coast-down phase. At the rrnd of the simulated pump 
coastdown the steam trapped in the downcomer was discharged 
out of the break and the system levels realigned. Moving 
the connection -to the bottom of volume 140 allowed the core 
to serve as part of the steam discharge path. Plant 

application models use the revised model type of connection. 

A change was made associated with the mechanistio loop heat 
loss modelling, Based on the mass and energy balance 
calculations on the core and .downcomer during the core boil- 
off phase, the heat losses were considered to be too large. 

They vex; reduced by modelling the exterior heat loss as a 
heat transfer coefficient versus time. fnitially a value of 

2 1 Btu/hr-ft -s was chosen. This value was decreased by a 
factor of 100 to reduce the heat loss on the outside o f  the 
insulation during the transient. 

The secondary side boundary conditions were also modified 
for the revised prediction. The original base calculation 
imposed the kasured test secondary pressure as a boundary 
condition. A more appropriate boundary condition would b8 

the primary-to-secondary temperature difference during the 
saturated phase of the transient. This boundary condition 
resulted in a s l ight  reduction in the secondary pressure in 
the 100 to 300 second time frame. It maintained a similar 
potential for" heat transfer in each loop, which f s important 
because this heat transfer has a strong influence on 



individual loop seal level depressions. After 300 seconds a 

smooth linear ramp back to the test pressure was 
implemented. The imposed secondary pressure boundary 
conditions are shown in Table 5.2. 

c. 

The revised, best-estimate, model results are summarized in 
Table 5-2 and shown in Figures 5-3 through 5-21 as the 
dotted lines. The new set of discharge coefficients greatly 

improve the system pressure (Figure 5-4) and liquid mass 
inventoriey (Figure 5-14) predictions. The prediction of 
these parametats was improvid primarily by matchinq the test 
leak fluid composition during the boil-off perlad while 
maintaining the appropriate total discharge. The downcomer 
bypass noding arrangement provided M e  mechanism to 
aCC~rately simulate this behavior. Between 300 and 500 

seconds the normalized mass prediction deviates somewhat 

from the test values. This daviation i s  partly due to the 
inventory in the broken loop pump suction piping, not 
clearing until 600 seconds. 

Improvement in the prediction of the upper head level, shown 
in Figure 5-17, between 50 and 150 seconds helped to . 
redistribute the system inventory such that it was more 

consistently with test observations. The lower downcomer 
model cbanged'the steam storaga in the lower downcomer; 

however, the fdrced bypass model in the nozzle belt region 
allowed more steam to be stored in the upper downcomer. The 

level behavior is shown in Figure 5-18. Upon intact loop 

seal clearing, the test, base, and revised model levels all 
resided at the cold leg nozzle elevation. 



Tho timing of the intact loop seal clearing wag tha sama as 
the base case and the test, although the duration and 
magnitude ware slightly less thur the previous values. The 
revised core collapsed level, shown in Figure 5-13, rose 
above the test. data between 180' and 280 seconds. The over- 
prediction o f  the level was due to the rapid equalization of 
the downcomer and core levels. The difference appears to be 
due eo a slight difference in the loop seal behavior. Once 
the downside of the intact pump suction clear@, a .steam 
venting path can be readily established. However, t h e  
facility seems to retain a small plug of liquid which acts 
as a resistance to the steam flow. The rasistance remains 
partially in place until approximately 475 seconds. Its 
effect can be seen in the differential between the test 
downcomer and core collapsed levels. 

The slight over-prediction of the core collapsed levels from 
the intact loop seal clearing until 450 seconds had minimal 
impact on the peak heater rod temperatures. The steam 
cooling abova the mixture level in FRAP-~6 under-predicted 
the cooling; therefore, the temperature escalation was 
faster than that observed i n  the test. 

A t  SO0 seconds, the revised prediction was restarted and a 
path, that included one-tenth of the cold leg nozzle, was 
connected from the intact leg to the top of cont ro l  volume 
102. This path allowed a portion of the ECCS liquid to 
enter the dowricomer and not be bypassed. The mass and 
energy balances on the test core region indicate that some 
of the intact loop ECCS f l u i d  was still being bypassed after 
accumulatot actuation. This path allowed approximately the 

same, but slightly less, l iquid to enter the downcomer than 
occurred in the test. The system d.pressurization between 
500 and 700  seconds, Figure 5-4, was more rapid than the 



test. The rapid depressurization was slowed at 
approximately 650 seconds due to boiling of small amounts of 
liquid that had welled into the hot legs and inlet of the 
steam generator tubes. Since the depressurization was 
slowed, the rate of accumulator~injection was lower and less 
steam condensation occurred. The revised calculation 
reached a pressure equilibrium at 850 seconds, thus halting 
the accumulator. flow. The intact loop HPI was still 
insufficient to absorb all t h e  core decay heat at t h i s  time 
and a second core boil-off began. The test - appeared to be 
approaching this condition at 1000 seconds. 

REWLPS/MOD2-B&W calculated the major events o f  M e  Semiscale 

S-LH-1 transient -- two-phase natural circulation, reflux 
boiling and liquid holdup, pump suction loop seal clearing, 
core liquid level depression, ECCS injection and core 
recovery -- in the proper sequence for both benchmarks 
provided in this response. Both benchmarks calculated the 
overall sy,stem responses in reasonable agreement with the 
ewerimental data. The assumptions and boundary conditions 
used for the base calculation resulted in a depressurization 
rate that effectively modeled a larger break. The SBLOCA 

code package, namely RELAP5/MOD2=B&W, FOAMZ, and FRAP-TI, 
calculated a conservative heater rod surface temperature in 
both predictibns, with the original and revised ca2culations 
producing similar peak temperatures. The revised 

REtRPS/MOD2-B&W calculation was able to closely match the 
test behavior for S-Ui-1 including small scale facility 
effects. 

Although the benchmarks were conducted to demonstrate basic 
code capabilities, most of the modeling used i s  
. 



representative of that for evaluation model calculations. 
The degree of nodalization employed in the benchmarks was 
higher than required. The detail used in the pressurizer, 
hot legs, UTSG secondary sides, 13TSG primary aides, lower 
downcomer, and cold legs provides minbal  benefit over 
lessor models. The noding near tho bottom o f  the pump 
suction downside is required to preserve the propr timing 
for loop seal clearing. Steam geneirator noding shouXd ba 
sufficient to determine the total energy transport in or out 
of the primary system and to differentiate between upside or 
downside condensation for proper liquid tracking during 
reflux boiling. The emphasis in component noding should be 
to model the elevations of liquid traps correctly. 
Sufficient noding near the break should be provided to place 
the ECCS i n j e c t i o n  location properly for the event being 
studied. 

. . Connections between and within components require careful 

cansideration. Regions of particular importance are the hat 
and cold leg nozzles, upper head t o  upper plenum 
connections, and upper downcomer connections. Junctions 
will be connected to volumes, that may establish mixture 
levels, in an orientation that will tend to pass liquid or 
steam in accordance with the predicted levels. Double flow 

path modelling will be used for hat and cold leg nozzles. 
i The S-I3f-1 benchmark used crossflow junctions for the nozzle 

areas. Although the crossflow junctions perform similar to 
double f low 'paths, double flow path modelling has two 
advantages. It has the capacity to model liquid-lipid 
counter-current flows that may develop Ln the cold leg 

nozzles, and retains the full complement of momentum terms, 
i 

The noding proposed for the S B ~ C A  evaluations and described 
in BAW-10168 is s u f f i o i e n t  to meet these computational 1 



needs. The benchmarking of Semiscale test 8-LH-1, Loft test 
L-3-5. the Hist t&t ssriu, and others demonstrate that 
REWLPS/MODZ-BCW can adequately predict s y o t u  thermal- 
hydrahie responses during a SBmCA with differing lavels  of 
detai l  used i n  the noding. Further the combination of , 

noding and code packages selected for the small break 
evaluations produce conservative peak cladding temperature 
results for  SBLOCAs that result  in temperature ixcursions. 
Theref orer the RELAPl/MOD2-BCW, PIUP-T6-B&W, and P O W  

computer codes are adequate for calculating SBLOCA f lu id  - 
conditions and core cladding temperatures. 
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Table 5-1. Comparison of Calculated and Measured I n i t i a l  
. Conditions for Semiscale Test S-LH-1. 

Parameter 

Pressurizer Pressure, psia 

Core Power, Kw 

Pressurizer Liquid Level, inches 

Cold Leg Fluid Temperature, F 
Intact Loop 
Broken Loop 

I 

Primary System Flow Rate, Ibm/s 
Xntact Loop 
Broken Loop 

Core Bypass Flow (I of total core flow) 

S G  Secondary Pressure, ps ia  
Intact Loop 
Broken Loop 

Core AT, - F 

S G  Secondary S ide  Mass, lbm 

I n t a c t  Loop 
Broken Loop 



Table  5-2. Comparison o f  Calculated a ~ d  Measured Sequence of 
Events for Semiscale ~ i s t  S-WI-1. 

Event 

: Break Opened 

, cands - 
li!musd BASE Bzxx.=Q 

, Pressurizer at 1827.5 ps ia  (~1s) 14.67 

. Reactor Scram 

, Pump Coastdown Initiated 
Intact Loop 
Broken Loop 

Feedwater O f f  

Intact Loop 
Broken Loop 

I 

MSIV Closure 

I Intact Loop 
Broken Loop 

I 

HPIS Initiated 
Intact Loop 
Broken Loop --  

Pressurizer fiaptied 

, Intact Loop Seal Cleared 
I 
! I 

, Broken Loop Seal Cleared 



Table 5-2. ~orn~arison' of Calculated and Measured Sequence of 
Events for  Semiscale T e s t  8-LH-1 (continued). 

Event 

Time. erecMs - 
EmSanBd BASE lmLua2 

j Accumulator Injection 
Intact Loop 503.8 324.0 490.0 

Broken Loop 501.4 324.0 490.0 

SO secondary Side Pressure Used i n  tho R E W 5  Predictions 

EsSURE I _ E -5 SECONDARY P R E S S m  REVIsRD wP5 SP.CoNDARy PR 

j Time Intact Loop Broken Loop Time Intact Loop Broken Loop 
sec ~ s i a  asfa sec ~ s i a  D S ~ R  

0 860 858 0 860 858 



Brok'en loop 

steam line - 

Recfrculatlon flntrs 

Pressure 

BROKEN COOP INTACT LOOP 

Intact loop pump 
suction (Jocp seal) 

\Condensing coils 

Broken loop pump 
suction (bop seal) 

Vessel Condensed break 
downcomer flow maasurlng tank 

F i g u r e  5-1. Semiscale MOD-2C ~ r s t e s  Configuration. ' 
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~ i ~ u r e  5-Pa. Samiscala T e s t  8-IS-1 Forced ECCS 
Bypass Downcomer Noding Diagz-. 
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FIGURE b4. SMSCALE TEST SUi-1: PRIMARY SYSTEM PRESSBE. 
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TEST DATA 
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- - - - - - m  RELAPS/MODZ-E&W EM - BASE 
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FIGURE 5-7. 8EMSCALE TEST S-LH-I: BR6KEN LOOP STEAM GENERATOR 
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TEST DATA ------- RELAPS/MOOZ-BdrW Dci - EASE 
-..--.---..-. REtAPS/MOD24&W EM - 

TEST DATA ------- mAPs/MOD2-Bhw EM - a S E  
---**--...-.- R€LAPS/MOOZ-BPIW EM - RNLSm 

FIGURE 5-1 0. SEMISCALE TEST S-LH- 1: M A C T  LOOP PUMP SUCTlON 
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FIGURE 5-1 1 . SEMlSCALE TEST SIU.I-I; BROKEN LOOP WMP SUCTION ' 
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FIGURE 5-1 2. SEMlSCALE TEST S-W- 1 ; BROKEN LOOP PUMP SUCTION 
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FlWRE 5-14. SEMISCALE TEST SUC1: PRIMARY S Y S m  N O W  MASS 

TEST DATA 
---.I.- r E u p m m x * W D r ( - B A S E  ....- '---I-... -2*wBr(-FIMSED 



RQURE 5-1 5. SEMISCALE E S T  S-LH-1:  WAC^ LOOP ECC FLOW RATE. 

m€ SEC 

FIOURE 5-1 6. SEMISCALE TEST S-LH-1; BROKEN LOOP ECC FLOW RATE. 
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FIOLRE 5-17. SEMISCALE TEST S-Uk1: VESSO, I.w UChD LNP. 

,TEST DATA ------- - a W  W -BAS 

f-\ - ...-. ----..a. RMWIMOO24&Wm#-RWS€Q 

b *. 0' COLD LEQCPllWLN 

FIGLIRE 5-18. SEMlSCAtE TEST S-IH-1: DOWNCOMER UQUD LEVEL. 



FIGURE 5-20. SEMISC W TEST S - W  1 : 10 FOOT HEATER ROD SWACE 
TEMPERATURE. 
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FIGURE 5-21 . SEMISCALE TEST S-LK I: RELAP5IMdO2 BASE C A e  CAtCUtAm 
TLf3E VELOCmES. 
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Your response to Question 18 stated that an assessment 

calculation for a 1.0 ft2 break, which was selected as a - -- 

transition point between the large- and small-break m a  
calculations, was not needed because this break size is not 
the limiting case for-either large- or small-break UCA. 

Confirm that. your plant specific break spectrum analyses 
- 

will include calculations, with both the large- and small- 
break LOCA Ms, of a 1.0 it2 break in order to demonstrate 

compliance with Section C.1 .a  of Appendix K to 10 CFR 10. 

Response: The B&W recirculating steam generator LOCA 

evaluation model separatas small break. from large breaks at 
a break area of 1.0 ft? Should the evaluation of a break -. 

w i t h  that area become necessary as part of a spectrum or 
pa-fa1 spectrum submittal for compliance w i t h  10CFR50.46, 
the evaluation will be perfomad as b o a  a large break and --- - 

as a small break. Both results will be reported in the 
submittal and the deviations between the treatments 

evaluated and explained, 
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This section contains the safety evaluation report, dated April 18, 

1990, issued as a result of NRC review of revision 1 of this 
' topical report. The SER is based on the technical report produced 

by EG&G, 1-0 National Laboratory, as part of the review process; - this technical report'is included in this section. 
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UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHIMTON. A C. mss 
April 18, 1990 

Mr. J. H. Taylor, Manager 
Lfcensing Servjces 
BLW Nuclear Technologf es 
3315 Old Forest Road 
P. 0. Box 10935 
Lynchburg, Vf rg f  n la  24506-0935 

Dear Mr. Taylor: 

SUBJECT: ACCEPTANCE FOR REFERENCTNG OF L I  CENS IN6 T O P I C A L  REPORT, BAW-10164P, 
REVISION 1, "RELAPS/MOD2-BLW, AN ADVANCED COMPUTER PROGRAM FOR LIGHT 
WATER REACTOR LOCA AND NON-LOCA TRANSIENT ANALYSIS" 

We have completed our revlew of the subject top ica l  repor t  s u b l t t e d  by the 
Rabcock & Wilcox Fuel Company (BWFC), a company of 88W Nuclear Technologies, by 
a l e t t e r  of December 28, 1987, and revised by l e t t e r s  o f  November 2, 1988 and 
2anuary 30, 1990. We f i n d  the report  t o  be acceptable for referencing i n  

rn l icense applications t o  the extent sped ffed and under the I h i t a t i o n s  
delineated i n  the report and the associated evaluation by the U. S. Nuclear 
Regulatory Comnf ssfon ( N R C ) ,  which i s  enclosed. The evaluation deflnes the 
basjs for acceptance of the report. 

Me do not Intend t o  repeat our review of the matters described f n  the repor t  
:when the report  appears as a reference i n  the license applicatfons, except t o  . 
ensure tha t  the material presented f s  applicable t o  the speci f ic p lan t  

, Jnvolved. Our acceptance applfes only t o  the matters described i n  the report. 

' f n accordance with procedures esta b l  fshed i n  NUREG-0390, NRC reques t s  t h a t  BWFC 
:pub1 i sh accepted vers I ons o f  t h i s  report, proprfetary and non-proprietary , 
\wi th in  three months o f  receipt  o f  t h i s  l e t te r ,  The accepted versions s h a l l  
:incorporate thds l e t t e r  and the endlosed evaluation between the t i  t le  page and 
,the abstract. The accepted vers$ons sha l l  dnclude an "-An (designating 
;accepted) fol lowing the report  fdent l  f f  catlon symbol. 

$hould our c r i t e r i a  o r  regulations change such tha t  our conclusions about the 
Ycceptabi l i ty of the report  are invalfdated, we expect BWFC o r  the appl icants 
beferencfng the top ica l  report, o r  both, t o  revise and resubmft t h e i r  
respective documentation, o r  t o  submf t jus t f  f f c a t i o n  f o r  the continued 
effect ive applicabf I f  t y  of the topfcal  repor t  wfthout rev i s lon  of t h e i r  
mspect ive documentation. 
I 

I 

I Office o f  Nuclear Reactor Regulation 

Encl osores: 
':$ s ta ted  

I 



UNITED STATES 
NUCLEAR REGULATORY COMMISSION 

WASHINGTON, 0. C. 20- 

*+**a 

ENCLOSURE 1 

SAFETY EVALUATION OF THE 8ABCOCK & WfLCQX, FUEL COMPANY 
TOPICAL REPORT BAW-10164P. REVISION i t  

RELAPS/MOD~-ELM, AN ADVANCED COMPUTER PROGRAM FOR 

L IGHT WATER REACTOR LOCA AND NON-LOCA TRANS I ENS ANALYSIS 

1.0 INTRODUCTION 
. - 
, As p a r t  o f  safety analysis f o r  fue l  reloads of the pressurized water reactor 

; (PWR) plants equipped w i th  rec f rcu ta t ing  steam generators (RSGs), the Babcock t 
' Milcox Fuel Company (BWFC) developed reload safety analysis methodologies f o r  

lass-of-coolant accidents (LOCAs) and non-LOCA t ransients  and accidents. 
The LOCA evaluation model i s  descrjbed i n  top fca l  repo r t  BAM-10168P, "RSG LOCA" 

. , 

i (Ref. 1). The approach f o r  the safety analysfs of .non-LOCA t ransients  f s  
.: - 

I described i n  top lca l  repor t  BAWm10169P, "RSG p lan t  Safety Analysisn (Ref. 2). 
' the system transient analysis code RELAP5/MOD2-B&W f s used, complemented with 
, ether codes, t o  perform both LOW and "on-LOCA analyses. The RELAPS/HOD2=B&U 
' code, whfch 1s the subject o f  t h l s  review, i s  described fn  the repor t  
: 8AW-10164P. Revision 1, submitted and amended by l e t t e r s  of December 28, 1987, 
November 2, 1988, and January 30, 1990 (~e fs .  3, 4, 51, 

! 

i 

For a large-break LOCA, the RELAPS/MODZ-B&W code i s  used t o  ca lcu late reactor  
. coolant system transients and core thermal hydraul ic condlt ions during the  
' blowdown phase. These calculat ions are fo l  lowed by the  use of the REFtOD3B and 
BEACH codes (Refs. 6 and 7) t o  calculate the r e f t l l  and reflood responses. For 
s small-break LOCA (SELOCA), $he e n t i r e  system response i s  analyzed w i t h  the 
cRELAPS/MOD2-B&W code. If a core uncovery i s  predjc ted t o  occur, the FOAM2 code 
: (Ref. 8) i s  used t o  calculate the mixture helght f nside the reactor core. The 
'$RAP-~6-B&U code (Ref. 9) i s  then used i n  both large-break and small-break 

LOCAs t o  ca lcu late the thermal response and peak cladding temperature (PCT) a t  
the hot  fuel rod. 



0 

. The non-LOCA safety analysis methodology uses the RELAPS/MODZ-B&W code t o  model 
8nd calculate the system responses for  each transfent. Reactor core power 

I durfng each transient i s  calculated usfng the po in t  k fnet ics neutronfc model tn 
j t he  RELAP5/MODL-BI  code. The rasu l t fng  thermal hydraulfc condf t ions  o f  the 

' core calculated usfng the RELAPS/MODP-B&W code are used as boundary condl t ions 
' for  another core t h e h a l  hydraul ic code, such as LYNXT (Ref. 10). t o  determine 
, the temperature and departure from nucleate bof l ing r a t i o  (DNBR) o f  the hot 
; rod. 

This safety evaluation addresses only  the acceptabi 1 i ty of using the RELAPS/ 
I 

MODZ-08W code wfth proper de ta i l s  of the reactor system noding for ca lcu la t ion  
, of t rans lent  system response as p a r t  of the reload safety ana l is ts  of LOCA and 
non-LOCA transients and accidents. Implementation o f  the ove ra l l  t ransfent  and 

:accident analyses i s  addressed i n  the review o f  the LOCA evaluation model (EM) 

4opical report BAN-10168P and the non-LOCA safety analysis method repor t  
SAW-10169P. Because the RELAPS/MODZ-B8W code i s  a p a r t  of the LOCA EM and the 
~ O ~ - L O C A  safety analysis, the r e s t r i c t i o n s  (inposed on RELAPSIMODZ-BLW wf 11 

jq1f0 a f fec t  these analyses, and vIce versa. 
! 

,2.0 DESCRIPTION OF RELAPS/MODZ-BLW 

'The RELAP5/MODZm8&W code i s  a 8WFC version of the advanced system analysis 
aomputer code RELAP51M002. R E L A P ~ / M O ~ ~  was developed by the Idaho Nation a1 
[Engineering Laboratory as a best-estimate code t o  .stmulate a wlde va r ie t y  of 
!PbfR system transients. The code, which t s  also organized i n t o  modules by 
komponents and functions, was designed t d  model the behavjor of a l l  major 

pnponents i n  the reactor system during accf dents ranging from large-brea k and 
6hall-break LOCAs t o  ant ic ipated operational t ransients invo lv ing  the p lan t  
t ~ n t r o l  and protect ion systems. This code supports simulatfon of the prfmary 
System, secondary system, feedwater t ra in ,  system controls, and core 
neutronics. Special component models include pumps, valves , heat structures, 
b j e c t r i c  heaters, turbf nes, separators and accumulators. 
. I 

I I 
I 1 
i I . . 

I 
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i The fundamental equations, cons t i tu t i ve  models and correlat ions, and method o f  
sq lu t i on  of RELAP5/MOD2 are described 1 n NUREG/CR-4312 (Ref. 11). The recent ly  

published NUREG/CR-5194 (Ref. 12) contains a very de ta i led  descr ipt ion of 
' models and correlat ions used i n  the RELAPS/MDD2 code. RELAPS/M002-B&W 

, preserves the or ig ina l  model s o f  REtAPS/M002. However, new features and model s 
' have been added t o  ensure cmpf iance with the requf rements i n  AppendSx K for 
LOCA ECCS evaluation model t o  permit l icensfng LOCA analysis. The more 

s i g n l f f  cant features added include: 
i 

(1) The Moody, extended Henry-Fauske, and Vurdock-8auman c r i t i c a l  f low models. 

j (2) A core heat transfer model 

: (3) The re tu rn  t o  nucleate bo i l i ng  and t rans f t i on  b o i l i n g  lockout l og i cs  

l(4) . New fuel rod behavior models t o  represent fuel rod f i s s i o n  gases, rod , 

deformation, fuel-cladding swel lint and rupture, gap conductance, and 
I 

t i rcaloy-water reaction. 

The RELAP5/MOD2-B&W hydrodynamf c model i s  a one-dSmensiona1 ( a x i a l  ) , transient, 
two-fluid model used t o  calculate the f low o f  a steam-water two-phase mixture. 
]TMS two-fl u l d  'model uses s i x  f i e l d  equations: 2 phasic-conti nut t y  equations, 2 
'phasic-momentum equations and 2 phasic-energy equations. Therefore, RELAPS/ 

lNOD2-8LW i s  capable o f  ca lcu lat ing the character ts t f  cs of non-homogeneous , 
inon-equi 1 ibr lum flow. The hydrodynamf cs model also contaf ns several options 
fo r  lnvoki  ng simpler hydrodynamlcr models, such as ~hmogeneous flow, thermal 
equjl ibrium, and f r i c t i o n l e s s  f l ow  models, which can be used Independently or 
I n  combination. The system model i s  solved numeri ca l  l y  using a semi-implicft 
,finite difference technique. The ussr can also se lect  an optfon for solvfng 

ithe system model usfng a near ly- impl ic i t  f i n f t e  di f ference technique t h a t  
'allows for v lo la t fon  o f  the material Courant l i m i t ,  and I s  su i tab le for  steady 
. k i a  , te c~Icu~~ tions and for  slowly-varying, quasi-steady t rans ient  cs lcu l  a t i on r  . 

I 



. The RELAP5/MODZ-B&k' code uses a point -k inet ics model wi th  s i x  delayed neutron 
groups t o  calcutate reactor power as a function of tlme. It contains 
provi  s tons f o r  fuel temperature, moderator temperature and density r e a c t i v i t y  
feedback. Other reac t f v i t y  feedbacks such as those caused by boron concentra- 

: t t o n  changes and tripped-rod r e a c t i v i t y  are provided w i th  Input tables for 
generalized r e a c t i v i t y  with respect t o  time. 

a 7he const i tu t i ve  model s i n  the RELAP5/MOD2-B&W code include r i d e l s  f o r  def in f  ng 
: f l ow  regimes, and flow-regime-related models for ca lcu lat ing wal l  f r i c t i o n ,  
, f n te r fac ia l  mass transfer, heat transfer, and drag force. A core s t ruc ture  
; heat t ransfer  model and a fuel p i n  heat conduction model with dynamic fuel 
cladding gap conductance model are included. The core heat transfer package 

'qan calculate heat t ransfer  c o e f f f c f e ~ t s  fo r  various heat transfer regimes from 
Single-phase convection, ~ u c l e a t e  boi l ing,  t o  pos t - c r i t i ca l  heat f l u x  (CHF) 
heat transfers. 

I 

jother special features of the RELAPS/MODZ-B&W t ha t  are very useful jn the 
'thermal-hydraul i c  analysis o f  PWRs include dynamic pressure loss mode1 s 
assotfated w i th  abrupt area change f o r  stngle-phase and two-phase flows, a 
c e n t r t f u p l  pump performance model with two-phase degradation effects, choked 
a f l o w  models wfth treatment fo r  hor izontal  s t r a t i f i c a t i o n ,  nonhomogeneous two- 
'phase flow, counter-current flow models, crossflow junctlons, decay heat 
flodels, a f ine mesh renodalizing scheme for heat conductton, l i q u i d  entra in-  
firent, a motor valve model, a r e l i e f  valve model, contro l  system, and t r f p  
system. 
I 

p. 0 STAFF EVALUATION 

The staf f  performed the evaluation o f  the RELAPS/MOD2-8&W code nlth technical  
assistance from Idaho Natfona? Engjneering Laboratory. A technical e v a l ~ a t t o n  
report  (TER) regarding the acceptabil i t y  o f  the RELAPS/MOD2-B&W code i s  
attached as part of thls evaluatfon. We have reviewed the TER and concurred 
yith the conclusion. 

-. 
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Based on our review, we f i n d  t h a t  the RELAPS/MOD2-6&W code contains appropriate 
; a he no me no logical models suf tab le for ca I C U ~  ting  both L O U  and non-L~CA 
' transients. Also, the RELAPS/HODZ-B&U code contalns nothing tha t  i s  p lant -  
: specf f f c  f n  nature o r  that would preclude the appl icat ion 'of the code t o  any 
, of the rec i rcu la t ing  steam generator plants. Therefore, the RELAPS/MODZ-B8W 

code can be applied t o  any of the proposed Westinghouse and  ohbu bust ion 
: Engf neerfng plants. 

, BWFC has developed two plant-noding models wfth the RELAPS/HODZ-BICW code f o r  
I the analysfs of ncn-LOCA t rans ients  and accfdents. One I s  a low-power model 
i for analysfs of steamlfne breaks a t  low power. The other i s  a fut l-,power . . model 
j f o r  analysis of other t ransfents such as a turbine t r i p ,  a locked reactor 
: coolant pump rotor,  and .the uncantro l l  ed withdrawal of a rod c lus te r  cont ro l  

assembly bank, etc. The. repor t  BAN-10169P (Ref. 2) describes both models, and 
a1 so presents the benchmark comparisons between the resu l ts  o f  the RELAPS/ 

' MOD2-B&V calculations w i th  these models and the resu l ts  of selected final 
! 

I safety analysis reports (FSARs) of Westinghouse PWR-designed plants fo r  the 
t ransients and accidents represent) ng d i f f e r e n t  t rans ient  categories t o  be 

! analyzed I n  the safety analyst s. The comparisons of several Important 

parameters, such as neutron and therma 1 powers, pressurizer pressure and water 
/ level ,  c o n  i n l e t  and average temperatures, and f low rate. ind icated a 
, ~ e n e r a l l y  good agreement i n  the trends o f  these parameters. This agreement 

indicates the  approprla teness o f  using the RElAPS/MOD2-BLW code with proper 
: p lan t  noding de ta l l s  t o  ca lcu late the system responses t o  the transients.  
' Therefore, It i s  acceptable t o  use the RELAPS/MOD2-B&W code for l i cens ing  
calculations. o f  trans l e n t  reactor system responses, However, for  a complete 

safety analysis, an approved core thermal hydraul ic code and c r i t j c a l  heat f lux 
to r re la t fon  should be used w i t h  the RELAPS/MODZ-B&W code. The nodfng d e t a i l s  

i and inputs should be justified on s p lan t - i bec i f i c  barfs. The choice of 
, const f tu t ive models f ncludfng the empir ical  models and correlat fons should be .. 
Jus t i f ied  t o  ensure t h a t  t h e i r  use i s  w i th in  the ranges of app l i cab i l i t y .  



The RELAPS/MODZ-BIW code also contains !he features and mtkels necessary to  
satisfy the requfrements o f  Appendix K t o  10 CFR 50. therefore, we f lnd t h f s  
code t o  be acceptable for  use i n  in tegra l  system analyses for the  large-break 
and small-break LOCAs, 1.e. the ca lcu lat ion of the  system blowdown response for 
large-brea k LOCAs and the ca icu ls l ion  of the system hydraul i c  rcs,ponse for 
small-break. LOCAs. 

, 4.0 SUMMARY 

I _ The s t a f f  hes reviewed Topical Report BAW-10164P, Revislon 1. Except fo r  the 
: following condltlons and restrictions. we f ind t h a t  the R E L A ~ ~ / H O D ~ - B L L U  code i s  
I ' acceptable for ca lcu lat ing the reactor system responses i n  performing the 

safety analysis of t ransients and accidents, f ncludi  ng large-break and 
i small-break LOCAs. 

I (1) The Chen-Sundaram-Ozkaynak fi lm-bol 1 i ng  cor re la t ion  I n  the core heat 
4 - 

transfer model and the BLW aux i l i a ry  feedwater model for once-through 
steam generators were no t  reviewed and, therefore, should not be'used i n  
l icensing calculatfons without p r i o r  review and approval by the NRC. 

(2)  Prerupture cladding swell i s  not modeled because BWFC indicated that the  
swell i s  generally less than 20 percent w i th  ins ignf f fcant  flow diversSon 
effects. The a c c e ~ t a b f l l t y  of neglecting the effects of prerupture 
swel l ing  i s  par t  o f  the LOCA EM review based on WJFC's analysls of the  
flow diversion effects. The SER on repor t  BAN-10168P w 4 l l  address the 
resolut ion o f  t h f s  matter. 

(3) The b u i l t - i n  k inet fcs data f o r  decay heat calculat ions i n  the RELAPS/ 
MOD2-8&W code a re  based on the 1973 and 1979 standards of the American 
Nuclear Society (ANSI. Because Appendix K requires the use of a value 
tha t  fs  1.2 times the 1971 ANS standard f o r  decay heat calculatfqn, RWFC 

should ensure tha t  the decay heat used i n  1 icensing LOCA analysis compl ies 
w i t h '  Appendix K. 



The LOCA assessments o f  the Extended Henry-Fauske and Moody c r i t l c a l  fTow 
models were based on the use o f  the s t a t i c  propert les as input t o  the 
o r i t i c a l  f low tables. The LOCA I lcensing calculat ions should be performed 

accordf ng 1 y, 

The Interphase drag model o f  the' R&APS/MODZ-B&V code tends t o  overpredlct  
Interphase drag. This overpredlctfon may cause nonconservative 
predict ions o f  loop seal c lear ing  phenomena i n  tha t  l i q u i d  I s  cleared even 
when the steam f low i s  not s u f f i c i e n t l y  high t o  drag the- l f q u f d  ou t  o f  the 
loop seal. Therefore, t h i s  model may not accurately ca lcu late the core 
uncovery and the peak ctaddfng temperature (PCT) ; A r e s o l u t ~ o n  requi r i n g  

a s e n s i t i v i t y  study t o  choose a proper loop seal nodallzatfon t h a t  resu l ts  
i n  the highest PCT catcu lat fon w i l l  be addressed i n  the LOCA EM review. 

Even though noncondensible gases are not  modeled i n  the SBLOCA system 
analysis, RWFC demonstrated negl i g i  b le  effect tha t  a1 7 sources of 
ncncondensfble gases w i l l  have on the overa l l  response of the system for  
the range of SBLOCAs. However, BWFC noted that a 50 p s i  increase above 

the steam generator contro l  pressure o f  1150 psta could r e s u l t  fran a 
worst case release o f  noncondenslble gases, The staf f  bel ieves that  t h i s  

pressure increase generally would not substant ia l ly  reduce the i n j e c t t o n  
capabil i t i e s  o f  the chargf ng and safety fn jec t ton  ($1) systems. However, 
because the performance character is t ics  o f  the ST pumps vary widely I n  the 
plants, ve r i f t ca t i on  should be made on a plant-speci f ic basis t o  ensure 
t h a t  a 50 ps i  pressure increase w f l l  no t  g rea t ly  reduce S I  flow such t h a t  
the PCT would increase by more than SOOF. Othemlse, addi t fona l  
information should be provided t o  j u s t i f y  neglect o f  noncondensible geses, 
or the effect o f  the pressure fncrease caused by noncondensfble gases 
should be included i n  the analysis. 

For a complete safety analysis, an approved core thermal hydraul ic code 
and CHF corre lat ion should be used w i th  the RELAPS/MOD2-8&V code. The 
noding deta i  1 s and inputs should be j u s t i  f t e d  on a p lant -spedf fc  basis. t 



The choice of cons t i tu t i ve  models includf ng the empirjcal aodels a d  
correlat ions should be just i f jed t o  ensure t h e l r  use i s  w i th ln  the ranges 

o f  app l icab i l i t y .  
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ABSTRACT 

A review was completed o f  the RELAPS/MODZ - B&hJ computer program 

developed by Babcock & Wilcox (B&W) for  performing pressurized water 

reactor  (PWR) 1 oss-of-cool ant accident (LOCA) 11 censing analyses. The 

review consisted o f  an evaluation of the RELAPS/MODZ - B&GJ computer program 

as we1 1 as the modlf lcat ions made by BLW t o  the RELAPS/MODZ, cycle 36.04, 

computer program from which the I icensing version o f  RELAP5/MOD2 - B&Y 

! 
or ig inated. In tegra l  assessment calculat ions were reviewed t o  evaluate the 

va l  9 d l  t y  afid proper imp1 ementation o f  the modi f 1 cat! ons and added models. 

The review found tha t  RELAPS/MOD2 - B&W met the requirements o f  IOCFRSO, 
Appendix K, and NUREG-0737, Item II.K.3.30, and It i s  recomnended the code 

I . -  be accepted f o r  use i n  PWR l icensing analyses on the basis that suggested 

condit ions and rsqulrements are followed. The break s f  zes f o r  which 
i 
I RELAPS/MODZ - B&V i s  recommended for use include both large and small 
, breaks. However, p r i o r  t o  using RELAP5/MOD2 - B&W i n  LOCA appl i cat1 ons, 

BdrW must receive approval of t h e i r  LOCA eval ua t f  on model method01 ogy being 

reviewed separate1 y . 
I 

I -  



. This report documents the revfew and evaluation o f  the Babcock 8.  
Wilcox (B&W) computer program RELAPS/M002 - B t W  for use in performing 
pressurlred water reactor (PWR) 1 oss-ofdcoolant accident (LOCA) 1 icensf ng 
analyses. RELAPS/MDE - B&W is ca~able of analyzing the steady state and 
transient thermal -hydraul f c  response of a 1 ight-water reactor, The code 

has features that a1 low compliance with the requirements of 10CFR56, 
Appendix K. RELAPS/MODZ - 8&W is based on RELAPS/MOOZ, cycle 36.04, 
developed at the Idaho National EngI neeri ng Laboratory ( INEL) under Nucl ear 
Regulatory Commission (NRC) sponsorship. The code was submitted to the 

Office of Nuclear Reactor Regulation for approval as a 1 lcensing method. 
The Office of Nuclear Reactor Regulation requested assistance from the INEL 

The RELAPS/MOD2 - B&W code was reviewed and assessed as well as the 
model additions and mod1 f i  cations made by 8&W to RELAPS/MODL, cycle 36.04. 
This review was made using the information provfded by B&W in the 

RELAPS/MODZ - B&V code manual and i n  B&W1s responses to questions submitted 
by the NRC to B&W. The code was also reviewed to ensure that known updates 
and corrections to RELAPS/MOD2, cycle 36.04, were fncluded in 
RELAPS/M002 - B&W by B&W or appropriate justif icatlon given if excluded. 
Finally, the code was reviewed for compliance with NRC requirements. 

Based on this review, it f s recommended that RELAPS/MOD2 - B&W ,be 
accepted for performing PWR licensjng analyses provided suggested 
conditions and requirements are followed. The break sires for whjch 
RELAPS/MOOZ - B&W f s recommended for use include both 1 arge and small 
breaks. Thfs is based &I the adcipuatc RELAPS/MODZ - 8Y analyses of LOFT 
Test L3-5, Semiscale Test  S-LH-I, and Semiscale Test 5-04-6. These 
represent large and small break experiments. However, prior to using 
R€LAPS/MOD2 - B&W in LOCA appl i cat1  ons, B&M must receive approval of the i r  
LOCA evaluation model method01 ogy being reviewed separately. 



PREFACE 

T h i s  report was prepared for the U.S. Nuclear Regulatory C a a l r s f o n ,  
Off ice of Nuclear Reactor Regulation, by E G ~ G  Idaho, Inc. .  Energy and 

Systems Techno1 ogy Group. 
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TECHNICAL EVALUATION REPORT 

RELAPSIMOO2 - BLW 
AN ADVANCED COMPUTER P R O G W  

FOR - 
LIGHT WATER REACTOR LOCA AND NUN-LOCA TRANS I ENT ANALYSES 

RELAPS/MODZ - B L W ~  fs  a computer program developed by Babcock & 

W i  1 cox (B.&U) f o r  1 i ght water reactor (LWR) system thermal-hydraul i c  

analysis. It provides i n teg ra l  analysis 'capabi 1 i t y  o f  the system and core 

response t o  normal and off-normal events durfng steady s ta te  and 

transients. RELAPS/MODZ - B&W was adapted from RELAPS/MODZ, 

cycle 36.04,z by 8&W f o r  use i n  rec i r cu la t i ng  steam generator (RSG) 
I 

pressurized water  reactor  (PWR) I oss-of-cool ant  accident (LOCA) analyses, 

both large break LOCAs (LBLOCAs) and small break LOCAs (SBLOCAs). 

RELAPS/MOOZ - B&W was submitted t o  the Nuclear Regulatory Commission (NRC) 

by B&W f o r  review and acceptance f o r  l i cens ing  appl lcattons as a method t o  

analyze PWR LOCAs i n  a manner that  conforms t o  NRC requirements 'contained 
i n  LOCFRSO, Appendix 4 ,  and other per t inent  NRC regulations. 

RELAPS/MOOZ - B&W w i l l  be used by B&W as p a r t  o f  an overa l l  RSG LOCA 

Eva1 uat ion Model (EM: method01 ogy3 being ravlewed separately. 

Appl i c a t i o n  of RELAPS/MOD2 - B&W t o  LOCA analyses i s  contingent on the 

approval o f  the RSG LOCA EM methodology. RELAPS/MOD2 - B&U i s  a1 so being 

r e v i  awed separate1 y f o r  use t n  anal yrl ng non-LOCA transients; howeqr, the 

revlew documented i n  t h i s  repo r t  focused on the code's capabfl i t y  t o  

anal yze LBLOCAs and SBLOCAs. 
I 

i 

The O f f i c r  o f  Nuclear Reactor Regulatf on (NRR) i s  responsible for the 
evaluation and revfew o f  computer codes and t h e i r  proposed appt i ca t ions .  

The Office of Nuclear Reactor Regulation requested the Idaho National 

Engineerfng Laboratory (INEL) provlde assistance i n  the review of t he  

RELAPS/MOD2 - 8&W computer code. Specif i c a l  1 y, the request f o r  assi  stance 
included: 

1. Evaluation o f  RELAPS/MOOZ - B&u as a method t o  analyze the  e n t i r e  

PWR break spectrum. 



2. Evaluation o f  RELAPS/MOD2 - B&W for compl fance w l th  requfrements 
contained i n  IOCFRSO, Appendix K, and NUREG-0737, I tern f I .K. 3.30. 

3. Assurance tha t  correct ions t o  RELAP5'/M002, cycle 36.04, the base 
code f o r  RELAPS/MOD2 - B&W were incorporated i n t o  

. Related t o  the above. reviews, NRR also requested INEL review and 

e v r l  uatr O&W1 s responses t o  NRC questions regard; ng the 1 ors-of-cool ant 

model l ng  applications. The questions were those transmit ted t o  B&W by the 

N ~ ' c  f n  References 4 and 5. Babcock & W l  l cox 's  responses- t o  these questions 

are contained i n  References 6 t o  10. 

This technical evaluat ion repor t  documents the r e s u l t s  o f  the 
RELAPS/MODZ - B&M revlew and assessment f o r  PWR LOCA analyses. Section 2 
provides a b r i e f  overview o f  the h i s t o r y  o f  RELAPS/MOD2 - B&W and i t s  

development f r a m  RELAPS/MOD2, cycle 36.04. This sec t i  on a1 so discusses 

B&W8s modif icat ions t o  the RELAPS base code and BtW's code assessment 

work. Sectf on 3 reviews the code f o r  compl iance w i th  NRC requirements 

defined i n  Appendix K t o  10CFRSO. Section 4 reviews the implementation 

status i n  RELAPS'/MO02 - B&W o f  a l l  documented updates t o  RELAPS/MOD2, 
cycle 36.04, generated by the code developers a t  the INEL. Sectlon 5 
summarizes the conclusions reached from t h i s  review and the references are 
l f s t e d  i n  Section 6. 



2. REUPS/MODZ - B&W CODE DESCRIPTION AND ASSESSMENT 

This section presents a b r i e f  descr ip t ion o f  RELAPS/MODZ - BLW and 
~ ~ S C U S S ~ S  i t s  re la t ionship t o  the REUPS/MODE,  cycle 36.04, code from which 

i t  was developed. Then, each o f  the modi f icat ions made by B&W are 

discussed. The resul  t s  o f  RELAP5/MOD2 - 8&W i n tegra l  assessment 

calculat ions w i l l  then be reviewed followed by a discussion o f  the code's 
a b i l  I t y  t o  simulate the phenomena important t o  PWR SBLOCAs. Fina l l y ,  the 

code's a b i l i t y  t o  simulate the type of phenomena observed i n  Semlscale 

Test s - u T - ~ ~ ~  and loop seal c lear ing i s  d l  scussed. 

General Code Overvf ew 

RELAPS/MODZ - B&W i s  a LWR reactor system t rans ient  simulation code 
based on a nonequilibrium and nonhomogeneous model f o r  two-phase 

conditions. A f u l l  s i x  equation, two f l u i d  model f o r  the vapor- l iquid flow 

f i e l d  i s  used. The code formplation o f  the hydrodynami c components, power 
I 
I 
I sources, heated structures, t r i p s ,  and contro l  systems provides a f l e x i b l e  . 

method f o r  modeling LWR systems. RELAPS/MOOE - 8&W int ludes many general 
I component models from which general systems can be simulated. The 

component model s 1 nclude pumps, valves, pipes , heat structures, reactor 
po in t  k t  ne t i  cs, accumulators, and control  system components. Special 

! process models are included t o  account f o r  form losses, abrupt area 

I changes, branches, choked f 1 ow, boron tracking, and noncondensi b l  e gases. 

1 
. RELAPS/MODZ - B&W I s  based on R€LAPS/MOD2, cycle 36.04, which was 

developed under NRC sponsorship. Babcock & Wilcox decided t o  maintain the 
I same model ing philosophy i n  RELAPS/MODE - B&W as I n  the base code. The 

same formulation o f  the d i f f e r e n t i a l  equations for  the thermal-hydraulfc ' 

models, the same basic cons t i t u t i ve  re lat ions,  code archi tecture, p r i n c i p l e  
I 

sol u t f  on techniques, and user convenient features were retained i n  
RELAPS/MOO2 - B&W. 

8 I 

i 
i 

A1 though RELAP5/M002 was s p e c i f i c a l l y  developed t o  include the 
capabi i f t y  t o  simulate SBLOCA2 and operational t ransients,  the code i s  

f u l l y  capable of s imulat ing t8LOCAs as wel l .  The app l ica t ion  of 
I RELAPS/MODZ t o  a wide v a r i e t y  o f  thermal-hydraul i c  problems, Inc luding 

; I  

I I 



l a rge  and small break LOCAs, indicated the formulation o f  the d i f f e ren t fa1  

equations- and so lu t ion  technf ques provf de numerical ly stable solutions. 
With R E U P S / W 2  .- BLY rnaintalnind the same basic approach, it can be 
concluded t h a t  i t  w i l l  -also provide numerical ly s table solutions and, 
thereforei the general code models and s t ruc ture  are adequate f o r  PWR LOCA 

analyses. 

Babcock & W i  1 cox ' s assessment of RELAP5/MODZ - 8LW f dent i f i ed several 

areas t h a t  required changes t o  RELAP5/M002 t o  meet the EM requfrements o f  

Appendix K t o  lOCFR50. As a resu l t ,  B&W began a code development program 

i n  the fo l lowing areas: 

1. Addltfon o f  the Moody, extended Henry-Fauske, . . and Murdock-Bauman 
c r i t i c a l  f low models. 

2. Addit ion o f  a core heat t ransfer model. 

3 .  Addit ion o f  l o g i c  t o  prevent a re tu rn  t o  nucleate b o i l i n g  and 
t r a n s i t i o n  bof 1 ing. 

4. Addit lon o f  new fue l  rod behavior models t o  represent . fuel  rod 

f i s s i o n  gases, rod claddtng swell and rupture and rupture f low 

blockage, gap conductance, and ti r c a l  oy-water reaction. 

The modiffcatfons made by B&W and t h e i r  assessment are presented i w  more 

d e t a i l  i n  Section 2.2, 

One model added by B&W was not reviewed fo r  use I n  a 1 icensing 
calculat lon. Thls was the B&W aux i l  fa ry  feedwatet model f o r  once through 

steam generators. Because It i s  BLW's i n t e n t  t o  apply RELAPS/M002 - BtW t o  

r e c i  t cu la t i ng  steam generator plants ,  t h i s  model was no t  reviewed a t  t h i s  

time. 

Also, the b u i l t - i n  reactor k i n e t i c s  data fo r  decay heat ca lcu la t ions  

I n  RELAPS/MODZ - B&W are based on the American Nuclear Socfety (ANSI 1973 

and 1979 standards, but  the user has the op t ion  o f  enter ing d t f f e ren t  

data. Because Appendix K requires the use o f  1.2 times the ANS 1971 



standard f o r  decay heat c a l c u l a t ~ o n s  i n  LOCA licensing analyses, B&W should 

ensure the decay heat used i n  l i cens ing  analyses complies wi th  Appendfx K. . 

2.2 Model Descri p t i o n  and Assessment 

2.2.1 C r i t i c a l  Flow Models 

RELAP5/MOD2 - B&W includes the o r i g i n a l  Ransom-Trapp c r i  t i  caf f low 

model found 1 n the RELAP5/MOD2 base code, and B I  added the ~ o o d ~ , l z  

Extended Henry-Faurke, l3 and ~urdock-8auman14 c r l  t f  cal  f 1 ow model s t o  

RELAPS/MOD2 - B&W. The Extended Henry0Fauske (H-F) model can be used t o  

calculate subcooled c r i t i c a l  flow, the Moody model calculates two-phase 
break flow, and the Murdock-Bauman model cal  culates superheated steam 

c r i t i c a l  flow. Addit ion o f  the Moody model a1 1 ows the code user t o  meet 
the Appendix K requirement t h a t  two-phase c r i t i c a l  f low during a LOCA be 

calculated w i th  the Moody model a t  a1 1 break locations. 

A l l  the models were incorporated as a tab les o f  mass f l u x  versus 
stagnation enthalpy and pressure. The c r i t i c a l  f low tables may be entered 

w i th  stagnation propert ies o r  the s t a t i c  pressure and enthalpy from the 
donor' c e l l .  I f  the stagnation proper t ies are chosen, they are calculated 

from the upstream volume s t a t i c  pressure and enthalpy assuming isen t rop ic  

flow. 

To convert the c r i t i c a l  mass f l u x  from the c r i t i c a l  f low t a b l e ' t o  the  

phasfc v e l o c i t i e s  needed by RELAPS/MODZ - B&W, several options are 
available. These include a homogeneous (no s l l p )  model, user i npu t  

constant st  i p ,  Moody's $1 i p  model , RELAPS momentum equation st  i p ,  and 
upstream volume equi l  tbrium qua1 1 t y  s l  ip; 

Assessment on the Implementation o f  these models was provided by the 
in tegra l  assessment calcul  a t lon  f o r  Semi scale 1 arge break Test S-04-6 and 

small break experiments Semiscale Test S-LH-1 and LOFT Test 13-5. I n  the 
EM ca lcu lat ions of these tests,  subcool ad, two-phase, and superheated steam 

c r i  t i caj flow were cat culated using the extended Henry-Fauske, Moody, and 

Murdock-Bauman models. The optjons chosen for cal  cu lat ing the c r i t i c a l  

flow i n  the LBLOCA assessment were the use of the s t a t i c  propert ies and 



Moody $1 i p  was used w i t h  the Moody c r i  t i c a l .  flow model. For SBLOCAs, the 

options chosen f o r  ca l cu la t i ng  the  c r i t l c a l  flow were the use o f  s t a t i c  
propert fes and a s l i p  r a t i o  o f  one was used wi th the Moody c r i t i c a l  f low 

. model. The calculated r e s u l t s  f o r  Test S-04-6 show the extended 

Henry-Fauske model s l  i g h t l  y overpredicted the subcool ed df scharge and the 
Moody model, as expected, overpredicted the two-phase discharge. Both the 

LBLOCA and SBLOCA resu l t s  ind ica te  the models using these options were 

implemented correct ly,  Thus, the c r i t i c a l  flow models i n  RELAPS/MOD2 - B&W 
d l  scussed above w i th  the 1 i s t e d  options for LBLOCA and SBLOCA calcu lat ions,  

respectively, are recommended for use i n  LOCA 1 icensing cat cul ations. 

2.2.2 Core Heat Transfer Models 

Babcock i WSlcox added a new core heat transfer package t o  

RELAPS/MOD2 - B&W f o r  use 5n 1 i censing calcul.ations. The package f s  

designed t o  m e e t  the evaluat ion model requirements o f  Appendix K t o  IDCFRSO 
f o r  large and small break analyses. The corre lat ions used i n  the core 

model w i  11 be discussed i n  a sequence f o l l  owing the boi 1 i n g  curve: 

p re-c r i  t i c a l  heat f l ux  (pre-CHF) cowe l  ations, CHF corre lat ions,  and 
post-CHF correlations. Appl i c a t i  on o f  the core model i n  the assessment 

ca lcu lat ions showed i t  was adequate t o  caf culate the core heat t rans fe r  

response as par t  of the system ca lcu la t ion  i n  the overa l l  RSG LOCA EM. 

2.2.2.1 Pre-CHF Correlations. The pre-CHF cor re la t ions  are d fv ided 

i nto three categories: single-phase l ' iquid, subcool ed nucleate bo i  1 i ng, 

and nucleate b o i l i n g  corre lat ions.  The corre lat ions w i l l  be discussed i n  

t h a t  order, 

The 01 ttus-8oel t e r l 5  and Rohsenow-Choi l6* l7 corre lat ions )re used 

t o  calculate the single-phase l i q u i d  wal l  t o  f l u i d  heat t rans fe t  i n  the 

core. The core heat t rans fe r  l o g i c  chooses the maximum of the two  
corre lat ions as the slnglebphase heat t rans fer  coef f lc tent .  fhi s 1s the 
same type of l og i c  used i n  the system heat t ransfer  model (and the 
RELAPSIMODE base coqe) , where the maximum o f  the Dfttus-Boel t e r ,  

Rohsenow-Choi , and a natura l  convection cor ra la t ton  i s  used for  the 

single-phase heat t rans fer  coe f f i c i en t .  The D l  ttus-Boel t e r  and 
Rohsenow-Chof corre lat ions are widely used t o  model s lng l  e-phase forced 



convection heat transfer i n  'reactor t rans len t  s imulat ion codes. The use o f  

these corre lat ions i n  a  number o f  d i f f e r e n t  reac tor  t rans len t  simulation 

codes has proven them adequate f o r  modeling t h i s  type o f  heat t ransfer.  

Subcooled nucleate boi  1 ing heat transf or i s model ed us3ng the mod! f i ed 

Chen correlation.18 This i s  the same co r re la t i on  used i n  the system 

model and the RELAPS base code. Using the modlff ed Chen corre lat ion t o  

cat culate subcool ed nucleate boi 1  ing  i n the appl i cat ion o f  RELAPS/M002 and 
other reactor analysis codes t o  a  va r ie t y  o f  problems has proven adequate. 

A combination o f  the  hen, l9 ~horn,~O and ~hrock-trotsmanZ1 

corre lat ions i s  used t o  calculate the nucleate b o i l  lng h&t t ransfer  

coef f i c ien t .  The ranges where the cor re la t lons  are appl ied are: Chen 
corre lat ion,  pressure less than 750 psia; the Thorn corre lat ion,  pressure 

greater than 1000 ps ia  and void f r a c t i o n  less than 0.8; and the 

Shrock-Grosunan corre lat ion,  pressure greater than 1000 ps ia  and void 

&act ion greater than 0.9. Linear i n te rpo la t i on  i s  used t o  connect the 

cor re l  atSons. The nucleate boi  1 fng cor re la t ions  and select ion log1 c  used 

i n  RELAPSIMOD2 - B&W are s im l l a r  t o  tha t  used i n  the THETAI-022 code 

previously approved by the  N ~ c , Z ~  except the Chen co r re la t i on  replaced 

the Jens and Lottes c o r r e l a t i ~ n . ~ ~  Also, f o r  qua1 i t i e s  above 0.95, the 

heat f lux  i s  a  l i n e a r  in te rpo la t ion  on q u a l i t y  between the nucleate boi.1 i ng  
f lux  and the single-phase vapor f lux .  The nucleate b o i l i n g  heat t ransfer 
c o r ~ e l a t ~ o n s  and l o g i c  are adequate for use i n  RELAPS/MOO2 - BBW. 

2.2.2.2 CHF Correlations. The CHF cor re la t lons  used i n  
RELAPS/MOOP - B&W are dtvlded i n t o  h igh and l o w  f l ow  categories. The high 

f low corre lat fons and select ion l o g i c  w i l l  be discussed f i r s t  followed by 
the low flow corre lat ions and loglc.  

The high f low corre lat ions and select ion log ic ,  w i t h  the exception of 

one high pressure CHF correlat ion, are sfmf l a r  t o  the l o g i c  i n  the 

previously approved THETA1-B code. The high f l ow  cor re la t ions  are used if 
the mass f l ux  i s  greater than 500,000 1  bm/h-ft2. For pressures greater 
than 1500 psia, the user has the opt ion o f  choosing one of three 

corre lat ions developed by BbW f o r  use w l t h  t h e i  r fuel. These are the  
B & w - z ~ ~  (8hW 15 x 15 fuel bundles), 0 ~ ~ 2 6  (17 x 17 and zlrconlum g r i d  



15 x 15 fue l  bundles), and B W C M V ~ ~  (17 x 17 mixing vane f u e l  bundles). 

The B&W-2 cor re la t ion  fs 1 i sted i n  Appendix K and the BWC and BWUvlV 
corre lat lons were approved by the I n  the top i ca l  repor t  

def ining BtW's RSG LOCA EM (Reference 31, 6&W stated t h a t  on ly  the BWCMV 

cor re la t ion  w i l l  be used i n  1  icensing ca1culations. A t  pressures below 

1300 psia, the 8arnett30 o r  the modif ied Barnett ( ~ u ~ h e s ) 3 1  CHF 
, corre lat ions are used i n  the high flow regime. These cor re la t ions  are 

l i s t e d  I n  Appendix K. Linear i n te rpo la t i on  i s  used t o  connect the various 

reglons where the lnd lv idua l  corre lat ions are applied. The high f low CHF 
I 

model i s  considered adequate based on the previous NRC approval o f  the 

corre lat ions and logfc.  

The low f low cor re la t lons  are used i f  the mass f l ux  i s  less  than 
200,000 lbm/h-ft2. The high and low f low regions are connected by 1  inear 

in te rpo l  a t ion on mass f l u x  between the high f l ow  CHF co r re la t i on  evaluated 
a t  i t s  low f low I f m i  t and the 1 ow f low CHF co r re la t i on  evaluated a t  i t s  

h igh f low 14mit. The low f low CHF value i s  taken t o  be the maximum o f  the 

~ a c ~ e t h ~ z  and the ~ r l f f i t h ~ ~  corre lat ions.  These cor re la t ions  and the 

se lec t ion  log ic  are s im i l a r  t o  t h a t  i n  the prev iously  approved THETA1-B 
code. Therefore, the low f low cor re la t ions  and l o g i c  are consldered 

adequate f o r  ca lcu la t ing  low f l ow  CHF. 

In a l l  regions, there are two addi t ional  constra ints  appl l e d  t o  the 
CHF calculat ion. F i r s t ,  a  minimum CHF o f  90,000 0tu/h- f t2  i s  used. The 
same minimum CHF value i s  used i n  THETA1-0. Second, f o r  vo id  f racHons 

I 

greater than 0.8, the  value for CHF i s  taken as the value o f  the heat f l ux  
a calculated us1 ng the t rans i  tion-;of 1 i n g  heat t r ans fe r  coe f f i c i en t .  For the 

McDonough, M i l  ich, and Kinp t rans i  Lion b o i l  ing c 0 r r e l a t i o n 3 ~  used i n  
I RELAPS/MOD2 - B&W, t h f s  r e s u l t s  i n  the ca lcu la t ion  o f  a  lower CHF value 

than the use of the CHF co r re la t i on  alone. Based on the prevlous NRC 
approval of the minimum CHF const ra in t  and the f a c t  t h a t  the second 

cons t ra in t  resu l ts  i n  a  conservative CHF ca lcu la t ion  r e l a t i v e  t o  using only  

t h e  CHF correlat ion, these constra ints  are recommended f o r  acceptance. 

2.2.2.3 Post-CHF Correlat ions. The post-CHF reglon i s  d iv fded f n to  

t r a n s i t i o n  ba l l ing ,  f i l m  b o i l i n g  and single-phase vapor p lus rad ia t i on  

regimes. 

5-218 



As noted above, the t rans i t i on  b o i l i n g  heat t rans fer  coef f ic jant  i s  
calculated using the McDonough, M i l  ich, and King corre lat ion.  This l s  one 

of the c o r r e l a t ~ o n s  spec i f i ca l l y  1  l s t r d  i n  Appendix I( as acceptable for 
ca lcu lat ing t rans i t i on  b o i l  i n g  heat transfer. 

The code user has the opt ion o f  ca l cu la t i ng  the f i l m  b o i l  ing heat 

t ransfer coef f i c ien t  using the maximum o f  the Condie-Bengston 
correlation35 and the Rohsenow-Choi co r re la t i on  or the maximum o f  the CSO 

c o r r e l a t i 0 n 3 6 ~ ~ ~  and the Rohsenow-Choi corre lat ion.  The maximum o f  the 

two correlat fons i s  used because single-phase forced convection heat 

transfer, modeled w i th  the Rohsenow-Choi co r re l  at5 on, provides a 1 ower 

buund on f i  l m  b o i l  ing  heat transfer. A comparison o f  the Condie-Bengston 

corre lat ton t o  rod bundle f i l m  b o i l i n g  data i n  Reference 35 was reviewed t o  
determfne the adequacy o f  the cor re la t ion  f o r  ca lcu la t ing  f i l m  b o i l i n g  heat 
t ransfer.  The comparison showed the Condie-Bengston cor re l  atfon tended t o  
t o  be sl i g h t l y  conservatf ve i n  ca lcu la t ing  f i  l m  boi 1  i n g  data. Therefore, 

the Condie-Bengston cor re la t ion  i s  adequate f o r  f i 1m boi  1 i n g  heat 

transfer. I n  Reference 7, BtW stated t h a t  on ly  the combination o f  

Condie-Bengston and Rohsenow-Choi would be used i n  EM calculations, and, 

therefore no assessment o f  the CSO co r re la t i on  would be provided. Based on 
t h i s  discussion, the CSO cor re la t ion  cannot be used i n  a l icensing 
ca lcu lat ion without addi t ional  review and approval by the NRC. . 

For heat t ransfer  t o  single-phase vapor, the maximum o f  the 

McEl l got41 and the Rohsenow-Chol cor re l  a t  1 ons i s used t o  calculate t h e  

convection pa r t  o f  the heat f lux .  Babcock & Wilcox provided addi t ional  
informatlon on the assessment of the McEligot co r re la t i on  i n  t h e i r  response 

t o  question 8, Reference 7. For Reynolds numbers greater than 10,000, data 

i n  Reference 42 v e r i f i e d  the adequacy of the McEligot correlat ion. For 
Reynolds numbers below 10,000, a comparison o f  the O i  t tus-Boelter 

cor re la t ion  t o  data i n  Reference 35 was discussed by B8W. This comparison 
showed the Di ttus-Boel t e r  cor re l  at1 on adequately cal cut ated the 
single-phase vapor data down t o  Reynolds numbers o f  2000. Because the 
McEl i g o t  cor re la t ion  w i  11 calculate 1 ower heat t rans fer  coefficients than 
the Oittus-Boelter corre lat ion,  the data i n  Reference 35 support the  

adequacy of the McEligot cor re la t ion  down t o  Reynolds numbets of 2000. 
Addi t i ona l  data supporting the use of the M C E ~  fgo't co r re la t i on  f o r  Reynolds 



numbers less  than 2000 was provided f n  by BtW f n  Reference 71. This data 

showed the McEligot cor re la t ion  was adequate t o  calculata the heat t ransfer 
coef f ic jent  d m  t o  Reynolds numbers o f  700 t o  800 where the Rohsenou-Chof 
would then be applied. The rad ia t i on  heat f l u x  por t ion  o f  single-phase 

vapor heat t ransfer  s calculated using the ca r re l  atlon developed by 

~un,43 which i s  the same model used i n  the RELAPS/MOD2 base code, and I s  

consf dered adequate. 

The heat t rans fer  l o g i c  f n  the post-CWF region selects the heat f l u x  

t o  be the maximum o f  the transi tSon b o i l i n g  and f i l m  b o i l i n g  heat f luxes 

( t h i s  i s  s imi la r  t o  the RELAPS/MOD2 base code) as long as the d i f ference 

between the wal l  temperature and the sa tura t ion  temperature i s  less  than 

300°F and the qua1 i t y  i s  less than 0.95. However, if the t rans i  t l o n  

b o i l i n g  heat f l u x  i s  greater than the pre-CHF heat f lux, evaluated a t  the  

same conditions, then the heat f l ux  i s  set  equal t o  the f i l m  b o i l i n g  heat 

f l u x .  Between q u a l i t i e s  o f  0.95 and 0.999, the heat f l u x  I s  a l i n e a r  

i n te rpo la t i on  on q u a l i t y  between the single-phase vapor and the maximum of 

the t r a n s i t i o n  or f i l m  b o i l i n g  heat f l uxes .  When the q u a l i t y  i s  above 

0.999, the heat f l ux  i s  set equal. t o  the single-phase vapor heat f lux.  I f  
the  wa l l  superheat f s  greater than 300°F, the same l o g i c  i s  appl ied 

except on1 y the f i f m boi 1 i ng and s i  ngl e-phase vapor co r rc la t  t ons are used. 

2.2.3 Heat Transfer Loaic Options 

Appendix K t o  lOCFRSO requires a code lockout  re tu rn  t o  nucleate 

b o i l i n g  heat t rans fer  once CHF i s  predicted a t  an ax ia l  fue l  rod toca t ion  

dur ing blowdown. Appendix K also requfres a lockout  regarding the re tu rn  

t o  t rans i  tSon boi  1 i ng once the c l  addl ng superheat exceeds 300°F dur 1 ng 

the  blowdown phase o f  a LOCA. These requirements force a degraded heat 
t ransfer ca lcu la t ion  during the blowdown phase o f  a LOCA even though l o c a l  

condi t fons  may a1 low a rewet and a re tu rn  t o  nucleate b o i l  fng. Babcock 8 
Wilcox added the appropriate heat transfer l o g i c  t o  RELAPS/MODZ - B&W t o  

a1 low the user t o  meet these Appendix K requirements. 

The heat t ransfer log ic  sets the appropr iate f l a g  t o  t rue  once CHF f s  

exceeded. With t h i s  f l a g  se t  t o  true, on ly  post-CHF heat t ransfer 

cor re la t ions  are evaluated and used to catcul  a te  t he  heat t rans fer  wi th one . 
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exception. I f  the wa l l  temperature i s  less than the saturat ion 

temperature, then sing1 e-phase 1 i qu id  convection o r  two-phase condensation 
1s allowed by the code. When the wa l l  superheat i s  greater than 300°F, 

another f l a g  i s  set  t o  true, and w i t h  t h i s  f lag  true, the code only  applies 
f i l m  b o i l i n g  or convection t o  steam w i th  the same exception noted above for  
the nucleate b o i l  ing  lockout. The exception t o  the nucleate and t r a n s l t i o n  

b o i l  lng  lockouts discussed above i s  considered acceptable'during the 

blowdown because, w i th  the wa l l  temperature less than the saturat ion . 
temperature, the use of the single-phase 1 !quid o r  two-phase condensation 

corre lat fons w i l l  a l low the f l u i d  t o  heat the cladding. 

I t  should also be noted tha t  B&W does not  lockout nucleate b o i l i n g  i n  
the case where the heat transfer regime changes from nucleate b o i l f n g  t o  

steam cool ing without exceeding CHF. However, should t h i s  change i n  heat . 

t rans fer  resv l  t i n  the w i l l  superheat exceeding 300°F, then re tu rn  t o  

I t r a n s i t i o n  b o i l l n g  i s  locked out by the code. The INEL agrees t h a t  t h i s  

l og i c  i s  i n  agreement wf  t h  Appendix K. 

i + 2.2.4 Fuel Behavior Models 

Fuel. behavior models were added t o  RELAPS/MODZ - B&W t o  enable the 

fue l  rod behavior t o  be calculated dur ing a LOCA. These models include a 
fuel rod claddi ng swell and rupture deformation model, a fuel rod  gap 
conductance model, and z i  rcaloy-water reaction. The cladding swell and 
rupture deformation models a r e  based on N U R E G - O ~ ~ O . ~ ~  which i s  an 

I 

i acceptable data source. 

The gap conductance model i n  the RELAPS/MO02 - B&W core model i s  
simi  1 ar t o  the model used i n  FRAP-16-B&@ and approved f o r  use i n  B&W 
1 i censing appl icat lons S n Reference 46. The only  difference between the  
RELAPS/MODZ - B&U and FRAP-T6-B&U models 1s t h a t  RELAP5fi002 - B&W uses a 
simp1 i fied form o f  the FRAP-T6-88W gap width model. The RELAPS/MOOL - BBW 
model calculates a gap wldth d i f f e r e n t  from FRAP-T6-08W only when 

non-concentric rather than concentric fuel p e l l e t s  are modeled. In a 
t c l  ephone conversatfon on '~ovember 8, 1989, B&W stated the fuel  pel l e t  

model chosen for use i n  RELAPS/MODP - BbW depends on which model most 
accurate1 y matches the fuel stared energy calculated by the steady s t a t e  



fuel code. I n  addit ion, B&W stated t h a t  comparing the resu l t s  of two 

RELAP5/M002 - BLW blowdown calcu lat ions t h a t  used the d i f f e r e n t  fue l  pel l e t  
models showed the end-of-b1 owdown condit ions were assentt a1 l y  the s h e  
( fuel  temperatures w i t h i n  about Z°F). Based on t h f s  information, the 

sfmpl i f i e d  model i s  considered adequate. 
t 

The r i r c a l o y l r a t e r  react ion model i s  based on the Baker-Just rnodr147 
, 

as requlred by Appendix K. 

A1 1 these models 'are described i n  d e t a i l  i n  Section 2.3.2 o f  the 

RELAPS/MOOZ - 8bW manual. 

RELAPS/MOD~ - B&W does no t  account f o r  prerupture cladding swell i n  

the thermal-hydraul i c  core f low calculat ion. Only I f  the cladding ruptures 

are the ax ia l  f r l c t i o n  loss  fac tors  adjusted t o  account f o r  the added f l ow  

resistance due t o  rupture. With respect t o  rupture, the rods i n  the ho t  

assembly and the average core are t reated the same. Babcock & Wilcox 

discussed i t s  pos i t ion  on prerupture cladding swel l  i n  t h e i r  response t o  

QuestIon 9, Reference 48, on the RSG LOCA EM. They stated the prerupture 

f l ow  blockage i s  small ( l ess  than 20%) and r e s u l t s  i n  a smooth area change 

t h a t  w i l l  not  s i g n i f i c a n t l y  add t o  the f low resistance. Babcock and Wilcox 

referenced data by ~ a r d ~ ~ ~  t o  j u s t l f y  t h i s  pos i t ion.  They stated any 

swel l  ing during blowdown would be located near the high power elevations, 

and any flow d ivers ion t h a t  mfght occur would be qu ick ly  recovered. The 
INEL reviewed additional data on zf rca loy cladding behavlor during ' 
bal looning and rupture i n  References SO and 51. This data supports B&W'o 
argument w i t h  respect t o  c l  add! ng behavior. Thf s data showed prerupture 
cladding swell i s  1 im i ted  because once claddtng swel l  exceeded 10 t o  20% 

the cladding rap id l y  expanded t o  the  p o i n t  of rupture. However, B t W  d i d  
no t  'provide analyses, t e s t  data, or reference mater ia l  t o  support t h e i r  

argument t h a t  f low d iversfon e f f e c t s  f o r  c ladding swel l  o f  20% or  lets are 
mfnimal . This must be resolved before neglect o f  prerupture cladding swel l  

can be accepted. The question on f low d ivers ion  i s  also being considered 

i n  the INEL review of the RSG LOCA EM. Therefore, reso lu t ion  of the 
concern about flow d ivers ion e f f e c t s  f o r  RELAPS/MOD2 - BbU, w i l l  be 

completed as Part of the LOCA EM review. However, should BLW's response t o  
the flow diversion question f o r  the RSG LOCA EM review prove f nadequate t o  



resoive t h i s  concern. REUPS/MODZ - B&W code changer nay be requlred. 

I 
Also, B&U would need t o  j u s t i f y  the acceptabf 1 i ty of any 1 icensing analyses. 

where cladding swell exceeded 20% but rupture was not calculated. 

2.3 Assessment Cat cut at ions 

RELAPS/MODP - E&W was assessed agai nst  a LOFT small break experiment, 

Test ~ 3 - 5 , 5 2  a Scniscal e small break experiment, Test S - L H - I , ~ ~  and a 
Semi scale large break experiment. Test 5-04-6.54 The LOFT ma1 1 break 

assessment ca lcu lat ion w i  11 be discussed f i r s t  followed by Semi scal e Tests 

S-LH-1 and 5-04-6. 

2.3.1 LOFT Small Break L3-5 

LOFT L3-5 was a 2.5% small break LOCA experiment w i t h  the pumps 

t r ipped a t  the initiation o f  the experiment. The break was located i n  the 

i n t a c t  loop cold leg between the  pumps and the vessel h l e t  nozzle. The 
ca lcu la t ion  was run as a EM calculat ion. Therefore, EM models f o r  break 

f low, core heat t ransfer ,  atc .  wore used, To t r y  and approxlm=ie the 

measured system depressurization rate, a m u l t i p l i e r  o f  0.6 was used w i t h  

the Moody two-phase c r i t i c a l  f low model. 

Our i ng the subcool ed b l  owdown, the ca l  cut ated system pressure 

decreased more slowly than the measured pressure. However, the calculated 

pressure decreased more rap id l y  than the measured pressure as the system 

approached saturated condit ions. The two pressures are compared i n  
Figure 3-2, Reference 9. Because the measured break f l a w  during the 

subcooled blowdown i s  no t  ava i l  able, it i s  no t  c lear  why the calculated 

system deprsssur irat lon was slower than measured. However, B&W a t t r i b u t e d  

the difference i n  saturated b l  owdown t o  d l  f ferences i n  the  calculated and 

measured break flows. The comparison o f  the calculated and measured break 

flows i n  Figure 3-1, Reference 9, confirms t h i s  as the calcu lated break 
flow a f t e r  60 s f s  higher than the data. 

The calculated f l ow  I n  the i n t a c t  loop ho t  leg  dropped much more 

rap-idly than the measured f low (see Figure G.2-8, Reference I]. This Was 

due t o  the pump i n  the RELAPS/MOD2 - B&W ca lcu la t ion  coasting down more 



rap id l y  than the pump i n  the t a r t  (Figure C.2-7, Reference 1). According 

t o  B&W, the reason for the di f ference i n  pump coastdown i s  not c lear.  In 

t h e i r  response t o  question 3b, Reference 9, B&U stated the moment of 
i n e r t i a  o r  the f r i c t i o n a l  torques o f  the  pump and motor used f n  the 

analysis would need t o  be Increased or decreased, respectively, by a fac to r  

of 4 t o  5 i n  order t o  match the measured pump coastdown. The reported 

moment o f  i n e r t i a  for the LOFT pump . i s  0.0001 t h a t  o f  a f u l l - s i z e  RCP. 
Babcock & Wilcox stated t h i s  small a value i s  surpr is ing i n  l l g h t  o f  the 

LOH seal 1 ng. 

.This difference between the cal  cut ated and measured pump coastdown i s  

not  considered i r i t l c a l  t o  the ove ra l l  analysis. The r e s t  o f  the system 

parameters were adequately ca lcu lated i n  sp f te  o f  the pump coastdown 
di f ference. Furthermore, 8&W w i l l  not  analyze SBLOCAs w i t h  the pumps 
running (see response t o  question 54d on the B&W l O C A  EM methodology, 

Reference 48). I n  l icensing S8LOCA analyses, the RCPs w i  11 coastdown e a r l y  

i n  the analysis and no t  p lay  a s i g n i f l  cant pa r t  i n  the system response. 

Thus, not  matchfng the pump coastdown i n  L3-5, i s  consid.ered acceptable. 

The f low comparison i n  Figure 6.2-8 also shows t h a t  natura l  

c i r c u l a t i o n  was established once the pump coastdown was completed i n  both 

the calcu lat ion and the test .  This occurred a t  approximately 35 s i n  the 
ca lcu la t fon  and a t  60 s i n  the test .  

As shown i n  Figure 3-3, Reference 9, the system mass i n v e n t o r y  s 
underpredicted dur ing the e n t i r e  t ransient.  Before 60 s, t h f s  i s  probably 
due t o  overcalculat ing the break f low;  but, the measured break f low dur ing 
t h i s  time was not  available. A f t e r  60 s, t h f s  was due t o  overpredic t ing 
the c r i t i c a l  flow. The system mass d i s t r i b u t i o n  was adequately ca lcu lated 

as shorn by Figures 3-4 and 3-5, Reference 9. The hot  l e g  was calcu lated 

t o  d ra in  a t  approximately the same t ime as i n  the experiment (Figure 3-4), 

and 8LW stated the co ld  l eg  drained more r a p i d l y  i n  the ca l cu la t i on  than i n  
the  t e s t  (Figure 3-5) due t o  the  higher break flow. 

These comparisbns show t h a t  RELAPS/MODt - B&U was able t o '  

sa t l s fac to r i  1y ca lcu late the important phenomena i n  LOFT small break 

egperiment L3-5. 



2.3.2 Semi scale Test S-LH-1 

Babcock & Wilcox assessed RELAPS/M01)2 - 81W using data from Semiscale 
Test S-LH-I. This t e s t  was chosen because i t  represented an i n teg ra l  t e s t  

designed for PWR SBLOCAs where core incovery/recovery was encountered; 

also, i t was a t e s t  were steam generator l i q u i d  holdup and consequent core 

uncovery were observed. Two assessment ca lcu lat ions were completed f o r  . 
Test S-LH-1 using EM options, a base case calcu1ation using plngle-phase 

and two-phase discharge coef f i c ien ts  o f  1.0 and a sensi t i v i  t y  cat cul  a t fon 
where the single- and two-phase discharge coef f i c ien ts  were var ied from 
1.13 t o  0.7. Other model changes were made i n  the s e n s i t i v i t y  study t o  

r e s u l t  i n  a be t te r  comparison between the cat cu l  ated and measured resul ts .  
These changes are discussed i n  more d e t a i l  below. The base case 

ca lcu la t ion  w i  11 be discussed f i r s t  fol lowed by the  sensi t i v l  t y  

calculat ion. A l l  flgures f o r  the discussion on the base case and 

s e n s i t i v i t y  ca lcu lat ions f o r  Test S-LH-1 were taken from Reference 9. 

For the base case calculat ion, RELAPS/MODZ - B&W calcv l  ated we1 1 the 

.U-tube leve l  response i n  the i n t a c t  and broken loop steam generators 

(Figures 5-5 t o  5-8). During the loop seal c lear ing  period, the ca lcu lated 

core level  depressfon matched the t e s t  data we l l  (Figure 5-13). As a 

r e s u l t  o f  using EM models, the calcu lated rod heatup, shown l n  Figures 5-19 
and 5-20, exceeded the measured core heatup. The i n t a c t  loop pump suct ion 

seal (Flgures 5-9 and 5-10) was calcu lated t o  c lea r  a t  approximately the 

same time as i n  the test .  I n  the ca lcu lat fon,  the broken loop purnp'suction 
seal (Figures 5-11 and 5-12) cleared a t  the same time as the i n t a c t  loop 
seal, and, therefore, about 80 s before the broken loop pump suct ion seal 

I n  the test .  Once the loop seals cleared, the f l u i d  i n  the core began t o  

b o i l  off, and the  core began t o  uncover i n  the experiment. Less core 

uncovery was calculated than measured as shown i n  Figure 5-13. Due t o  the 

ca lcu lat lon of a more rapid depressorizatlon a f t e r  200 s (see Ffgure 5-41, 

the accumulator setpoint  was reached a t  324 s I n  the ca lcu la t lon  as opposed 

t o  500 s i n  the tes t .  With the ea r l y  accumulator i n jec t i on ,  the system 

mass inventory (Figure 5-14) and core col lapsed leve l  began t o  increase I n  

the cal 'culation before they d i d  i n  the test .  However, the depth of the 

second core uncovery I n  the ca lcu la t ion  was about the same as i n  the tes t ,  

in sp i te  of the ear ly  accumulator in jec t fan ;  therefore, the calculated peak 



claddfng temperature (PCT) exceeded the measured PCT by approx'imately 
900F due t o  the use o f  EM methods (Figures 5-19 and 5-20). The PCT. was 

calculated using the SBLOCA EM methodology described fn  Reference 3. 

Babcock & W i l  cox addressed the fas te r  depressurization I n  the base 

case cal cu la t ion  by changing the dl  scharge coef f  4 c i  ents i n  the sensi t l v i  t y  

ca lcu la t ion  dfscussed below. However, overa l l ,  the break flow ra te  

comparison showed the break f l ow  i n  the base case compared wet 1 t o  the 

measured f 1 ow. 

I 

, The s e n s i t i v i t y  ca l cu la t i on  o f  Semiscal e Test S-LH-1 was completed 

w i th  a model t h a t  included a number of f nput changes. These included: 

I a. Different discharge .coefficients were used f o r  subcooled (1.13). 

two-phase (0.79),  and superheated' steam discharge condi t i ons  

(1.13). 

b. A special upper downcomer model t o  force the bypass o f  the i n t a c t  

' loop high pressure safety i n j e c t i o n  (HPSI)  t o  the  broken loop t o  . 

I match the estimated break qua1 i ty ,  vessel mass balance, and 
I 

system mass balance i n  the tes t .  

c.  Revised heat loss model fng. The system heat loss  t o  the 

environment was reduced based on core and downcomer mass and 

energy bat ances dur ing the core bo i  I o f f  phase. 
# 

d. The secondary boundary cond i t ion  was revised t o  be based on the 

measured primary t o  secondary temperature d i f ference ra ther  than 

I the measured secondary pressure. 
I 
i e. Changes t o  several j unc t l on  connections. 
I 
I 

Babcock 8 W i  lcox s tated the special upper downcomer model (change b 
above) was not.  applicable t o  full s ize  PWR calculat ions. The model was 
requi red t o  adequately ca lcu la te  Test S-LH-1 because the dl stance between 

i n t a c t  and broken 1 or~p cold 1 eg norz l  es . i s  much small e r  i n  Seml scal e than 

i n  a f u l l  s ize PWR. fh ls  would have the  e f f e c t  o f  enhancing the 



I 

p o s s i t i i l i t y  o f  bypass i n  Semiscale over a f u l l  s ize PWR and, therefore, 

required special treatment, Because t h i s  geometric d i f ference between the 
I 

Semiscale system and a f u l l  s i z e  PWR i s  real ,  INEL considers t h f s  adequate 
j u s t f  f i ca t ion  fo r  not  applying t h i s  model t o  BbW f u l l  s i ze  PWR 

calculations. The INEL notes the other major changes (a  and c)  are also 
not d i r e c t l y  applicable t o  a f u l l  s ize PWR. Change a w i l l  be covered by 

the SBLOCA break s i r e  spectrum analysts, The heat loss  change i s  only 

applicable t o  small scale f a c i l i t i e s ,  where heat loss i s  a problem, not 

f u l l  s ize plants. 

As a r e s u l t  o f  the above model changes, t he  REtAPS/M002 - B&W 
calculated system pressure, core co l  lapsed 1 eve1 , and system mass inventory 

(Figures 5-4, 5-13, and 5-14) were i n  much better agreement wt th the t e s t  

data during the core b o i l o f f .  The steam generator Uetube l e t e l  response 

during the loop-seal c lear ing  core l eve l  depress1 on was about the same as 
the base calcu lat ion and both compared wel l  t o  the measured data 

(Figures 5-5 t o  5-8). The core collapsed leve l  during the loop-seal 

clearing perlod was ca lcu lated t o  be s l i g h t l y  higher than the base 
calcu lat ion and the data as shown i n  Flgure 5-13. Babcock & WIIcox 

a t t r i bu ted  t h i s  t o  increased dra in ing from the ho t  l e g  i n t o  the core during 

the r e f l u x  cooling per iod i n  the revised ca lcu la t ion  (Reference 55). 
However, the core l eve l  was depressed below the top o f  the core dur ing t h i s  

perfod. The i n t a c t  loop pump suct ion cleared f i r s t  i n  the t e s t  and revlsed 
calcu lat ion and a t  approxfmately a t  the same time (FIgures 5-9 and 5-10). 

The broken loop loop-seal cleared much l a t e r  i n  the revised ca l cu la t i on  

than i n  the tes t  (605 s versus 262 s) and the base ca lcu la t ion  (605 s 

versus 180 s) as shown I n  Figures 5-11 and 5-12. Babcock 6 Wilcox 

a t t r i bu ted  t h i s  t o  d i f ferences 9n broken loop steam generator heat t rans fer  
(Reference 55). The RELAPS/MOD2 - B t W  output was used by 84W I n  a rod  

heatup cal cu lat lon u i i n g  the SBLOCA EM method01 ogy nanttoned above. Thi r 
data showed the PCT i n  the revised ca lcu la t f  on was approximately 65OF 
higher than the measured PCT (see Figure 5-19). 

Overall, there are a number of differences between the ca lcu lated and 
measured resu l ts  presented by BLW. However, because B U '  s SBLOCA 
methodology is based on Appendlx K and not  best  estimate ca lcu la t ions  and 

because the overal l  method conservatively calcu lated the PCT, 8&Y has 



demonstrated t h a t  RE!.APS/MODZ - 8&W was abl'e t o  adequate I y cal  cul a te  the 

Semiscale system response t o  Test S-LH-1 based on the code's intended 

appl lcat ion. 

2.3.3 Semiscale Test  5-04-6 

Semiscale Test  S-04-6, was a la rge  break LOCA experiment (2063 

double-ended o f f s e t  shear co ld leg  bteak)  conducted i n  the Semfscale Mod-1 

t e s t  f a c i l i t y .  8abcbck & Wilcox performed two ca lcu la t ions  f o r  t h i s  

assessment, a best e s t i  mate, base case cat cul  a t i  on using RELAPS/MODZ, 
cycle 36.04, and a ca lcu la t ion  using the opt ions t h a t  would be used I n  an 

EM 1 icensing calculat ion. The f igures for  the  Test S-04-6 discussion were 

taken f r om Referefice 7. 

The pressure near the vessel s ide of the break f o r  the two 

calcu lat ions i s  compared t o  the t e s t  data i n  Figure 12.4. Thfs comparison 

shows the fas tes t  depressurization was calcu lated by the  EM calcul  at ion. 

This was expected because the EM models maximize the  system mass depletion, . 
and t h i s  maxim4zes the depressurization rate.  The break f low comparison i n  

Figura 12.14 shows tha t  the calculated EM break f l o w  was i n  f a c t  larger 
than the RELAPS/MODZ or  the measured break f lows from 5 t o  15 s. 

RELAPS/MOD2 a1 so calculated a fas te r  depressurizat ion than the t e s t  

data. The biggest d i f ference 1 n the RELAPS/MOD2 and measured 

depressurization ra tes  occurred during the f i r s t  3 t o  5 s and was dhe t o  

the calculated subcooled break flow being greater than the measured break 
flow. However, once the the ca lcu l r ted  and the t e s t  break f low trans1 t i o n  

t o  two-phase conditions, the calculated break f l o w  agrees very wel l  w i t h  

the measured break f low.  ~ s ' a  resu l t ,  the depressurizat ion i n  the 
RELAPS/MODB ca lcu la t lon  a f t e r  5 s follows the trends o f  the data f a i r l y  

we1 1. 

The o s c i l l a t i o n s  f n  a l l  the break f lows a f t e r  15 s i n  Figure 12.14 
were due t o  s I ugs oP silbcool ed emergency core cool 1 ng system (ECCS) water 
moving from the co ld  l eg  t o  the break. 



The comparf sons of the calculated and measured mass flow rates in the' 
intact loop cold leg and vessel showed good agreement. However, the 

calculated flow i n  the intact loop hot teg for both the best estfmate and 
EM calculations underpredicted the measured flow during the first 10 s. 
Babcock & WIlcox stated (Reference 9, question 2c) this was due to 
overpredicting the pump side break flow which biased the vessel outlet flow 
to the broken loop. This caused the intact loop hot leg flow to be 
unde;predicted. However, the cal cul ated and measured intact 1 oop cold 1 eg 
flows compare well because the intact loop pump drained the pressurjzer 
more rapidly in the calculation than in the experiment. 

Compari son of measured and cat cu1 ated densi tf es at' the two break 
locations and the core inlet showed some differences. At the core inlet, 

BLW stated (Reference 7, question 12) the two calculated densi ties were 
higher than the measured data due to lower heat transfer. A t  the vessel 

side of the braak (Figure 12.23). the density calculated by the 04 analysis 
overpredicted the density decrease as the cold leg trans! tions to two-phase 
conditions, but the EM calculated density increased so that the calculated 
and measured density compared well after 5 s. The best estfmate 
calculation underpredicted the data from 3 to 10 s. No explanation was 
given for this djfference. At the pump side of the break, according to 
B&W, the two calculated densi t f  es were different than the measured density 
due to differences between the calculated and measured pressures near this 
side of the break (Reference 7). 

4 

Babcock & Wilcox also compared the calculated and measured fluid 
temperatures in the system. These comparisons show differences consistent 
with the pressure differences found I n  Figure 12.4. For most of the 
comparf sons. the cal cul ated and mearurrd 1 lput d and vapdr temperatures 
fol low the system saturation temperature. A t  thi core inlet and in the 
upper plenum, superheated steam was calculated and measured In the test; 
however, the amount o f  superheat was underpredi cted by both calculatf ons. 
This difference is at 1 east partly attributable to the higher calculated 
rod temperatures in both calculations as discussed below. 

Comparison o f  the EM calculated rod temperature for the high power rod 
hot spot to the best estimate calculation and the test data, shows the PCT 



was s i g n f f i c a n t l y  overpredicted by the EM model (Ffgura 12.33). The EM 

calculated PCT was approximately 1480°F, the best estimate PCT war 
f Z l O O F ,  and the hot rod PCT I n  the t e s t  was 1l5O0F. This di f ference 

was due t o  the ear ly  CHF calculated by the EM model compared t o  the best 
estimate ca lcu lat ion and the t e s t  data. 

For the average power rods, the EM ca lcu lated rod temperature f o r  the 

hot  spot was also higher than the best estimate ca lcu la t ion  and the t e s t  

data (Figure 12.32) bu t  the di f ference was no t  as great  as f o r  the high 

power rods. This difference was also due t o  the e a r l y  CHF calculated by 

the EM model compared t o  the best estimate ca l cu la t i on  and the t e s t  data. 
This overpredfction o f  the temperatures i n  the average core i s  n o t  

considered a problem because B&W Indicated i n  a telephone conversatfon on 

November 16, 1989 tha t  the 1 { m i  t i n g  PCT f o r  the p lan ts  t o  be analyzed 

occurs during reflood. I n  t h i s  case, the overpredic t ion of rod 

temperatures a t  the end-of-bl owdown (EOB) s conservative because i t 

increases the amount o f  energy t o  remove from the rods dur ing reflodd. 
However, should the 1 imd t i  ng PCT be calculated d u r i  ng blowdown o r  a 

blowdown rupture occur, then B&W should v e r i f y  t h a t  overpredic t ing average 

core temperatures, through i t s  inf luence on core hydraul ics,  does not 

adversely af fect  the ho t  rod PCT calculat ion. 

The highest temperature i n  Figure 12.32 i s  the temperature measured on 
Rod 08-27. This temperature on an average rod exceeded the highest 

temperature measured on the high power rods and about equaled the peak 

calculated hot rod temperature i n  the EM analysis. The s i m i l a r i t y  between 

the  temperature response o f  rod 08-27 and the EM ho t  rod  was due t o  the 

ea r l y  CHF o f  the rod i n  the experiment and the EM h o t  rod. For the other 

rod  temperatures i n  these f igures, both ca lcu lated and measured, delayed 

CHF resul ted i n  greater energy removal and lower rod temperatures. 

Comparison o f  the EM and REl.APS/MODZ, Cycle 36.04, ca lcu lat ions showed 

s l i g h t l y  be t te r  c-ooling in the EM ca lcu la t ion  a f t e r  12 s. Babcock & Wilcox 

stated (Reference 9, question 2 f )  t h i s  d f f fe rencr  was due t o  the 

: calcuTation o f  higher reverse core flow i n  the EM case as compared t o  the  
I 

Cycle 36.04 case. As a resu l t ,  the EM analys is  analys is  caJculated a 
I 

higher heat t ransfer  coef f i c ien t .  The higher heat t rans fer  c o e f f  i c i e n t  
I 



combined with the hfgher~cladding temperatures o f  the O;l analysis t o  r e s u l t  

i n  a higher calculated heat f l u x  and be t te r  cooling o f  the claddfng 
r e l a t i v e  t o  the Cycle 36.04 case. 

I n  response t o  a question on how the PCT calculated by 

RELAPS/MODL - B&W would compare t o  the measured PCT i f  the calculated 

pressure mora accurately matched the t e s t  data (question 2a, Reference 9) ,  

BLW provided the resu l ts  o f  an analysis o f  Test S-04-6 where a discharge 
coe f f i c i en t  of 0.4 was used f o r  two-phase c r i t i c a l  flow. The calculated 

pressure fo r  t h i s  analysis matched the t e s t  pressure much mora c lose ly  than 

the analyses discussed above. A comparison o f  hot rod cladding 

temperatures showed the PCT f o r  t h i s  ca lcu la t ion  was less than the PCT f o r  
the ea r l i e r  EM calculat ion, but i t  was s t i l l  considerably higher than the 

measured hot rod PCT. 

The data presented by B&W indfcates RELAPS/MODP - B&W adequately 

calculates the phenomena associated w i  t h  1 arge break LOCAs. Conservative 

blowdown PCTs and end o f  blowdown temperatures were calculated w i t h  the EM 

model. The use o f  EM models resul ted i n  the end-of-blowdown being 

calculated a t  approximately 18 s i n  the EM analysis versus 37 s i n  the 

test .  

Based on the assessment resu l t s  presented by 8&W, RECAP5/M00Zdm BLW 
was able t o  adequately ca lcu late the system response t o  both la rge  and 

small break LOCAs. The comparisons a lso showed the code was able t o  

calculate vapor superheat. Therefore, i t I s  recomnended the code be 
s 

accepted for In tegra l  systems large and small break LOCA l i cens ing  

analyses. 

2.4 Phenomena Important t o  PWR SBLOCA 

I n  t h i s  section, the code's a b i l i t y  t o  simulate the important 

phenomena during a PWR SBLOCA w i  11 be discussed. This includes 1 t s  a b i l i t y  

t o  represent a noncondensi b l  e gas; condensation heat t ransfer ;  and . 
single-phase, two-phase, and re f l ux  natura l  circulation. 



2.4.1 Noncondensi b l  e Gas 

The RELAPS/MOP2 - B&W hydrodynamic model has the capabil i t y  t o  model 
I 

the presence of a noncondensible gas along w i t h  the vapor and l i q u i d  phases 

of water. The noncondensible model i n  RELAPS/MOD2 - B&W i s  the same one 

used i n  RELAPS/MODZ and d l  scussed i n  Reference 2. However, B&W d i d  not  

assess the noncondensible gas model i n  the code for the reasons disctksed 

below. 

Babcock & Wit cox stated (response t o  question 4b, Reference 10) t h a t  

they would not include noncondensi b l  es i n  t h e i r  cal cul at !  gns because o f  the 

expected neg l ig ib le  e f f e c t  on SBLOCAs. They stated the volume o f  

noncondensi b le  gases which .can be trapped i n  the primary system during a 
SBLOCA i s  too small t o  impact overa l l  system resul ts .  The f o l  low1 ng 

po ten t ia l  sources o f  noncondensible gases were. included i n  B&W8s analys is  

f o r  breaks where the steam generators are needed f o r  core cooling: 
(1) gases dissolved i n  the primary coolant system and pressur izer,  the 

charging system, and the refuel  ing water; (2)  f i s s i o n  and f i l l  gas i n  fue l  

rods; (3) gases generated by the r a d i o l y t i c  decomposition o f  i n jec ted  

water; and (4) hydrogen re1 eased from metal-water reac t i  on. Sources 

excluded by B&W included the n i t rogen dissolved i n  the accumulator water 

and n i t rogen cover gas i n  the accumulators. However, these are po ten t i a l  

sources o f  noncondensible gas only  f o r  the l a r g e i  SBLOCAs where the steam 

generators become a heat source. Babcock & Wilcox considered these sources 

for the la rger  SBLOCAs. Considering the f i r s t  three sources above,* B&W 

calcu lated the maximum amount o f  noncondensible released would be 117 ft3 

a t  1150 ps ia  and 562OF. This amounts t o  29 f t 3  per steam generator o r  

5.7% of the steam generator tube votume/steam generator (assuming 10% tube 

plugging). Considering the f i r s t  three sources plus hydrogen generated by 

1% core wide ox idat f in ,  8&W calculated the maximum amount o f  noncondensi b l e  

re1 eased would be 231 ft3 a t  1150 p s i a  and 562OF. This amounts t o  
58 ft3 per steam generator o r  11% of the steam generator tube 
vo1 ume/steam generator (assuming 10% tube plugging). 

Bibcock & WIlcox div ided SBLOCAs i n t o  two categories: those that  r e l y  

on the steam generators for heat rernoual and those where the primary system 

depressurized t o  below the the secondary pressure. The appl icable sources 



of noncondensibles and t h e i r  bo ten t i a l  ef fects on the two SBLOCA categor.ier 

a r e  d l  scussed be1 ow. 

For smaller small breaks, noncondensible gases could have a 

s ign i f i can t  e f fec t  because the system pressure i s  above the  accumul ator 

setpoint  for a long t i m e .  For these break sfzes, the steam generators must 

be maintained as a heat s ink because energy removal through the break i s  
insuf f ic ient  t o  maintain the primary system pressure below the HPSI shutof f  

head. During the sing1 e- and two-phase natural  c i r c u l a t i o n  por t ions of 

t h i s  s i r e  SBLOCA, 0&W included the amount o f  noncondensibles added t o  the 

primary system from sources 1, 2, and 3. Metal-water react ion was not  

included as a source because the core i s  covered by a single- o r  two-phase 

mixture i n  these modes o f  natural  c i rcu la t ion .  The worst case assumption 

f o r  these modes o f  natural  c l r c u l a t i o n  i s  tha t  a l l  the noncondensible gases 

c o l l e c t  i n  the tube region. I f  the noncondens!bles were pushed t o  the 

downflow side o f  the generator, the d r i v ing  force f o r  natural  c i r c u l a t i o n  

would be reduced. However, the lower flow would cause greater heat ing o f  
the f l u i d  on the hot s i d e  t h a t  would compensate f o r  the loss  o f  co ld .  s ide 

d r i v ing  head. The system would s e t t l e  i n t o  a s l i g h t l y  d i f f e r e n t  condi t ion 

but able t o  remove decay heat because the degradation i n  steam generator 

heat t ransfer i n  t h i s  situation i s  small. 

FOP the re f lux  node o f  cool ing, B U  re fe r red  t o  Semiscale testss6 

and single-tube tests57 t h a t  studied the e f fec ts  o f  noncondensibles on 

r e f  1 ux cool ing. According t o  the Semi scale tests ,  up t o  5% o f  the tube 

volume could be occupied by noncondensibles without ser ious ly  a f fec t ing  
r e f l u x  cool ing. Therefore, f o r  SBLOCAs without s i g n i f i c a n t  metal -water 

react ion (!.e., only sources 1 - 3 above are included), the Semiscale tes ts  
ind icate no ef fect  on steam generator performance. I f  a11 four  sourtes are 
included, B&W calculated 11% o f  the tube voluma could be occupied by 

noncondensibles a t  1150 psia and 562OF. With t h i s  tube volume occupied 

by noncondensi b le  gases, B&W concl uded the e f f e c t  o f  noncondensi b l  e gases 

i s  a reduction i n  condensation heat transfer due t o  reduced steam generator 

heat transfer area; However, the net  r e s u l t  would be t o  s tab i  1 i ze a t  a 

s l i g h t l y  higher primary pressure (50 psi) than f o r  the case wi thout  

noncondensibte. Babcock & Y l lcox noted t h i s  50 pst iqcrease above the 

steam generator control  pressure o f  1150 psf  a would not  substant ia l  j y  



reduce the i n j e c t i o n  capab i l i t i es  o f  the charging and safety i n j e c t i o n  ( S I )  

systems. However, the performance character is t ics  'of Sf pumps vary widely  

i n  the p lants  the BdrW LOCA EM w i l l  be used t o  analyze. Therefore, 8&W 

should verf  fy on a p l a n t  speci f ic basis tha t  neglect ing the 50 p s i  pressure 
increase i n  the ca lcu lat ions w i  11 not  reduce SI flow such t h a t  t h e  PCT 

increases by more than 50°F. I f  the PCT should change by more than 

SOOF, addit ional  information would be needed tb j u s t i f y  continued neglect 

o f  noncondensl b les i n  the analysis. 

Therefore, fo r  those S8tOCAs tha t  r e l y  on steam generator heat 

t ransfer  for energy removal, the e f fec t  of noncondensi b les  are minimal and 

need not be considered d i r e c t l y  i n  the analysis except as noted above. 

For the la rger  breaks tha t  depressurize t o  the accumulator setpoint ,  

B&W noted tha t  any e f f e c t  o f  noncondensible gases present i n  the system 

would occur when the steam generators are a heat source and not  r e l i e d  on 

f o r  heat removal. Therefore, the effects o f  noncondensible gases on these 

heat removal processes need not be considered (Reference 10, question 4b). 

The INEt notes t h i s  wout d include a1 1 possible sources of noncondensible 

gases (sources 1 t o  4 and nitrogen dissolved i n  the accumu~ator water and 

ni t rogen cover gas). Babcock & W I  Icox (Reference 10, question 4b) 

considered the po ten t i  a1 e f fec ts  o f  re1 easing the accumulator n i t rogen 

cover gas a t  a t i m e  when the system pressure s t a b i l i z e s  a t  a pressure just 
below the low pressure i n j e c t i o n  (LPI) pump dead head pressure. If the 

accumulators were t o  release the ni t rogen a t  a c r i t i c a l  time, i n c r a s i n g  

the system pressure and shut t ing  o f f  the LPI flow, the event sever i ty  could 

be increased. To account f o r  t h i s  p o s s l b i l l t y ,  BtlJ  noted tha t  the charging 

and $1 system have reached runout f low a t  200 psta and t h a t  they are 

capable of removing a1 1 decayn heat a f t e r  300 s ( fo r  a 3500 MWt p lan t ) .  

fhe~efore, SBLOCAs t h a t  take longer than 300 s t o  depressurize t o  200 ps ia  
do not  require LPI i n j e c t i o n  t o  mi t iga te  the event. For breaks t h a t  do n o t  

depressurlze below 140 psia, B&W stated tha t  accumulator gas discharge w i l l  

no t  occur while the LPI i s  required f o r  core cool ing. For breaks t h a t  

depressurize below 140 psia,  B&W stated tha t  there i s  su f f i c i en t  break f low 

t o  vent the ni t rogen and s t i l l  remove core decay heat. Therefore, the 
system depress~r i za t i on  may be s1 owed but the system would no t  repressur ize 
and LPI flow i s  unaffected. 



~ h r r e f o r e ,  f o r  those SBLOCAs tha t  do no t  r e l y  on steam generator heat 

transfer f o r  energy removal, the effect of noncondensi bles are mlnimal and 

need not  be considered d i r e c t l y  i n  the analysis. 

The INEL reviewed BtW's  work and agrees wf th  i t s  conclusion tha t  the 
ef fect  o f  noncondensible gases from sources 1 t o  4 w i l l  be small on the 

class of breaks where they apply. Therefore, no t  inc lud ing noncondensi b les 

from these sources i n RELAPS/MODZ - B t W  analyses I s  considered acceptable. 

Babcock & M i  lcox noted that ,  f o r  larger SBLOCAs where the steam generators 

become a heat source, the e f fec ts  of noncondensible gases from whatever 

source need not be considered i n  the analysis.  ina all^, BW showed the 

ni t rogen cover gas i n  the accumulators w i l l  no t  impact larger  SBLOCAs by 

increasing the system pressure enough t o  shut o f f  LPI f low. Therefore, the 
e f fec ts  o f  noncondensibles can be neglected, except where the 

noncondensf b le  gases could cause a change i n  PCT greater than 5OoF, i n  

RELAPS/MOD2 - B&W SBLOCA EM analyses. However, i t  should be noted tha t  the . 

system volume occupied by noncondensi b l e  gases would increase as the  system 

pressure and temperature decreased while the p lan t  was cooledL t o  shutdown . 

cooling conditions. A t  300 psia and 300°F, the noncondensi b l e  gas 

volumes discussed by 8&W, 117 and 231 ft3, would increase t o  

appraximately 330 and 655 ft3, respectively. With the noncondensible 

occupyfng t h i s  much o f  the primary system, the effects of noncondensible 

gases on steam generator heat removal during the  long term cool ing analysis 

would need t o  be considered. As such, the assumptions regarding 

noncondensible gases f o r  the short term are not  appl icable t o  the post-LOCA 

long term cooling analysis. Additional' j u s t i f i c a t i o n  i s  required for the 

appl f cat lon of RELAPS/MOOZ - 0&W t o  long term cool in9 analyses o r  the  

effects o f  noncondensi b le  gases d i rec t1  y accounted f o r  i n  the long t e r m  
cool i ng  analysis. 

2.4.2 Condensatfon Heat Transfer 

One o f  the areas o f  concern i n  modeling SBLOCAS t h a t  was i d e n t i  f f  ed i n  

NUREG-0737, ~ t e m  I I X.3.30, war the a b i l  l t y  t o  accurately calcu late 

condensation heat t ransfer rates. The need t o  confirm t h i s  feature of the 

small break model against applicable experimental data was recognized. 



The condensati on/vapori zat ion mode? s i n  RELAPS/MODZ - BbW- are 

i den t j ca l  t o  the models used i n  RELAP51M002. These models are d l  scussed i n  

Section 2.1.3.4 o f  Reference 1. In assessing these models, B&W 
(Reference 10, question 4d) referred t o  a detat led review o f  the 
corre l  at iona and models i n  RELAPSMOO2 performed by the I W E L . ~ ~  With 

respect t o  the Interphase mass t rans fer  m ~ d e l s  used t o  ca lcu late 

condensation and vapor i ia t ion,  the lNEL revfew In Reference 58 noted t h i s  
was an area o f  actfve research, and the code models were an approximate 
representation o f  current  understanding. While many o f  the models were 

consfdered ad hoc because be t te r  information was no t  avaf l a b l e  o r  because 
the information avai lab le 1s d i f f i c u l t  t o  Implement i n  the code, the INEL 
review i n  Reference 58 concluded the models were a reasonable, i f  

Incomplete, engineering approximation t o  i n t e r f a c i a l  heat t ransfer .  

Babcock & WIlcox discussed (Reference 10, question 4d) 

REtAPS/MOD2 - BW's a b i l l  t y  t o  ca lcu late vapor superheat. I n  the core, B&W 
noted the code's a b i l i t y  t o  ca lcu late vapor superheat depends on both the 

w a l l  heat t ransfer and interphase heat t ransfer.  The wal l  heat t rans fer  In 
the RELAWMOD2 - B&W core heat t rans fer  model was reviewed I n  
Section 2.2 .2  and found acceptable. A paper by Lin  et. a1. ,59 was 

referenced by B&W t o  discuss the post-CHF interphase heat and mass t rans fer  

models. This paper showed RELAPS/M002 overpredi cted the vapor superheat i n  

high qua1 i t y  tes ts  and underpredicted i t i n  low q u a l i t y  tests.  However, 

the paper also noted t h a t  some o f  the reported data f o r  the low q u a l i t y .  
t e s t  may not have been accurately measured. 

The assessment o f  RELAPSJMOD2 - B&W by B&M included an analys is  of 
Semi scal e I arge break Test S-04-6. This ca lcu lat ion (Reference 7, 

questf i n  12) showed the code was able t o  calculate vapor superheat f n  the 

core during the l a s t  p a r t  o f  the blowdown. The amount of vapor superheat 

was less than the data, but t h i s  i s  a t  l e a s t  p a r t l y  a t t r i b u t a b l e  t o  the 
fact the calculated rod teflperatures were considerably higher than the 
data. This means more energy remained i n  the rods i n  the ca lcu la t i on  and 
less energy was avai lab le t o  heat the f l u i d .  

I n  their response t o  question 'ad, Referenci 10, B & W  noted t h a t  even if 

3E?AP5/KODt - B&W does no t  ca lcu late vapor superheat cor rec t ly ,  :hi,s w i l l  



have l i t t l e  impact on the calculat fon of the PCT. This i s  because tn  the 

B&W SBLOCA EM methodology only the core collapsed 1 i qu id  level  from 
RELAPS/MODZ - BtW I s  used in the PCT calcu1ation. Thf s l eve l  i s  passed t o  

FOAM2 for the ca lcu lat ion o f  mlxture leve l  and steaming rate. These 

parameters are then passed t o  FRAP-T6-B&W for the PCT calculat ion. In 
FRAP-T6-B&W, only steam cool ing i s  a1 1 owed above the mixture 1 eve1 . This 

e l  iminates any cooling due t o  entrainment o f  l i q u i d  from the two-phase 
mixture i n  the core. Babcock & Wilcox provided an assessment o f  the 

overa l l  SBLOCA EM methodology i n  t h e i r  response t o  question 5, 

Reference 9. This assessment showed t h a t  the 0&k( methodology overpredicted 

the PCT i n  Semiscale small break Test S-LH-1 by approxlrnately 65 t o  
900F. Based on these considerations, the vaporization modal i n  

REtAPS/M002 - B&W i s  considered adequate. 

The condensation model i n  RELAPS/MODZ - B&tJ i s  a1 so the same as the 

RELAPS/MODZ base code. Developmental assessment o f  RELAPS/MODZ~~ was one 

o f  the references given by 8&W (Reference 10, questton 4d) t o  demonstrate 
the acceptab i l i t y  of the condensatlon models In RELAP5/M002 - MU. These 

assessments using data by 6ankoffb1 and ~ o k 1 @  were revlewed and showed 

the condensation model provided reasonable resul ts .  Babcock & W i l  cox 
stated t h e i r  assessment work on LOFT Test L3-5 and Semiscale Tests 5-04-6 

and S-LH-1 a1 so v e r i  f i ed  'the adequacy o f  the a condensation model s i n  the 

code. The assessment ca lcu lat ion f o r  Semlscale Test 5-04-6 does no t  show 

unphysical behavfor i n  the loop f low and cold l e g  pressure and temperatures 

during the accumulator I n jec t i on  per iod (see Figures 12.18, 12.19, 42.6, 
and 12.29, Reference 7) .  Similar observations were made bey B&W fo r  the 
SBLOCA assessments usfng Semiscale Test 5-LH-1 and LOFT Test L3-5 

(Figures 4.1 t o  4.4, Reference 10). Therefore, the INEL considers the 

condensation model adequate f o r  mode? ing  ECC induced condensatton. 

With respect t o  the condensation t h a t  could occur on the prtmary s ide 

of the steam generator U-tubes, B&W (Reference 10, questlon 4d) referred t o  
a study by Nithlanandan, e t  a1.,63 t h a t  evaluated the code's a b i l i t y  t o  

model surface condensation. This study used data from BLW s ingle tube 

experiments and Massachusetts I n s t i t u t e  of Technology pressurizer tes ts .  

The study concluded the surface condensation model was adequate. The study 

was reviewed and INEL agrees w i th  the conclusions o f  the  paper. This 



indicates the code simulation of the coidensation heat transfer in the 
steam generator U-tubes was adequate. - 

Based on the information provided by B&W, the condensation model in 

RELAPS/MO02 - B&W i s  adequate for modeling RSG plant SBLOCAs. 

2.4.3 Natural Circulation 

NUREG-0737, Item II.K.3.30, also identified the need t o  experimentally 
and analytically v e r i f y  the various modes of single-phase and two-phase 
natural circulation predicted t o  occur in each vendor's reactor during a 
SBLOCA. 

To demonstrate RELAPS/MOOE - 8&Wts abi 1 i ty  t o  ca1 cul a te  natural 

circulation, B&W compared the calculated flow t o  the flow from integral 

experiments where the pumps were tripped. This included LOFT Test  L3-5 and 

MIST data for single-phase natural ci rculatfon and Semiscalr Test S-LH-1 
fo r  two-phase and refl ux natural ci rcu1 at1  on (Reference 10, question 4c). 

For LOFT Test L3-5, the RELAPS/MOD2 - B&G( model underpredicted the measured 

f l o w  rate for the f i r s t  200 s during whSch single-phase natural c.irculation 

occurred. MIST data showed the  code adequately calculated s i  n g l  e-phase 

natural circulation. 

For Semiscale Tes t  S-LH-1, 8&W noted the cede was able t o  calculate 
two-phase and reflux natural circulation based on a comparison of the 

calculated liquid and vapor velocities in the U-tubes. In the calculation, 

B&W stated two-phase natural circulation began a t  approximately 80 s ( a t  
the end o f  pump coastdown) and lasted until  approximately 120 s when 
countercurrent 1 iquid and vapor velocit ies were calculated; reflux cooling 

began a t  that  time. Although separate liquid and vapor velocit ies were n o t  
measured in the t e s t ,  8&W presented t e s t  data t o  indicate that  two-phase 
natural circulation and reflux cooling occurred i n  the t e s t  during the same 

t ime  frames as the calculation. Babcock & Wilcox also concluded, based on 
the good system pressure and break flow comparisons during this time tha t  

the code adequate1 y calculated t h e  heat removal arsocl ated with two-phase 
, 

natural circulation and refl ux cooling; therefore, the natural cf rcul  ation 
calculation was also good. 



RELAPS/MOO2 - B&GI was able t o  conservatively or  adequately ca lcu la te  

s i  ngl e-phase natural  c i rcu la t ion .  8abcock t W i  1 cox a1 so demonstrated the 

code calculated two-phase and r e f l u x  natural c i r c u l a t i o n  under approprfate 

condl t ions'  and a t  times consistent w i th  those where i ndlrect,. evidence 

indicated two-phase and re f1  ux natural  cf rcu la t ion  were occurring i n  

Semi scal e Test S-LH-1. These considerat fans i n d l  cate the cpde model s are 

adequate t o  simulate natura l  c i  r cu l  a t lon  during RSG p lan t  SBLOCAs, 

2.5 Cal cu l  a t ion  o f  S-UT-8 Phe;nomena 

Question 17 o f  Reference 4 requested B&W t o  va l ida te  the a b i l i t y  of 

RELAPS/MOD2 - B&U t o  cal  cul a t e  phenomena sf m i  l a r  t o  t h a t  observed dur ing 

Semiscale Test S-UT-8 and studled i n  l a t e r  Semiscale experiments S-LH-1 and 

S-LH-2 (Reference 53). This included l i q u i d  holdup Sn the upside o f  the 

steam generator U-tubes and consequent core leve l  depression. To 

demonstrate the codes's a b l l  i t y  t o  cal culate these phenomena, B&W analyzed 
I 

Semiscale Test S-LH-1 as discussed i n  Section 2.3.2 o f  t h i s  report. The 
I 

resu l t s  of the Semiscale Test S-LH-1 assessment indicated RELAPS/MODt - B&W 

has the capabi 1 i t y  t o  ca lcu l  a te  I i qu id  hol dup phenomena adequately. 
i 

2.6 Loop Seal Clear! ng Phenomena 

The RELAPS/M002 interphase drag model tends t o  overpredict  interphase 

drag. The RELAPS/MOD2 i nterphase drag model was retained unchanged l'n 

RELAPWM002 - B&W. While t h i s  resul ted i n  the adequate ca l cu la t i on  of 

steam generator l i q u i d  holdup phenomena as discussed above, it i s  
nonconservative f o r  loop seal c lear ing  phenomena. This i s  because the high 

drag tends t o  c lear  the loop seal o f  a11 l i q u f d  even i n  cases where the 

steam f low i s  not hfgh enough t o  en t ra in  the l i q u i d  and carry  i t  out  of the 

loop seal. As a resu l t ,  core uncovery and the PCT may not  be accurately 

calculated i n  cases where the code predic ts  the loop seal cleared of 1 i q u f d  

when 1 fqu id should have been retained. 

Babcock & Wilcox noted t h a t  RELAPS/MODE - B t W  tended t o  overpredicted 

1 eve1 swell phenomena f n  the core i n  t h e i r  response t o  question 59, 

Reference 48. This discussion defined the qu ie t  water leve l  passed t o  the 

FCAM2 ccde when core uncovery i s  predicted. Babcock & Milcox noted 



REU\P5/MQOZ - B&W. conservatively overpredicted f rofhing and resul ted i n  too 

much l i q u i d  being car r ied  from the core i n t o  the upper plenum, hot legs, 

and steam generator tube upflow. Therefore, BLW wanted t o  include t h i s  

non-core 1 i qu id  i n  the qu ie t  water leve l  passed t o  FOAMZ.   he INEL notes 

the same code models involved i n  the overpredict fon o f  f ro th ing  i n  the core 

w i l l  r e s u l t  i n  the inaccurate ca lcu lat ion of loop sea1 clearing. 

A Finnish assessment o f  RELAPS/MODZ against data taken i n  a f u l l  scale 

loop seal t es t  f a c i  1 i t y  showed the code cat culated too much 1 i qu id  being 

carr ied out o f  the loop sea1 .64 

W. Weaver, INEL, indicated tha t  t h d  Finns a1 so assessed RELAP5/MOD3 

against the loop seal c lear ing tes ts  with only  s l i g h t  improvement. The 
REtAPS/M003 lnterphase drag models are being modiff ed w I  t h  the i n t e n t  t o  

be t te r  ca lcu late the 1 oop seal c lear ing tes ts  .65 

Experimental evidence for partCal loop seal c lear ing  was observed i n  
Semisci' small break Tests S-UT-8 and S - 0 7 - 1 0 0 . ~ ~  I n  addit ion, p a r t i a l  

loop seal clearing, as wel l  as, c y c l i c  loop seal c lear ing  followed by ' loop 

seal r e f i l l  have been observed i n  some o f  the small break experiments 

conducted i n  the Japan Atomic Energy Research I n s t i t u t e ' s  ROSA- IV  Program 

Large Scale Test Faci 1 i t y  (LSTF) .67-69 

The overpredict ion o f  drag can be addressed by both model changes and 

nodal izat ion.  The INEL be1 ieves t h a t  adequate nodal i zat ion o f  the .loop 

seal can overcome t h i s  interphase drag model probl em. Therefore, t h i  s 
problem w i  11 be resolved by requl r i n g  BBW t o  pertorm a loop seal 
nodal i z a t i o n  s e n s i t i v i t y  study as p a r t  of the review o f  the RSG LOCA EM. 

This study should show t h a t  the loop seal nodal izat lon chosen by 8LW for  

use i n  LOCA l i cens ing  calcu7ations resu l t s  i n  the highest PCT and t h a t  
l i q u i d  i s  retafned i n  the loop seal when steam f low condit ions would result 

i n  I lqu id  retent ion. A1 ternate l  y, B&W could provide evidence t o  
demonstrate RELAPS/MOOZ - B&W cor rec t ly  ca lcu lates 1 oop seal phenomena, 

inc lud ing cases wher-e 1 i q u i d  was retained i n  the loop seal f o r  low steam 

f 1 ow condit ions. However, should these approaches prove inadequate t o  

resolve t h i s  concern, RELAPS/MOD2 - BltW code changes may be requlred along 

w i th  assessing the code against several loop seal separate e f f e c t  tests .  



3. COMPL~ANCE W I T H  NRC REQUIRME'~(TS 

Appendix K t o  10CFRSO speci f ies the required and acceptable features 
of any model used f o r  LOCA l icensing bnalyses. Addft ional NRC requirements 

also' apply. NO attempt w l l l  be mad. t o  t r y  and addrka  a1 1 o f  B&W'S 
responses i n  t h i s  section, but those responses having a bearing on this 
I i censi ng assessment or areas o f  potent ia l  concern w i  11 be addressed. 

A l l  requirements re la ted  t o  simulating the metal-water react ion were 

met, Babcock b Wilcox incorporated the Baker-Just model i n t o  

RELAPS/M002 - B&V. The code has the capab i l i t y  t o  prevent the ruptured - 
node from being less than 3 inches i n  length. 

The fuel rod behavior requirements were met by incorporat ing fue l  rod 

behavior models i n t o  the code. This included a dynamic gap conductance 

model and cladding swell and rupture models based on data from NUREG-0630. 

The Moody C r i  t i c a l  F l  ow model was incorporated i n t o  

REUIPS/MODP - BLW.   here fore, i t  i s  avai lable f o r  the code user t o  meet 

the Appendix K requirement t o  calculate two-phase c r i t i c a l  f l ow  w i  t h  t h i s  
model. Appendix K also requires the  break size and discharge coeff ic ients 

be var ied t o  determine the l i m i t i n g  break size, i .e. the break s i ze  

y ie ld ing  the highest PCT. The code i s  capable o f  varying both the break 
s ize and the discharge coef f ic ient ,  

For LBLOCAs, Appendix K requires the ECC in jec ted  i n t o  the i n l e t  1 ines 
o r  the reactor vessel dur ing the bypass period be subtracted from the 
vessel inventory. I n  the RSG LOCA EM, B&W defined the end o f  bypass t o  be 

the same as the end o f  blowdown. During the blowdown period, when 

RELAPS/M002 - B&W Os used t o  ca lcu late the system response, ECC bypass i s  

modeled by removing from the i n l e t  annulus node the smaller of 110% of the 

ECC flow o r  99% of a l l  l l q u i d  res id ing  i n  the i n l e t  annulus node. 
Therefore, the code i s  capable o f  meeting t h i s  requirement. 

To meet the CHF and core heat transfer requirements o f  Appendix K, B&W 

added a new core heat t ransfer  algorithm. The algor i thm uses Appendix K 



recommended CHF and .heat t rans fer  corret  ations, corre lat ions tha.t were 

prev iously  approved by the NRC, or  widely used and accepted correlat ions. 

The post-CHF heat t rans fer  requirements of Appendix K speci fy re tu rn  

t o  nucleate boi 1 i ng  be 1 ocked out. once CHF has occurred during blowdown and 

a re tu rn  t o  t rans i t i on  boi1in.g be locked out if cladding superheat exceeds 

300°F during blowdown. Babcock 8 Vilcox added the appropriate l o g i c  t o  

RELAPS/MOD2 - B&W t o  meet these requirements. 

The centr i fugal  pump model f n  RELAPS/MOD2 - B&W i s the same model used 

i n  RELAP5/M002. The RELAPS/MOD2 mode1 has proven adequate fop a wide 

va r ie t y  of transients. The pump homologous curves used I n  the p lan t  models 

were discussed i n  8&W's response t o  question 14 i n  Reference 48. The 

information provided showed the homologous curves t o  be use# i n  the p lan t  

models are based on acceptable data sources. 

The Appendix K requirement re1 a t ing  t o  the thermal -hydraul i c  

i n te rac t i on  between the steam and the ECC water i s -  met. This i s  because 

RELAPS/MODZ - B&W i s  a two- f lu id  thermal-hydraulic code w i th  the capab i l i t y  ' 

t o  t r e a t  the steam/ECC water fn teract lon included i n  the basic f l u i d  

models, Analysis o f  LBLOCA and SBLOCA experiments by B&W and analysis of 

separate ef fects experiments referenced by B&W i nd ica te  these models 

adequately represent the steam/ECC water i n t e r a c t  Ion. 

Appendix K requires the e f f e c t  o f  the compressed gas i n  the , 
accumulator on the re f lood r a t e  be considered i n  LOCA 1 icensing analyses. 

Because RELAPS/MO02 - B&W i s  on ly  used t o  ca lcu la te  the blowdown por t ion  of 

the LOCA, t h i s  requirement does not apply. For SOLOCAs, the code does n o t  

inc lude modrls t o  ca lcu la te  re f lood heat t ransfer .  However, the Appendix K 

requl rement t o  i nclude acceptable r e f  1 ood heat t rans fer  model s only  appl i es 

t o  computer programs used t o  analyze large break LOCA re f lood condftions. 



4. RELAPS/MO02 COO€ UPDATES 

RELAPS/MODZ - B&W was deuetoped f rom the pub1 l c l y  released 
RELAPS/MODZ, cyc le  36.04, code. Dur ing the development o f  

REtAP5/MOOZ - B&W, RELAP5/MODZ was updated t o  co r rec t  e r ro rs  o r  t o  add 

model improvements. Thfs r esu l t ed  i n  the c rea t ion  o f  cycles 36.05 and 

36.06, where cyc le  36.06 was the latest released vers ion o f  the code. 

Approval o f  RELAP5/MODZ - B&W included a review o f  the  status of these 

updates. 

I n  response t o  a quest ion on the  s ta tus  o f  these updates i n  

RELAPS/M002 - BLW, 8&W s ta ted  (quest ion 45, Reference 48) t h a t  a l l  o f  the  

cycle 36.05 updates were incorporated i n t o  the code. The cyc le  36.06 

updates were no t  incarporated i n t o  RELAPS/MODE - BLW because those updates 
were s p e c i f i c  t o  the CRAY vers ion o f  RELAPS/MOD2; therefore,  they hre n o t  

app l i cab le  t o  RELAPWMOD2 - B&W. 

Therefore, REtAPS/MO02 - B&W contains the e r r o r  cor rect ions from 

RELAPS/M002, cycles 36.05 and 36.06, that  are  app l i cab le  t o  the code. This 

ensures t h a t  known e r r o r s  were corrected. 



The RELAPS/MO02 - B&W submittal by B&M was reviewed t o  determine the 

code's acceptabi 11 t y  f o r  use I n  PWR LBLOCA and SBLOCA 1 Icenslng analyses. 

Based on t h i s  review, i t  i s  recommended the code be approved for use i n  

COCA 1 icenslng analyses w i  th. the f o l  lowing comments and res t r i c t i ons :  

1. Appl i cat ion o f  RELAP5/M002 - B&W t o  LOCA anal yses i s dependent on the 

approval o f  the 0&W LOCA EM methodology being reviewed separately. 

I t  i s  recommended t h a t  RELAPS/MODE - B&W be approved f o r  use i n  
i ntegral  systems LOCA 1 i censi ng analyses. For LBkOCAs, t h i s  i n c l  udes 

the ca lcu lat ion o f  the system blowdown response. For SBLOCAs, t h l s  

includes the ca lcu la t ion  o f  the system hydraul i c response. The 

ca lcu la t ion  of peak cladding temperature f o r  COCAS w i l l  be performed 

w l  t h  BEACH'* and FRAP-TI-BBW which were reviewed separately. I t  i s  

recommended REtAPS/M002 - B&W be used t o  analyze the f u l l  spectrum o f  

1 arge and small breaks. 

Babcock & W i  1 cox w i  11 not  model noncondensible gase,s i n  i t s  SBLOCA 

system analyses. They demonstrated t h a t  the e f f e c t  on the overa l l  

system response from a1 l sources o f  noncondensl b l  e w i  11 be negl i g i  b l  e 

f o r  the range o f  SBLOCAs they intend t o  apply the methods. However, 

B&W noted a 50 ps i  increase above the steam generator contro l  pressure 

o f  1150 psia could r e s u l t  from a worst case noncondensible release. 

Babcock & Wilcox a lso s tated t h i s  would no t  su'bstantial ly reduce the 

i n j e c t i o n  capab i l i t i es  of the charging and SI systems. However, the 
performance charac ter is t i cs  o f  Sl pumps yary widely i n  the p lan ts  the  
B&W LOCA EM wf 11 be used t o  analyze. Therefore, B&U should v e r i f y  on 

a p lan t  spec i f i c  basis t h a t  neglect ing the  50 ps i  pressure increase 

( resu l t i ng  from noncondensible gas b u i l d  up i n  the steam generator) I n  

the calculat ions w i l l  no t  reduce SI f l ow  such tha t  the PCT would 

increase by more than SO0F. I f  the PCT should change by more than 

50°F, addit ional  Information would be needed t o  j u s t i f y  continued 

neglect of noncondensi b l  es i n  the analysis. Babcock 6 Wilcox could 

analyze a pressure increase 1 ess than 50 ps i  i f  the smaller increase 

can be j u s t i f i e d  from the p lan t  s p e c i f i c  analysis. 



! I  
4: The four modif icat ions reviewed i n  Section 2.2 o f  t h i s  repor t  are 

. recommended f o r  acceptance f o r  use i n  LOCA 1 icensing analyses w l  t h  the 
I 

fol lowing '1 fmi ta t ions:  

.a. Babcock & Wilcox stated the CSO f i l m  b o i l i n g  corre lat ion added t o  

the code i n  the core heat t ransfer  model w i l l  not be used f o r  

1 icensing appl J c a t i  ons. Therefore, the CSO cor re la t ion  was not  

reviewed and the cor re la t ion  cannot be used I n  a l icensing 
calculation wf thout addit ional  revf ew and approval by the  NRC. 

b. Based on information provided by BLW and addit ional  information 

rev1 ewed by I N E L ,  prerupture cladding swell i s  1 imf ted because ,' 
once cladding swell exceeds 10 t o  20%, the cladding r a p i d l y  
expands t o  the po in t  of rupture. However, B&W d id  not provide 

analyses, t e s t  data, or reference material t o  support t h e i r  
argument t h a t  flow diversion e f fec ts  fo? cladding swell o f  20% o r  

less are minimal. This must be resolved before neglect of 

prerupture cladding swell can be accepted. The question on. flow 

divers! on i s  also being considered i n  the INEL review o f  the RSG 

LOCA EM. Therefore, resolution o f  the concern about flow 
dfversion e f fec ts  for RELAP5/M002 - B&W, w i  11 be completed as 

p a r t  o f  the LOCA EM review. However, should B&W's response t o  

the f low d ivers ion question f o r  the RSG LOCA EM review prove 

inadequate t o  resolve t h i s  concern, RELAPS/MODZ - B&bl code 

changes may be required. Also, B&W would need t o  j u s t i f y  t h e  

acceptabf 1 i t y  o f  any 1 icensi  ng analyses where c l  addlng swell 

exceeded 20% but  rupture was no t  calculated. 

c. Thr LBLOCA assessments o f  the Extended Henry-Fauske and Moody 

c r i t i c a l  f low models added t o  the code were based on the use of 

the s ta t i c .  propert ies as input  t o  the c r f t i c a l  f low tab les  and 

use o f  Moody s l i p  w i th  the Moody model. The SBLOCA assessments 

of the same models were based on the use o f  the s t a t i c  proper t ies 

as input t o  the c r l t i c a l  flow tables and use of a s l i p  r a t i o  of 
one wi th  the Moody model. These opt f  ons must be used i n  1 arge 

and small break LOCA 1 i censing cat culations, respect ively,  unl ess 
other options a r e  j u s t i f i e d  i n  the p lan t  speci f lc  submit tal .  
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i : I 5. Babcock & Wilcox intends t o  apply RELAP~/MDZ - BbW t o  a va r ie t y  o f  

Westi nghouse. three- and four-1 oop plants and Combustion Engi neeri ng 

(CE) three- and four-loop plants. The review found the code was not  

p lan t  speci f i c  i n  nature. Therefore, RELAPS/M002' - BtW can be appl l ed  

t o  any o f  the proposed Westinghouse and CE plants.  
I 

7. RELAPS/MOD2 - B&W overpredl cted the average core c l  addlng temperatures 

i n  the Test S-04-6 assessment calculat ion. This i s  not considered a 

problem because B&GI indfcated I n  a telephone conversation on 

November 16, 1989 t h a t  the l i m i t i n g  PCT f o r  the p lants  t o  be analyzed 
occurs dur ing ref lood. I n  t h i s  case, the overpredlct ion of rod  
temperatures a t  the €00 i s  conservative because i t  increases the  

amount of energy t o  remove from the rods durfng reflood. However, 

6. The RELAPS/MODZ interphase drag model tends t o  averpredi c t  i nterphase 

drag. The RELAPS/MODZ interphase drag model was retained unchanged i n  

RELAPS/MODL - B&W. This i s  nonconservatfve f o r  loop seal c lear ing  

phenomena because the high drag tends t o  c lear  the loop seal o f  a1 1 

1 i q u i d  even i n  cases where the steam flow i s  not hlgh enough t o  
en t ra in  the l i q u i d  and carry i t  out of the loop seal. As a resu l t ,  

core uncovery and the PCT may not  be accurately calculated Sn cases 

where the' code pred ic ts  the loop seal cleared o f  1 i q u i d  when 1 fqu id  

should have been retained. This overpredict ion o f  drag can be 

addressed by both mode1 changes and nodal ! rat ion. The INEL be1 ieves 

t h a t  adequate nodal izat ion o f  the loop seal can overcome the  

shortcomings o f  the interphase drag model. Therefore, t h i s  problem 

w i  11 be resolved by requ i  r l n g  BtW t o  perform a loop seal nodal i zat ion 

study as p a r t  o f  the review o f  the RSG LOCA EM. This study should 

show t h a t  the loop seal nodal izat ion chosen by B&W f o r  use i n  LOCA 

l i cens ing  ca lcu lat ions resu l t s  i n  the highest PCT and t h a t  1 i q u i d  i s  
re ta ined i n  the loop seal when steam f low condit ions would r e t u l  t i n  

I i q u i d  retent ion. A1 ternate ly ,  B&W could provlde evidence t o  

demonstrate RELAPS/MODZ - 0&W cor rec t ly  ca l  cul ates 1 oop seal 

phenomena, idc lud ing cases where l i q u i d  was reta ined i n  the loop seal 
f o r  low steam flow condi t fons. However, should these approaches prove 

inadequate t o  resolve t h i s  concern, RELAPS/MODZ - B&W code changes and 

benchmarktng may be required, 



should. the 1 i m i  t f n g  PC1 be calculated during blowdown o r  a blowdo; 

rupture occur, then BLW should ver i fy  t ha t  overptedicti 'ng average core 

claddi ng temperatures, through i t s  I nf 1 uence on core .hydraul i cs, does 
not non-conservatively a f fec t  the hot  rod. PCT cal culation. 

The B&W auxi 1 i ary feedwater model for once through steam generators, 

added to  the RELAPS/MOD2 base code by B&W, was not  reviewed f o r  use i n  

l icensing calculat ions. Because i t  is B&W1s i n t e n t  t o  apply 

RELAPS/MODZ - B&W t o  rec i r cu la t i ng  steam generator plants, t h i s  model 

was not reviewed a t  t h i s  t ime. 

The b u i l t - i n  reactor  k ine t i cs  data fo r  decay heat calculations i n  

RELAPS/MO02 - BtW are based on the ANS 1973 and 1979 standards. 

Because Appendix K requi res the use o f  1.2 tfmes the ANS 1971 standard 

f o r  decay heat ca lcu lat ions i n  LOCA 1 icensfng analyses, B&W should 

ensure the decay heat used i n  1 Ccensf ng analyses complf es w i th  

Appendix K. 

While B&W showed the e f fec ts  o f  noncondensible gases would be small a t  

primary system pressures o f  1150 t o  1200 psia, the system volume 

occupfed by noncondensi b le  gases would increase as the p lan t  was 
cooled t o  shutdown cool ing conditions. A t  300 psfa and 300°F, the 

noncondensible gas volumes discussed by B&M, 117 and 231 f t 3 ,  would 
increase t o  approximately 330 and 655 ft3. With t h i s  increased 
volume o f  the primary system occupied by noncondensi b l e  gases,. the 

ef fects  o f  noncondensi b l e  gases on the long t e r m  cool f ng analysis 

would need t o  be considered. As such, the assumptlons regarding 

noncondensible gases f o r  the shor t  term are not appl icable t o  the 

post-LOCA 1 ong t e r m  cool 1 ng analysis. Addi t i ona l  j u s t l  f i  cat1 on i s  
required f o r  t h e  app l ica t ion  of RELAPS/MOD2 - B&W t o  long term cool ing 

analyses o r  the e f f e c t s  o f  noncondensi b l  e gases d l  r e c t l  y accounted for 

i n  the 1 ong term cool i ng analysis. 



In Reference 72, B&W supplied information on an error correction for 
the RELAPS/MODZ - B&W calculation of the rupture K factor .  The change 
was reviewed and the INEL agrees with B&W on the need for the 
correctfon. With the change, the code correctly calculates the  

rupture K factor. 
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Response to me's nequerrt for  Add$tioaal Information on BM- 
10164, Revision 2, August 1992 

guestion 1 - cre 2.1 - 5 2 . 3  
I 

Please explain any differences between the interphasic friction 
model for elug flow (equation 2.1.3-30.7, p. 2.1-52.3) used in 
RBLAP~/MODZ BW and BEACH. In particular, the multiplier on the 
Taylor bubble term 'appears to be different. Also, is smoothing of 
drag For the junction performad differently? Give the physical 
basis for any differences in the models. 

Besponser The interphase friction model for slug flow, given by 
Bquation 2.1.3-30.7 on page 2.1-52.3 of the RELAPS topical report 
(BAW-10164, Revision 2, August 1992) is the same as Equation 2.1.3- 
33 on page 2.1-34 of the currently-approved BEACH topical report 
(BAW-10166, Revision 3, October 1990) . As stated on page 2.1-52.3 
of the RE-5, Revision 2, report, the Taylor bubble multiplier, 
, is set equal to one. Accordingly, the multiplier was set to 
one in the ORNL (Appendix H) and ROSA-N (Appendix S )  benchmarks. 

In Revision 4 of the BEACH topical report, a ntultiplier, \, was 
added to the Taylor bubble term in Equation 2.1.3-33 on page 2.1- 
35. Its value is set to 0.25 when the nNEWQUENw option, which 
selects the BEACH, Revision 4 ,  reflood options, is selected. BEACH 
predicted the proper void distribution below the quench front with 
this constant value, 0.25, for the reflood tests described in 
Revision 4 of the topical. On the other hand, the ORNL benchmarks 
show that RELAPS, with CWsL set to one, predicts the proper core 
void distribution for SBLOCA conditions. 

In RELAPS, Revision 2 (and retained in Revision 3), an option was 
added to the Wilson drag model to modify the base RELAP5 drag 
&oothing in user-specif ied junctions (see pages 2.1-52.3 and 2.1- 
52.4). Exercising the REfiAP5, Revision 2, option effectively 
removes base RELAP5 smoothing from user- selected junctions. At 
present, the option is only used in SBLOCA applications. 



During SBLOCA transients, when the mixture level is in the upper 
a 

plenum (during the hot leg draining period and the period preceding 
core uncovely) , RELAPS, using the Revision 2 option, predicted the 
expected void distribution in the upper- core and plenum regions, 
including the diacontinuoue ~ o i d  behavior at the core-upper plenum 

I boundary. With the base RELAP5 smoothing method, the code tended 
! 

to flatten the void profile in the upper core region as shown in 
Figure 2.1.3-3.1 on page 2.1-52.4. When the mixture level is 
within the core region, R E W 5  calculated the proper void 

I distribution with the base smoothing mathod. The RELAPS, Revision 
2, option is recomniended 'for use in the core-upper plenum interface 
junctions and in upper plenum junctions tor SBLOCA applications. 

, The option is considered part of the 8BlOCA evaluation model, BAW- 
10168, Revision 2, Volume 11, October 1992. 

In Appendix H, Figure Hal8 the outlet junction from the core is 
labeled as a BRMTCH ccanponent, but no volume is associated with the 
component. In RELAPS MOD2, the BRANCH component has a volume. Has 
this been changed in RELAP5 MODl B&W? Also, please ekplain the 
junction shown entering the time dependent volume representing the 
lower plenum. 

Responses There has been no change in RELAPS/MODI with respect to 
designation of BRANCH components as volumes. Figure H. 1 is 
unclear; a revised figure showing this component as a volume is 
given below. The junction entering the time-dependant volume is 
not in the model. This has also been corrected in the attached 
figure. 



'I 

TIIDPVOL - Upper Plenur ( O u t l e t )  

BRABCH - Unheated S e c t i o n  

0.72 f t  . 

0 . 7 2  f t  

0 . 7 2  f t  
4 

A 

BRABCH Components 

Reactor Core ( 1 2  f t )  

Core S e g n e n t s  
0 . 5 7  f t  each 

1 0 . 6 7  f t  

0 . 6 7  f t  

0 . 6 7  f t  1 

TUDPJUI - I n l e t  

THDPVOL - Louer P l e n u r  

F i g u r e  H . 1 .  R E L A P S  Hodel o f  H y p o t h e t i c a l  Reactor  Core. 



H. F-es H.20 to H.33 

In Figures H.28 through H.33 the vapor temperature is consistently 
overpredicted by RELAP5 MOD2 B&W. Yet if it were not for  the dip 
in surface temperature caused by the grid effect, the surface 

a temperature would be underpredicted for experiments 3.09.10 i, j,  
' 1, and m. This would seem to indicate that the heat transfer 
, coefficient to the vapor predicted by RELAPS is high and non- 
' conservative. If the vapor temperature were predicted correctly, 

the fuel surface temperature would be underpredicted. Please 
discuss the comparisons' to the test data and show that these 

I comparisons do not depencl on systematically underpredicting the 
I vapor temperature. 

, Response: The O m  tests in Appendix H are quasi-steady or steady- 
state experfments. As such, the energy transfer to the fluid is 
equal to the decay heat in the test rods, so the heat transfer to 

, the vapor will be the same irrespective of the decrease in the clad 
temperature at the grid location. Therefore; surface temperatures 

! at locations removed from the grid site are not perturbed by the 

i 
presence of the grid for tests 3,09,101, j, 1, and m. 

The heat transfer coefficient for single-phase vapor is computed 
using the Mc~ligot-plus-radiation correlation set for both large 
and small break LOCA. Its use is documented in the approved BWNT 
evaluation model (BAW-10168, Revision 2 ,  September 1989) . The 
correlation and its implementation are detailed in the approved 
RElrAP5 and FRAP-T6 code topical reportEt, BAW-10164, Revision 1, 
October 1988 and BAW-10165, Revision 1, October 1988, respectively. 
Additional discussion is also pres&ted in the response to Question 

I : 8 on the RELAPS topical report (see BAW-10164, Revision 2, August 
1 1992, pages 5 -22 and 5-23) , and in the' Technical Evaluation Report 

(TER) for the apprwed RETAPS report (see W@?-IOl64, Revision 2, 
August 1992, pages 5-219 and 5-220). The response to Question 8 

I and the TER both document the widely accepted use of the McEligot- 
: plus-radiation correlation set for the calculation of steam cooling 
: in LOCA applications. I 

: m e  accurate measurement of vapor temperature, uaing thermocouples 
in the presence of unheated structures, is difficult at best. O m  
used two methods to obtain vapor temperatures. The first method 

f 
- 4 -  



consisted of a numerical averaging of the fluid thermocouple 
measurements within the test assembly. The thermocouples were 
mounted on four unheated xods u8ed to simulate guide tubes. 
Because of the proximity of the thexmocouplea to  unheated walls, 
the measured vapor temperatures were necessarily lower than those 
next to the hot rods in the test assembly. The second method 
comprised an energy balance based on assembly power distribution.. 
The method used the bundle thermocouples mounted downstream of the 
test assembly as an exit condition. Again, thermocouple placement 

I 
was next to an unheated structure, the top of the test assembly. 
It is unclear which'rnethdd was used in the ORNL +eportS1, but either 

I 
t would tend to substantially underpredict the vapor temperature 

surrounding the hot pin. Expezfmntal vapor temperatures around 
' the hot rod would be expected to be substantially the same as those 
predicted by RELAPS. 

I 

. Based on the discussion above, BWNT believes that RELAP5-predicted 
vapor temperatures are appropriate for use in SBLOCA applications. 
Furthermore, from the ROSA-IV benchmark, comparisons of the 
predicted and experimental clad heatup rates during the core 

i boildown period (see BAW-10164, Revision 2, August 1992, Figures 
' - 5-34 through 5 - 3 6 }  , conf inns that the McEligot -plus -'radiation 
I 

correlation set is properly implemented and suitable for use in 
SBLOCA licensing calculations. 

I 

Anklam, T, M., et al., "Experimental Investigations of 
I 
1. Uncovered-Bundle Heat Transfer and Two-Phase Mixture-Level 
I Swell under High-pressure Low Heat-Flu  condition^,^ NUREG/CR- 
! 2456, ORNL-5848, March 1882. 
1 

Ouestfon 4 - Table R.2 
The column headings for the pressure and the power density appear 

1 to be reversed, Please review this table and make the necessary 
, corrections. 

Resgonset The pressure and power density headings in Table H.2 
' were indeed inadvertently reversed. The corrected table i s  given I 

below. 



Table H.2 .. ORNL Thennohydraulics Test Faaility (THTF) Benchmark 
Cases. 

Questjon 5 - ues 2.3 - 83 -1-5 

The equation used to compute the critical heat flux stated in 
Section 2.3.3, Equation 2.3.3-41.1 (h) is different than that 
given by Equation 1-1 in Appendix I (CHF). Differences are noted 
in the a,% and as+ t e r n  of Equation 2.3.3-41.2. In addition, the 
Tong correction factor is missing from Equation 2.3 -3-41.3. Please 
reconcile these differences. 

Ilesgoaset Equation 1-1 contains typographical errors; the "axm 
terms should be identical to those in Equation 2.3.3-41.1- 
Equation 1-1 ehould read: 



The Tong factor is, not missing from Bquation 2.3.3-41.1; it has 
been aet equal to one as stated on the top of page 1-6. 
Implementation of the Tong factor in this manner was previously 
approved for the BWCMV CAB correlation as documented in both the 
RELAP5 and FRAP-T6 approved topical reports, BAW- 10164, Revision 1 # 

October 1980 and BAW-10165, Revision I, October 1988 # respectively. 

estion 6 - Paqes 2-3-83 and - 
The equation used to c ~ u t e  the spacer grid Factor stated as part 
of Equation 2.3.3-41 is different than that given by Equation 1-2 
in Appendix I. Differences are noted in the C4LS and C~L* t e r n  in 
Equation 2.3.3-41. Please reconcile these differences. 

Response r Equation I - 2 contains typographical errors; it should be 
identical to the "FLSn term in Equation 2.3.3-41. Equation I-2 
should read: 

FLS 1 C, + G L  + CIS + C&S + cSLla + %s2. 

. . 
estjon 7 - Paaes 2.3-83.1 and 1-5 

There appears to be a problem with units reconciliation for the X, 
and 4 terms on pages 2.3-83.1 and 1-5. Substituting the English 
tO SI Conversion Factors from Table 2.3.3-1 yield. the following: 



Note that the English pressure and flow units do not cancel. 
Please recheck these equations. Also, please explain the factors 
of 1000 and 10' in these equations. 

Respontse: On pages 2.3-83.1 and 1-5,  the -its for pressure, P, 
and mass flux, G. in the BWUMV CHP correlation are incorrectly 
etated as psia and lbm/hr-it2, respectively. The correct unit for 
pressure is Pa and kg/a-d for mass flux. The 1000 factor in the 
XI equation is a pressure normalization factor having units of psia. 
The 10' factor in the X, equation is a mass flux normalization 
factor having units of' lbm/hr-ft2. Both XI and are non- 
dimensional quantities. 

Please describe the modeling which alters the geometry of the steam 
generator outlet piping by modifying the vertical angle from 50 
degrees to 14 degrees in more detail. Does this affect the volume, 
length or flow area of any component? Is this modification 
necessary to model reflux boiling? 

Responses This modeling change was made to implement the RELAPS 
: horizontal stratification model which considers stratified 
I conditions in horizontal components with an inclination angle lass 
: I than 15 degrees. To facilitate drain-back during the loop 
i draining/reflux cooling phases of an SBLOCA transient, the steam 
i generator inlet piping components (volumes 208-2 and 408-2)  were 
I changed to horizontal components with inclination angles of 14 
i degrees. The reduction in vertical elevation due to the 
i : inclination angle change is compensated for in the steam generator 
, inlet plenum (volumes 212 and 412) such that the total elevation 
, change from the hot leg piping to the bottom of the steam generator 
I tube aheet is preserved. This also preserves the overall system 
I hydrostatic head, which is an important First-order effect in 
: SBLoCn transients. Thus, the model change does not alter the 

transient characteristics of the SBMCA. The other component 
/ geometries such as volume, volume length, volume flow area, and 
I glow resistance are not altered. The modification prwenta 
! excessive liquid holdup in the upflow side of the steam generator, 



and is necessary to properly simulate reflux boiling and tube 
draining as demonstrated in the results of the benchmark analysis. 

: 

estion 9 - dix 3 

On page 5-7 ,  it is stated that the non-equilibrium model is used, 
except in the core region. We understood that in RE-5 MOD2, 
equilibrium nodes cannot be connected to non- equilibrium nodes. 
Has the code been altered to allow this modeling approach? Xf so, 
please give the details of this code change. 

Responses RELAP5 has not been modified. Since its release, MOD2 
has been fully capable of connecting equilibrium and non- 
equilibrium nodes. The ROSA- N facility was benchmarked using 
equilibrium core nodes so as to replicate B W W s  currently approved 
SBWCA EM core modeling (BAW-10168, Revision I, Volume XI, 
September 1989). Equilibrium core noding is also used in the 
approved LBLOCA evaluation model (BAW- 10168 # 'Revision I, Volume I, 
September 1989), and is retained in recent SBLOCA and LBLOCA 
revisions to the evaluation model, BAW-10168, Revision 2, October 
1992 and BAW-10168, Revision 3, October 1993, respectively. 

In the Appendix J benchmark, the accumulator flow is stated to be 
(page J-11) nconservatively less than that of the experiments. Is 
this a result of the code prediction or was the accumulator modeled 
to achieve this result? With accumulator injection significantly 
less than that of the test, how does the benchmark demonstrate that 
the predictions of key variables, such as fuel surface temperature, 
are.accurate3 If the actual accunrulator. flow were used, this could 
result in the prediction of additional cooling and lower fuel 
temperatures. 

Response t The accumulator was not modeled to underpredict its flow 
rate. BWNT experience with SBLOCA analysis has shown the need to 
increase accumulator line resistances, typically by factors up to 
100, to mitigate high initial accuffnrlator flow induced 
instabilities--flow oscillations and unphysical thermalhydraulic 



behavior- -in volumes downstream of the injection location. The 
added resistance, however, Boes not impact accumulator performance 
duting the core uncwery period--the period of interest--since, in 
general for SBMCA, the pxessure drop between accumulator and 
reactor coolant system remains small, 4 psi for the ROSA-IV 
benchmark during the cladding temperature excursions. A case with 
unaltered line resistance shows accumulator flows being oscillatory 
but on average comparable to the benchmark case (increased 
resistance) during the period of interest (see Figure 10-1, 
attached herein); Figure 10-2 demonstrates the lack of impact on 
clad temperature heatfip. The resistance change has no 
consequential effect on peak cladding temperature. 

In the ROSA-IV benchmark, accumulator injection is not 
substantially underpredicted during the important core uncwery 
period. Major events and system response are calculated in good 
agreement with the experiment, Slopes on clad temperature curve8 
(Figures 5-35 and J. 36) are properly predictea, demonstrating 
appropriatb heat transfer during core boi3.-off. There is no 
concern regarding the predicted accuracy of key variables. 

a , Use of actual accumulator flow would not cause the clad temperature 
to be underpredicted. The benchmark shows cladding temperatures 
begin to rise with the onset of the second core uncovery period, at 
approximately 320 seconds as shown in Figures 5.20, 5.35 and 5.36. 

- Accumulator injection, however, does not start until about 430 
seconds, by which time the predicted cladding temperatures have 

: almost peaked and are alreaay above those of the experimental data. 
1 Integrated accumulator flow, a more appropriate measure for SBLOCA, 

is also reasonably predicted at approximately 550 seconds, by which 
, time all clad temperature excursions have been quenched and core 
I recovery assured (see Figure 5.29) . 
' Therefore, the use of actual accumulator flow or one from a line 

with resistance factors from 1 to 100 will not result in 
, underpredicting clad temperatures. The conclusione stated in 

I Appendix J remain valid and unchanged. The ROSA-IV integral system 
; benchmark demohatrates the appropriateness of RELAPS for use i n  
: SBLOCA applications. 
I 







I 380 question 11 w fmmsdttad in tha request for additionst 
in€onaaticm an EM?-10164, R e v i ~ f a n  2, August 2992. 

i On page J ~ B ,  reference is made to T a b l e  2. Should t h i s  be Table 
J.23 

Response: The reference table on page 3-8  should be T a b l e  5 .2 .  



This section contain. questions transmitted to BWWT by R. C. Jones 
of the NRC in hi8 letter o f  October 1993, and responses transnittad 
by BWNT to the P C  in a letter from J. H. Taylor (JBT194-7) dated 
January 21, 1993 141. 

i 

Rev. 3 
7 / 9 6  



Requestm for Additional Zafornation 

BAW-10164~, Revision 3 

nRELAF5/MOD2-B&W, An Advanced Computer Program for 

Light Water Reactor LOCA and Non-LOCA Transient Analysis" 

QuesUon 1 - 
Please clarify the intended usage of the changes made in Revision 
3 of the Topical Report. In particular, will any of the new or 
revised features added to RELAPS/MOD2-B&W be used for Appendix K 
analysis? 

The transmittal letter for Revision 3 summarizes the code 
modifications specifically added for PI calculations. These can 

be divided into three general categories: 1 OTSG modeling 
improvements, (2) EM fuel pin modeling improvements, and (3) fuel 

rod surface heat transfer modifications. Each o f  the options 

discussed in this response is intended for EM use. 

The OTSG or IEOTSG model improvements include the BWNT slugidrag 

and annular mist models, a new secondary side CHF correlation, 
and a smoothing of the Chen nucleate boiling Sf factor based on 
void fraction. These changes improve predictions of secondary 

side steady-state void distributions and liquid inventories, 
improve transient dry-out predictions, and smooth the heat 

transfer calculated at near dry-out conditions. The slug-drag 
model will also be used on the primary side (inside the SG tubes) 
for SBLOCA applications on B&W-designed plants. 

-. 
RELAPS/MODI-B&W will be used to calculate the system thermal- 
hydraulic and fuel pin thermal response during the blowdown phase 
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of both large and small break LOCA.. The EM pin model changes 
improve the internal pin pressure calculations by adding a fuel 
pin theoal-expansion model in  the axial direction. An option to 
allow fuel-clad mechanical contact for high bbutnup conditions 
enables the. full range of fuel pin time-in-life conditions to be 

analyzed. An. implicit solution of the Baker-Just metal-water 
reaction model was added to improve the numerical simulation for 
applications with blowdown ruptures. The fuel pin axial 
expansion, closed gap conductance, and implicit metal-water 
reaction rodels were formulated based on the NRC-approved FRAP- 
T6-BLW (BAW-10165) fuel pin performance models. 

In addition to these model improvements, several optional . 
conveniences were added to facilitate user input and output 

requirements. The input options include$¶ an automated steady- 
state fuel pin temperature iteration for matching the fuel pin 

stored energy specified from the NRC-approved TACO3 (BAW-10162) 

calculations anB an automated BEACH droplet break-up and 

convective enhancement parameter ca1,culation. For interpretation 
of calculated results, peak cladding temperature (PCT), time of 
PCT, location of PET, maximum local oxidation, location of the 
maximum oxidation, and channel average oxidation edits were added 
to the code output. 

The fuel pin surface heat transfer model was modified by the . 
addition of a filtered mass flux option to meet Appendix K 
requirements. An option to increase the surface heat transfer 
area to account for blowdo& pin rupture in the film boiling and , 

stem-plus-radiation heat transfer modes was also added. All of 
the Revision 3 modifications are intended for use in Appendix K 
licensing analyses. 



BCW states that  the modifications made to the INEL slug flow 
regiu interphase drag model w a r e  developed from numerous 
bendmarks. However, no further infarmation is given on these 
benchmarks beyond the calculations in Appendices K and L. Please 
provide additional information on the benchmarks used to develop 
this model. 'Were other benchmarks used? 

The BWNT modification of the INEL drag model was formulated by 
benchmark comparisons completed with the developmental code 
version. REWLPI/MOD2-B&W results were compared against results 
obtained with the NRC-approved FOAM2 code (BAW-10064), which uses 
the Wilson Bubble Rise model. The modifications were further 
verified by the separate-effects benchmarks to the GE Level Swell 
Test 1004-3, the Christensen subcooled boiling tests, and the 

ORNL bundle dryout tests. The results of these benchmarks, which 
w e r e  documented in the developmental assessment, showed good 

agreement with the experimental data. (The response to Question 
14 presents additional O R m  benchmark results performed w i t h  
Version 19.0.) The BWNT modification was then used in the 
Version 14.0 benchmarks against steady-state and transient 19- 
tube OTSG and IEOTSG test data. These steam generator secondary 
side benchmarks concluded that the default BWNT slug-drag model 

should be used with the addition of a 0.19 overall multiplier on 

the annular mist flow regime as shown on page 2.1-53 of the 

topical report. The OTSG benchmarks were provided in Appendix K. 
A final integral system benchmark against MIST test 320201 was 
provided in Appendix L. This benchmark provided drag comparisons 
in the core, steam generator primary tube regions, and steam 
generator secondary tube bundle (with the 0.19 annular m i s t  
multiplier) . 



With the publication of Revision 3 of BAW-10164P, there are now 
three separate models for determining tho interphase drag in the 
slug flow regime which are: 1) the base INEL model, 2) the 
Wilson drag model, and 3) the B&W modified slug-drag model. The 
user has the option for selecting which of these models will be 
used for a given calculation. Please disCIuss how the user will 
select from among these models for a given analysis. 

The selection of the drag model is controlled . by - the evaluation 

a m o d e l .  For LBLOCA blowdown applications on RSG and B&W-designed 
plants, the base INEZ drag model is used - for all primary 

' components. Both large and small LOCA moc3els on B&W-designed 

i plants use the default BWNT slug-drag model in the secondary tube 
bundle region with a 0.19 overall multiplier on the annular mist 

I flow regime (see page 2.1-53). For SBLOCA applications in RSG 

1 , , .  . plants, the Wilson drag model option is used for the reactor 
, vesseJ core, upper plenum, andall vertical components. The BLW- 

i designed plants use the Wilson drag model in the core and upper 
I 

I plenum. The default BWNZ slug-drag model is used inside the 
i steam generator tubes for small LOCA applications. The default 

; coefficients with the 0.19 multiplier on the annular mist regime 

i are used for QTSG and IEOTSG secondary side applications. Both 

the B&W-designed plant EM and the RSC plant EM deactivate M e  
! Wilson void fraction smoothing option in the RV upper plenun. 



estion 4 - -3 
cre 2.3.37 

Orr Table 2.3.2-2, please explain why eTc at 1073 K has been 
changed from 8.223-3 to 5.14E-3. 

The code topical report was in error prior to Revision 3 in 
reporting the value of the radial strain function8 c,, as 5.22E- 
3 at 1073 K. The internal c d r  values have always been 5.13953-3 

a t  1073.15 X and 5.223-3 at 1083.15 K. These values are 
consistent with the HATPRO-Version 11 correlation set (Reference 
119 of the topical report). 



estion 5 - cre 2.3 46 - 
The quantity d is the fraction of flow area unblocked, not 
blocked a s  stated here. Please review and correct thi s 
definition. 

The quantity 0' is the fraction of the f low area unblocked. The 

code formulatian is consistent with the correct definition and 
hence needs no modification. Tho cod. topical report tex t  is 
incorrect and needs t o  be revised to provide the correct 

definition. 

~ddftional mocrranhical correction: A t~~ographical error was 

discovered i n  Equation 2.3.2-20 on page'2.3-36. The equation 

should have been cast: 

A plus (+) sign has replaced a minus ( 0 )  sign i n  the above 
equation at  the location indicated by the vertical arrow ( t ) .  



tion 6 - aes 2.3 - 33 to 2+3 57 - 
Please describe the qualifications of the clad and fuel axial 
strain model, Is this model adapted from a previously approved 
fusl performance code? If so, please describe any differences 
between this model and the previously approved model. 

Resaonsa 

The clad and fuel axial strain model of REWS/MOD2-B&W is used 
for transient upper pin planurn internal gas volume calculations. 
The addition of this model improves the predicted internal pin 
pressure response during the LOCA. The model provides the change 

in plenum volume term, AVp of Equations 2.3.2-51.1 or 2.3.2- 

51.3 due to changes in fue Y' rod temperatures from hot initial 
conditions. This model is comparable to the previously approved 
fuel performance code FRAP-T6-B&W (BAW-10165. Reference 14 8 of 
the RELAPS/MOD?-B&W topical report) with the minor differences 
outlined below. 

The RELAPS/MOD2-B&W model uses the inside clad rbdius, ricu, in 
calculating the volume change term where as FRAP-T6 uses the fual 
pellet radius. Both codes calculate the change in gas plenum 

len-r ALcfr as given in Equation 2.3.2-51.4. RELAPS/NOD2-B&W, 
however, accounts only for the thermal axial strain whereas FRAP- 

T6 accounts for both thermal and mechanical axial strains, The 
dpfault thermal material properties CAT= and C~~~ of Equations ' 

2.3.2-51.5 and 2.3.2-51.6, respectively, are identical in both 
codes, RELAPS/MODZ-B&W uses the fuel volume-averaged temperature 
to calculate the fuel thermal expansion values for each segment, 
whereas FRAP-T6 uses the fuel temperature value at dish radius 
locations for the calculation of the thermal expansion function, 
Also,  FRAP-T6 has a t e r m  to account for the effect of plutonium 
content on 

These differences between the FRAP-T~ models and the RELAPS/MODZ- 
BbW models are minimal, The F R A ~ - T ~  models are more detailed and 
complex because it is a fual pin performance code. The models 



extracted from FRAP-T6 for use in REZAPS/MOD2-B&W e ma- 
specific. mat is, those parameters which may produce 
sicidfieant effects during th. course of a transient have - - 
been integrated into the RELRPS/MODZ-B&W code. 



, estion 7 - ae 2.3 I 52 

' Table 2.3.2-3 referred to on page 2-3-53 could not be located. 
' Paease provide a copy. 

: The requested Table 2.3.2-2 can be found on page 2.3-37 o f  the 
topical report and was.transmitted to the NRC with the Revision 3 
submittal. Question 4 identifies a change unique t o  the Revision 

j 3 tabla; therefore that page should have been i n  the submittal. 

j Nonetheless, a copy of the page is attached w i t h .  the transmittal 
of this response. 



-3 
estion 8 - ~ p n w  

The feedwater temperaturr is an important determinant of boiling 
length. Please clarify where the feedwater temperature is 
measured. Is the measurement before or after the steam 
aspiration? 

Please describe the modeling of the steam aspiration process. It 
would seem that node 619 should be at a higher pressure than node 
634. If this is so, how does the 8teaIQ flow against the pressure 
gradient? How do you assure that the amount of steam flow 
predicted by the code is correct? 

Resxronse 

The feedwater temperature was measured with a thermocouple 
located approximately 3 ft upstream of the aspirator mixer box 
for the OTSG tests. Therefore, the temperature was measured 
before mixing occurred with the aspirator Flow. 

The purpose of the aspirator path is to mix steam with the 
feedwater to preheat the water to saturation before it enters the 
tube bundle. . Theref ore, the feedwater temperature and flow 

control the aspirator flow. The feedwater and aspirator mixture 
determine the lower tube bundle flow rate, which directly 

influences the heat transfer and boiling length. 

The pressure gradient that sustains the steam aspiration flow is 

created by the tube bundle-to-downcomer manometric balance. High 
boiling contributions in the mixture region lead to steam binding 
in the upper regions, and result in a bundle collapsed liquid 
level that remains below the downcomer level. The steam 
condensation on the subcooled feedwater injected into the top of 
the downcomer causes a local depressurization, which augments the 
aspiration flows. 

me aspiration process is self-limiting. If too little steam is 
aspirated, the subcooled downcomer fluid condenses a11 of the 

steam creating additional local depressurization that increases i 

the differential pressure across the aspirator. This 
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differential pressure increase leads to  a corresponding increase 
i n  aspirator f l o w .  Conversely, if too nuch steam is aspirated, 
the downcomer fluid saturates and cannot condense a l l  of the 
steam. Th. pressure a t  the top of the dovncolur increases such 
that the aspirator flow declifies . Therefore, the steam 
aspiration proce;s is self-l imiting both i n  operation and i n  code 
applications. The confirmation of the code modal is best shown 
by benchmarks against the 19-tube ARC steady-state and transient 
tests contained i n  Appendix fC of BAW-10164. 



No plots are given comparing the RELAPS/MODZ-BPW results for the 
steam generator secondary level or mass ta the OTSG-LOFW data in 
Appendix K. Please provide these plots, 

For two-phase, high flow applications (where flow losses are 
high), ouch as ' those observed in this OTSG benchmark, the 
determination of the experimental collapsed level is difficult at 
best, even during steady-state conditions. Under highly 
transient conditions, the calculation of collapsed levels is 
nearly impossible, without recourse to a code calculation that 
must be presumed accurate. Therefore, no transient collapsed 
levels or mass inventories were reported with the test results. 

To provide information approximating what is requested, the 

comparison of the steady-state and transient total boiler 
differential pressures are supplied in Table 9-1 and Figure 9-1, 
respectively. The calculated steady-state differential was 

slightly higher than the measured value. This difference was 
attributed to and consistent with the initial steam flow 

comparison. The transient boiler pressure differential also 

reflected the higher steam flow rate calculated during the early 
portion of the benchmark. The calculated value was filtered to 
smooth oscillations. The filter used a centered f f ve-point 
moving mesh averaging technique to smooth the oscillations in the 
differential pressure curve, given an edit frequency of one point 
per second. 

The initial steady-state comparison of the REWIP5/MOD2=B&W mass 
inventory versus the value calculated from the test data is 
provided in Table 9-1, The facility initial secondary mass 
inventory was generated by adding the dry secondary steam mass to 
the integrated difference in the experimentally-measured steam t 
flow minus the feedwater flow during the loss-of-feedwater 



I ' 
, portion of the toot. Thim integrated value was compared against 
: the to ta l  inventory from the REWIPS/MODZ-B&W steady-state 

calculation. Approximately 7 lbm of steam was computed to remain 
i n  the dry secondary side prior t o  the beginning of refill. 

Table 9-1. Additional Steady-State Parameters for the 
I 
I 19-Tube Model OTSG LOFW T e s t .  
! 

i 
i 
I 

podel OTSG PELAPS /MOD2-B&W 
Secondary Total Inventory, lbm 57 0, 55 .1  

I Total Bof ler AP, psid 10.2 11.0 



FIGURE 9-1. OTSG LOFW Benchmark Boiler 
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On Table L.1, why is the core power input to M e  RE-5 model two 
percent higher than that used in the test? Plaaoe explain the 
effect of this difference on the benchmark results. 

Table L.1  is in error. This table reflects the typical test 
steady-state conditions that ware used aa8 target values from 
which to initialize the post-test prediction model. Attached is 
a revised Table L.l listing the actual initial conditions from 
Test 320201. These actual test conditions are much closer to the 
MIST RELAPS/M002-B&W initialization values. 

The difference in the initial core power is much sxmller with the 
corrected table. Nonetheless, it differs, and the difference 

relates to MIST operation and post-test benchmarking method. The 
initial power represents a 3.5 percent scaled core power (where 

full power is 2700 MW based on a 11817 scale factor) with an 
additional 0.4 percent to offset the uncompensated loop heat 
losses. After break initiation, the power was held at the 

steady-state value until a MIST operatornactivated the core decay 
.heat ramp. The total power supplied to the core heaters was 
controlled by a programmed curve set to match the 1971 AWS decay 

heat c w e  with a 1.2 multiplier. This curve was independent of 
the initial MIST test value other than th. intersection point. 
The activation of the ramp, which occurred upon hot leg 

saturation (within one minute of the break opening for this 

test), assured that the calculated and test core power fractions 
Were similar. Thus, the integrated difference in the transient 

POW- was q~ickly minimized. Tho effect on transient results was 
therefore negligible or inconsequential. 

The initial steady-state values do not exactly match the test 
data because of the method agreed upon for the MIST post-test 

prediction analyses. The main goal of this method was to obtain 
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nunadjusteda post-test prediction results to assess and verify 
the code formulation via use of t he  nfrozenn input model. 
Changes in the input model were reserved for cases in which test 
initial conditions or control functions differed significantly 
from those specified in tha base input model. Any adjustment of 
tho post-test prediction model required justification and 
documentation. Therefore, many parameters were reviewed prior to 

performing a code calculation to determine the possible effects 
on results, given the noted deviations. Differences in the 
initial parameters listed in the corrected Table L.l were 
categorized as having insignificant effects aid th&f ore were 
not changed for the prediction. In the t e s t  initial conditions, 
the pressurizer surge line and lower pressurizer liquid 
temperatures were examples of deviations from the RELAP5/MODZ-B&W 
model that were considered significant. The temperatures 

controlled the timing of the loss of natural circulation and in 
turn. affected the secondary side pressure response. The 
secondary response was quite important for this transient, since 
it controlled the timing of the steam generator reverse heat 
transfer that activated the secondary side blowdown. 



Table L.I. Comparison of MfST In i t i a l  Conditions 
E&W Values. 

c 
Primary Pressure, psia 
Secondary Pressure, psia 
Core Exit Temperature,.F 
SG Exit Temperature, F 
Core Exit ~ubcooling,  F 
Core Power to Fluid, Btu/s 
Pressurizer Level, it 
SG Secondary Level, ft 
Core Flow Rate, lbm/s 

=ST Test 
32mulmu 

1733 a 2 



On Table L-2, please explain the large difference in the time of 
hot leg U-bend voiding between version. 5.0 and 14.0 predictions. 
In particular, describe tho change in which loop hot leg U-bend 
voids first, and the large difference in t h e  of  occurrence between 
the test data and predictions, Also, page -v- states that SBmm 
modifications were made i n  code version 18.0, yet page L-11 s t a t e s  
that the models in version 14.0 are identical to those in version 
19.0. Why was an earlier version, 14.0, used for thf s benchnark? 
Are there actually no differences in the models, compared to 
version 19.03 

ResPonse 
The differences between the natural circulation flow interruption 
predictions for Versions 5.0 and 14.0 are attributable to 

differences in the pressurizer and surge line initial temperature 
conditions. The fluid temperature in the bottom of the pressurizer 
was lower than the saturation temperature due to surge line heat 
losses and insurges that occurred during the steady-state period. 
In the Version 14.0 benchmark, the pressurizer fluid tamperature 
was changed to match the actual test data. The colder fluid caused 
a variation in the hot leg A flashing rates between the two 
benchmarks. In the Version 5.0 prediction, the pressurizer fluid 

temperature was saturated, and additional flashing occurred. Thus, 
the interruption of the loop A flow occurred later than that 
calculated by the Version 14.0 benchmark. 

A clifferenee in the hot leg B interruption time was also reported. 
This variation was also related to the change in the pressurizer 
fluid state. The subcooled liquid reduced the flashing rate in the 

pressurizer, causing a faster RCS depressurization. The faster 
depressurization dllowed the liquid in the B loop hot leg to 
saturate, flash, and interrupt sooner because of the collection of 
steam in the hot leg U-bend region. 

The test time reported for interruption of natural circulation was 

e=oneously given as the onset of voiding in the hot leg U-bend 
region, The loss of circulation should have been reported as 
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between 60 and 120 seconds in both hot legs, The interruption time 
cannot be further resolved, given the scales of the available data 
plots. The true variation in the timing between the test and 
prediction is therefore small. The adjustment of the pressurizer 
liquid temperature improved the predicted RCS initial pressure 
responee as well as the predicted loop flow and primary-to- 

secondary heat transfer. interruption. The integrated effect was 
observed by the excellqnt agreement of the secondary side 

shown in Figure L-4. 

During the review of Table L.2, a difference was also noted in 

reported time of the operator actions to activate -1, AFW, and the 
core power ramp, These operator actions were performed between 35 
and 55 seconds in the test, not 30 to 42 seconds as previously 

reported in Table L.2. A revised Tabls L.2 is provided with the 
two indicated corrections. 

This benchmark was included specifically to validate the BWNT slug- 
drag model. All of the SBLOCA modifications referred to in Version 
18.0 and 19.0 are optional, user-activated models that were not 
available in Version 14.0 of the code. None of these modifications 
included changes to the BWNT slug-drag model. This benchmark, 
performed using Version 19.0 of .the code, with the Version 14.0 
input model, would reproduce the same results (since none of the 
new optional code models were activated). Therefore, it was 

appropriate to present the Version 14.0 benchmark results as those 
representative of Version 19.0 results. 



of Events. Tabla L.2. Sequence 

V e r  5.0 
Prediction - 

0 

31 

60 

V m  14 .0  
Prediction 
Seconds 

0 

MIST 
observation 
Secondrr 

0 
0 
Leak opened 
Primary saturates 
Pzr level reaches one ' 

foot (HPI, AFW, and 
DE ramp started). 
Hot leg U-bend voiding 
interrupts natural circ. 
(Loop AlLooP B) 
High elev BCBI begins 
(Loop AILoop 8) 

Break saturate8 
Secondary refilled and 
AFW shutoff (SG AISG 8) 

Primary and secondary 
pressures equalize 

Secondary blowdown 
CFT injection begins 



Page I,-6 states that the revised slug drag model was implemented i n  
the core and the she l l  s ide  of the steam generator. Please confirm 
that the modal used in ~ppendix L used the B&W modified slug-&ag 
model referred t o  on page 2-52. Also, please confirm that t&e 
default coefficienks presented on pages 2.1-52.4 and 2.1-52.5 are 
used i n  the benchmarks presented in Appendix L. 

The input model for Appendix L used the BWNT slug-drag model w i t h  
the default coefficients, outlined on page 2.1-52.5, for the core 
and primary tube regions. The secondary side of the steam 

generator tube bundle region used the default BWNT slug-drag model 
with an overall multiplier on the annular mist drag of 0.19.  



crures 71-5 and L 6 

F i g u r e s  L-5 and L-6 present t h m  collapsed liquid level in feet. 
Page M infers that the rafernce level for the steam generator is 
the lower tube sheet. The reference level for the reaator vessel 
is not stated. Please provide the reference location for the 
reactor- vessel and confirm that the reference level for the steam 
generator secondary is the lower tube sheet. 

ResPones 

In the =ST facility all oollapsed level comparisons were 
referenced to the same datum ( 0 . 0  ft), which is the elevation of 
the upper face of the lower tube sheet in the steam generator. In 
the BElrAPI/MODZ-B&W model, the bottom of the reactor vessel is 
located at .0.848 ft, the core is located between 4.74 ft and 16.74 
ft, and the centerlines of the hot and cold leg RV nozzle 
connections are at 21.25 ft. 



In addition to use of the revised interphase drag model in the slug 
flow xegime, the number of volumes in the core region was increased 
from 3 to 20. The reason given for this change is that greater 
detail is needed to maintain consistency with the revised models. 
Preswnably, thie choice of nodalization results in the good 
agreement in the collapsed liquid level between the LUEWIPS/MODZ-B&W 
code and the MIST data. Use of 20 control volumes in the core 
obviously provides more detail on the axial flow profile in the 
core as compared to 3 control volumes. The question arises as to 
how much of tha improved predictions is due to the modeling changes 
as compared to just increasing the nodal detail using the original 
RELAPS/MODZ models. 

Please discuss the implications of increasing the number of core 
volumes from 3 to 20 focusing on the degree of improvement 
resulting from the use of the new models as compared to just 
increasing the number of core nodes. Please inelucle a sensitivity 
evaluation using the original RELAPS/MOD2 interphase drag models 
with the revised models, 

: 
' It i s  known that the XNEL slug flow regime drag model overpredicts 
the interphasic drag in heated regions with small hydraulic 

: diameters. Increased nodalization was the first undocumented 

attempt by BWNT to improve the core void distribution during the 
critical phase of plant SBLOCA analyses. The core void 

' distribution was not significantly changed, even with big increases 
r in the number of control volumes. The predictions consistently 
1 indicated high interphasic drag that yielded excessive two-phase 

: level swell. The high level swell was not conservative for core 
, cooling calculations. Therefore, the INEL model was considered 

j inappropriate for SBLOCA licensing calculations that could ptadict 
. claa haatup. 

To confirm these findings and address the stated request for a 
sensitivity study, several benchmarks of test 3.09.10j from the 

O m  Thermal-Hydraulics Test Facility were performed. This test is 
discussed in Appendix H of the REWS/MOD~-B&W code topical repo*. 
Selection of this test was made because of its similarity to the 
conditions at the minimum core inventory time of the typical, most- 



limiting SB'I[X)CA transient. Since this limiting SBLoCA has a emall 
break area, the RCS depressurization rate is slow. Core recovering 

is nearly initiated with HPX flow at the approximate time that the 
RCS reaches the CFT fill pressure. The 0.  05-ft2 to 0 .  10-ftz break 
range is expected to produce this limiting condition between 20 and 
40 minutes into the transient. The approximate core power is 2 
percent of a maximum 17 kW/ft, which equals 0.14 kW/ft. This 'power 

level, and RCS pressure of approximately 600 psfa, are the 
conditions characteristic of the most-limiting core mixture level 
encountered during the spectrum of SBMlCA analyses, Therefore, 

this test provides the most critical conditick for core level 
swell comparisons, 

The first benchmark analysis used the Case 14 model from Appendix H 
and the INEL slug-drag model with a 24-voJume representation. The 

predicted void distribution is shown in Figure 14-1. The second 

benchmark also used the INEI; drag model with the 24-volume . .. model 

combined into 4 equal-sized volumss. The curves indicate that the 
void distribution is poorly predicted by both the 4- and 24-volume 

models. The increased noding detail did little to improve the 
prediction because the interphase drag was excessive. 

The same two benchmarks were performed using the default BWNT slug- 

drag model; Figure 14-2 gives the result6 for both the 4- and 24- 

volume analyses. As expected, good agreement was obtained with 
both models. The revised interphase, drag was key in the improved 
behavior- The increased noding detail gives better resolution of 
the m i x t u r e  height, but does little to the pool region void 
distribution. 

F i p e  14-3 gives the 24-volume model results for the base INEL 

drag option, default BWNT slug-drag option, and the default Wilson 

slugadrag option. The BWNT slug-drag and the Wilson drag results 
both provide good agreement to the experimental data. The quality 
of M e  predictions indicate that either model would be acceptable 
for core drag predictions. 



-3 
The formulation of the BWNT slug-brag model was based on a 20 axial 
volume core region.  he' discretization was identical to that used 

for the large break BSACH analyses (BAW-10168). This mael was 
selected for consistency between large and small break methods as 
well as to better resolve the core m i x t u r m  level for  transients 
that may predict cladding heatup. Three or four axial volumes 
would be adeguate for cases in which the core does not undergo a 
heatup. In the event, however, that the mixture level does descend 
into the core region, the mixture height is resolved to within 
approximately 0.6 ft with the use of the 20-volume mo8el. 

Although the BWNT slug-drag modifications were developed with a 
finely noded core region, the model has been shown to improve the 
phase separation i n  a coarsely-node8 core or in steam generator 
secondary side bundles. This marked improvement demonstrates that 

it is not the number or the size of cont;ol volumes, rather it is 
the interphasic drag model, that is key to predicting proper phase 
separation in heated regions w i t h  small hydraulic diameters. 



FIGURE 14-1. RELAPSIMODZ-B&W Predictions of 
ORNL Test 3.09.10j: 0.33 KWfft, 61 0 psia. 
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FIGURE 1 4-2. RELAP5lMOD2-B&W Predictions of 
ORNL Test 3.09.1 Oj: 0.33 KW/ft, 61 0 psia. 
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FIGURE 14-3. RELAPBlMOD2-B&W Predictions with the BWNT, Wilson, 
-3 

and INEL Sfug Drag Using the 24 Volume Core Model. - - 
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The revised interphase &rag model is used to model the secondary 
sida of the steam generator. The number of control volumes used to 
model the secondary side is not statea fin the text. However, 
Figure L 2  indicates that there are 9 control volumes used on the 
secondary. If this assertion is true, then the height .of each 
control volume representing the steam generator is much greater 
than those used in the reactor core. 

I 

I Please discuss the nodalization of the steam generator system given 
! the apparent need for greater detail in the core region in order to 
: predict the collapsed liquid level as discussed in Question 2. 

I Rear>onse 

The control volume heights below the steam generator aspirator 

: elevation are 6.4 ft, and those in the MIST core axe 0.6 f t .  The 
effectiveness of the BWNT slug-drag model is not dependent upon the 

a volume heights or number of volumes as indicated in the response to 
Question 14. Benchmarks with the ARC OTSG data, given in Appendix - X, indicate that this level of detail is adequate to predict the 

. governing phenomena in the steam generator. The locatfon of the 
' boiling and transition regions in the OTSG are known in sufficient 
i detail to address level variations. The BWNT slug-drag model 

! improves the void distribution profile and the associated inventory 

/ prediction, and as a consequence, the transient primary-to- 
I secondary heat transfer i~ more accurately calculated. Better 
l 
a predictions of secondary heat transfer improve the accuracy of 
i primary system response predictions. 



: One of the key variables to be predicted is the fuel surface 
I temperature. No comparison of predictions to test data are shown 
: in the benchmark in Appendix L. Please provide this comparison or 
; explain Ghy such a comparison is inappropriate. 

I Fuel temperature is an important parameter in SBLOCA analyses but 
a for this particular benchmark the mixture level remained 

: continuously above the top of Uler core in the analysis as well as 
in the test. The minimum vessel mixture level was located at the 

I 
hot leg nozzle elevation. As a result, nucleate boiling removed 

I 

: the fuel stored energy and decay heat contributions after core 
fluid saturation. The high heat transfer, coefficients associated 
with the nucleate boiling regime maintained the pin surface 

temperatures within several degrees of the fluid saturation 

temperature. Since no surface temperature excursions were observed 
in the test or in the analysis, no comparison of the temperature 
predictions to the test data ware given. 



Attachment for Question 7 

Tbo following page is a copy of page 2.3-37 containing Table 2.3.2- 
2. 



me radial strain function is defined by either a user input 

cubic fit 

or a built in code correlation set 119 

for T, < 1073K ( a  phase), and 

for TC > 1273K (P phase), where Tc is the average cladding 
temperature (R). In the a phase to /3 phase transition zone, 

1073K < TC < 1273K, a table lookup is used. Some selected- 

values are listed in Table 2.3.2-2. 

Table 2.3.2-2. Thermal Strain of Zircaloy for 
1073 K < T < 1273 K. 

Radial Strain 
E 
TC 

Axial Strain .' 
€ 

ATC 

Rev. 3 
10/92 
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5 6 s s o n f o r m a t i a n  - R = v w -  

This section contains supplemental information transmitted by BWNT 

to the NRC in a letter from J. H. Taylor (JHT/94-146) dated 
September 2 0 ,  1994. 
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Supplemental Information f o r  BAW-10164 

RELAPS/MOD2-B&W Revision 2 and 3 

1. ~ i w n  that RELAP5lMOD2-B&W has a twcrfluid, six equation 
formulation, why are equilibrium control volumes used in the 
core region for RELAPS/MODZ-B&W LOCA analyses? 

Response: The EN core heat transfer package used for fuel pin 
&ace heat transfer isao nucleate, transition, and film boiling 
correlations that were formulated based on equilibriun fluid 
state conditions. Use of the RELAP5/MOD2-BhW nonequilibriuaa 

control volume option can, under certain blowdown conditions, 
result in higher surface heat transfer than would be calculated 
with equilibrium fluid conditions. This heat removal is not 
consistent with the formulation of the correlations and can be 

nonconservative from a peak cladding temperature perspective. 

Therefore, equilibrium control volumes are selected for use in 
the core region to provide appropriate boundary conditions for 
application of the EM core heat transfer correlations in 
REWLP5/MODZ=B&W. This approach is consistent with that used in 
the approved evaluation model, BAW-10168P Revision 1. 



2. There are a number of additional user input options included 
in the revision 2 and 3 submittals to RELAP5/MOD2-B&W, 
Please identify those options that will be used in 
evaluation model calculations. 

Response: The review of REUkP5/MODZ-B&W revisions is somewhat 
complicated becake M e  impact' on EM calculations of the new 
options are provided under separate cover. The new code options 

have been qualified by separate effects benchmarks and 
calculations. Description of the EM options is not presented in 
the RELAP5/MOD2-B&W code topical report, since two separate 
evaluation models reference the latest revisions to the code. 
The OTSG LOCA EM is contained in BAW-10192P and the RSG LOCA EM 
is contained in BAW-10168P Revisions 2 and 3. Section 9.0 of the 
large and small LOCA volumes of each EM is titled nRequired 
Doc~mentation.~~ This section identifies the computer codes used 
in the EM and lists specific code options' controlled by the EM, 

Also included is a table listing the generic and prescribed code 
inputs used in each EM. These EM tables are the appropriate 
locations to provide the necessary user input option control. 

I 



3. The BWNT small break LOCA (SBLOCA) evaluation models were 
revised to use the BWUMV critical heat f l u  correlation. 
The correlation is presented in Appendix 1 of the 
RELAPS/MOD2-BPW topicad report, BAW-10164 Revision 2. 
Please clarify the value used for the Tong factor and 
provide justification for use in RELAPS/MOD2=B&W. 

Response: The BWMV correlation i~ a steady-state, loeal- 
condition critical heat Flux correlation adapted from khe NFtC- 

approved BWCMV (~ef. I) correlation. The correlation incluaes 
the non-uniform Tong ' factor. The Tong factor, w i t h  a value 
generally greater than one, accounts for non-uniformity in the 
power shape of the test section. The factor is required when 
comparing the correlation with steady-state data. As such, the 
measured-to-predicted comparisons in Appendix I are based on 
steady-state experiments, and therefore use the Tong factor. 

For M C A  analysis, however, BWNTns established practice is to 
reduce transient CHF conservatism by setting the value of the 

Tong factor to 1.0. The measured-to-predicted comparisons and 
statistics in Appendix I demonstrate that the BWUMV correlation 
is properly formulated and appropriate for steady-state CHF 

prediction. Setting the Tong factor to 1.0 in transient analysis 

ia a practice applied to all previous CHF correlations including 
BWCMV. This technique has been approved in all previous LaCA 
evaluation models, dating back to 1971. Support for the position 
is primarily based on experiments that do not indicate that fuel 
pins will experience CHF during the flow coastdown phase of the 
SBLOCA tiansient. 

Secondarily, it is generally recognized that steady-state CHF 
! ' 

correlations under predict transient CHF when CHF is based on 

i local conditions. The following is a summary of suppo*ing 
! references. 
a ~ 

I Few authors hake direct statements on the conservatism of 
applying steady-state correlations to transient situations. It 

I fs common for the author to present the information but l-eave its 

3 



interpretation to the reader. Al80, much of the reference 
material addresses only large LOCA conditions or extreme 
transients, since the experimental base *of SBLOCA indicates no 
departups from nucleate boiling. 

A survey by Leung (Ref. 2) interprets the observations of various 
investigators. section 1II.B of the survey is mostly appropriate 
for larger breaks, while Section I .  flow reduction 
transients, is reasonably characteristic of SBLOCAs. A review of 
the works by Schrock (page 25),  Maxon and Edwards (page 25), 
Shiralka et al. (page 271, Letourneau and Green (page 2 7 ) ,  

Smfmnov, Griffith et ax., Redfield et al., Cermak et al., Lawson, 
Morgan et al., and ~icken et a1. all confirm the conservatism of 
transient CHF predictions with steady-state correlations. The 
evidence presented continues throughout Section I11 of Leung's 
work. 

Other authors, Tong and Weisman (section 4.3..2.8 of Ref. 3), 

Collier (Section 9.6.2 of ~ e f  4 ,  Khater and Raithby (Chapter 3 
of Ref.S), McIntyre and Merilo (Ref. 6 ,  and Vojtec (Ref. 7) also 
substantiate the generally held opinion that the prediction of 
CHF by steady-state correlations during a transient is highly 
conservative. 

The observation that CHF does not occur during the SBLOCA 

coastdown period derives from integral system tests. Such tests 
consistently demonstrate that CHF does not occur for SBLOCA. 

Across the range of SBLOCA integral system tests--Semiscale, 

LOBI, ROSA, MIST, and LOFT (Ref. 8.-131--no observations of 
temperature excursions during the flow coastdown phase were mad& 
Zn these reference tests, none of the cladding temperature 
excursions was initiated prior to loop seal clearing. 

In conclusion three points were . m  ade in support of  setting the 

Tong factor to one for SBW)CA CHF calculations. ,.: 



 he transient application of steady-state CHF correlatione 

with the Tong factor set to one was approved in all previous 
BWNT evaluation models. Only the CHF correlation, not its 
method o l  implementation, is being changed (BWCMV to BWUMV) 
in this SBLOCA revision to the R-5 topical ,report; 

There is broad consensus in the literature that the use of 
steady-state, local-condition CHF correlations for transient 
preclictions is conservative. Thus, the reduction o f  
conservatism in the SBLOCA evaluation model, through setting 

the Tong factor to one is appropriate. 

The experimental record for SBLOCA shows that CHF does not 

occur during the flow coastdown phase of the transient. 

Therefore, it is justifiable for BWNT to8 continue its standard 
practice of setting the Tong factor equal to one for the 
pxediction of CHF during SBLOCA transients. 
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4. ~igure 1-6 of BAW-10164 (RELAPS/MOD2-B&W) give@ the 
measured-to-predicted QiF ratios for the BWUMV c6rrelation 
as a function of mass flux. The number of test points with 
mass flwea below 1.25 mlbm/hr-ft2 appears to be 
Inconsistent with the sum of points given in Table X-3 and 
Appendix B of BAW-10159 (BWCMV). Please clarify the 
apparent differences in number o f  test points vereus the 
number of data points included on that figure. Alao, please 
provide confirmation of the applicable parameter range over 
which the B W W  correlation is used in REWLP5/MODZ-B&W 
SBLOCA applications. 

Response: Figure 1-6 contains 77 calculated points f o r  mass 
fluxes less than 1.25 ~lbm/hr-it2. The points are comprised of 
22 test points from Tabla 1.3 of BAW-10164 Appendix I, 20 test 
points from BAW-10159 Appendix B, and 35 test points from Table 
Q1-1 in BAW-10159 Appendix F. The points from Appendix F were 
considered annular flow points (qualities near 22 percent or 
above) for BWCMV. The form o f  the BWCMV CHF equation is a linear 
function of quality that is invalid fox high qualities, which 

makes annular flow data inappropriate. These points are, on the 
other hand, appropriate for use in the BWUMV form of  the 

correlation, which extends the quality range to 67 percent. 
Therefore, these points were included in the data base usad to 
validate the BWUMV correlation. 

The thermal-hydraulic parameter ranges used for the BWUMV 
correlation as implemented in RELAPS/MOD2=B&W are listed as: 

1300 psia 5 Pressure 2 2455 psis 

0.5 ~lbmjhr-ft2 Mass Flux 2 3.871 ~lbm/hr-it2 . 
No upper limit on flow or pressure is included in RELAPS/MOD2- 
BbrW. However, SBLOCA EM applications will not result in state 
conditions that exceed these values. Also, the quality 5s not 
explicitly limited in RELAPS/MOD~-B~~W, however, in typical SBLOCA 
analyses the quality will not exceed the BWWMV limit unless it is 

due to dryout from core uncovering. Under these conditions CHF 
f s unimportant. Addf tionally, should core uncovering occur, it 



1 is typically a t  pressures below the minimum BllOW pressure limit 
such that the correlation is not used. 



5. Only one MIST benchmark is provided i n  Revieion 3 of BAW- 
10164. Have any additional benchmarks been performed to 
qualify the RELAPS/MOD?-B&W system predictions for B&W- 

designed plants? 

Response: The RELAPSIMOD2 code was developed by EGPG, Idaho for 
predicting the system thermal-hydraulic behavior o f  a PWR during ' 
transient conditions such as a loss-of-coolant-accident (LOCA), 

particularly SBLOCA. The code has been benchmarked against many 
tests conducted in the U.S. and internationally. These 

benchmarks, in general, have confirmed that RELAPS/MODZ is 
capable of simulating important system responses including system 
depressurization and flashing, break mass discharges, two-phase 
flow phenomena, core heat transfer, and system voiding. Moat 
integral test facilities were scaled to ,a 4-loop recirculating 
steam generator (RSG) type reactor design. To provide integral 
system thermal-hydraulic data on B&W-designed plants, the NRC, 

BWNT, the B&W Owners Group, and EPRT jointly funded the design, 
construction, and testing of the Multiloop Integral System Test 
(MIST) facility. This scaled facility was designed to simulate 
prototypical SBLOCA phenomena for code benchmarking. The 

facility contained the unique features of the BLW-designed NSSS 
w i t h  two hot legs, four cold legs, once-through steam generators 
(OTSGs), and reactor vessel vent valves ( R V W s ) .  

Pretest predictions and posttest predictions (Ref. 1-6) with a 
frozen input model were performed with RELAPS/MOD2-;B&W to v ~ i f y  

the simulations of the system responses during SBLOCA and SGTR 
events. The results consistently showed that the overall code 
RCS predictions were reasonably accurate. One deficiency that 
was repeatedly observed in all the predictions was 

undezprediction of the core collapsed level. The source of the 
problem Was high interphasic drag in the slug flow regime, which 
resulted in retention of too much steam within the two-phase 
mixture in the vessel. The excessive level swell affected the 



: core collapsed level predictions but did not have any significant 
affect on the remainder of the RCS hsponse. Only heated regions 

w i t h  small hydraulic diameters revealed the excessive level 

I swell, For certain tests, prediction of secondary side behavior 
(a heated region with small hydraulic diameter) also exhibited 

I excessive level swell. 

The code versions used for these MIST benchmarks did not have the 
Wilson or BCW slug-drag model improvements. The drag model 
changes were the only significant code modifications that would 
now be used for MIST predictions. A MIST benchmark was chosen to 

confirm that the overall RCS results would not be appreciably 
changed between the old version and new version when the new slug 
flow regimes models were used. That benchmark was also chosen to 

confirm the improvement in the calculated core and secondary side 
collapsed levels. Therefore, t h e  benchmark to MIST Test 320201, 
a scaled 50 d break in the CLPD, was reanalyzed with 'the new 
drag models, and the  results were included in Appendix L of RAW- 
10164. The overall RCS response was quite similar to the  ear l ier  
calculations. A s  expected, the core and steam generator 
secondary side collapsed levels were greatly improved by the drag 
modei bhange. 

I 

Investigation of the other MIST benchmarks referenced on page L-3 
of Revision 3 of BAW-10164 led to the conclusion that  under 
comparable boundary conditions the code predictions were 
reasonably correct except for the core or steam generator level 
s w e l l s  due to high interphasic drag in the slug flow regime. For 
the scaled 10 cm2 breaks or larger with pumps tripped (Tests 
3109~'. 3105AAb, 320302', 320503', 320604', 3404AAS, 3406AA1, 

350101'. and 3601~~') the core region collapsed liquid level Was 
underpredicted by about 1.2 to 3.3 ft, It should be noted thak 
the level mismatch was fairly constant, especially when 
differences in depressurization rates w a r e  considered between the 
t e s t  and prediction. Reanalysis of these cases with Version 19 
of RELRPS/MOD2=BCW would greatly improve the core level with 

, 



little change in overall RCS response as noted in the benchmark 
of Test 320201. Revised benchmarks of these MIST tests with the 
new drag models is not warranted, however, since no new evidence 
would be provided to substantiate the RELAP5/MOD2-BLW models for 
SBLOCA applications. 

The revised benchmark of Test 320201 along with other benchmarks 
(GE level swell test 100-4, Christensen subcooled boiling tests, 

19-tube OT8G benchmarks, O W L  bundle dtyout tests, and the 
comparison against the NRC-approved FOAM2 cocie) provide ample 
justification for the use of RELAPS/MOD2=B&W Version 19 in SBLOCA 
EM applications. Accurate RCS SBLOCA response for both OTSG 

plants and. RSG plants has been demonstrated. The drag model 
changes improve the core level swell predictions, such that 
conservative predictions of cladding temperature excursions will 

be calculated during periods in which the core mixture level is 
within the heated core region. 

References for supplemental question 5: 

1. J. A. Klingenfus and M. V. Parece, "RELAP5/MOD2 MIST 
Analysis  comparison^,^@ Multiloop Integral System Test 
(MIST): Final Report, Vol. 10, m G / C R  - 5395 , December 1989. 

2. C. A. Schamp and J. A. Klingenfus, "RELAP5/MOD2 MIST Post- 
Test Benchmark of MIST TEST 3601AA - ATOG With Pumps 
Available," mW - 2033 , 77-1171774-00, December 1988. 

3. Me X. Smith and M. V. Parece, nRELAP5/MOD2 MIST Post -Tes t  
Benchmark of Test No. 320604 - 10 & Pump  isc charge Break, 

, 77-1171643-00, December 1988. 
4.  M. B. McGuirk and M. V. Parece, tlRv5/MOD2 MIST Post-Test 

Benchmark of Test No. 350101 - 1 0  CM Primary System Break 
With High point Vents," PAW - 2032 , 77-1168638-00, December 
1988 

5- J. C. Seals and P. W. ploch, ~ Z E L A P ~ / M O D ~  E S T  Post-Test 
Benchmark of Test No, 3404AA - ~ouble-Ended Rupture of 10 
Steam Generator Tubes," PAW - 2031 , 77-1171708-00, February 
1989. 



6, M. K. Smith and M. V. Parece, nREWIP5/MOD2 MIST Post -Tes t  
Benchmark of Test No. 3105M - 10 C!I@ P u p  Discharge Break,Iw 

I 

030, 77-1171703-00, December 1988. 



6, The B&W high auxiliary feedwater (AFW) model was not 
reviewed in the original release of BAW-10164 because the 
model was not used for applications on RSG plant@. BWNT 
requested that this model be reviewed and approved for use 
in applications on B&W-designed planta . Please provide 
ben.&arks or other supporting information justifying the 
use of this model in LoCA applications. 

Response: The B&W high AFW model was originally developed for 
use in the AUX code, which calculated the dynamic interaction of 

the RCS and emergency feedwater system. It was later 
incorporated into the CRAFT2 code (Ref. 6-1). The NRC reviewed 
and approved the code model for use on B&W-designed plant EM 
applications in Reference 6-2. This approved model was later 
incorporated into R ~ S / M O D 2 - B & W  with some minor calculational 
improvements. 

The CRAFT2 SER surmnarizes the documentation used to quantify the 
high AFW tube wetting and heat transfer models., These included 
AUX benchmarks to plant data, Oconee-1 natural circulation tube 
wetting data, and ARC flow visualization data. It concludes that 
the high AFW model has been adequately verified against both 
separate-effects and integral system test data such that it is 
acceptable for use in SBLOCA EM applications, 

The RELAPS/MOD2-B&W high AFW model consists of an AFW tube 

wetting model and a wetted tube heat transfer model. The tube 

wetting moael is unchanged from the approved CRAFT2 model. The 

CRAFT2 heat transfer model has undergone some minor changes and 
improvements, The most significant change was a restriction of 
the Drew falling film heat transfer coefficient for subcooled AFW 

liquid heat transfer. For saturated liquid, the Chen nucleate 
boiling correlation was used to calculate the heat transfer 
coefficient for the wetted tubes. The steam heat transfer on the 
dry tubes was calculated based on the Dittus-~oelter correlation 

with a steam only Reynolds and Prandtl numbers. 



The benchmark that best confirms the perfo?m&nca of the revised 
heat transfer model was perfamed as a part of the RELAPS/MODZ- 
B&W c@e certification effort. The bendmark is against test  

data from the MIST facility during steady-data conditions with 
high AFW injection. Figure 6-1 shows a cross-section of the MIST 
s t a k  generator, including the tube designations. The AFW enters 

into the tube bundle approximately 50 feet from the lower tube 
sheet. ~igure 6-2 shows a noding diagram of the RELAPS/MOD2 
steam generator model used i n  the benchmark. The model 

arrangement above the aspirator is identical to models used in 
the SBLOCA EM. The primary tube region was separated into two 
regions. AFW was injected directly onto Tube J. Tubes N, J, and 
K were included in the AFW wetted region modeled by pipe 
Component: 150'. The remaining 16 tubes were included in the dry 
region modeled by pipe Component 140. Figure 6-3 shows the 
measured primary side temperature distributions and those 
predicted by the two channel RELAPS/MOD2 model. . The comparisons 
are excellent. Because this was a separate-effects steady-state 
test, the heat transfer coefficients were easily quantified and 
justified. 

The transient-effects modeling of the BSiW high AFW model were 

supported by every MIST test benchmark. The tests began in a 
steady-state natural circulation condition with high AFW 

injection. After break initiation, the transient steam generator 
heat removal from the AFW was very important to the overall 
behavior of both the primary and secondary sides. The quality of 
these comparisons confirms the validity o f  the entire high AFW 

computer model in numerous integral system benchmarks. This 

model will be used similarly for typical plant SBZXlCA 

applications. In these analyses, this AFW model will affect the 

steam generator heat removal and provide the appropriate 
influence on the RCS system responses. 

In summary, RELAP5/MODZ-BLW uses an improved form of the high 

model that was approvea for EPT use in the CRAFT2 code. The I 



additional separate effects and integral system benchmarks 
further confirm the validity of the revised model and its 
appropriateness for use in SBLocA applications. BWNT believes 
that, based on the previous NRC-approval and thelse new 

bonfhmaiks, ample justification is provided for approving use of 
this model for B&W-designed plant SBLOCA applications with the 
RELAP5/MOD2-B&W code. 

I 

References for ~uestion 6 

6-1. J. 5. ~udlin, et ale, 18CRAFT2 - FORTRAN Program for Digital 
Simulation of a Multinode Reactor Plant During Loss of 
C~olant,~ PAW-100928, Rev. 3, July, 1985. 

6-2. "Safety Evaluation Report for the Babcock and Wilcox Omers 
Group Small Break Loss-of-Coolant Accident Evaluation Model, 
CR&FT2 (Rev. 3) (BAW-10192P, Rev. 3 and BAW-10154),n 

. .. 
! 

5/10/85, (Included in Ref. 6-1) 



Figure 6-1. MIST STEAM GENERATOR CROSSSECTION. 
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Figure 6-2 MIST STEAM GENERATOR NODINQ ARRANGEMENT. 
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FIGURE 6-3. MIST MEASURED VS PREDICTED PRIMARY TEMPERATURES. 
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7 .  The MIST SBLX)CA benchmarks provided in previous references 
did not show fuel temperature excursions, Please give 
xef ersnces that justify conservative cladding temperature 
calculations during periods with fuel temperature 
excursions. 

Response: For all of the MIST tests in which the reactor coolant 
pumps were not operating, none showed fuel temperature 
excursions. Therefore, combinations of test benchmarks must be 
used to support the conservatism of fuel temperature calculations 
for B&W-designed plants. There are four phenomena that govern 
the cladding temperature response: (1) the reactor coolant 
system (RCS) pressure response; (2) the RCS liq&d inventory and 
distribution; (3) the core liquid inventory and mixture level 
during the core boildown phase, and (4) the core heat transfer 
above the mixture level during the boildown phase. 

The MIST tests provided typical OTSG-plant RCS pressure and 
inventory responses for code benchmarks, directly addressing the 
first two phenomena. Good comparisons were obtained in the 

numerous RELAPS/MOD2-B&W benchmarks given as references in 

supplemental ~uestion 5. These comparisons demonstrated that the 
code models, with typical plant nodalization, reproduced the key 

test thermal-hydraulic behavior for a large number of transients. 
Good representation of the RCS behavior provides the appropriate 

forcing functions for liquid inventory distribution, flashing 
contributions, leak phase determination, HPT flow, and overall 
transient progression, 

Benchmarks of the MIST tests assure that the transient liwfd 
inventory is appropriately calculated. Because the range of MIST 
experiments does not include cases for which the core mixture 
level falls into the active region, MIST is not the best 
benchmark for the core mixture level calculation. The core 
mixture level calculation during the core boildown phase is best 
benchmarked by the stand-alone FOMZ an8 ORNL benchmarks provided 

in Appendix H of BAW-10164. The range of core and fuel assembly 



geometries to which BBWLPS/MODI-BLW has been benchmarked is 
extended through the FOAM2 benchmarks to include fuel for boiling 
water reactors (the GE tests), for Japanese reactors (the Hitachi 
tests), for Westinghouse reactor designs (the Westinghouse 

tests), and for B&W-designed plants (the BtW tests), The 

benchmarks confirm both that the RELAPS/MOD2-BPW code correctly 
determines the mixture level in a prototypical core region and 
that it does so over a wide range of cora and fuel assembly 
geometries. The ORNL benchmarks also provide comparisons and 
confirmation of the cladding surface temperature predictions (see 
Figures H.28 through H.33). 

The MIST benchmarks showed accurate prediction of the RCS 

pressure and liquid inventory W i n g  the loop-draining phase. 
Good predictions of these parameters assure that the SBLOCA will 
enter the core boildown phase at the appropriate transient time 
and with the appropriate reactor vessel liquid inventory. The 

core boildown is then governed by the ECCS injection and core 
decay heat rates. 

Since the mixture level has been shown to be correctly calculated 
(Appendix H), the determination of the heat transfer for portions 
of the fuel rods cooled by mixture and by steam must also be 
correct. The fuel pin heatup is controlled by integrated fuel 

pin heat addition above the mixture level and by the cora 
steaming rate below the mixture level. Heat transfer: below the 

mixture has repeatedly been shown to be sufficient to maintain 
the cladding within a few degrees of the coolant saturation 
temperature. Thus, except for the movement of mixture level, the 
core steaming rate is a straightforward function of  the decay 
heating rate.. Above the mixture, the cladding temperature is 

controlled by conduction and radiation heat transfer to vapor an8 
by the vapor superheat. For a given cladding temperatme 
excursion, the majority of the heat removal id attributed to the 
superheating of €he vapor and only a small portion (estimated to 

t 



be approximately one-quarter) is due directly to 'other heat 
transfer mechanisms. 

The calculational approach used in REIJAP~/#OD~-B&W for the 
detiumination of vapor temperature and cladding heat transfer 
coefficient f s straightforward and widely accepted for core 
boildown conditions. Two examples of temperature excursions 
during integral system benchdarks are contained in the 
RELAPS/MOD2-B&W topical BAW-10164, Revision 2. Appendix J 
contains an SBLQCA benchmark of a ROSA test. Conservative 
cladding temperatures were shown during the long-term core 
boildown phase of that transient. Section 5 of this topical 
[responses to questions) contains a benchmark of Semiscale S-Lff-1 

beginning on page 5-153. The calculated cladding temperatures 
given on page 5-187 were conservative compared to the test data. 
The Technical Evaluation Report (TW) for vBAW-10164, Revision 2, 
(page 5-227 and 5-228) acknowledges this conservatism. 

These benchmarks collectively demonstrate that the REUPS/MOD2- 

8&W code, with typical plant input models, produces best-estimate 
RCS thermal-hydraulic responses during SBLOCA transient 
benchmarket for OTSG and RSG plants, Separate-effects core level 
swell benchmarks confirm the mixture level calculations and steam 
cooling tests in conjunction with integral system tests, ROSA and 
Semiscale, confirm the accuracy of the calculated cladding 
heatup. These models are ultimately coupled with key 

conservatisms in the SBLOCA plant analyses. The most important 
of the conservatisms is the 10CFRSO Appendix K requirement that 
core decay heat be calculated as 120 percent of ANS 1971 
standard. This decay heat (1.2 X ANS 1971 is approximately 35 

percent above current best-estimate values) causes significantly 
more cox8 boiloff, such that core heatup begins much earlier than 
i s  realistic. The heatup generally lasts longer, and more ECCS 

f s  required to match and exceed the core boiloff rate. The early 
timing of the heatup and the longer heatup period ensure that 
conservative cladding temperatures will be calculated. 



BfW designed NSSs provide one feature not found in other PWRs. 
The reactor vessel vent valves (RVWs) are unique to BCW-designed 
plants. The RWVs swing open to provide a direct path for 
venting of core steam to a cold leg break location. !Pheir design 

and performance preclude the need for the oold leg pump suctions 
to be cleared of water for system steam production to be vented 
to cold leg breaks. Thus, the core liquid inventory reduction 
and attendant cladding temperature increase required to 
accomplish loop seal clearing in other PWR designs is eliminated. 

The R V W s  are not significant to SBLOCA predictions other than in 
their function to control the pressure difference between the 
reactor vessel downcomer and core, and the prevention of the need 
for loop seal clearing. This function is important, but it does 
not relate directly to the cladding temperature calculation. The 

only relationship is through the reactor vessel liquid inventory 
predictions. The ability of the REL?iPS/MOD2-B&W to appropriately 
model the R V W  influence on system inventory has been adequately 
benchmaxked in the MIST test series. Therefore, further 
justification of the R V W  performance during an SBLOCA core 
bofldown phase in which it plays a secondary role is not 
warranted. 

The cladding temperature excursion during SBLoCA in .current PWR 
designs is brought about and governed by the same physical 
processes, regardless of the particular PWR design. BWNT has 
provided appropriate benchmarks of the ability of RELAP5/MODZ-B&W 
to simulate these mechanisms. The unique features of the B&W 

design that effect SBLOCA, the RVWS and once-through steam 

generators, have been tested and benchmarked to a test facility 
that includes a direct modeling of the devices during the SBW- 

phases within which they act to produce differences between the 
B&W design and other NSS designs. There is, therefore, no need 
for the inclusion of a core uncovering test specific to the B&W 

design in the SBLOCA benchmark matrix. 



8, ~nformation provided in Supplemental Question 3 stated that 
a Tong factor of one has been used in LOCA applications 
since 1971. Please provide a previously-approved reference 
that explicitly states thir licensing position. 

Response: BWNT has two examples of NRC-approved LOCA evaluation 
models that explicitly state how the Tong factor is used. The 

first EM is for B&W-designed plants (BAW-10104, Rev, 5 ) -  THGTA1- 
B (~AW-l0094A, Rev. 3) is the core thermal analysis code used in 
this EM. It states in the first paragraph on page 21 of BAW- 
10094 : 

nA nonuniform flux factor is combined with the 

Westinghouse W-3, the Babcock L Wilcox B&W-2 and BWC 
CHF correlations for steady state calculations. 
However, since the flux factor was hot developed for 
accelerating and decelerating flow situations it is not 
used during transient c~mputations.~ 

* 

The second EM is for RSG plants (BAW-10168, Rev. 1). FRAP-T6 

(BAW-10165, Rev. 1) is the core thermal analysis code used in 
this EM. It states on page 2.1-37 for the B&W-2 CtIF correlation 
(Equation 2.1.4-30 gives the Tong factor): 

*IFBUZ = nonuniform axial power shape factor, 

(optionally used only for steady-state 
(I calculations) , . . . . 

The BWC (Equation 2.1.4-32), BWCMV (Equation 2.1.4-34), and 1-3 
(Equat'ion 2.1.4-35) CHF sections contain similar stateraants to 

the one shown above, indicating that the Tong factor is not usad 
for transient applications. 



9. Equation 2.1.3-30.6 contains a user-specified coefficient, . what value is used for this coefficient? 

Response: Equation 2.1.3-30.6 is 

A value of 1.0 is used for C, in all EM SBLOCA applications. 
This input was originally included to permit sensitivity studies, 
but St has never been used in any reported application. 

During the review of this question, a typographic error was noted 
in Equation 2.1.3-30.7. The last term in that equation is A*. 
This term should have been from Equation 2.1.3-30.6. 
However, since C, is always 1.0, the equation is correct as used 
in the EM applications. 
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UNITED. STATES 
NUCLEAR REQUUTORY COMMISSION 

WASHINQTON, D.C. 

h h  14, 1995 

Mr. J,H, .Taylor, Manager 
Licensing services 
B&W Nuclear Technologies 
3315 Old Forrest Road 
P.O.Box 10935 
Lynchburg, VA 24506-0935 

i 
D e a r  Hr. Taylor: 

' SUBJECT: ACCEPTANCE FOR REFERENCING OF TOPICAL REPORT, BAW-10164P, 
REVISIONS 2 AND 3 , "AN ADVANCED COMPUTER PROGRAM FOR LIGHT- 

: WATER REACTOR LOCA AND NON-WCA TRANSIENT ANALYSISn 

The NRC staff has reviewed the topical report BAW-10164P, ~avisions 
2 and 3, which describe a RELAPS based computer program for PWR 
LOCA and non-LOCA transient analysis. Revision 2 was intended for 
small break LOCA applications and Revision 3 included enhancements 
to the evaluation model for fuel pin heat transfer, and 
benchmarks extending application of the code to the once through 
'steam generator plants. In addition to the benchmarks provided 
in the approved Revision 1 of the code, Revisions 2 and 3 
provided comparisons to the ROSA-IV, THTF and the MIST 
experimental data. The RELAPS based computer program provides 
predictions of the physical phenomena which are important during 
a small break LOCA. 

The staff finds BAW-10164P, Revisions 2 and 3 to be acceptable 
for referencing in LOCA and non-LOCA PWR licensing actions to the 
extent specified, and under the limitations stated in BAW-10164P, 
Revisions 2 and 3 and the associated U.S. Nuclear Regulatory 
Commission safety evaluation report which defines the basis for 
accepting this topical report. 

If the staff's criteria or regulations change so that its 
conclusions about the acceptability of the report are 
invalidated, B&W Nuclear ~echnologies should revise and resubmit 
their respective documentation or submit justification for the 
continued effective applicability of the topical report without 
revising their respective documentation, 

The staff was assisted in this review by SCIENTECH, Inc. under 
contract No. MC-03-093-031, SCN NO, E-2095, Task Order No. 2. 

! 



a I 

I 1 James H. Taylor 
' I 

Our safety evaluation (Enclosure 1) is based on the SCIENTECH, 
Inc. technical evaluation report SCIE-NRC-224-94 which is in 
Enclosure 2. 

Sincerely, 

Division of Systems Safety and- Analysis 
- office of Nuclear Reactor Regulation 

Enclosures: 
As stated 



UNITED STATES 
NUCLEAR REGULATORY COMMlSSlON 

WASHINGTON, D.C. 

: I - 
ION BY THE OFFICE OF N U C L c  

~~W-10164P. REVISIONS 2 AND 3 ,  ''AN ADVANCED COmIDER PROGBM 

i p&W NUCLEAR TECHNOLOGIES 

By letter dated September 18, 1992; the B&W Nuclear Technologies 

Company submitted the topical report BAW-10164P, Revisions 2 and 

3 for NRC review. The report describes a pressurized water 
reactor (PWR) thermal-hydraulics transient analysis code for LOCA 

and non-LOCA transients analysis based on the RELAPS/MOD2 code. 

RELAPS/MODS-B&W is a B&W Nuclear ~echnologies (BWNT) adaptation 

of the Idaho National ~ngineering Laboratory (INEL) RKWLPS/HOD~"' 

code used for PWR licensing and best estimate thermai hydraulics 

transient analysis. RELAPS/MODZ was developed by INEL as a best- 
estimate computer code for light water reactor transient . 
a n a l y ~ i ~ .  BLW Nuclear Technologies has added features to permit 
use of the RELAPS/MOD2-B&W code for ECCS evaluation model (EM) 
calculations. The previous revision of the RELAPS-B&W code, 
~evision I"), was approved for use in the analysis of small break 

and large break L O C A S ~ ~ )  (SBLOCA and LBLoCA) for recirculating 

steam generator plants. 

Revision 2 of BAW-10164~~~) describes updates for use in 
performing small break LOCA analysis. These updates include an 
additional critical heat flux (cHF) correlation referred to as 



j I 

, BWUMV, addition of the Wilson model for determining interphase 
: drag, addition of a counter-current flow limiting (CCFL) model 
' and correction of minor code errors. Benchmarks are included in 

Revision 2 to specifically address the Wilson interphase drag 

I lnodel and the small break LOCA EN model. The SBLOCA benchmark is 

against experimental data from the ROSA-IV large scale test 
i facility. 
I 

In addition to the correction of minor errors, Revision 3 of 
BAW-~O~~~P('' includes enhancements to the EM fuel pin model, EM 
heat transfer model, and models to support use of the code for 

analysis of once through steam generator (OTSG) plants. These 

models include the Becker CHF correlation, further modifications 

to the slug-drag model, the high auxiliary feedwater model and 

the Chen nucleate boiling heat transfer coefficient void ramp. 
Benchmarks against model 19-tube OTsG data and against SBLOCA 

test data from the MIST facility, which has simulated OTSGs, are 

included. The modifications to the approved licensing model 
proposed in References 4 and 5 are the subject of the review and 
evaluation documented in this report. 

2 SUMMARY OF THE TOPICAL R E P '  

BAW-10164P Revisions 2 and 3 present best estimate and licensing 
type calculation for PWRs. simulation methods are presented f o r  

large and small break Lochs as well as operational transients 
such as anticipated transients without scram, loss of off-site 

power, loss of feedwater, and loss of flow. The solution is 
based on a two energy equation scheme, a two step numerical 
option, a gap conductance model, constitutive models and control 
system models. Control system and secondary system components 
have been added to permit modeling of plant controls, turbines, 

condensers, and secondary feedwater conditioning systems. 

Benchmark comparison of code predictions to integral system test 



results are also presented. 

Revision .2 deals mainly with the small break bCA. Revision 3 

includes enhancements to the evaluation model for fuel pin heat 
transfer modelling to extent the code applicability to the once 
through steam generators. 

Review and evaluation of the RELAPS/MODZ-BCW code includes 
Revision 2 and Revision 3 of BAW-10164P. ~evision 2 provides 

additional models specifically intended for SBLOCA applications. 

Revision 3 includes enhancements to the EM fuel pin and heat 
transfer mode1,'additions and benchmarks which extend application 
of the coda to the once through steam generator plants. An 

initial review of Revisions 2 and 3 led to generation of Requests 
for ~dditional ~ n f  ~rrnation[~*~'. Supplemental information was also 

submitted by BWNT during the review process(10'. Each of the 

model additions or modifications is discussed and evaluated in 

the following sections. 

3.1 DAW-tOl64P- Revision 2 

3.1.1 Model Changes for the Slug Flow Regime 

BWNT added an option for determining the Taylor bubble interphase 

drag during slug flow based on the Wilson dtag nodal. The Wilson 

drag model is based on the Wilson bubble riee velocity in a 
vertical pipe. B W T  applied the Wilson drag model for reflood 
applications using the BEACH program and is now applying the 

model for non-reflood applications in RELAPS/MOD2-B&W. These 

changes are discussed on pages 2.1-51 to 2.1-54 of BAW-10164P. 
Benchmarks are provided in Appendix H. 



In implementing the Wilson drag model for RELAPS/MODZ, BWNT - 
darived an expression for the interphasic friction for Taylor 
bubbles. Flow was assumed to be in a quasi-steady state. The 
derivation of this expression was checked. The formulation was 

determined to be correct. BWNT also incorporated improvements to 
match the bubble rise data at higher void fractions. An apparent 

difference between the interphase friction model for slug flow 
used in RELAP5/MOD2 BLW compared to that used in the B E A ~ ~ c 7 )  

program was questioned. BEACH uses the same Wilson drag model 
with a different multiplier, on the Taylor bubble term. BWNT 

responded that the different multipliers were selected based on 

comparisons to reflood benchmarks in the case of BEACH and small 
break LOCA benchmarks in the cass'of RELkP5/MOD2-BfW. 

An option to remove smoothing in selected junctions, (not used in 
BEACH), was added to.RELAPS/MOD2-B&W.  his option allows 
smoothing to be bypassed. Since discontinuous void distributions 
may occur during a small break LOCA, use of this option for small 
break calculations may be appropriate. 

Benchmarks were performed by BWNT using the Wilson drag model 

against results obtained from the NRC-approved computer code 
~ 0 ~ 2 ~ ~ ~ )  and with small break LOCA experiments performed at the 

Thermal Hydraulic Test Facility (THTF) at the Oak Ridge National 
Laboratory. These benchmarks are presented in Appendix H to 
BAW-10164P. 

The FOAM2 program, developed by BWNT and previously approved by 
the NRC, is used to determine whether the water content of a 
reactor core is sufficient t o  cover the core with a combination 
of liquid and two phase mixture based on a given core void 
distribution. If it is determined that the core is uncovered, 
FOAM2 calculates the two-phase owell level and steaming rate. 
The FOAM2 program utilizes the Wilson bubble rise correlation to 



directly calculate the core void distribution. The Wilson bubble 

velocity correlation used in FOAM2 is somewhat different from 
that used in RELAPS/MODP-B&W since it does not include the 
changes made by BWNT to better match the bubble rise data at 
higher void fractions. BWNT stated that the core void 

distribution results calculated by RELAPS/MODZ B&W and FOAM2 
should be similar except potentially at higher void fractions 
because of differences in the formulation of the Wilson model. 

The benchmarks show that RELAPS/MOD2-B&W predicts void 
distributions which are comparable to FOAM2 predictions. 

Calculations using FOAM2 were performed for reactor powers of 
1.5, 2.5, and 5.0 percent of full power. System pressures 

ranging from 1 0 0  to 1600 psia were included in the analysis. 
BWNT presented plots of core void fraction vs. core elevation 
comparing the RELAPS/MODZ-BCW results and the FOAM2 results. 

These plots show acceptable agreement between RELAPS/MOD2=B&W and 

FOAM2, with REIAPS/MOD2-B&W showing very slightly different 

results at high void fractions. 

The RELAP5/MOD2-BtW code predictions were compared to THTF test 

results for a range of pressures (520 to 1170 psia) , power 
densities (0.08 to 0.68 kw/ft), and mass flux (3395 to 21943 
lbm/hr-ft2). BWNT presented plots of the results of core void 

fraction vs. core elevation as well as rod surface and vapor 

temperature vs. core elevation comparing the RELAPS/MOD2-B&W 
results and the THTF test results. In general, the void 
fractions predicted by RELAP5/MOD2-B&W are somewhat higher than 

the THTF results. Additionally, RELAP~/MOD~-B&W generally 

overpredicts the vapor and surface temperature relative to the 

THTF tests. There is a dip in surface temperature in the THTF 
tests  at the core elevation of 11 feet. BWNT attributes the dip 
to grid effects on the heat transfer rate which are not accounted 

for in the RELAPS/MOD~-B&W model. The dip in surface temperature 
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caused by the grid effect, was questioned. The surface 

temperature would be underpredicted for THTF tests 3.09.10 i, j, 
1, and a. Underprediction of the surface temperature could 
indicate that the heat transfer coefficient to the vapor is high 
and non-conservative. It was requested that BWNT discuss the 

comparisons between RELAPS/MOD2-8&W and the THTF tests and show 
that the comparisons do not rely on systematic underprediction of 
the vapor temperature. In their response, BWNT indicated that 
the heat transfer coefficient for single phase vapor is computed 
using the McEligot-plus radiation correlation set. BWNT pointed 

out that use of the correlation is widely accepted and was 
reviewed and accepted in previous submittals of RELAPS and FRAP- 
T6 topical reports. BmT also noted that the measurement of 

vapor temperature is low because the thermocouples were mounted 
on the unheated rods used to simulate guide tubes. Actual 

temperatures measured at THTF would be higher and more in 
agreement w i t h  RELAPS/MOD2-B&W. The BWNT response was deemed 

satisfactory. This benchmark shows that use of the Wilson model 
for interphase drag produces reasonably accurate predicttons of 

SBLOCA experimental data. 

3.1.2 Model Changes for the Annular Mist Flow Regime 

BWT has added an option to RELAP5/MOD2-B&W to include 
calculation of the overall drag computed for control volumes in 
an annular mist flow regime. a i s  change is w e d  in the OTSG and 
MIST benchmarks discussed in Sections 3.2.7 and 3.2.8 of this 
evaluation. 

3.1.3 Counter-Current Flow ~imiting Model 

BWNT added optional counter-current flow limiting (CCFL) models 
which are intended for use in predicting flows at the steam 
generator U-tube inlets and steam generator plenum inlets during 
the reflux condensation period of a sBL~CA. ~ddition of the CCFL 
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model is described on pages 2.1-133 to 2.1-133.3 of BAW-10164P. 

The CCFL-model modifications, consisting of a correlation for 

flooding in vertical tubes, are included in the form of a general 
relationship between the dimensionless vapor flux, j,* and the 

dimensionless liquid flux, jf. The relationship is implemented 

in the code in a manner similar to the implementation in 
RELAP5/MOD3. Different values of the correlation parameters 

are used at the U-tube inlets and at the steam generator plenum 
inlet. This model was benchmarked against ROSA-IV small break 

LOCA data in Appendix J of the Topical Report. Flow predictions 

were in reasonable agreement with the test data. Therefore, the 

use of the CCFL model at the steam generator plenum and tube 
inlet, with the used in the benchmark, is acceptable 
for tfie analysis of SBLOCAs in recirculating steam generators. 
As demonstrated by the fact that different correlation parameters 

are required at +he inlet plenum and the tubes, CCFL is very 
geometry specific. Other uses of the CCFL model will require 
that the model be validated for that application. 

3.14 Condensation Heat Transfer Correlation Modifications 

Modifications were made to the condensation heat transfer 
correlation for vertical or horizontal surfaces. These changes 
are discussed on pages 2.2-31 and 2.2-32 of BAW-10164P. 

The Nusselt laminar film correlations for a horizontal surface 
and for a vertical surface are used in RELAPS/MOD2-B&W. For 
condensation on a horizontal surface, laminar film condensation 
in a horizontal tube is assumed. comparing the formulation given 
In against that given by BWNT for condensation within 
a horizontal tube shows that BWNT did not include the equation 
developed by Itohsenow for the modified latent heat of 
vaporization. Omission of this equation will have a small effect 



for the heat transfer coefficient result, The expression for a 

. , vertical surface was found to be in agreement with collier. 

: 3.1.5 Changes to the Metal-Water Reaction (Swelled Radius) Model 
I 

When a fuel rod swells the radius and hence the surface area of 
the rod will increase in the swelled region. The rate of heat 
generation and the molar productioh rate of hydrogen are 
proportional to the exposed surface area of the clad. These 

models have been modified by BWNT as described in Section. 2.3.2 - 4  

: of BAW-10164P to increase the surface area in proportion to the 
! 
I ratio of the swelled clad radius to the cold clad radius. This 

increase in area is applied to both the clad inside and outside . 
surfaces. Consideration of the increase in clad radius in the 
swelled region is appropriate and conservative. Both the energy 

generation rate and the rate of hydrogen production will increase 

when this model is used compared to the constant surface area 
: model. This model satisfies the requirements of Appendix K and 

: is acceptable for ECCS EM calculations. 

a 3.1.6 Core Heat Transfer Selection Model Modifications 
I 

I 

I BWNT installed a separate heat transfer option for use in SBLOCA 
: analysis. The changes are discussed on pages 2.3-60 to 2.3-61.2, 

i 2.3-64, 2.3-67, 2.3-83, and 2.3-84 of BAW-10164P. The changes to 

: the switching logic for SBLOCA include the removal of Appenaix K 
i restrictions regarding no return to nucleate boiling and the lock 
! 

into film boiling after the wall superheat exceeds 300' F. The 

switching logic is unchanged for LBLOCA. BWNT stated that the  no 

i return to nucleate boiling and the lock into film boiling 

1 ! restrictions of Appendix K are not applicable to SBLOCA.  his 

: assertion is acceptable. While the acceptance criteria of 10 CFR 

50-46 apply to LBLOCA, the possible core heatup scenarios 

following a SBLOCA are varied and more complex than those for the 



LBLOCA. The use of a reflood heat transfer model lockout of 
return to nucleate boiling and prediction of quenching is 
inappropriate far the small break. 

An option to allow use of the BWUMV critical heat flux 
correlation can be selected by the user depending on the fuel 
design being evaluated. This correlation is used only at 
pressures greater than 1300 psia at mass fluxes greater than 
500,000 lbmjhr-ft2 i n  the core heat transfer selection logic in 

RELAPS/MOD2-B&W. The BWUMV correlation ie reviewad in the next 
section. 

3.1.7 BWUMV critical Heat Flux Correlation 

The BWUMV (B&W universal Mixing Vane) critical heat flux 
correlation was developed for the analysis of SBLOCA. The 
development of the BWUMV correlation is presented in ~ppandix I 
to BAW-10164P. BWNT developed this correlation from the database 
for the previously approved B W C W  correlationa3) with additional 

mid-flow regime data from three Westinghouse tests. 

BWWMV utilizes a third order polynomial fit using three 

independent variables based on pressure (P), mass flux (G), and 

quality (Xmth). Typographical errors in the CHF equation, units 

conversion errors, and the FLS equation, were questioned. The 
responses with the corrected equations and units are provided in 
Reference 8. 

The number of data points and their distribution in the mass flux 
range below 0.95x106 lb/hr-ft2 was questioned. BWNT indicated 

in their response that the total number of data points with meres 
fluxes below 1.25~10~ lb/hr-ft2 is 77. In addition to the 22 
points from Table 1.3 of Appendix I, 20 points  are from the data 
presented in Appendix B of BAW-1015~ and 35 test points are from 



the data presented in Appendix F of BAW-10159. Of these 77 

points, a total of 32 points were measured at a local mass flux 
of betwe& 0 . 4 ~ 1 0 '  and 1.0~10~ lb/hr-ftz. This total is 

' ' comparable to the number of points at the lower end of the flow 
I range of the BWCMV correlation. 

In evaluating the distribution of points about the 
measured/predicted ratio for pressure and mass flux, it is noted 

I 

I that the data clustered about 750 psia and 1000 psia on Figure 

1.5 are not uniformly distributed about the mean value of 1.0. 
' It appears that 10 of the 11 points measured at 750 psia are 
a below the mean and 10 of the 12  points measured at 1000 psfa are 

above the mean. Because of this bias and because of the small 
number of points, we believe that the BWUMV results are biased at 
pressures of 750 and 1000 psia, rt is recognized that this bias 

does not affect BWUMV predictions above 1300 psia. However, BWNT 

did conclude in Appendix I to BAW-10164P that the BWUMV 
: correlation is applicable to CHF calculations for pressures and 

flow rates above 750 psia. Given the apparent bias in the data 

; points at 750 and 1000 psia, the BWUNV correlation should not be 
I 
I used for CHF calculations at pressures below 1300 psia. 
I 
I 
I Numerical checks of the BWUMV correlation were performed. These 

1 calculations were done to determine how well the BWUMV 

correlation reproduces predicted results, to determine t h e  
' behavior of the BWUMV correlation over a range of pressure, flow 

i rate and quality, and to compare the BWUMV to the BWCMV 
correlation since they were developed from the same database for 
the most part. 

I In general, the numerical checks show that the BWUMV and the 
BWCMV correlations are in agreement within the statistical 
uncertainty band. Some differences in the results are noted in 
cases where the flow is varied over the BWCMV range of validity. 



I 

These differences are more significant when the pressure is at 
. 1500 and 1800 psia. Evaluations performed where the pressure is 
I 

varied over the BWCMV range of validity ale0 show some difference 
. . between the two correlations. 

The statement is made in Appendix I that the Tong factor is set 
equal t o  one in the RELAPS/MODZ B&W implementation of BMUMV. In 

discussions with BWNT they stated that the Tong factor is 

included in the development of the BWUMV correlation. It is 

during the SBLdCA transient analysis that the Tong factor is set 

equal to 1. BWNT also indicated that their standard practice is 

to set the Tong factor equal to 1 for LOCA analysis and indicated 

several references where this practice has been previously 

approved. 
I 

j Based on this review, it is concluded that the BWUMV correlation 

is acceptable for used in RELAPS/MODZ B&W subject to the ' . .  
1 restriction that the correlation should not be used below 

pressures of 1300 psia. 

3.1.8 SBLOCA EM Benchmark 

BWNT performed a benchmark using RELAPS/MODZ BLW against a SBLOCA 
experiment performed at the ROSA-IV facility in 1988. The ROSA- 

IV facility simulates a recirculating steam geherator plant. The 

results of this benchmark are presentea in Appendix J to BAW- 

lOl64P.  It is important to note that this is not the only 
benchmark of RELAPS/MOD~-B&W for a SBLOCA. As noted in appendix 

J, the peak clad temperatures during the experiment are not 
significant relative to the acceptance criteria. Benchmarks 

against LOFT and Semiscale SBLOCA data, presented in Section 5 of 

BAW-10164, provide additional coverage of SBLOCA phenomenology, 

including clad temperature prediction. This benchmark serves to 

show that the additional models for SBLOCA, such as CCFL and 
Wf lson drag, are performing correctly and will adequately predict 



test data. 

: The RELAP~/MODP-B&W model for ROSA-IV, and other benchnarks and 
applications models, use equilibrium thermodynamics nodes in the 

; core region and non-equilibrium nodes in the remainder of the 
: system. Since the RELAPB/MOD2 Code Manual specifically states 

; that equilibrium nodes cannot be connected to non-equilibrium 
r - nodes, BWNT was questioned on node connectivity. In theix 
' response BWNT stated that REfiAP5jMOD2 has always been fully 
, capable of connecting equilibrium and &n-equilibrium nodes, and 

that this is consistent with 'the approved EM core modeling. This 
I 

was confirmed by INEL (the RELAPS code development organization), 
I 

that the equilibrium option is obtained using the same basic 
I equations w i t h  the interphase heat transfer coefficient set to a 

very high value. This assures that sufficient heat transfer will 
1 

occur to keep both phases at saturation conditions. Contrary to 

i the statements in the code manual, it is possible to connect 
I 

i equilibrium and non-equilibrium nodes without adversely affecting 

the calculational algorithms. BWNT uses equilibrium nodes in the 

, core region to obtain saturation fluid temperature as the 

i boundary condition for the core heat transfer correlations, which 
' were aeveloped on this basis. 

When modeling complex systems, it is sometimes necessary to 
slightly modify the representation to compensate for code model 

limitations. BWNT used two such modifications in their 

representation of the ROSA-IV facility. First, the friction 
factor for the accumulator injection line was increased by a 
factor of 100 above the nominal value, to eliminate unrealSstic 
injection flow oscillations. Also, the angle of the inlet pipe 
to the steam generator plenum was decreased to less than 15 
degrees to permit use of the horizontal pipe stratification 

model. BWNT provided justification for these model 

modifications. In both cases, the BWNT responses adequately 
explained the need for modifications to overcome code 



limitations. 
: , 

BWNT performed a time step sensitivity study which demonstrated 
that the 0.05 second time step used for the calculations was 

adequate. 

Results of the calculations showed that the basic thermal- 
hydraulic phenomena which occurred during Ule SBLOCA were 

predicted with reasonable accuracy, Key events were predicted to 

occur in essentially the correct sequence. ~iffersntial 

pressures in the core and recirculation loops, key determinants 

of the flows, were adequately predicted.  his benchmark further 
demonstrates that the RELAP5/MOD2-B&W computer program is capable 
of predicting the important thermal-hydraulic phenomena which 

occur during a SBLOCA in a recirculating steam generator plant, 

3.2 PAW-10164P. Revision 3 

I 
I 3.2.1 Revision to the Slug Flow Drag Model 

BWNT incorporated a third option for evaluating the Taylor bubble 
interphase drag in slug flow. The three models now available are 

the base INEL model, the Wilson drag model submitted with 

Revision 2 of BAW-lO164P, and the B&W modified slug-drag model, 
as described on pages 2.1-52.4 and 2.1-52.5 o; Revision 3 o'f BAW- 

' 

10164P. (The Wilson drag model was reviewed in Section 3.1.1 
above). 

In the B&W modified slug-drag model, adjustments are made to the 

interphase friction terms throuih the use of empirically derived 
coefficients. BWNT states that these adjustments were based On 
numerous benchmarks. BWNT listed the benchmarks used which 
included those documented in Appendices K and L to BAW-lOl64P. 
These benchmarks are discussed in Sections 3.2.7 and 3.2.8 of 
this evaluation. 



3-2-2 Modificatfons to the Chen Heat Transfer Coefficient 

The sat&ated nucleate boiling heat transfer coefficients used in 
RELAP5/MOD2-B&W are calculated using the Chen heat transfer . 

correlation to model the boiling component of the heit transfer 
coefficient. The Chen heat transfer correlation employs a 
nucleate boiling suppression factor S. S was modified by 
including a multiplicative weighing factor to force S, and the 
boiling heat transfer coefficient to zero as the steam void 
fraction approaches one. B&W notes that this ramp is needed for 
once-through steam generator applications to preclude sharp 
increases in 6 that result in disproportionally high overall heat 
transfer as the void fraction approaches one.' 

3.2.3 Incorporation of the Beckex CHF Model 

The Becker CHF correlation for rod bundles is incorporated into 

RELAPS/MOD2-BLW as described in Section 2.2.2.2 of Revision 3 of 
BAW-10164P. BWNT states that this correlation was used to obtain 
better predictions of secondary side heat transfer relative to 
the Biasi-Zuber correlation used in RELAPS/MOD2 at power levels 
below 80 percent of full power. The Becker CHF correlation is 
used up to a pressure of 90 bar (1306 psfa). Linear 
interpolation between the Becker and ~iasi-~uber correXations is 
performed between 80 and 90 psia to obtain a smooth transition 
between the two correlations, 

Benchmarks comparing results of RBW~/MODP-B&W to OTSG test data 

are presented in Appendix K of BAW-10164P and are discussed in 
Section 3.2.7 of this SER. These benchmarks show good agreement 
between RELAPS/MOD2-B&W results using the Becker CHF correlation 
and the OTSG test data as discussed in Section 3.2.7. 



3.2.4 EM Pin Model Modifications 

BWNT enhanced the fuel pin model in RELAP5/140D2-B&W by adding 

features which had previously been approved for use in the FW- 
T~-B&W~"' and  TACO^^^^' computer programs. These changes are 

discussed in section 2.3.2 of Revision 3 of BAW-lO164P. There 
are three basic areas in which the fuel pin model provides 
calculations: dynamic fuel/clad gap conductance, fue1.rod 
swelling, and rupture based on the NUREG-O~~O'~~' approach and 

clad metal-water reaction. Enhancements in ~evision 3 include 

addition of a closed gap contribution to gap conductance to allow 

modeling of high burnup cases, fuel pin axial expansion, 
automated clad rupture calculation, implicit metal-water reaction 

option and automated steady-state gap multiplier option. 

The RELAP51MOD2-B&W enhanced fuel pin model has some differences 

compared to the previoualy'approved models in FW-T6-B&W and 

TAC03. These are due to the less detailed nature of the model 
used in RELAP5/MOD2-BfW compared to the fuel performance codes. 

The previously approved gap conductance model allowed for 

modeling of a non concentric fuel stack witbin the clad, but did 
not include a contact conductance term in the calculation of 
total gap conductance. The option to include a contact 
resistance contribution has been added based upon the model 

presently used in the TACO3 computer program. Since Appendix K 
does not prohibit the use of contact resistance, this model is 
acceptable for cases of high burnup fuel with a closed gap. 

: The gap gas pressure is used to determine the amount of clad 
swelling and rupture. One of the variables which determines the 
gap gas pressure is the amount of volume available for the gas to 
occupy. A portion of this volume is located in the gas plenum at 
the top of each fuel rod. When the clad and fuel expand axially 



a t  different rates the volume of the plenuqr will change. The 

axial expansion model accounts for this change in plenum volume 
due to differential thermal expansion of the fuel and clad from 
the cold condition. Thermal strain correlations from MAT PRO'^', 
or user input fits, are used to determine the amount of fuel and 
clad axial expansion. Including the effects of axial fuel rod 
expansion on plenum volume is appropriate for a best-estimate 
calculation, and is acceptable for Appendix K to 10 CFR 50 LOCA 

analysis, which does not prohibit including this model. Only 

minimal differences exist between the enhanced fuel pin model and 

the FRAP-T6-B&W model. The enhanced model is acceptable for use 

in ECCS evaluation model calculations. 

' Addition of an automated clad rupture model introduces heat 

transfer enhancement downstream of a rupture location. The model 
! used for this option has been previously approved for use in the 
' -  BEACH computer program. This option automates the calculatioh of 
I 
I rupture location for use in BEACH. Use of this model in 
; RELAPS/MOD2-B&W is consistent with the Appendix K to 10 CFR 50 
I approved model and is, therefore, acceptable. 

6 

An implicit formulation of the Baker-Just metal water reaction 

1 model has been implemented in RELAPI/MODZ-BPW. The model is the 
' 

same as that which is used in the FRAP-T6-B&W computer code. 
i Appendix K to 10 CFR 50 requires use of the Baker-Just model but 
1 

i does not specify the numerical solution technique to be used. 
I 
I The implicit solution will improve accuracy for calculations 

: which use a larger time step. US. of this option is acceptable 

1 for compliance with Appendix K to 10 CFR 50. 

I ' Initialization of the RELAPSIMODP-B&W model must comply with 

I Appendix K to 10 CFR SO in the sense that initial stored energy 
I in the fuel must be conservatively specified. This is done by 

: adjusting the fuel clad gap conductance to obtain the desired 



value of volume average fuel temperature. In earlier versions of 
tho program a user specified multiplier on the gas conductance 
term of the gap conductance was provided to permit adjustment and 
matching of volume average fuel temperature. This required that 

an iterative process be performed by the user. An option has 

been added to automate this iteration process. The user can 
specify the desired volume average fuel temperature, rather than 
the multiplier on the gas conductance term, and the code will 
iterate to determine the gas conductance multiplier, This is a 
user convenience feature which is acceptable for ECCS evaluation 

model calculations. 

3.2.5 EM Heat Transfer Model Modifications 

BWNT incorporated a filtered flow option to be used with the core 
heat transfer model. This option was added to facilitate 

addressing the Appendix K to 10 CFR 50 requirement to eliminate 

any calculated rapid flow oscillations with a period of less than 
0.1 seconds during the LBLOCA blowdown phase. This requirement 

is mandated because rapid flow oscillations can cause 
overprediction of the amount of energy Temoved from the core 
which would cause peak clad temperature to be underpredicted. 
The method, described in Section 2-3.3 of BAW-10164P, is 
consistent with the requirements of Appendix K to 10 CFR 50. 

3.2.6 Post-CHF Model Modifications 

User defined correction factors were added to the equation used 
to determine the total wall-to-fluid heat flux due to transition 

boiling as shown on page 2-3-86 of Revision 3 to BAW-10164P. 
Ifhese constants are defined as C1, and Cl,,which have a default 
value of 1.0. BWNT did not identify any benchmarks that used 
values other than 1.0 for these correction factors. 



A user option was added to allow adjustment of the surface heat 
transfer coefficient following cladding rupture of a fuel pin on 
page 2.3289 of Revision 3 to BAW-10164P. If this option is 

invoked, the heat flux in a ruptured segment single heat 

structure is multiplied by the ratio of! the ruptured to cold 
outside cladding radius. The heat flux is then computed using 
the increased surface area resulting from clad swelling and 
rupture. This change is physically realietic and does not, 
violate Appendix K requirements. It is, therefore, acceptable. 

3.2.7 OTSG Benchmarks 

BWNT performed two benchmarks of the RELAPS/MOD2-B&W code to 

demonstrate the adequacy of the OTSG modelling. These benchmarks 

are discussed in Appendix K to BAW-10164P. The first set of 

benchmarks are comparisons to steady-state tests performed . . in 
1969 to demonstrate the ability of the code to predict the shell 

side nucleate boiling length at various power levels. The second 

benchmark is a comparison to a loss of feedwater flow test 
performed in 1977 to demonstrate the ability of the code to 
predict boil-down and refill of a OTSG. 

The tests were performed at the Alliance Research Center (ARC) 
Nuclear Steam Generator Test Facility. This facility provided 

the capability of testing steam generators at full system 

pressure and temperature conditions. The primary side of the 
test loop consisted of a gas-fired furnace to simulate reactor 
heat input into the primary fluid, a pressurizer, flow control 
valves, flow measuring elements, and a water conditioning system. 

The secondary system was a closed circuit test loop consisting of 

steam flow control valves, steam flow measuring equipment, 
feedwater heaters, back pressure control valves, a flash tank, 
circulating pumps, feedwater control valves, feedwater flow 

measuring equipment, feedwater flow bypass valves, and a water 
conditioning system. 



The model steam genexator used for these benchmarks, referred to 

as the 19-tube OTSG, is a single pass, counterflow, tube and 
shell heat exchanger. The tube bundle consisted of 19 full 

length tubes, each 518 inch diameter, spaced on a triangular 
pitch on 7/8 inch centers. Primary inlet flow entered at the top 

of W e  s t e m  generator, flowed downward through the tube bundle 

and exited at the bottom. Secondary feedwater flow entered the 

tube bundle at the bottom, was boiled as it passed by the outside 
of the tube bundle, and exited at the top. The feedwater was 
raised to saturation conditions by mixing the water with stem 
from the tube region via a steam bleed pipe connected from the 
secondary side of the generator to the  steam/feedwater mixer. A 

question on where the feedwater temperature is measured was 
raised. BWNT stated that the feedwater temperature is measured 
with a thermocouple located approximately three feet upstream of 

the steam/feedwater mixer. 

In the steady state tests, boiling length (dryout location) was 
determined from primary tube and secondary side thermocouples for 

a range from 0 to 100 percent of the full scaled power 
consistent with a 2700 MWth plant. The loss of feedwater flow 

test initialized to full scaled power consistent with a 2772 MWth 

plant. The test was initiated by the simultaneous trip of the  
feedwater pump and closure of the feedwater isolation valve. The 
steam generator was allowed to boil dry and then the feedwater 

was restarted. Secondary steam flow and temperature and primary 
outlet temperature were measured during the test. 

The REWS/MOD2-BGrW model utilized 11 axial control volumes in 
the primary tube region and in the secondary shell region. 
Primary to secondary heat transfer was modelled using eleven heat 
structures between t h e  primary and seoondary sides. The external 
downcomer was modeled with five axial control volumes that 

represented the piping from the steam/feedwater mixing region to 

the tube bundle inlet. Feedwater aspiration was provided by a 



single junction component that connected the tube bundle region 
to the external downcomer. A junation connection between the 

shell side of the heat exchanger and the control volume 
representing the steam/water mixer.is included in the model. 
Time dependent volume and time dependent junction components were 

used to set inlet flowrate and temperature of the primary and 
secondary side coolant. 

I A question on the modeling of the steamifeedwater mixing or 
' aspiration process, addressed the relative pressures between the 

I control volume representing the mixer and the volume representing 

f the source of aspiration steam from the secondary to the mixer. 
I 

I Assuming a normal flow junction connecting these volumes, the 
pressure in the secondary must be higher than the mixer in order 

I 

I to provide steam flow to the mixer. BWNT responded that the 

: bundle collapsed liquid level remains below the downcomer level 

: (presumably below the level of the steam/feedwater mixer) during' 
the tests. A s  a result the pressure gradient that sustains the 

j steam flow from the secondary is maintained by manometric 

I effects. BWNT also noted that this process is self-governing due 

, to changes in the pressure gradient as the downcomer fluid 
, , 

i approaches saturation. 
i 

j BWNT employed some of the features incorporated into 
; RELAPSfMOD2-BLW for the 19-tube OTSG benchmark. These features 
; are summarized below: 

: * The Becker critical heat flux correlation, discussed in 

Section 3.2.3, are used on the shell side of the tube haat 

structure, 

: * The multipliers defined by the B&W modified slug-drag model 

and the annular mist model are used, and 

: * A linear ramp was applied to the Chen boiling suppression 

I 



factor. This adjustment to the suppression factor was 

discussed in Section 3.2.2. 

The First set of results for the steady s ta te  benchmark compared 
the boiling lengths. predicted by RELAPS/MOW-B&W to those 
measured during the 19-tube OTSG tests. BWNT presented tabulated 

results and a plot comparing the boiling length above the lower 
tube sheet predicted by REWLP5/MODZ-BhW to the 19-tube OTSG tests 

at power levels ranging from 20 t o  100 percent of the scaled 
power levels relative to a 2700 MWth plant. The results show 

that the boiling lengths predicted by RELAP5/HOD2-B&W are in good 

agreement with the test data. In contrast, results from 

RELAPS/MOD2 Cycle 36.05 also shown on these plots, differ 
significantly from the test data below 80 percent scaled power. 

BWNT attributes this agreement in the boiling length results 

between RELAPS/MODZ-B&W and the 19-tube OTSG test to the use of 
the Becker critical heat flux correlation. 

For the LOFW benchmark, BWNT presented comparison plots between 
RELAP5/MOD2-B&W and 19-tube OTSG data for steam flow rate and the 

primary outlet temperature after the initiation of the LOFW 

transient. Plots of the primary and secondary system fluid 

temperatures prior to the initiation of the LOFW test are also 

presented to show initial conditions. The plots of steam flow 
rate and primary outlet temperature show that the magnitude and 

trend of the results are in good agreement between RELAPS/MODZ- 
B&W and the 19-tube OTSG test. 

BWNT was requested to provide comparison plots  between 
RELAPS/MOD2-B&W and 19-tube OTSG data comparing steam generator 

secondary level or mass. In their response, BWNT noted that 

determination of collapsed liquid l e v e l  is difficult to- obtain 

under two phase high flow conditions. BWNT did provide 
comparisons of the steady state and transient differential 

pressure in the boiler. The response of BWNT to this question 



' I  

1 was reviewed and found adequate. 
i I 

3.2.8 MX'ST Benchmarks I 
As part of their evaluation of the Revision 3 modifications to 
the RELAPS/MOD2-B&W coae, BWNT included an integral system 
benchmark of a SBLOCA for  a simulated reactor systbm using OTSGs. 

BWNT included this benchmark as a further check of the 
modifications made to reduce interphase drag in the slug flow 
regime (Wilson bubble rise model) and in the annular flow 
regimes. 

The integral system benchmark was performed using data from the 
Multi-Loop Integral System Test (MIST) facility which i s  a scale 
model of a B&W lowered-loop 177 fuel assembly pressurized water 

reactor. The MIST facility is designed to operate at pressures 
and temperatures typical  of an operating B&W plant. The MIST 

facility consists of two 19-tube once-through steam generators, a 

: reactor vessel w i t h  a heated core and external downcomer, 
' pressurizer w i t h  a power operated relief valve, two hot legs and 
f ; four cold legs. Further information on facility scaling and 
/ instrumentation is found in Appendix L to BAW-10164P. 

BWNT notes i n  Appendix L to BAW-10164P, that a number of pre- and . 
I post-test predictions have been made for MIST tests using the ! 
I RELAPS/MOD2 code as a part of the MIST program. These 

predictions w e r e  made w i t h  earlier versions of the code, which 
id not include the recent modifications. The benchmark 

resented in Appendix L includes a comparison of experimental 
ata with RELAPS/MODO results obtained with both the current and 

rlier versions of the code. This allows an evaluation of the 
fects of the recent model changes, in particular upon the 
ediction of collapsed liquid level in the reactor vessel and 
earn generator secondary. The results show that the code 
ifications clearly improve the  collapsed liquid level 



predictions. 

. 
The RELAPS/MOD2=BLW model simulates the MIST reactor vessel, 
downcomer, hot and cold legs, OTSGs, reactor coolant pumps, an8 . 
other major components. A double flow path connection to the 

external reactor vessel downcomer is used in this model so that 
countercurrent two-phase flow can be predict&. The steam 

generator modelling employs two radial regions to account for 
tubes directly wetted by auxiliary feedwater (AFW) injection on 
the shell side of the stem generator. The other region 
represents the 16 tubes in contact with secondary steam. BWNT 

notes in their response that the BWNT modified slug-drag model 
was employed in the core and primary tube region. For the 
secondary side of the steam generator tube region, the BWNT slug- 

drag model is used on the annular mist drag. 
. :. 

'In the RELAP5/MODZ-B&W model, the core region was modified so 
that twenty control volumes represent the full height core. BWNT 

states that this nodding is necessary for consistency with the 
revised models. BWNT was requested to discuss the implications 
of increasing the number of core volumes focusing on the degree 

of improvement resulting from the use of the new interphase drag 
model as compared to just increasing the n e ' e r  of core nodes. 

BWNT performed a nodding sensitivity study based on ORNL THTF 
Test 3.09.10j discussed in Appendix fI to BAW-10164P.- In t h i s  
study, BWNT ran cases using 4 and 24 nodes in the core region 
using both the INEL drag model and the BWNT slug-drag model. 
Plots presented by BWNT show go& agreement between the 
REL&PS/MOD2-B&W results using the BWNT slug-drag model for.bon 
t he  4 and 24 node core models and the THTF data. The results 
from the INEL model show poor agreement with the THTF data. 
notes in their response that the INEL model is known to 
overpredict the interphase drag in heated regions with small 
hydraulic diameters. In this context, the BWNT response 



regarding the nodalization of the steam generator secondary was 
reviewed and is acceptable. 

MIST test 320201, used for the RELAP~/MODP-BCW benchmark, 
simulated a scaled 50 cm2 pump discharge break. This is reported 

by BHNT to be the most limiting mall break size for BtW designed 
plants. The MIST facility was initialized in natural circulation 

mode wiat=h the core power scaled to  3 .5  percent for this te~t. 
BWNT noted that since the MIST facility was capable - of.on1y ten 

percent full-scaled power operation, the facility was initialized 
to conditions corresponding to 145 seconds after trip. 0th- 

initial conditions include primary system preseura corresponding 
to 22 OF core exit subcooling, pressurizer level of 5 feet above 

the bottom of the pressurizer, steam generator pressure of 1010 
psia, and a steam generator secondary level controlled to five 
feet above the lower tube sheet by throttling high elevation AFW 

injection. 

The MIST test was initiated by turning off the pressurizer 
heaters and opening the leak. When the pressurizer level reached 
one foot, full high pressure injection flow was started and steam 
generator secondary refill using full capacity AFW was initiated. 

BWNT presented comparison plots between RELAPS/MOD2-BbW and MIST 
for primary pressure, secondary pressure, reactor vessel liquid 
level and secondary liquid level. A tabulation of the timing of 
key events is presented in Table L.2 of BAW-10164P. Additional 

information was provided on the elevation of the steam generators 
and reactor vessel at the MIST facility. The results for BWNT 
Versions 5 and 1 4  of RELAPSIMODP-B&W are presented. The main 
difference in these code versions is that version 14 utilizes the 
revised interphase drag models. 

I 
In general, there is good agreement between the FtEf;AP5/MOD2-B&W 

8 



Version 14 results and the MIST data. BWNT noted that the 
improved prediction of reactor vessel and secondary liquid levels 
is due to the revised slug drag model. The large difference in 

timing of the hot leg voiding between Revisions 5 and 14 of 
REfrAPS/MOD2-B&W was questioned. BWNT attributed this to 
differences in the initial temperature conditions in the 
pressurizer and surge line used in the Revision 5 and Revision 14 

calculations, BWNT also revised Table L.2 which corrects the 

reported time of operator actions. 

In reviewing the MIST benchmark, it is noted that no fuel rod 
temperature excursion occurred during this test. This issue was 
discussed with BWNT. BWNT responded that the mixture level in 
the vessel remained above the core during the test, resulting in 
ramkval of the stored energy in the fuel by nucleate boiling. In 

view of this lack of core uncovery, BWNT noted that MIST is not 
the best benchmark for the core mixture level calculation. The 

stand-alone FOAM2 and ORNL benchmarks presented in Appendix H to 

BAW-10164P were provided to better address the code*s predictive 
capability. 

MIST benchmarks address the capability to predict system 
pressure, liquid inventory and liquid distribution. In this - 

respect, the mST test 320201 benchmark demonstrates that the 

modifications made to the code improve its predictive capability 
in these areas. When considered along with the other benchmarks, 
including additional MIST benchmarks, BWNT has demonstrated that 
RELAP~/MOD~* B&W is capable of adequately predicting the system 
response for an OTSG plant. 

In discussing cladding temperature during an SBLOCA, BWNT argues 
that the cladding temperature excursion during SBLOCA is governed 

by the same physical processes for all current PWR designs. 

During core boildown, the vapor temperature and fuel cladding 
heat transfer are dependent upon local mechanisms and not upon 



integral system parameters. Therefore, heatup during core 

boiloff depends upon the core geometry, but not the integral 
system geometry. Benchmarks against ROSA-IV, -0RNL and Semiscale 

test data are hence acceptable for demonstrating that 

RELAPS/MODZ-BLW is capable of adequately predicting fuel clad 

temperatures during this heatup phase. 

' 3.3 piah Auxiliarv Feedwater M o w  

BWNT developed the high auxiliary feedwater model to calculate 

the B&W oTSG heat transfer correctly during auxiliary feedwater 
injection from high elevation locations. This model was included 

in the Revision 1 submittal but was not reviewed because B&W did 
not intend to use RELAPS/MODZ-B&W for OTSG analysis at that t i m e  
as noted in Section 5 of the Revision 1 safety evaluation report. 

BWNT requested a review of this model and has provided additional 
information to support this request. 

The high auxiliary feedwatex model was reviewed as part  of the 
CRAFT2 code Topical Report transmittal in 1985.  his report 

included several benchmarks against plant and experimental data. 

BWNT has made some modifications to the heat transfer models 
since that time. Therefore, an additional RELAPS/MOD2-B&W 
benchmark of the revised heat transfer models against test data 
from the MIST facility was provided by BWNTw Included is a plot 
comparing RELAPS/MODP predicted primary side temperature as a 
function of elevation above the tube sheet against steady-state 

MIST measurements. This plot shows good agreement between the 
RELAPS/MOD2 BLW predictions and the MIST measurements along the 

length o f  the steam generator tubes. The steady-state nature of 
this test allowed the calculated heat transfer coefficients used 
in the model to be justified. The high AFW model was also used 
for the additional MIST benchmarks performed by BWNT. These 

serve t o  demonstrate the adequacy of the model for transient 
applications. 



Based upon the discussions and benchmarks provided by BWNT, it is 

concluded that the revisions to the high auxiliary feedwater 

model have not changed significantly from the model previously 
accepted, Therefore, we find it acceptable for use in SBLoCA 

analysis. 

3.4 parameters Used in RELAPS/MODZ-BLW Benchmarkg~ 

BWNT has incorporated a number of user specified input parameters 

in RELAPS/MOD2-BPW. The value of these parameters used in the 
RELAPSIMOD2 BPW benchmarks are listed in Table 1 of this 

evaluation. The values of these parameters were selected to 

improve the agreement between RELAPS/MOD2-BfW and the FOAM2, 

THTF, OTSG, and MIST benchmark data. The values of the user 
specified parameters listed in Table 1 are the only acceptable 

values for LOCA licensing calculations. 

One of the motivations driving the initial development of the 
RELAPS code was the need to eliminate user choice of ]nodeling 
options and input dials. When an analysis is performed with 
RELAPS, one can be certain of what models and fitting parameters 

are used. The addition of numerous options and dials by BWNT is 

contrary to this characteristic of RELAP5. The last condition 

listed above is intended to eliminate the use of user specified 
dials in keeping with the intent of the RELAPS approach, 
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Table 1 
Summary of User Specified Parameters Used in the 

RELAPS/MOD 2-B&W Benchmarks 

constants used in the 
equation to determine 
waif-to-fluid heat flux 



Appendix-K to 10-CFR-50 specifies required and acceptable 

features of ECCS evaluation models. Previous revisions of the 
RELAP5IMOD2-B&W program, through Rev. 1, have bean reviewed and 

found to satisfy the requirements of Appendix K when used with 
the approved BhW ECCS methodology, subject to any restrictions 
cited in the SER. 

The modifications-documented in Revisions 2 and 3 of BAW-10164P 

do not affect compliance with any of the required features of 

Appendix K. Modifications of the fuel pin model are such that 
the requirements of Appendix K continue to be satisfied. 

Inclusion of a contact conductance term in the calculation of 

fuel clad gap conductance does not affect compliance with 
Appendix K which states that "thermal conductance of the gap 

between the U02 and the cladding shall be evaluated as a function 
of the burnup, taking into consideration fue1,densification and 

expansion, the composition and pressure of the gases within the 
fuel rod, the initial cold gap dimension with its tolerances, and 

cladding creep." Section B of Appendix K also specifies that 
"The gap conductance shall be varied in accordance with changes 
in gap dimensions and any other applicable variables." 

Inclusion of axial thermal expansion of the cladding and fuel in 

the gas plenum volume calculation also does not affect compliance 

w i t h  Appendix K. The plenum volume is used in the calculation of 
internal rod pressure which is a key determinant of the amount of 
swelling and rupture. Appendix K requires that "the swelling and 

rupture calculations shall be based on applicable data in such a 
way that the degree of swelling and incidence of rupture are not 
underestimated.rt Calculation of gas gap pressure using plenum 

volume which accounts for axial thermal expansion of the fuel and 
cladding improves accuracy and should not result in 

underestimating the pressure or the incidence of swelling and 



I 

, ' rupture. 

Appendix'K specifies that the Baker-Just model be used to 
calculate the metal-water reaction rate, but does not specify the 

solution method. Therefore, the implicit solution technigue is 
acceptable, given that it yields a mathematfcally correct 
solution of the required equation. Appendix R also requires that  

"The degree of swelling and rupture shall be taken into account 
in calculations of gap conductance, cladding oxidation and 

embrittlement, and hydrogen generationat' The "swelled radiusw - 

modification to the metal-water reaction model accounts for the 
increase in clad radius, and hence surface area, due to swelling. 

 his model change affects the hydrogen generation and cladding 
oxidation, and is in compliance with the Appendix K requirements 
listed above. The iterative technique for determining a 

multiplier on gap conductance which yields a desired initial 
stored energy is a user convenience feature which does not affect 
the previously approved model. 

1 ' Section C.4.8 of Appendix K to 10 CFR 50  states: ' A f t e r  CHF is 
; first predicted at an axial fuel rod location during blowdown, 

the calculation shall not use nucleate boiling heat transfer 
correlations at that location subsequently during the blowdown- 
even if the calculated local fluid and surface conditions would 

apparently justify the reestablishment of nucleate boiling. Heat 
I 

transfer assumptions characteristic of return to' nucleate boiling 
(rewetting) shall be permitted when justified by the calculated 
local fluid conditions during the reflood portion of a LOCA." 

The core heat transfer selection model modifications assure that 

no return to nucleate boiling will occur before the end of 
blowdown for the large break ~ c A .  Since the definitions of 

blowdown and reflood are inappropriate for SBLOCA, it is 
acceptable to bypass this "no return to nucleate boilingot 
requirement in that case. The modification is therefore in 
compliance for LBLOCA analysis, and acceptable for the SBLOCA 

5-360 



; analysis where the requirement is inappropriate. 

CHF correlations acceptable for use in LOCA analysis are listed 
in Sections C . 4 . b  and d. Section C.4.a states that n~orrelations 

developed from appropriate steady-state and transient-state 

experimental data are acceptable for use in pxedicting the 

critical heat flux (CHF) during LocA transients. The computer 

programs in which these correlations are used shall contain 
suitable checks to assure that the physical parameters are within 
the range of parameters specified for use of the correlation by 
their respective authorsu. As discussed in section 2.1.7 of this 

report, the BWUMV CHF correlation has been developed using 
appropriate experimental data for  fuel with mixing vanes. The 

correlation is therefore acceptable fox use within the ranges of 
parameters specified. It is noted that BWNT requested that the 

correlation be approved for pressures down to 750 psia. Based 

upon the data comparison provided by BWNT, the staff concludes 

that the correlation is acceptable down to pressures of 1300 psia 
and mass fluxes of 500,000 lb/hr-ftz. Checks which restrict use 
of the correlation to this range must be included in RELAPS/MODZ- 
B&W for the code to be acceptable. 

Benchmarks against calculations of the approved computer program 

FOAM2 and THTF experimental test data have shown that addition of 

the Wilson drag model improves predictions of void distribution 
in the core region. Appendix K does not list specific 
requirements in t h i s  area. The modification, which improves 

modeling accuracy, is therefore acceptable. A number of the 

other code enhancements fall into this same category. They cover 

areas where Appendix K does not specify required features. These 
include the annular mist flow regime overall drag multiplier, 

condensation heat transfer correlation modificaCions, Wilson slug 
flow drag model, and the CCFL model, Appropriate justification 

has been provided to show that these enhancements improve . 



W e l i n g  accuracy, 

Modifications made to RELAP5/MOD2-B&W as described in ~evisions 2 
and 3 of BAW-10164P have been reviewed and evaluated. Based on the 

benchmarks presented, the staff finds that the models described in 
version 19 of REltAPS/MOD2-B&W to be acceptable for LOCA and 

non-LOCA analysis for PWRs with recirculating and OTSGs subject to 
the following limitations: 

* Use of the Wallis and UPTF parameters at the tube bundle and 
steam generator plenum inlet are acceptable. The parameters 
used in'the CCFL model for any other application must be 
validated, and the validation reviewed and approved by the 
staff for that application (see section 3.1.3 of this 
evaluation). 

* The BWUMV'correlation is limited to pressures above 1300 psia. 

* For large break LOCA ECCS evaluation model calculations, form 
losses due to ruptured cladding should not be excluded using the 
user option described in Section 3.2.4 of this evaluation. 

* The value of the user specified parameters listed in Table 1 o f  
this evaluation (i.e. those used for the benchmark 
calculations) are the only acceptable values for LOCA licensing 
calculations. 

* 
Table 2 lists typographical errors that were found during the 

course of this review. Correction of these errors should be 
incorporated into the approved version of BAW-10164P. The 

automated blockage droplet breakup calculation, the implicit 

formulation of the Baker-Just metal water reaction model and t he  

fuel rod Evaluation Model improvements referred to in Section 5 of 
the BEACH safety evaluation reportu8' were reviewed in this 

evaluation and found acceptable. Contingency 4 given in Section 5 

of the BEACH safety evaluation report is no longer applicable. 
That contingency states: ituse of the automated blockage droplet 

t 
breakup calculation, implicit formulation of the Baker-Just metal 



water reaction model and the fuel rod Evaluation Model (EM) 

improvements should be made contingent upon their approval in 
Revision 3 of BAW-10164P, which describes these updates." 



Table 2 
Summary of Changes That Should Be Made To The 

'Approved Version of BAW-10164, Revision 2 and 3 

Affected Report Revision and ( Change Sununary .. 
Section 

Revision 2, Appendix H, Figure Correction to ~igure H.l in 
H. 1 response to Question 2 of the 

Revision 2 RAI 

Revision 2, Appendix H, Table Correction to Table H.2 in 
H.2 response to Question 4 of the 

~evfsion 2 RAI 

Revision 2, Section 2.3.3 and Correction to Equation 1-1, I- 
Appendix I 2 and pressure and mass flux 

units in response to Questions 
5, 6, and 7 of the Revision 2 
RAI 

Revision 2, Appendix I, Table Duplication in point numbers 
1.3 in Test 160 (point 789) and 

Test 164 (points 2060 and 
2065) should be corrected or 
clarified. 

Revision 2, Appendix J, Page Reference to Table 2 should be 
J-8 Table J.2 per Question 11 of 

the Revision 2 TER 

Revision 3, Section 2.3.2 Correction of erC value on 
Table 2.3.2-2 in response to 
Question 4 to the Revision 3 

Revision 3, Page 2.3-46 Correction to #2 definition in 

L. 1 

L. 2 
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TECHNICAL EVALUATION REPORT 
(Non-Proprietary Version) 
- RELAPS/MOD2=B&W - 

An Advanced Computer Program for Light Water 
Reactor LOCA and Non-LOCA Transient Analysis 

BAW010164P, Revisions 2 and 3 

I .O INTRODUCTION 

: By letter dated September 18, 1992, the %&W Nuclear Technologies Company 

i submitted the topical report BAW-10164?, Revisions 2 and 3 for NRC review. The 

: report describes a pressurized water reactor (PWR) thermal-hydraulics transient 
I 
: analysis code for LOCA and non-LOCA transients analysis based on the 
I 

I RELAPSIMOD2 code. 
I 

' RELAPSIMODZ-B&W is a B&W Nudear Technologies (BWNT) adaptation of Vle Idaho 

: , 4 National Engineering Laboratory (INEL) R E L A P ~ / M ~ D ~ ( ' )  code used for PWR 

: licensing and best estimate thermal hydraulics transient analysis. RELAPSIMOD? was 

developed by INEL as a best-estimate computer code for light water reactor transient 
I 

, analysis. B&W Nuclear Technologies has added features to permit use of the 
I 

RELAP5fMOD2-B&W code for ECCS evaluation model (EM) calculations. The 

previous revision of the RELAPCB&W code, Revision I@, was approved for use in the 
I 

: analysis of small break and large break L O C A S ~  (SBLOCA and LBLOCA) for 

recirculating steam generator plants. 
I 

I 
I 

j Revision 2 of BAW-10164~~  describes updates for use in perlorming small break 

i LOCA analysis. These updates include an additional dtical heat flux (CHF) 
! 

correlation referred to as BWUMV, addition of the Wlson model for determining I I 

j interphase drag, addition of a counter-current flow limiting (CCFL) model and 
correction of minor code errors. Benchmarks are included in Revision 2 to specifically 

address the Wilson interphase drag model and the small break LOCA EM model. fhe 



SBLOCA benchmark is against experimental data from the ROSA-IV large scale test 

facility. 

In addition to the correction of mlnor errors, Revision 3 of BAW-10164~~  indudes 

enhancements to the EM fuel pin model, EM heat transfer model, and models to 

support use of the code for analysis of once through steam generator (OTSG) plants. 

These models indude the Becker CHF correlation, further modifications to the slug- 

drag model, the high auxiliary feedwater model and the Chen nudeate boiling heat 

transfer coefficient void ramp. Benchmarks against model 19-tube OTSG data and 

against SBLOCA test data from the MIST facility, which has simulated OTSGs, are 

included. The modifications to the approved licensing model proposed in References 

4 and 5 are the subject of the review and evaluation documented in this report. 

1 2. SUMMARY OF THE TOPICAL REPORT 

, - BAW-10164P Revisions 2 and 3 present best estimate and licensing type calculation 
! 
I for PWRs. Simulation methods are presented for large and small break LOCAs as 

i welt as operational transients such as anticipated transients without scram, loss of off- 

j site power, loss of feedwater, and loss of flow. The solution is based on a two energy 
i equation scheme, a two step numerical option, a gap conductance model, constitutive 

, models and control system models. Control system and secondary system 

. components have been added to permit modeling of plant controls, turbines, 

, condensers, and secondary feedwater conditioning systems. Benchmark comparison 

, of code predictions to integral system test results are also presented. 

Revision 2 deals mainly with the small break LOCA. Revision 3 includes 

j enhancements to the evaluation model for fuel pin heat transfer modelling to extent 
' 

the code applicability to the once through steam generators. 



j 3.0 EVALUATION 

Review and evaluation of the RELAPSIMOD2=B&W code Includes Revision 2 and 

Revision 3 of BAW-10164P. Revision 2 provides additional models specffically 
intended fot SBLOCA applications. RevIslon 3 includes enhancements to the EM fuel 

pin and heat transfer model, additions and benchmarks which extend application of 

the code to the once through steam generator plants. An initial revjew of Revisions 2 

and 3 led to generation of Requests for Additional Inf~rmation@~@). Supplemental 

information was also submitted by BWNT during the review  process^'? Each of Me 

model additions or modifications is discussed and evaluated in the following sections. 

3.1 BAW-10164P. Revision 2 

! 3.1.1 Model Changes for the Slug Flow Regime 

BWNT added an option for determining the Taylor bubble interphase drag during slug 

flow based on the Wilson drag model. The W~lson drag model is based on the Wilson 

bubble rise velocity in a vertical pipe. BWNT applied the Wilson drag model for 

reflood applications using the BEACH program and is now applying the model for non- 

reflood applications in REMP5/MODZ=B&W. These changes are discussed on pages 

2.1-51 to 2.1 -54 of BAW-1 O164P. Benchmarks are provided in Appendix H. 

1 

In implementing the Wilson drag model for RELAPS/MOD2, BWNT derived an 
I 

: expression for the interphasic friction for Taylor bubbles. Flow was assumed to be in 

I a quasi-steady state. The derivation of this expression was checked. The 

, formulation was determined to be correct. BWNT also incorporated improvements to 

i 
' match the bubble rise data at higher void fractions. An apparent difference between 

the interphase ffiction model for slug flow used in RELAP5/MOD2 B&W compared to 

; that used in the BEACH" program was questioned. BEACH uses the same w~lson 



drag model with a different multiplier, on the Taylor bubble term. BWNT responded 

that the different multipliers were selected based on comparisons to reflood 

benchmarks in the case of BEACH and small break LOCA benchmarks in the case of 

REMPSIMOD~-B&W. 

I 

, An option to remove smoothing in selected junctions, (not used In BEACH), was 

added to RELAP5/MOD2-B&W. This option allows smoothing to be bypassed. Since 

1 discontinuous void distributions may occur during a small break LOCA, use of this 
f option for small break calculatfons may be appropriate. 

Benchmarks were performed by BWNT using the Wilson drag model against results 
I 

obtained from the NRC-approved computer code  FOAM^('') and with small break 

: LOCA experiments performed at the Thermal Hydraulic Test Facility (THTF) at the 

Oak Ridge National Laboratory. These benchmarks are presented in Appendix H to 

I BAW-10164P. 
- 
; The FOAM2 program, developed by 8WNT and previously approved by the NRCi is 
: used to determine whether the water content of a reactor core is sufficient to cover the 
! 

i core with a cornbinatlon of liquid and two phase mixture based on a given core void 
I 

I distribution. If it is determined that the core is uncovered. FOAM2 calculates Vle two- 
i 

phase swell level and steaming rate. The FOAM2 program utllizes the Wilson bubble 

/ rise correlation to directly calculate the core void distribution. The Wilson bubble 

j velocity correlation used in FOAM2 is somewhat different from that used in 
I 
a RELAP5MOD2=8&W since it does not include the changes made by BWNT to better 

match the bubble rise data at higher void fractions. BWNT stated that the core void 
I 

: distribution results calculated by RELAP51MOD2 B8W and FOAM2 should be simllar 

I except potentially at higher void fractions because of differences In the for~ulation of 

i the Wlson model. The benchmarks show that REU\PSIMOD2=B&W predicts void 

I distributions which are comparable to FOAM2 predictions. 



Calculations using FOAM2 were performed for reactor powers of 1.5, 2.5, and 5.0 

percent of full power. System pressures ranging from 100 to 1600 psia were inchrded 

in the analysis. BWNT presepted plots of core void ftaction vs. core elevation 

comparing the RELAP5tMOD2-B&W results and the FOAM2 results. These plots 

show acceptable agreement between RELAP5JMOD2-B&W and FOAM2, with 

RElAP5lMOD2-B&W showing very slightly different results at high void fractions. 

The RELAPS/MOD2-B&W code predictions were compared to THTF test results for a 

range of pressures (520 to 1170 psia), power densities (0.08 to 0,68 kwHt), and mass 

flux (3395 to 21843 lbmlhr-ft2). BWNT presented plots of the results of core void 

fraction vs. core elevation as well as rod surface and vapor temperature vs. core 

elevation comparing the RELAPSlMOD2-B&W results and the THTF test results. In 

general, the void fractions predicted by RELAPMMOD2-B&W are somewhat higher 

than the THTF results. Additionally, RELAP51MOD2-B&W generally overpredicts the 

vapor and surface temperature relative to the THTF tests. There is a dip in surface 

temperature in the THTF tests at the core elevation of 11 feet. BWNT atbibutes the 

dip to grid effects on the heat transfer rate which are not accounted for in the 

RELAPSlMOD2-B&W model. The dip in surface temperature caused by the grid 

effect, was questioned. The surface temperature would be underpredicted for THTF 

tests 3.09.10 I, f, I, and m. Underprediction of the surface temperature could indicate 

that the heat transfer coefficient to the vapor is high and non-conservative. It was 

requested sat BWNT discuss the comparisons between RELAPSfMOD2-B&W and the 

THTF tests and show that the comparisons do not rely on systematic underprediction 

of the vapor temperature. In their response, BWNT Indicated that the heat transfer 

coefficient for single phase vapor is computed using the McEligot-plus radiation 

correlation set BWNT pointed out that use of the correlation is widely accepted and 

was reviewed and accepted in previous submittals of RELAPS and FRAP-T6 topical 

reports. BWNT also noted that the measurement of vapor temperature is low because 

the thermocouples were mounted on the unheated rods used to simulate guide tubes. 

Actual temperatures measured at THTF would be higher and more in agreement with 



RELAPSAMOD2-B&W. The BWNT' response was deemed satisfactory. This 

benchmark shows that use of the Wilson model for interphase drag pmduces 

reasonably accurate predictions of SBLOCA experhndntal data. 

3.1.2 Model Changes for the Annular Mist Flow Regime 

BWNT has added an option to RELAPS~MOD2-I3&W to include calculation of the 

overall drag computed for control volumes in an annulei'-mist flow regime. This 

change is used in the O T S ~  and MIST benchmarks discussed in Sections 3.2.7 and 

3.2.8 of thb evaluation. 

3.1.3 Counter-Current Flow Limitlng ~ o d e l  

BWNT added optional counter-arrrent flow limiting (CCFL) models which are intended 

for use in predicting flows at the steam generator U-tube inlets and steam generator 

plenum inlets during the reflux condensation period of a SBLOCA.. Addition of the 

CCFL model is described on pages 2.1-133 to 2.1-133.3 of BAW-10164P. 

The CCFL model modifications, consisting of a correlation for flooding in vertical 

tubes, are included in the form of a general relationship between the dimensionless 

vapor flux, and the dimensionless liquid flux j;. The relationship is implemented in 

the code in a manner similar to the implementation in RELAP51MOD3. Different 

values of the correlation parameters are used at the U-tube inlets and at the steam 

generator plenum inlet. This model was benchmarked agalnst ROSA-IV small break 

LOCA data in Appendix J of the Topical Report. Flow predictions were in reasoinable 

agreement with the test data. Therefore, the use of the CCFL model at the Steam 

generator plenum and tube Inlet, with the parameters used in the benchmark, is 

acceptable for the analysis of SBLOCAs in recirculating steam generators. As 

demonstrated by the fact that different correlation parameters are required at the inlet 



plenum and the tubes, CCFL is very geometry specific. Other uses of the CCFL 

model will require that the model be validated for that application. 

3.1.4 Condensation Heat Transfer Correlation Modifications 

Modifications were made to the condensation heat transfer correlation for vertical or 

horizontal surfaces. These changes are discussed on pages 2.2-31 and 2.2-32 of 

BAW- 1 01 64P. 

The Nusselt laminar film correlauons for a horizontal surface and for a vertical surface 

are used in RELAPSIMOD2-B&W. For condensation on a horizontal surface, laminar 

film condensation in a horizontal tube is akumed. Cornparin0 the formulation given in 

C~l l ier"~) against that given by BWNT for condensation within a horizontal tube shows 

that BWNT did not include the equation developed by Rohsenow for the modified 

latent heat of vaporization. Omission of this equation will have a small effect for the 

heat transfer coefficient result. The expression for a vertical surface was found to be 

in agreement with Collier. 

3.1.5 Changes to the Metal-Water Reaction (Swelled Radius) Model 

When a fuel rod swells the radius and hence the surface area of the rod will increase 

in the swelled region. The rate of heat generation and the molar production rate of 

hydrogen are proportional to the exposed sufiace area of the clad. These models 

have been modified by BWNT as described in Section 2.3.2.4 of BAW-10164P to 

increase the surface area in proportion to the ratio of the swelled clad radius to the 

cold clad radius. This increase in area is applied to both the dad inside and outside 

surlaces. Consideration of the increase in clad radius in the swelled reglon is 

appropriate and conservative. Both the energy generation rate and the rate of 

hydrogen production will increase when this model is used compared to the constant 



i ' surface area model. This model satisfies the requirements of Appendix K and is . I 

acceptable for ECCS EM calculations. 

3.t .6 Core Heat Transfer Selection Model ModMwtions . 

BWNT installed a separate heat transfer optlon for use in SBLOCA analysis. The 

changes are discussed on pages 2.340 to 2.3-61.2, 2.3-64, 2.3-67, 2.3-83, and 2.3-84 

of BAW-10164P. The changes to the switching logic for SBLOCA include"the removal 

of Appendix K restrictions regarding no return to nucleate boiling and the lock into film 

boiling after the wall superheat exceeds 300' F. The switching logic is unchanged for 

LBLOCA. B M  stated that the no return to nucleate boiling and the lock into film 
boiling restrictions of Appendix K are not applicable to SBLOCA. Thls assertion is 

acceptable. While the acceptance criteria of 10 CFR 50.46 apply to LBLOCA, the 

possible core heatup scenarios following a SBLOCA are varled and more complex 

than those for the LBLOCA. The use of a reflood heat transfer model lockout of retum 

to nudeate boiling and prediction of quenching is inappropriate for the small break. 

An option to allow use of the BWUMV critical heat flux correlation can be selected by 

the user depending on the fuel design being evaluated. This correlation is used only 

at pressures greater than 1300 psia at mass fluxes greater than 500,000 lbrn/hr-ft2 in 

the core heat transfer selection logic in RELAPSIMOD2-B&W. The BWUMV 

correlation is reviewed in the next section. 

3.1.7 BWUMV Critical Heat Fiux Correlation 

, The BWUMV (B&W Universal Mixing Vane) critical heat flux correlation was developed 

: for the analysis of SBLOCA. The development of the B W M V  ~~rre lat ion is 
! 
I presented in Appendix I to BAW-10164P. BW developed this correlation from the 
I 

database for the previously approved BWCMV correlation(13) with additional mid-flow 

I regime data from three Westinghouse tests. 



BWUMV utilizes a third order polynomial fit using three independent variables based 

on pressure (P), mass flux (G), and quality 0. Typographical errors in the CHF 
equation, units conversion errors, and the FLS equation, were questioned. The 

responses with the corrected equations and units are provided in Reference 8. . 

'. The number of data points and their distribution in the mass flux range below 

: 0.95~10' fb/hr-A' was questioned. BWNT indicated in their response that the total 

j number of data points with mass fluxes below 1 .25x106 Ibhr-ftt is 77. In addition to 

I the 22 points from Table 1.3 of Appendix 1, 20 points are from the data presented in 

! Appendix B of BAW-10159 and 35 test points are from the data presented in Appendix 

: F of BAW-10159. Of these 77 points, a total of 32 points were measured at a local 

1 mass flux of between 0 . 4 ~ 1 0 ~  and 1.0~10' ibhr-ft? Thls total is comparable to the 

: number of points at the lower end of the flow range of the SWCMV correlation. 
I 

I in evaluating -the distribution of points about the measuredipredicted ratio for pressure 

, and mass flux, it is noted that the data clustered about 750 psia and 7000 psia on 

; Figure 1.5 are not uniformly distributed about the mean value of 1.6. It appears that 
10 of the 11 points measured at 750 psia are below the mean and 10 of the 12 points 

measured at 1000 psia are above the mean. Because of this bias and because of the 

small number of points, we believe that the BWUMV results are biased at pressures of 

, 750 and 1000 psia. It is recognized that this bias does not affect BWUMV predictions 
I 

above 1300 psia. However, BWNT did condude in Appendix I to BAW-10164P that 

the BWUMV correlation is applicable to CHF calculations for pressures and flow rates 

above 750 psia. Given the apparent bias in the data points at 750 and 1000 psia, the 

; BWUMV correlation should not be used for CHF calculations at pressures below 1300 

psia. 
t 

, Numerical checks of the BWUMV correlation were performed. 7hese calculations 
i were done to determine how well the BWUMV correlation reproduces predicted 
I 

: results, to determine the behavior of the BWUMV correlation over a range of pressure. 



flow rate and quality, and to compare the BWUMV to the BWCMV correlation since 

they were developed from the same database for the most part. 

In general, the numerical checks show that the BWUMV and the BWCMV correlations 

are in agreement within the statistlcral uncertainty band. Some differences in the 

results are noted in cases where the flow is vatied over the BWCMV range of validity. 

These differences are more signfficant when the pressure is at 1500 and 1800 psla. 

Evaluations performed where the pressure is varied over the BWCMV range of validity 

also show some difference between the two correlations. 

The statement is made in Appendix I that the Tong factor Is set equal to one in the 

RELAP5/MOD2 B&W implementation of BWUMV. .In discussions with BWNT they 

stated that the Tong factor is included in the development of the BWUMV correlation. 

It is during the SBLOCA transient analysis that the Tong factor is set equal to 1. 

BWNT also indicated that their standard practice is to set the Tong factor equal to 1 

for LOCA analysis and Indicated several references where this practice has been 

previously approved. 

Based on this review, it Is concluded that the BWUMV correlation is acceptable for . 
used in RELAPS/MOD2 B&W subject to the restriction that the correlation should not 

be used below pressures of 1300 psia. 

3.1.8 SBLOCA EM Benchmark 

BWNT performed a benchmark using RELAPSIMOD2 B&W against a SBLOCA 

experiment performed at the ROSA-IV facility in 1988. The ROSA-IV facility simulates 

a redrwlating steam generator plant. The results of this benchmark are presented in 

Appendix J to BAW-10164P. It is important to note that this Is not the only benchmark 

of RELAPS/MODZB&W for a SBLOCA. As noted in appendbc J, the peak dad 
i temperatures during the experiment are not significant relative to the acceptance 

I 

10 



criteria. Benchmarks agalnst LOFT and Semiscale SBLOCA data, presented in 
Section 5 of BAW-10164, provide additional coverage of SBLOCA phenomenology, 

induding clad temperature prediction. This benchmark serves to show that the 

additional models for SBLOCA, such as CCFL and Wilson drag, are performfng 
' correctly and will adequately predict test data. 

The RELAPSlMOD2-B&W model for ROSA-IV, and other benchmarks and applications 

models, use equilibrium thermodynamics nodes in the core region and non-equilibrium 

, nodes in the remainder of the system. Since the RELAP5fM002 Code Manual 
I 

, specifically states that equilibrium nodes cannot be connected to non-equilibrium 

. , nodes, BWNT was questioned on node connectivity. In their response BWNT stated 
: that RELAPSlMODZ has always been fully capable of connecting equilibrium and non- 

equilibrium nodes, and that this is consistent with the approved EM core modeling. 

, This was confirmed by INEL (the RECAP5 code development organization), that the 

equilibrium option is obtained using the same basic equations with the interphase heat 

I transfer coefficient set to a very high value. This assures that sufficient heat transfer 

, will occur to keep both phases at saturation conditions. Contrary to the statements in 
I 

; the code manual, it is possible to connect equilibrium and non-equilibrium nodes 
I 

without adversely affecting the calculational algorithms. BWNT uses equilibrium nodes 

in the core region to obtain saturation fluid temperature as the boundary condition for 

! the core heat transfer correlations, which were developed on this basis. 
I 

a When modeling complex systems, it is sometimes necessary to slightly modify the 

, representation to compensate for code model IimItations. BWNT used two such 

I modifications in their representation of the ROSA-IV facility. First, the friction factor for 

the accumulator injection line was inoreased by a factor of 'I00 above the nominal 

j value, to eliminate unrealistic injection flow osclllatioos. Also, the angle of the inlet 

/ pipe to the steam generator plenum was decreased to less than 15 degrees to permit 
I use of the horizontal pipe stratification model. B W M  provided justificaffon for these 



model modifications. In both cases, the BWNT responses adequately explained the 

need for modifications to overcome code iimitatlons. 

BWNT performed a time step sensitivity study which demonshted that the 0.05 

second time step used for the calwlations was adequate. 

Results of the calculations showed that the basic thermal-hydraulic phenomena which 

occurred during-the SBLOCA were predicted Nth  reasonable ahracy.  Key events 

were predicted to occur in essentialty the correct sequence. Differential pressures in 

the core and recirculation loops, key determinants of the flows, were adequately - 

predicted. This benchmark further demonstrates that the RELAPSiMOD2-B&W 

computer program is capable of predicting 'the important therma~h~draulic phenomena 

which occur during a SBLOCA in a recirculating steam generator plant. 

3.2 BAW-10164P. Revision 3 

3.2.1 Revision to the Slug Flow Drag Model 

BWNT incorporated a third option for evaluating the Taylor bubble interphase drag in 

slug flow. The three models now available are the base INEL model, the Wilson drag 

model submitted with Revision 2 of BAW-10164P, and the B&W modified slug-drag 

model, as described on pages 2.1-52.4 and 2.f-52.5 of Revision 3 of BAW-f0164P. 

(The Wilson drag model was reviewed In Section 3.1.1 above). 

In the B&W modified slug-drag model, adjustments are made to the interphase friction 

terms through the use of empirically derived coefficients. B W T  states that these 

adjustments were based on numerous benchmarks. BWNT listed the benchmarks 

used which included those documented In Appendices K and t to BAW-10164P. 

These benchmarks are discussed in Sections 3.2.7 and 3.2.8 of this evaluation. 



1 3.2.2 ModMcations to the Chen Heat Transfer Coefficient 

I 

! The saturated nudeate boiling heat transfer coeffidents used in RELAP5MnOD2-B&W 

are calculated using the Chen heat transfer correlation to model the bolling component 
I 
! 
a of the heat transfer coefficient. .The Chen heat transfer correlation employs a nucleate 

1 .. boiling suppression factor S. S was modified by induding a multiplicative weighing 

i factor to force S, and the boiling heat transfer coefficient to zero as the steam void 
! 

fradon approaches one. B&W notes that this ramp is needed for once-through steam 

generator applications to preclude sharp increases in S that result in disproportionally 

I high overall heat transfer as the void fraction approaches one. 

3.2.3 Incorporation of the Becker CHF Model 
i 

: The Becker CHF correlation for rod bundles is incorporated into RELAPSMODZ-B&W 

as described in Section 2.2.2.2 of Revision 3 of BAW-10164P. BWNT states that this 

; - correlation was used to obtain better predictions of secondary side heat transfer 

: relative to the Biasi-Zuber correlation used in RELAP5fMOD2 at power levels below 

j 80 percent of full power. The Becker CHF correlation is used up to a pressure of 90 

j bar (1 306 psia). Linear interpolation between the Becker and Biasi-Zuber correlations 
I is performed between 80 and 90 psfa to obtaln a smooth transition between the two 

a correlations. 

' 
Benchmarks comparing results of RELAPS/MOD2-B&W to OTSG test data are 

presented in Appendix K of BAW-10164P and are discussed in Section 3.2.7 of this 

, SER. These benchmarks show good agreement between RELAPSIMODZ-B&W 

, 
results using the Becker CHF correlation and the OTSG test data as discussed in 
Section 3.2.7. 



3.2.4 EM Pin Model ModMcations 

BWNT enhanced the fuel pln model in REtAPS/MOD2=B&W by adding features which 

had been approved for use In Ule FRAP-TB-B&VP and  TACO^^^ 
computer programs. These changes are discussed in Sedon 2.3.2 of Revision 3 of 

BAW-lOl64P. There are three basic areas in which the fuel pin model provides 

calwlatians: dynamic fuel/clad gap conductance, fuel rod swelling, and rupture based 

I 
on the N U R E G - O ~ ~ O ~ ~ ~  approach and clad metalwater reaction. Enhancements in 

: Revision 3 include addition of a closed gap contribution to gap conductance to allow 
' modeling of high burnup cases, fuel pin axial expanslon, automated clad rupture 
i 

calculation, implicit metal-water reaction option and automated steady-state gap 

multiplier option. 

The RELAP5/MOD2=B&W enhanced fuel pin model has some differences compared to 
' the previously approved models in FRAP-T6-B&W and TAC03, These are due to the 
I 

- less detailed nature of the model used In RELAP5/MOD2-B&W compared to the fuel 
I 

i performance codes. 

i 

I The previously approved gap conductance model allowed for modeling of a non 
i 
: concentric fuel stack within the clad, but did not include a contact conductance term in 

, the calculation of total gap conductance. The option to include a contact resistance 

; contribution has been added based upon the model presently used in the TACO3 

1 computer program. Since.Appendix K does not prohibit the use of contact resistance, 
! 

!his model is acoeptable for cases of high burnup fuel with a closed gap. 
I 

I 

i The gap gas pressure is used to determine the amount of clad swelling and rupture. 

One of the variables which determines the gap gas pressure is the amount of volume 

I available for the gas to occupy. A portion of this volume is located in the gas plenum 
. 1 

at the top of each fuel rod. When the dad and fuel expand at different rates 
I 

i the volume of the plenu'm will change. The axla1 expansion model accounts for this 
i 



change in plenum volume due to differential thermal expansion of the fuel and clad 

from the cold condition. Thermal strain correlations from MATPRO('? or user input 

fits, are used to determine the amount of fuel and dad axial expansion. Including tire 

effects of akial fuel rod expansion on plenum volume Is appropriate for a best-sstfmate 

calwlatlon, and Is acceptable for Appendix K to 10 CFR 50 LOCA analysis, which 

does not prohibit including this model. Only minimal differences exist between the 
enhanced fuel pin model and the FRAP-T&B&W model. The enhanced model b 

a acceptable for use in ECCS evaluation model calculations. 
I 

I 

Addition of an automated clad rupture model introduces heat transfer enhancement 
I .  

I downstream of a rupture location. The model used for thlseoption has been previously' 

approved for use in the BEACH computer program. This option automates the 

. calculation of rupture location for use in BEACH. Use of this model in 

RELAPSIMODZ-B&W is consistent with the Appendix K to 10 CFR 50 approved model 

and is, therefore, acceptable. 

An implicit formulation of the Baker-Just metal water reaction model has been - 
implemented in RELAPS/MODZ-B&W. The model is the same as that which is used 

Inathe FRAP-T6-B&W computer code. Appendix K to 10 CFR 50 requires use of the 

Baker-Just model but does not specify the numerical solution technique to be used. 
: The implicit soluffon will improve accuracy for calculations which use a larger time 

I step. Use of this option is acceptable for compliance with Appendix K to 10 CFR 50. 
I 
I 

: Initialization of the RELAPSlMOD2-B&W model must comply with Appendix K to 10 

CFR 50 in the sense that initial stored energy in the fuel must be conservatively 

specified. This is done by adjusting the fuel clad,gap conductance to obtain the 

desired value of volume average fuel temperature. In earlier versions of the program 

a user specified multiplier on the gas conductance term of the gap conductance was 

provided to permit adjustment and matching of volume average fuel temperature. This 

required that an iterative process be performed by the user. An option has been 



added to automate this iteration process. The user can s p e w  the desired volume 

average fuel temperature, rather than the multiplier on the gas conductance term, and 

the code will iterate to determine the gas conductance multiplier. Thb is a user 

convenienc6 feature which is acceptable for ECCS evaluation model calculations. 

': 3.2.5 EM Heat Transfer Model Modifications 

BWNT incorporated a filtered flow option to be used with the core heat transfer model. 

This option was added to facilitate addressing the Appendix K to 10 CFR 50 

requirement to eliminate .any calculated rapid flow oscillations with a period of Iess 

than 0.1 seconds during the LBLOCA blowdown phase. This requirement is 

mandated because rapid flow oscillations dan cause overphdiction of the amount of 

energ,y removed from the core which would cause peak clad temperature to be 

underpredicted. The method, described in Section 2.3.3 of BAW-10164P, is 
' 

consistent with the requirements of Appendix K to 10 CFR 50. 
. . 

3.2.6 Post-CHF Model Modifications 

: User defined correction factors were added to the equation used to determine the total 
I 
I 

j wall-to-fluid heat flux due to transition boiling as shown on page 2.3-86 of Revision 3 
I 

to BAW-10164P. These constants are defined as Cl, and Cl,, which have a 
I 

] default value of 1 .O. BWNT did not identify any benchmarks that used values other 

i than 1 .O for these correction factors. 

I 

A user option was added to allow adjustment of the surface heat transfer-coefficient I 
I I 

: following cladding rupture of a fuel pin on page 2.3-89 of Revision 3 to BAW-10164P. 

: If this option is invoked, the heat flux in a ruptured segment single heat structure is 

j multiplied by the ratio of the ruptured to cold outside dadding radius. The heat flux is 
I then computed using the increased surface area resulting from dad swelling and 

I 

! 
; 1 16 

1 I 



I 

: I 

mptute. This change is physically realistic and does not violate Appendix K 
I I requirements. It is, therefore, acceptable. 

3.2.7 OTSG Benchmarks 

. BWNT performed two benchmarks of the RELAPSIMOD2=B&W code to demonstrate 

the adequacy of the OTSG modelling. These benchmarks are discussed in Appendix 

K to BAW-10164P. The first set of benchmarks are comparisons to steady-state tests 

: performed in 1969 to demonstrate the ability of the code to predict the shell side 
: nucleate boiling length at various power levels. The second benchmark fs a 
: comparison to a loss of feedwater flow test performed in 1977 to demonstrate the 
I 

ability of the code to predict boll-down and refifl of a OTSG. 

The tests were performed at the Alliance Research Center (ARC) Nudear Steam 

Generator Test Facility. This facility provided the capability of testing steam 

generators at full system pressure and temperature conditions. The p&ary side of 

the test loop consisted of a gas-fired furnace to simulate reactor heat input into the 

I primary fluid, a pressurizer, flow control valves, flow measuring elements, and a water 

conditioning system. The secondary system was a closed circuit test loop consisting 

of steam flow control valves, steam flow measuring equipment, feedwater heaters, 
: back pressure control valves, a flash tank, circulating pumps, feedwater control valves, 

feedwater flow measuring equipment, feedwater flow bypass valves, and a water 

I conditioning system. 

I 

j The model steam generator used for these benchmarks, referred to as the 1 g-tube 
' OTSG, is a single pass, counterflow, tube and shell heat exchanger. The tube bundle 

, consisted of 19 full length tubes, each 518 inch diameter, spaced on a triangular pitch 

on 718 inch centers. Primary inlet flow entered at the top of the steam generator, 
: flowed downward through the tube bundle and exited at the bottom. Secondary 

; feeclwater flow entered the tube bundle at the bottom, was boiled as it passed by the 



outside of the tube bundle, and exited at the top. The feedwater was raised to 

saturation conditions by mixing the water with steam from the tube region via a steam 

bleed pipe connected from the secondary side of the generator to the steaMeedwater 

mixer. A qu&ion on where the feedwater temperature is measured was raised. 

BWNT stated that the feedwater temperature is measured with a thermocouple located 

approximately three feet upstream of thesteamlfeedwater mixer. 

.. . 

In the steady state tests, boiling length (dryout locatioh) was determined from primary 
! 
; tube and secondary side thermocouples for a range from 0 to 100 percent of the full 
i scaled power consistent with a 2700' MWV, plant The loss of feedwater flow test 

i 

' 
initalied to full scaled power consistent wlth a 2772 MWth plant. The test was 

: initiated by the simultaneous trip of the feebwater pump and closure of the feedwater 

I isolation valve. The steam generator was allowed to boil dry and then the feedwater 

was restarted. Secondary steam flow and temperature and primary outlet temperature 

, were measured during the test. 

i -. 

: The RELAPSIMODZ-B&W model uUlized 11 axial control volumes in the primary tube 
! 

j region and in the secondary shell region. Primary to secondary heat transfer was 
: modelled using eleven heat structures between the primary and secondary sides. The 

external downcomer was modeled with five axial control volumes that represented the 
i 
, piping from the steam/feedwater mixing region to the tube bundle inlet. Feedwater 

: aspiration was provided by a single junction component that connected the tube 

j bundle region to the external downcorner. A junction connection between the shell 

side of the heat exchanger and the control volume representing the steamlwater mixer 

. is included in the model. Time dependent volume and time dependent junction 

1 components were used to set inlet flowrate and temperature of the primary and 

I secondary side coolant. 

1 

! A question on the modeling of the steamneedwater mixing or aspiration process, 

: addressed the relative pressures between the control volume representing the mixer 
j 
I I : 18 
! I 



I I 
! 

: and the volume representing the source of aspiration steam from the secondary to the 
mixer. Assuming a normal flow junction connecting these volumes, the pressure in 

j the secondary must be hlgher than the mlxer h order to provide steam flow to the 
* 

mker. BWNT responded that the bundle collapsed liquid level remains below the 
I 

. downcomer level (presumably below the level of the steamlfeedwater mlxer) during 

' . the tests. As a result the pressure gradient that sustains the steam flow from the 
' secondaty is maintained by rnanometrlc effects. BWNT also noted that this process is 

self-governing due to changes in the pressure gradient as the downcorner fluid 

a approaches saturation. 
1 

I B W M  employed some of the features incorporated into RElAP5lMODZ-B&W for the ' 

19-tube OTSG benchmark. These features are summarized below: 

<. 

' 0 . - The Becker critical heat flux correlation, discussed in Section 3.2.3, are used 
i on the shell side of the tube heat strudure, 

I o The multipliers defined by the B&W modifed slugdrag model and the annular 
mist model are used, and 

j o A linear ramp was applied to the Chen boiling suppression factor. This 
adjustment to the suppression factor was discussed in Section 3.2.2. 

The first set of results for the steady state benchmark compared the boiling lengths 

predicted by RELAPSjMOD2-B&W to those measured during the 19-tube OTSG tests. 

E3WNT presented tabulated results and a plot comparing the boiling length above the 

lower tube sheet predicted by RELAPSIMOD2-B&W to the 19-tube OTSG tests at 

power levels ranglng from 20 to 100 percent of the scaled power levels relative to a 
2700 MWth plant. The results show that the boiling lengths predicted by 

RElAPSlMOD2-B&W are in good agreement with the test data. In contrast, results 

from RELAPS/MOD2 Cycle 36.05 also shown on these plots, differ significantly from 

Ule test data below 80 percent scaled power. BWNT attributes this agreement in the 





! 

I 
consists of two 19-tube once-through steam generators, a reactor vessel with a heated 

core and external downcorner, pressurizer with a power operated relief valve, two hot 
! 

legs and four cold legs. Further information on facllity scaling and instrumentation Is 
* 

found In Appendix L to BAW-10164P. 
I 

1 . 0  BWNT notes in Appendix L to BAW-10164P, that a number of pre- and post-test 

predictions have been made for MlST tests using the RELAPS/MOD2 code as a part 
I 

of the MlST program. These predictions were made with earlier versions of the mde, 

; which did not indude the recent modifications. The benchmark presented in Appendix 

L indudes a comparison of experimentaldata W~~~; .RELAP~IMOD~ results obtained 
i . . 

; with both the current and earlier versions of the code. This allows an evaluation .of the 
! effects of the recent model changes, in particular upon the prediction of collapsed 
I liquid level in the reactor vessel and steam generator secondary. The results show 
I 

that the code modifications clearly Improve the collapsed liquid level predictions. 

The RELAPS/M OD2-8&W model simulates the MlST reactor vessel, downcorn er, hot 
and cold legs, OTSGs, reactor coolant pumps, and other major components. A . 
double flow path connection to the external reactor vessel downcomer Is used in this 

model so that countercurrent two-phase flow can be predicted. The steam generator 

modelling employs two radial regions to account for tubes directly wetted by auxiliary 

feedwater (AFW) injection on the shell side of the steam generator. The other region 

represents the 16 tubes in contact with secondary steam. BWNT notes in their 

response that the BWNT modified slug-drag model was employed in the core and 

primary tube region. For the secondary side of the steam generator tube region, the 

BWNT slug-drag model is used on the annular rnlst drag. 

In the RELAPSIMOD2-B&W model, the core region was modMed so that twenty 

contra1 volumes represent the full height core. BWNT states that this noding is 

necessary for consistency with the revised models. BWNT was requested to discuss 

the implications of increasing the number of core volumes focusing on the degree of 



improvement resulang from the use of the new interphase drag model as cornpafed to 
. , 
' '< 

just increasing the number of care nodes. 

BWNT performed a nodlng sensitMty study based on ORNL M T F  Test 3.09.10j 

discussed in Appendix H to BAW-10164P. In thls study, 0WNT ran cases using 4 and 

24 nodes in the core region using both the INEL drag model and the BWNT slug-drag 

model. Plots presented by BWNT show dood agreement between the 

RELAP5JMODZB&W results using the BWNT slug-drag model for both the 4 and 24 

node core models and the THTF data. The results from the INEL model show poor 

agreement with the THTF data. BWNT notes in their response tkt the INEL modal 1s 

known to overpredict the interphase drag h heated regions with small hydraulic 

: diameters. In thls context, the BWNT response regarding the nodalization of the 

steam generator secondary was reviewed and is acceptable. 

I 
! 

I MlST test 320201, used for the RELAPS/MOD2-B&W benchmark, simulated a scaled 

; 50 cm2 pump discharge break. This is reported by BWNT to be the most limiting 

small break size for B&W designed plants. The MlST facility was initialized in natural 

circulation mode with the core power scaled to 3.5 percent for this test. BWNT noted 

that since the MIST facility was capable of only ten percent full-scaled power 

operation, the facility was initialized to conditions corresponding to 145 seconds af&er 

trip. Other initial conditions indlide pdrnary system pressure corresponding to 22" F 

core exit subcooling, pressurizer level of 5 feet above the bottom of the pressurizer, 

steam generator pressure of 1010 psla, and a steam generator secondary level 

controlled to five feet above the lower tube sheet by throttiing high elevation AFW 

injection. 

The MIST test was initiated by turning off the pressurizer heaters and opening the 

leak. When the pressurizer level reached one foot, full high pressure injection flow 

was started and steam generator secondary refill using full capacity A N V  was 

initiated. 



BWNT presented comparison plots between RElAPSlMOD2-B&W and MlST for 

primary pressure, secondary pressure, reactor vessel liquid level and secondary liquid 
level. A tabulation of the tlming of key events is presented in Table L.2 of BAW- 

10164P. Additional information was provided on the elevation of the steam generators 

and reactor vessel at the MlST facility. The results for BWNT Versions 5 and 14 of 

I . -  REWPSIMOD2-B&W are presented. The main diffsrence in these code versions is 

i that Verslon 14 utilizes the revised Interphase drag models. 
f 

I 

In general, there is good agreement between the REtAPSIMOD2-B&W Version 14 

results and the MlST data. BWNT noted that the improved prediction of reactor 

vessel and secondary liquid levels is due to the revised slug drag model. The large 

difference in timing of the hot leg voiding between Revisions 5 and 14 of 

RELAP5/MOD2-B&W was questioned. BWNT attributed this to differences in the 

initial temperature conditions in the pressurizer and surge line used in the Revision 5 

and Revision 14 calcufations. BWNT also revlsed Table L.2 which corrects the 

reported time of operator actions. 

In reviewing the MlST benchmark, it is noted that no fuel rod temperature excursion 

occurred during this test. This issue was discussed with BWNT. BWNT responded 

that the mixture level in the vessel remained above the core during the test, resulting 

in removal of the stored energy in the fuel by nucleate bolling. In view of this laM of 

core uncovery, BWNT noted that MIST is not the best benchmark for the core mixture 

level calculation. The stand-alone FOAM2 and ORNL benchmarks presented in 

Appendix H to BAW-I 0164P were provided to better address the code's predictive 

capability. 

MlST benchmarks address the capability to predict system pressure, liquld inventory 

and liquid distribution. In this respect, the MlST test 320201 benchmark demonstrates 

that the modifications made to the code improve its predictive capability in these 

areas. When considered along with the other benchmarks, including additional MIST 



j benchmarks, BWNT has demonstrated that RELAPS/MOD2 B&W is capable of 
: adequately predicting the system response for an OTSG plan!. 

i 

j in discussing cladding temperature during an SBLOCA, BWNT argues that the 

cladding temperature excursion during SBLOCA is governed by the same physlcal 

processes for all current PWR designs. During &re bolldown, the vapor tempeiature I- 

and fuel cladding heat transfer are dependent upon local mechanisms and not upon 

integral system parameters. Therefore, heatup during core boiloff depends upon the 
core geometry, but not the integral system geometry. Benchmarks against ROSA-IV, 

ORNL and Semiscafe test data are hence acceptable for demonstrating that 

RELAP5iMOD2-B&W is capable of adequately predicting fuel dad temperatures 

during this heatup phase. 

3.3 j-liah Auxiliarv Feedwater Mode[ 

BWNT developed the high auxiliary feedwater model to calculate the B&W OTSG heat 

transfer correctly during auxiliary feedwater injection from high elevation locations. 

This model was included in the Revision 1 submittal but was not reviewed because 

B&W did not intend to use RELAPSfMOD2-B&W for OTSG analysis at that time as 

noted in Section 5 of the Revision I safety evaluation report. BWNT requested a 

review of this mode1 and has prow'ded additional information to support this request. 

The high auxiliary feedwater model was reviewed as part of the CRAFT2 code Topical 

Repoft transmittal in 1985. This report included several benchmarks against plant and 

I experimental data. BWNT has made some modifications to the heat transfer models 

since that time. Therefore, an additional RELAPSIMOD2=B&W benchmark of the 

revised heat transfer models against testdatafrom the MIST facility was provided by 

BWNT. Included is a plot comparing RELAP5/MOD2 primary side 

temperature as a function of elevation above the tube sheet against steady-state MIST 

measurements. This plot shows good agreement between the RELAPS/MOD2 B&W 

24 



predictions and the MlST measurements along the length of the steam generator 

tubes. The steady-state nature of this test allowed the calculated heat transfer 

coefficients used In the model to be justified. The high AFW model was also used for 
i the additional MIST benchmarks performed by BWNT. These serve to demonstrate 

i the adequacy of the model for transient applications. 

i 

j Based upon the discussions and benchmarks provided by BWNT, it is concluded that 

the revisions to the high auxiliary feedwater model have not changed significantly from 

. the model'previously accepted. Therefore, we find it acceptable for use in SBLOCA 

, analysis. 
I 

I 

: 3.4 Parameters Used in RELAP5fMOD2-B&W Benchmarks 
I 

' 
BWNT has incorporated a number of user specified input parameters in 

: RELAPSlMOD2-B&W. The value of these parameters used in the RELAPS/MOD2 

I - B&W benchmarks are listed in Table 1 of this evaluation. The values of these 
I parameters were selected to improve the agreement between RELAPSlMOD2-B&W 
i 
I and the FOAMZ, THTF, OTSG, and MlST benchmark data. The values of the user 
I specified parameters listed in Table 1 are the only acceptable values for LOCA 
i 

! licensing calculations. 

One of the motivations driving the initial development of the RELAPS code was the 

need to eliminate user choice of modeling options and input dials. When an analysis 

Is performed with RELAPS, one can be certain of what models and fitting parameters 

are used. The addition of numerous options and dials by BWNT is contrary to this 

characteristic of RELAPS. The last condition listed above is intended to eliminate the 

use of user specified dials in keeping with the Intent of the RELAPS approach. 





Table I 
Summary of User Specifled Parameters Used in the 

RELAPSMOD 2-8&W Benchmarks 



Table 1 
Summary of User Specified Parameters used In the 

RELAPSIMOD 2-B&W Benchmarks 

Parameter Description 

Void fraction at which to 
begin the S ramp 

User multiplicative 
constants used in the 
equation to determine 
wall-to-fluid heat flux 
during transition' boiling. 

Page Where Affected 
Parameter Is Benchmark 
Described 

2.2-22 OTSG 
(Revision 3) benchmarks 

(Appendix K) 

2-3-06 
(Revision 3) 



4.0 COMPLIANCE WITH NRC REQUIREMENTS 

Appendix K to 10-CFR-50 speffies required and acceptable features of ECCS 

evaluation models. Previous revisions of the RElAPS/MOD2-B&W program, through 

Rev. 1, have been reviewed and found to satisfy the requirements of Appendix K 

when used with the approved B&W ECCS methodology, subject to any restrictions 

cited in the SER. 

'Itre modifications documented in Revisions 2 and 3 of BAW-10164P do not affect 

iwmpliance with any of the required features of Appendix K. Modifications of the fuel 

,pin model are such that the requirements of Appendix K continue to be satisfied. 

inclusion of a contact conductance term in the calculation of fuel clad gap 

conductance does not affect compliance with Appendix K which states that "thermal 

conductance of the gap between the UO, and the cladding shall be evaluated as a 

function of the bumup, taking into consideration fuel densification and expansion, the 

.composition and pressure of the gases within the fuel rod, the initial cold gap 

dimension with its tolerances, and cladding weep." Section B of Appendix K also. 

specifies that "The gap conductance shall be varied in accordance with changes in 

gap dimensions and any other applicable variables." 

Inclusion of axial thermal expansion of the dadding and fuel in the gas plenum volume 

calculation also does not affect compliance with Appendix K. The plenum volume is 

wsed in the calculation of internal rod pressure which is a key determinant of the 

amount of swelling and rupture. Appendix K requires that "the swelling and rupture 

cala$ations shall be based on applicable data in such a way that the degree of . 

welling and incidence of rupture are not underestimated." Calculation of gas gap 

pressure using plenum volume which accounts for axial thermal expansion of the fuel 

and dadding improves accuracy and should not result in underestimating the pressure 

or the incidence of swelling and rupture. 



Appendix K specifies that the Baker-Just model be used to calculate the metal-water 

readion rate, but does not spedfy the solution method. Therefore, the Irnpliclt solution 

technique is acceptable, given that It yields a mathematically correct solution of the 

required eqliation. Appendlx K also requires that T h e  degree of swelling and rupture 

shall be taken into account in calculations of gap conductance, cladding oxidation and. 

embrittlement, and hydrogen generation." The "swelled radius" modification to the 

metal-water reaction model accounts for the increase in dad radius, and hence 

surface area, due to swelling. This model change affects the hydrogen generation 

and cladding oxidation, and is in compliance with the Appendix K requirements listed 

, above. The iterative technique for determining a multiplier on gap conductance which 

yields a desired initial stored energy is a user convenience feature which does not 
- affect the previously approved model. 

Section C.4.e of Appendix K to 10 CFR 50 states: "After CHF is first predicted at an 

axial fuel rod location during blowdown, the calculation shall not -use nucleate boiling 

heat transfer correlations at that location subsequently during the blowdown even if 

the calculated local fluid and surface conditions would apparently justify the 
reestablishment of nucleate boiling. Heat transfer assumptions characteristic of return 

to nucleate boiling (rewetting) shall be permitted when justified by the calculated local 

fluid conditions during the reflood portion of a LOCA." The core heat transfer 

selection model modifications assure that no return to nucleate boiling will occur - 

before the end of blowdown for the large break LOCA. Since the definitions of 

blowdown and reflood are inappropriate for SBLOCA, it is acceptable to bypass this 

"no return to nucleate boiling" requirement in that case. The modification Is therefore 

in compliance for LBLOCA analysis, and acceptable for the SBLOCA analysis where 

the requirement is inappropriate. 

CHF correlations acceptable for use in LOCA analysis are listed in Sections C.4.b and 

d. Section C.4.a states that "Correlations developed from appropriate steady-state 

and transient-state experimental data are acceptable for use In predicting the critical 



heat flux (CHF) during LOCA transients. The computer programs in which these 

correlations are used shall contain suitable checks to assure that the physical 

parameters are within the range of parameters specified for use of the correlation by 

: their respective authors*. As discussed in Section 2.1.7 of this report, the BWUMV 
' CHF correlation has been developed uslng appropriate experimental data for fuel with 

1 , .> mixing vanes. The correlation is therefore acceptable for use within the ranges of 
I 
I parameters specified. It is noted that BWNT requested that the corrdlation be 

a I 
approved for pressures down to 750 psia. Based upon the data comparison provided 

by BWNT, the staff concludes that the correlation is acceptable down to pressures of 

1300 psia and mass fluxes of 500,000 lbhr-ft2. Checks which restrict use of the 

I ' correlation to this range must be included in RELAPSfMOD2-B&W for the code to be 
' 

i : acceptable. 

Benchmarks . ., against calculations of the approved computer program FOAM2 and 

: THTF experimental test data have shown that addition of the Wilson drag model 

i improves predictions of void distribution in the core region. Appendix K does not list 

, specific requirements in this area. The modification, which improves modeling . 
I accuracy, is therefore acceptable. A number of the other code enhancements fall into 

this same category. They cover areas where Appendix K does not specify required 

: features. These include the annular mist flow regime overall drag multiplier, 

condensation heat transfer correlation modifications, Wilson slug flow drag model, and 

the CCFL mode!. Appropriate justification has been provided to show that these 
enhancements improve modeling accuracy. 



5.0 FONCLUSfONS AND LIMITATIONS 

Modifications made to REfAPS/MOD2-B&W as descrJbed in Revisions 2 and 3 of 

BAW-10164~ have been reviewed and evaluated. ' Based on the benchmarks 

presented, the staff finds that the models described In version 19 of RELAPSjMOD2- 

B&W to be acceptable for LOCA and non-LOCA analysis for PWRs with recirculating 

and OTSGs subject to the following limitations: 

o Use of the Wallis and UPTF parameters at the tube bundle and steam 
generator plenum inlet are acceptable. The parameters used in the CCFL 
model for any other application must be validated, and the validation reviewed 
and approved by the staff for that application (see seaon 3.1.3 of this 
evaluation). 

o The BWUMV correlation is limited to pressures above 1300 psia. 

j o For large break LOCA ECCS evaluation model calculaffbns, form losses due to 
a ruptured cladding should not be excluded using the user option described In 
! Section 3.2.4 of this evaluation. 

I o The value of the user specified parameters listed in Table 1 of this evaluation 
i (i.8. those used for the benchmark calculations) are the only acceptable values 

for LOCA licensing calculations. 

! 
I Table 2 lists typographical errors that were found during the course of this review. 
' 

Correction of thase errors should be incorporated into the approved version of BAW- 

a 10164P. The automated blockage droplet breakup calculation, the implicit formulati on 

: of the Baker-Just metal water reaction model and the fuel rod Evaluation Model 

improvements referred to in Section 5 of the BEACH safety evaluation report('" were 
I 
, reviewed in this evaluation and found acceptable. Contingency 4 given in Seclion 5 of 

the BEACH safety evaluation report is no longer applicable. That contingency states: 

"Use of the automated blockage droplet breakup calculation, implicit formulation of the 
' 

Baker-Just metal water reaction model and the fuel rod Evaluation Model (EM) 



improvements should be made contingent upon their approval in Revision 3 of BAW- 

10164P, which describes these updates." 



. 1 .  
I 

8 1 
Table 2 

: I Summary of Changes That Should Be Made To The 

i 
Approved Version of BAW-10164, Revision 2 and 3 

j 

I 

ons 5,6, and 7 of 

2 per Question I 1  of the Revision 2 



a 5.0 REFERENCES 

; I. Ransom, V. H., et  al., PELAP5lM0.82 Code Manual .- Volume .I: Code 
Structures. Svstem Models and Solution Methods and Volume 2: Usen Guide an4 
Inout Recruirements, NUREG/CR-4312 - Volume 1, August, 1985 and NUREGICR- 
4312 - Volume 2, December 1985.. 

;' 2. B&W Nuclear Technologies, RFtAPSIMOD2-B&W - An Advanced .Cornouter 
Proaram for Liaht Water Reactor LOCA and non-LOCA Transient Analvsis. BAW- 
10164P, Revision 1, October 1988. 

., . . 

, . 3. Letter from A. C. Thadani (USNRC) to J. H. Taylor (B&W Nuclear Technologies), 
Acceptance for Referencino of. To~ical  Reoort B j 6 4 P .  Revision 1, 
RELAPSMOD2-B&W. An Advanced Corn~uter Proaram for Liaht Water Reactor. 

t 

LOCA and Non-LOCA Transient Analvsis, April 18, 1990. 

4. Code of Federal Regulations, ECCS Evaluation Models, Chapter 10, Part 50, 

.. - Appendix K 

j 5. -- B&W Nudear Technologies, RELAP5fMOD2-B&W - An Advanced Computer 
Program for Light Water Reactor LOCA and Non-LOCA Transient Analysis, BAW- 

. 1 0164P, Revision 2, August 1992. 

I 6. B&W Nuclear Technologies, RELAPSMAOD2-B&W - An Advanced Com~utec 
Proorarn for Liaht Water Reactor LOCA and non-LOCA Transient Analvsis. BAW- 
10164P, Revision 3, October 1992. 

. ; 
7. Letter from J. H. Taylor (B&W Nuclear Technologies) to R. C. Jones (USNRC), 

BEACH To~ical Report BAW-10166P, SfiTJ93-214, August 31, 1993. 

' 8. Letter from J.H. Taylor (B&W Nuclear Technologies), Response to NRC1s ~eauest 
for Additional Information on BAW-10164. Revision 2. Auaust. 1992 

I 

! RELAPS/MOD2-B&W. An Advanced Com~uter Proaram for Liaht Water Reactor 
I LOCA and NON-LOCA Transient Analv sis, JHT/Q3-279, November 16, 1993 
I 

a 9. . Letter from J.H. Taylor (B&W Nuclear Technologies), Resoonse to NRC's Reauest 
for Additional Information on BAW-10164, Revision 3, October. 1992 
RELAPSlMOD2-B&W. An Advanced Com~uter Proatam for Liclht Water Reactor 
LOCA and NON-LOCA Transient Analvsis, JHT194-7, January 21, 1994 



Letter fmrn J.H. Taylor (B&W Nudear Technologbs), pesoonse to NR'C:S 
Su~~lemental Reouest for Additional Information on BAW-10164. Revision 2, 
Auaust. 3992: RELAP5IMOD2-B&W. An Advanced Cornouter Propram for Liaht 
Water. R,eador LOCA and Non- LOCA Transient Analvsi's, ~HT/Q4-348, September 
20, 1994. 

B&W Nudear Technologies, FOAM2 - Com~uter Proaram to Calculate Core Swell 
Level and Mass Flow Rate Durincr Small Break LOCA, BAW-10155A, October 
1990. 

CoIlier, John G., Convective Bollino and condensation, Mc-Graw-Hill International 
Book Company, 2nd. edition, 1972 

B&W Fuel Company, 
Assemblies, BAW-10159P-A, July 1990 . 

B&W Nuclear Technologies, FRAP-T6-B&W - A Com~uter Code for the Transient 
finalvsis of Liaht Water Reactor Fuef Rods, BAW-10165P, October 1988. 

B&W Nuclear Technologies, TACO3 - Fuel Pin Thermal Analvsis Corn~uter Code, 
BAW-10162P-A, October 1989. 

D.A. Powers and R.O. Meyers, CIaddina SwelIina and Rupture Models for LOCA 
Analvsis, NUREG-0630, April, 1980 

D.L. Hagmian, et. al., MATPRO - Version 11 (Revision 21, NUREGjCR-4079, 
August 1981 

D.A. Prelewicz, Technical Evaluation' Report - BEACH - Best Estimate Analvsis 
Core Heat Transfer. A Computer Proufam for Reflood Heat Transfer Durtna LOCA, 
BAW-10166P, Revision 4, SCIENTECH, Inc., SCIE-NRC-219-93, November, 1993 



5 . 0  LICENSING DOCUMENTS 

This section contains documents generated as a result of U.S. 
Nuclear Regulatory Commission (NRC) review of previous 
versions of this topical report. Sections 5.1 and 5.2 contain 
responses to rounds one and two questions, respectively, for 
revision 1 of this report. These documents were previously 
issued in the approved proprietary and non-proprietary 
versions as appendices H and I. Section 5.3 contains the 
Safety Evaluation Report (SER) issued for revision 1. 

Section 5.4 and 5.5 contain responses to NRC questions on 
revisions 2 and 3, reepectively, of this report. Section 5.6 
contain supplemental information to revisions 2 and 3. 
Section 5.7 contains the SER issued for revisions 2 and 3. 
Section 5.8 contains responses to NRC questions on revision 4. 
Section 5.9 contains the SER issued for revision 4. Finally, 
Section 5.10 contains the pages removed or replaced from 
revision 3 to create revision 4 and Section 5.11 contains 
pages that were replaced due to SER direction and 
typographical errors. 
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U. S . Nuclear Regulatory Cornmission 
: ATTN Document Control Desk 
/ Washington, D. C. 20555 

: References: 

: 1. J. L. Birmingham, NRC, to C. F. McPhatter, Frqatome Cogema Fuels, Request for 
Additional Information for Topical report B AW-10227P, '2vaIuation of Advanced I 

Cladding and Structural merid (M5) in PWR Reactor Fuel," October 26, 1998.. 

2. 1. L. Birmingham, NRC, to C. F. McPhatter, Framatome Cogema Fuels, Request for 
Additional Idinnation for Topical report BAW-10227P, uEvaluation of Advanced 
Claddig and Structural Material (M5) in PWR Reactor Fue1,"January 29, 1999. 

: 3. T. A. Coleman to U.S. NRC Document ~onvo l  Desk, GR99-031.dog February 5, 1999. 

; 4. . T. A. Coleman to U.S. NRC Document Control Desk, GR99-089.doc, April 23, 1999. 

1 5. T. A. Coleman to U.S. NRC Document Control Desk, GR99-156.doc, July 29, 1999. 

8 Gentlemen: 

' Rtferences I and 2 contain NRC requests for additional information (&Us) on topid  report 
I BAW-IO227P. FCF has provided responses to the RAIo in references 3,4 and 5. In addition to 
' references 1 and 2, the contract reviewer for BAW-10227P has vcrbdy provided requests for . 
' information in numerous telecotu that have talcen phce s h e  mid-July. FCF has t$ormdy 
: provided all the rqueked information via Fax, Email, and Fe& The purpose of this letter is to 
: provide a formal record of those transmittals. 

: In accordance with 10 CFR 2.790, FCF requests that these responses be considered proprietary 
1 and withheld from public disclosure. Attachment 1 is the PCF proprietary version of tb ' responses. Attachment 2 is the affidavit identiwg-the criteria for the proprietary rquest. 
: Attachment 3 is the non-proprietary version of the resppnses. 

* 

Ramatorno Cogmma Fuotr I PRAMATOME 3315 OM Forart Road. P.O. BOX 10035, Lynchburg. VA 24506403S 
, T , K C H N O L 0 0 1 1 S  folmphonr: 104.832-3000 Fu: 804-832-36M 



: These responses wilI be incorporated into the NRCIpproved version of BAW-lO227P as 
: Appendii K. K 1 is the response to verbal RAk on the original response to question 2. K.2 is 
: the response to verbal RAIs on the original response to question 5. K3 is the response to the 
, vcrbd &Us on the original response to question 12. K.4 is the response to the verbal RAIs on : the original response to question 14. K.5 is the response to the verbal RAIs on the original 
: response on question 19, K.6 is 8 supplemental addition to Enclosure 1 of the Apd 23 responses 
' (rdercoce 4). K7 provides FCF's plans for post M a t i o n  d m t i o n s  (PIES) of fucl with 
i kd5 claddii. 

; AIi the eadosd information has already b#n provided to the NRC contract rtvicwei. It has 
been reviewed and the NRC has concluded that there no outstanding technical issues on BAW- 

' 10227P. Since additional review is not required, the NRC is requested to issue the SER fw 
I BAW- 1 0227P by October 15,1999. 
I 

I Very truly yours, 

: cc: J. S. Wemiel, NRC 
S. L. wu, NRC 
M. A. Schoppman 
R. N. Edwards 
C. E. Beyer, PNL. 

I 20A13 ~ i l e ~ e c o r d s  Management 
I 
i 

! 
I 

T. A. Coleman, Vice President 
Government Relations 



The FCF proprietary version of responses to NRC requests for 
additional information (RAI) haa not been included in this 
report. Please see EAW-10227P-A, "Evaluation of Advanced 
Cladding and Structural Material (M5) in PWR Beactor Fuelsn, 
pages k-1 - k-39. 

Rev. 4 
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K.8,Additiond Change Pages for BAW-10164 1 

The April 23,1999 response to request for additional i n f o d o n  included 
I documenlp&ion af several changes to RELAPS that were required to allow the input of 

M5 data These changes replaced Z i o y  appropriate comlations that had been 
I incorporated directly in the coding with input tables to d o y  the use of M5 correlations 
I 

I .  I 

and data At that time, Framatome had not proposed any change to the Chapman 
j cladding stress versus rupture temperature correlation. Section K5 of this submittal 
: . alters the coefficients of the Chapman correlation to kt@ represent the M5 alloy. This . 
? 
I 

requixcs the incorporation of input vafues for the cladding stress versus rupture - 

i temperature correlation coefficients. The c h g e  page documentation for BAW-101 64 in 
I 
I 

Enclosure 1 accomplishes those changes. h addition Framatome Technologies 
I Inoorporated (FTI) would like to have only one revision level to BAW- 101 64 for M5 
I application. Therefore, all of the BAW-10164 change pages submitted in April have . 
I been re-dated to September and are included in Enclosure 1. Enclosure I is thus a 

complete record of the required changes and Framatome requests the approval for these. 
changes to BAW-10164. 

I 
I 

! 

! 
i 



Beginning of Enclosure 1 



Pacre - - - 
Revision 

i-ii Revision 
v Addition . 
xii Revision 
1-1 Addit ion 
2.1-126 to 2.1-126.2 Addition 
2.3-25 to 2.3-28 M d i  t ion 
2.3-33 Addition 
2.3-35 to 2.3-37 Addition 
2.3-39 to 2.3-41 Addition 
2.3-45 to 2.3-46.2.2 Addition 
2.3-52 Correction 

I 
I 2.3-55 Addit ion 

5-364.1 to 5-364.2 Correction I P 

Item 
Title page 
Abstract 
Revision Record 
Table/Cantents, etc. 
Introduction 
Void-Dependent Cross-flow 
EM Pin Model Changes 
EM Pin Model Changes 
EM Pin Model Changes 
EM Pin Model Changes 
EM Pin Model Changes 
EM Pin Model 
Steady-State EM Pin Model 
Miesing'SER Page 

Revision & Date 
Revision 6 Date 
New topical version 
New revisions 
Zirconium-based alloy clad 
New code option 
Zirconium-baaed alloy clad 
Zirconium-based alloy clad 
Zirconium-based alloy'clad 
Zirconium-based alloy clad 
Zirconium-based alloy clad 
Zirconium-based alloy clad 
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An Advanced. computer Program for 
Light Water Reactor LOCA and Non-LOCA 

is 

Tdis document de~cribes the phyeical solution technique used by 

tna RELAPS/MOD~ -B&W computer code. RELAPS/MOD?-B&W is a Framatoma 
~=chnolo~ies Incorporated (previously known as and rcfered to in 
t& tex t  as B&W or B&W Nuclear Technologies) adaption of the 

fdaho National Engineering Laboratory RELAPS/MOD~. The code 
ddveloped for bast estimate transient sirnulat ion of pressurized 
water reactors has been modified to include models required for 
licensing analysis of zircaloy or zirconium-based alloy fuel 
e!slembliea. Modeling capabilities are eimulation of large and 
sqall break loss-of-coolant accidents, as well as operational 
tdasients such as anticipated transient without SCRAM, loss-of- 
oifsite power, loss of feedwafer, and loss of flow. The solution 
tdchique contains two energy equations, s two-step numerics 

ogition, a gap conductance model, constitutive models, and 
cdrnponent and control system model8 . 

: 
ControL system and 

se/condary system components have been added to permit modeling of 
pjant controls, turbines, condensers, and secondary feedwater 
cdaditioning systems. Some discussion of the numerical 
t)bhniques is presented. Benchmark comparieon of code 
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predictions to integral system test r e s u l t s  are presented  i n  an 

appendix. 
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: I 

1. INTRODUCTION 
I 

I 

; 1 
I I 

R $ L ~ S / M O D ~  is q.n advanced system analysis 'computer code. * . '  design'ed . 

t b  analyze a va r i e ty  of thermal-hydraulic, ' teangiants in light 

wbter raactot systems. ~t is t h e  l a t e s t -  ot  RELA LAP serie.. oi . 

c+des, developed b y  . - the  Idaho ~ a t i o n a J .  Engineerinp . , Laboxatoky 
' *  . 

(%NEL) under the NRC Advanced.' Code, Prograpl. REWLPS/MOD2 .. . is 

dl a vanced over i t s  predecessors' by i t s  six-equatipn, . f u l l  

n/nequilibrium two-fluid mo.tl=l for the vapor-liquid flow f i e l d  

a*d . . fmpli'k'it numerical i n t e g r a t i o n  scheme f o r  m.ore 
. L., (.. 

=&id ekedution. AS' s disteh #code, i t  providhs s imulat ion 
I 

c & a b i l i t i e t  fqr t he  reli'ctor primary coolant  sybtern, secondary 

system, feedwater t r a i n s ,  con t ro l  systems, 'and core  neutronics  . I 

Special  component models include pumps, valves,  heat s t r u c t u r e s ,  
ejectric heaters ,  tu rb ines ,  separa tors ,  and accumulators. . .  Code 

abpplications include . t h e  .. - f u l l  range of s a f e t y  eva lua t ion  

t t ans i en t s ,  loss-of-coolant accidents  (LOCAs), and opera t ing  

R ~ ~ P S / M O D Z  has been adopted and modified by BCW f o r  l i c e n s i n g  

s l d  bes t  est imate analyses of PWR t r a n s i e n t s  i n  both the LOCA and 

nqn-LOCA categories. RELAPS/MOD2-B&W r e t a i n s  v i r t u a l l y  a l l  o f -  

t i e  features of the o r i g i n a l  RELAP5/MOD2. Cer ta in  modif i cat icns  

hive been made either t o  add t o  t h e  p red i c t i ve  c a p a b i l i t i e s  ,:.:of 

tde cons t i t u t i ve  models oe t o  improve code executioh. More 

s ign i f i can t ,  however, are the BrW addi t ions  t*- RELAPS/MODZ of 

mddels dnd ieatures t o  meet t h e  ~ O C F R S O  Appendix K requirements 

f ~ r  ECCS evaluat ion models,  he Appendix K modifications a r e  
. , .* - 

cdncentrated' i n  t h e  following areas,: (1) crit icql  *flow and break 
: I 

dqskharge, (2 )  f ue l  pin heat. t r a n s f e r  c.oxreiatlons and' switching, ,$. +.. 
.i . 

arjd~ . 8 (3).  f u e l  c lad  swel l ing and rupture  for both .eir&loy and 
rireonium-baecd alloy claddipg types. I 
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: This report describes the physical models, formulation, and ! 

/ structure of the B&W version of RELAPS/MODZ as it will be applied 
I 

! to ECCS and system safety analyses. It has been prepared as a 
, I  

! stand-alone document; therefore substantial portions of the text 
, 
: that describe the formulation and numerics have been taken 

' directly from original public. domain reports, particularly 

; NUREG/CR-IJ~Z~. Chapter 2 presents the method of  solution in a 

j series of subsections, beginning with the basic hydrodynamic 

i solution including the field equations, state equations, and 

i constitutive models in section 2.1. Certain special process 

: models, which require some modification of the basic hydrodynamic 

, approach, and component models are also described. The general 
I 

solution for heat structures is discussed in section 2.2. 
i 

I Because of the importance of the reactor core and the thermal and 
. hydraulic interaction between the care region and the rest of the 

I system, a separate section is dedicated to core modeling. 

i Contained in section 2.3 are the reactor kinetics solution, the 

core heat structure model, and the modeling for fuel rod rupture 
I I and its consequences. Auxiliary equipment and other boundary 

j conditions are discussed in section 2 - 4  and reactor control and 
I 

! trip function techniques in section 2.5. Chapter 3 provides an 
I 

i overview of the code structure, numerical solution technique, 

! method and order of advancement, and initialization. Time step 

I limitation and error control are presented'in section 3.3. 

The INEL versions of RELAPS/MOD2 contain certain solution 

techniques, correlations, and physical models that have not been 

selected for use by B&W. These options have been left intact in 
the coding of the B&W version, but descriptions have not been 
included in the main body of this report. Appendix A contains a 

Ifst of those options that remain in the RELAPS/MOD2 programing 
b* are not used by B&W and not submitted for review. A brief 

description of each along with a reference to an appropriate full 

discussion is provided in the appendix. Appendix B defines the 

nomenclature used throughout this report. Appendix G documents 

1-2 
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VJ, 3 not be included in the volume average (axial) velocity 

calculation for cell L. 

The second area of numerical modification relates to the reduced 
form of the momgntum equations to be used at: a crossflow 
junction. In crossflow junctions, the crpss product momentum flux 
terms are neglected, that is, there is no x-direction transport 
of momentum due to the y velocity. 

For the case of a small crossflow junction between two axial-flow 
streams (J2 in Figure 2.1.4-7) all the geometric input (AVOL, DX, 

DZ) for both of the volumes relates to the axial flow direction 
as does the wall drag and code calculated form losses. Since the 

crossflow has a different flow geometry and resistance (for 
example, crossflow resistance in a rod bundle) the friction and 
form losses must be user input and must be appropriate for the 
cross flow direction geometry. For crossf low junctions the user 
input form losses should include all crossflow resistance (form 

losses and wall drag). The normal terms representing wall drag 

and abrupt area change losses are not included in the formulation 

of the momentum equation at a crossflow junction as these refer 
to the axial properties of the R and L volumes. 

Figure 2.1.4-7. Modeling of Crossflows or Leak. 



since t h e  connecting K and L volumes are assumed to be 

predominately axial-flow volumes, the crossflow junction momentum 

flux (related to t h e  axial volume velocity in K and L) is 
neglected along with the associated numerical viscous term. In 

addition, the horizontal stratified pressure gradient is 

neglected. 
4, 

All lengths and elevation changes in the one-dimensional 

representation are based upon t h e  axial geometry of the K and L 

volumes and the crossflow junction is assumed to be perpendicular , 

to the axial direction and of zero elevation change, thus, no 

gravity force term is included. 

The resulting vapor momentum finite difference equation for a 

c r o s s f  low junction is 

+ ADDED MASS + MASS TRANSFER MOMENTUM. 

A similar equation can be written for the liquid phase. In 

Equation 2.1.4-72, HLOSSG? contains only the user-input crossf low 
3 

resistance. The Ax term that is used to estimate the inertial 
j 

length associated with crossflow is defined using the diameters 

of volumes K and L, 
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I 

A special void-dependent form loss option of the full crossflow 
hodel has been added for certain multi-core channel applications.. 

rhis' option allows the user to altar the input conatant fom loss 
Foeff icient based on the void fraction'*in the upstream volume. 
lhe specific applications are posaibly multi-channel core 
/analyses such as SBLOCA scenarios with significant core 
pncovering or future multi-channel BEACH reflooding calculations. 

khis model allows the ,regions of the core covered by a two-phase 
bixture or pool to have a resistance that is different from that 
%n the uncovered or steam region, The crossflow resistance 
phanges can alter the volume-average axial velocities that are 
Gssd to determine the core surface heat transfer. Any cross flow I 
6s excluded from the volume average velocity used for heat 1 
I 

transfer . 
i 
The model uses the input form loss coefficients whenever: the 
Gpstream steam void fraction is less than a usex-supplied minimum 

i o i d  fraction value given as ~n,roaa.  The model allows user 

hnput of a forward, MK,f,rw,,d, and reverse, Mx ,,rwrs, , crossilow 
I 

resistance multiplier when the upstream steam void fraction is 
! 

breater than the maximum user-input void fraction, ~,,K,,,s,. 

Linear interpolation ia used to determine the multiplicative 
factor when the void fraction is between minimum and maximum 
input void fractions ae indicated in the following equations. 
tor the forward flow direction (from Volume K to Volume I,), 

I 

i ~f QO (K) ' < %,-I(CCOS~ 

I If Ckax-~cros, s % (K) Kjun 
q u n  forward * MI(-forward 

If ~ k n - n u o r s  s CIP (K) < ~ [ u x - ~ c t o s m  Qua fCjun forward * Mrr i n t r r p  

I 

j 
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, 

where 

and Kjun is the user-supplied forward loss coefficient 

specified in this .junction input. 
' I  

The equation for the reverse flow direction (from Volume L to 

Volume K) is similar. 

Kjun = Kjun reverse 

u = u e v e s  * M~-reverse  

Kjun" = K j u n  reverse * M ~ r  interp 

2.1.4-73.2 

where 

and K j U  is the user-supplied reverse loss coefficient 

specified in this junction input. 

The code performs several input checks to ensure that the user 

input will not cause code failures. These checks include tests 

to see if the input form loss multipliers are greater than zero. 

The minimum void fraction must be greater than zero and less than 

the maximum void fraction input. The maximum void fraction+rnust 

be less than or equal to one. 

The crossflow option can'be used with the crossflow junction 

perpendicular to the axial flow in Volume L (or K) but parallel 

Rev. 4 
9/99 



'the ordinary RELAPS heat structures are general in nature and can 
l)e used for modeling core fuel pins; however, -licensing 

qalculationa require special treatment of the fuel pin heat 

uransfer. To accommodate t h e ~ e  requirements, two additional 
I 

njodele, commonly ref erred to as the EM (Evaluation Model) pin and 
core surface heat transfer models, were added to the code. The 
BM pin model calculates dynamic fuel-clad gap conductance, fuel 

I 
~ o d  swell and rupture using either NUREG-0630~" or user input 
qptions (for modeling M5 cladding or other zirconium-based alloy 
dladding material types), and cladding metal-water reaction. The 
d o r s  fuel pin surface heat transfer is calculated with a flow 
degime-dependent set of correlatione that include restrictions on 

correlations can selected NRC 1 icensing - 

dequirement s . These new models are independent and mutually 

dxclusive of the original system heat transfer model (described 
! 
Sn section 2 .2 .2 )  and the existing simple gap conductance 
n(odel''8 (referenced in Appendix A) . The new models are 

i 
qxplicitly coupled to the solution scheme through the 

Godification of the gap conductance term, addition of fluid 

resistance upon rupture, deposition metal-water 
4eieoction energy in the clad, and determination of fuel pin 

siurface heat transfer. The new EM pin model calculations are 
i 
&scribed in this section, while the EM heat transfer description 

I i,s contained in section 2.3.3. 
I 

The EM pin model  consist^ of three basic parts: 
I 

Dynamic fuel-- clad gap conductance, 

I 
2 .  Fuel rod swell and rupture using NWREG-0630 or user 

I specified swell and rupture options, and 
3. Clad metal-water reaction, 

I 
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which couple explicitly to the heat structure solution scheme or 

add fluid hydraulic resistance upon rupture. The model may be 

executed either in a steady-state initialization or transient 

mode determined by -user input. 

The pin calculations are performed on single fuel rod which 

represent the average behavior of a large number' of rods. Each 
+ 4 

rod (also termed channel) can be broken into up to ninety heat 

structures, each having an associated pin segment. The' gap 

conductance, deformation mode, and metal-water reaction are 

determined for each individual segment based on the channel 

specific pin pressure. 

The changes to the EM pin model included in Version 21 and later 

code versions are: 

User options to model zircaloy and/or M5 cladding (or 

other zirconium-based alloy material types) in the same 

problem, 

User options to specify the pin channel as a primary or 

supplemental channel for additive form loss and BEACH 

droplet breakup calculations upon pin rupture, and 

Integration of the NRC SER limitation (BEACH code-BAW- 

10166, Rev. 2 dated 8/13/90) for use of a maximum flow 

blockage of 60 percent in the ruptured cladding droplet 

breakup calculations. 

The option to allow zirconium-based alloy cladding types requires 
user input to identify which pin channels are zircaloy and which 

are not. The zirconium-based alloy cladding also requires 

additional user input to specify the material properties 

necessary to calculate the transient cladding swell and rupture 

behavior. 
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The supplemental pin capability was added to improve the 

~(alculational methods that require modeling of multiple EM pin 

channels within a single hydrodynamic fluid channel e n ,  an 
akqembly or a group of assemblies) for LOCA applicatiqns. The 
rplationehip between the supplemental pin and. the remainder of 

I 

the pins in a common fluid chaqnel ia one in which the 

sppplemental pin swell and rupture will not define the rupture 
0 

f ow blockage for the entire channel. Rather it will define a F 
lbcal effect that should not be used in determination of the 
channel droplet breakup parameters and the additive form loss due 
to rupture. These parameters should be controlled by the larger 

gfoup of pin6 (i.e. primary channel) and not the smaller grouping- 
($. e . supplemental channel) . The supplemental rod modeling is 

pbrticularly useful for gadolinia or lead test  pin ( ~ 5 )  analyses. 

It may also be used in future EM revisions for hot pin 

applications, in which the hot pin has a higher radial peak or a 
dbfferent initial fuel temperature. 

. . 

.. The RELAPS heat structure conduction scheme uses cold, unstressed 
- gjometrical dimensions for its solution technique. The dynamic 
gbp conductance, 

h g a ~  
, is calculated from hot stressed conditions 

from which an effective gap thermal conductivity, &, based on 
cbld gap size, r , is determined for each pin segment. 

gcold 

 be gap conductance is determined by calculating the gap gas 
cbnquctivity, temperature jump gap distance, radiation component, 
abd dynamic fuel-clad gap from the deformation models. An 

I 
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I 

a@ditive fuel-clad contact conductance t e A  has also been 

ibcluded as an option to simulate the closed gap contribution for 
hkgh fuel rod burn-up applications. h o  options are provided to' 

chlculata the conductance. ~ h &  first dption assumes that the 
I 
fpel pellet is concedtric within tfie clad, while the second 

! 

option assumes the fuel p e l l e t  is non-concentric within the clad 
ag illustrated in Figure 2.3.2-1. . 

1 

Inside Clad 
Surface 

Option 2 

.Figure 2.3.2-1. Gap Conductance Options. 
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$ight half-symmetrical azimuthal sections are ueed for 

determining the overall conductance for the second option without 
dalculating an azimuthal temperature gradient. The total gap 
doaductance is determined by 

2 
I h s a ~  

= conductance through gap gas (w/m -K), 

! M = user input multiplier used to acquire correct 
9 

! initial temperature within fuel, 

2 
h s a ~  

= gap gas conductance contribution (w/m -K) , 
gas 

j 

brad = conductance due to radiation contribution from 

fuel to clad (w/m2-K), and 

I hf cc = gap contact conductance contribution due to fuel- 
! cladding mechanical interaction (w/m2-K) . 
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I '-1 

, . 
I 

I 

~ $ a  radiation gap conductance contribution ' is calculated. by 
1 1  

I 

where 

a = Stefan-Boftzmann constant, 
2 4 = 5 . 6 6 9 7  x lo-' (w/m -K ) , 

=f = emissivity of fuel surface, 

=c = emissivity of clad-inside surface, 

=fs = fuel  outside surf ace temperature (K) , and 

'its = clad-inside surface temperature (K). 
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4 

C, - 4 .0  and 

=4 - - 5 . 0  lo3 (K). 

~ 6 e  fuel is defined by the first material type spec i f ied  in the 
hdat structure input, with the next rnatdrial type being the gap 
and the third the clad as shown in Figure 2.3.2-2. Any deviation 

fmcn the geometry will result in an error or misinterpretation of 
the information by the pin model. The gap can be mesh 
ikterval wide, while fuel  or clad must be greater than or equal 
td one mesh interval. Currently no provisione are made for 
aqklar fuel pallets. 

Tqe calculation of the inside clad radius is not as 
sdraightforward as the fuel outside radius. Seven different 
ca/l@ulational modes are required to cover the possible clad 

I 
conditions. They are defined as: 

I 

1.: Elast ic  and thermal expansion within an unruptured channel, 
2.: Elastic and thermal expansion within 166.7K (300'~) of the 

.- .. I clad rupture temperature within an ~ruptured channel,, 
i 

3: Plastic deformation within an unruptured channel, 

4.: Elast ic  thermal expansion within a rvptured channel, 

- 1  Plast ic  deformation i n  a ruptured channel, 
6.1 Ruptured segment, and 
7.: Fuel-cladding mechanical iteration (closed gap). 

Edch mode is related to the NUREG-0630 calculated rupture 
*. thperature for zircaloy eladding by the equation: 

! 
I 

Rev. 4 
9/99 



Figure 2.3.2-2. Fuel Pin Representation. 



.bere? 
I Trupt = cladding ruptlire temperature (K) , 
I . ah = d a d  hoop streas (.kpsi), and 
I 

H = diinenoionlebs clad heating ramp rate, 0 s H s 1. 

~ b c  rupture temperature for other zirconium-based alloys is 
calculated by the following e&&tion: , ' 

I I 

where a1 through a7 are user-specified input constanta. The clad 
hcop stress for any pin segment in either equation is given by 

with  
! - cold unstressed inside clad radius (m), 
I 
I riccold 
I 
! , r = cold unstressed outside clad radius (m) , 
, OCcold 

P P internal fuel rod pin pressure for that  
channel (Pa) , and 

Pf = external fluid pressure of the right-hand 
I side heat structure associated volume ( P a ) .  

 be heating rate can be either a user input constant or one of 
three additional transient-dependent algorithms discussed in 
d d t a i l  later in this section. 

I 

At$ the beginning of each new t i m e  6tep following a euccessful 
R$WS time step advancement, the hoop stress and normalized 
h+ating ramp rate are computed for each pin segment. The c l a d  
average tamIjerature is also known at thie time. - 1f the clad. 
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! 

average temperature is greater than the rupture temperature, then 

&ture occurs. Should the ~segrmnt sti l l '  be elastic and the 
d i t u r e  minus the clad temperature is less than 16667K (300 F), 

1 8  

tden the segment ~ t a y ~  elastic. Between the.. two: temperatures 

t$e clad can be either elastic or plaatic depending upon this 
I 

temperature difference and the burst strain ae deacrib,ed in the 
f t$llowing paragraphs for ruptured or .unruptured channels. 

i 
* 4 

within an unruptured channel, the clad i s  considered purely 
elastic if it has never gone plastic, ruptured, or the 
temperature difference between rupture and clad average 

I 
temperatures is less than 166.7 K (300 F) . The inside clad 

rddius for thia pure elastic mode is determined by 
I 

where 
= clad radial displacement due to thermal expansion (m), 

UTc (m), 
I 
i 

= clad radius over-specification factor (m), determined 
Ucc during pin transient initiation. and 

I 

u = clad radial  displacement due to elastic deformation e (m) . 

T@e clad thermal expansion is determined similarly to that for 
the fuel. 

i 
U~~ 

a r~,+2) 'TC / 2 t  , 2.3.2-20 

i 

wfth N = total number of mesh intentale i n  the heat structure, HS . " .  

= heat structure radiue at the inside of mesh interval 
n or outside o f  n-l (m), and , . - 

& -. 

= radial  strain function defining fuel, thermal 'TC expansion as  a function -of clad average temperature. 
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.L.. .... 
The radial etrain function is defined by either a user input ., 
Tabla as a function of cladding temperature for zirconium-based I 
$aterial types other than zircaloy or a built in code correlation 
$at for mzircaloy cladding11g consisting of - 1 

.. .? 

dor Tc s 1073.15 i P ' i f f  phase) ' and 

! 

for TC z 1273.15 K (P phase), where TC is the average cladding ,I 
qemperature (K) . In the a phase to P .phase transition zone, 
I 
4073.15 K c TC c 1273.15 Kt a table lookup is used. Some I 
ielected values are listed in Table 2.3.2-2. 

Table 2.3.2-2. Thermal Strain of Zircaloy for 
I 

1073.15 K < T < 1273.15 K. 
I 

I- I _. . Radial Strain Axial Strain 
I 
I e 
I 

e 

! 
To TC A 
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! 

*ung8s modulus- is given either by the code fox zircaloy cladding. 
i 
4s 

( 1.088 10" - 5.475 ld .Td; for 1090K 2 TC 
. , . , . , 
; I 

. . . .  .. -. . . .  
. 8 

j I 1.017 lo1' 7 4.827 10 7 Tc; for 1240K 2 Tc z 1,.09011 
i . , EaB 

or by a user-specified cubic equation that can be ueed for 
zbrconium-based alloy cladding 

i 
Ppissonls ratio i s  a constant which is defined as 0.30 for zircaloy I I 

bp the code, however, the. user can over-ride this value for 
zbnconiurn-based a l l o y  cladding types. 

I I 

The normalized heating ramp rate for the elastic-mode is determined 
I 

bb. one of t w o  methods. The code calculates an instantaneous I 
&ting rate for one method, while the other method sets the rate I 

I 

tb a normalized user-input value between 0 and I. The calculated I 
&.ting rate is normalized via  a constant value, Hmorm, o f  28 K/S I 
f ~ r  zircaloy cladding or a user input for other zirconium-basad I 
aPLoy cladding materials. 

I 

The normalized heating rate is always limited to values between 0 

a d  I or( 0 K/s / horn) s H r ( 28 K / s  / H,,, = 1 ) for zircaloy 
caadding . I and between ( Hslm i-t / H-0, 1 s H s ( iwt / for 

f 
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I 
other zirconium-baked alloy cladding types. This limit i7s applied 

to H prior to using it in any subsequent checking or calculations. 

The superscripts reflect- the current time, n, and old time, n-1, 
values. The zirconium-based alloy slow or fast ramp rate divided 
by the norkalized rate is still limited between 0 and 1, but they 

do not have to, be equal to 0 or 1. Values greater than.0 or less 

than 1 . activate the slow or '  fast ramp curves at different 

normalized heating rates. C 

Mode 2: Unruptured Elastic and Thermal Deformation within 166.7K 

( 3 0 0  F) of the R u ~ t u r e  Tem~erature 

When the clad average temperature is within 166.7K (300 F) of the 

rupture temperature, the elastic inside clad radius is calculated 

as shown in Mode 1.  his radius is compared against the plastic 

inside clad radius calculated in Mode 3. If the elastic radius is 

greater than the plastic radius, then Mode 2q-3.s retained and the 

inside clad radius is set to the elastic radius. If not, t h e  clad 

becomes plastic (Mode 3 )  and the plastic clad calculations are 

used. An informative message is printed when a segment first 

becomes p l a s t i c .  No return t o  elastic Modes (1 o r  2) i s  permitted 

once the clad becomes plastic. 

ric = M ( r i c  I r s  1 
elastic lCplastic 

If r. - > r ic , Mode = 2 . 
''elastic plastic 

If ric c r ic , Mode = 3 . 
elastic plastic 

t u r d  Plastic D e f o r ~ t i o n  

The unruptured plastic deformation is determined by the p l a s t i c  

strain, e,. 

- 
'ic - ric cold (1 + ep), 
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with 

Qhere e, is 0 .2  * e, (e, is the burst strain) based on' NUREG-0630 

tor maximum cladding plastic strain and on user input tables for 
qirconium-based alloy cladding. The plastic strain or burst strain 

i s  determined by a double interpolation., relative t o  8 and T,, i n  
$he user  input or default NUREG-0630 buret strain Tables 2.3.2-3 
and 2 .3 .2 -4 .  The plastic s t ra in  behaves as a ratchet. Once a 

given plastic strain is reached, no decrease in its value is 
allowed. In other words, for plastic mods calculations 

I n 
I ric - MAX(ric , ric I 

n-1) 2.3.2-34 
i 

qhere the superscripts refer to t h e  current and old time values. 

i 

zf  the plastic mode is selected, the normalized heating ramp rate 
- 4s calculated from any of three user options: user input constant, 

Tverage ramp rate, or plastic weighted ramp rate. The normalized 
a'verage ramp rate  is calculated from 

I 

t - t i m e  (s), 

n - superscript defining the current t i m e ,  and 

I p = superscript defining the time in which the clad first 
I went plastic. 
I 

The normalized plastic weighted ramp is calculated by 
I 
! 
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i Table 2.3.2-3. NUREG-0630 Slow-Ramp correlations for 
Burst S t r a i n  and Flow Blockage. 

Rupture 
-- 

burst 



nbding options) chosen by the user. The fine mesh noding option 

cbmputes the inside radius as 

! 

! 
I 

with this option, the' gap conductance is, calculated as though there . 
14 steam in the gap. The steam thermal conductivity is evaluated 
a+ the gap temperature and used with the hot gap size to compute 
t$e conductance. This option also calculates inside metal -water 

reaction for the ruptured segment. 
I 

~ $ c  coarse mesh noding option computes the inside clad radium, as 
I 

I 
! 

~ $ j s  option UBBB the regular gap gas conductance and docs not 
cOnsider inside- metal-water reaction. It is intended for use 
n minally when the expected rupture length ie small when compared i 
tcb the total segment length. The microscopic effects at the 
ripture site considered with the f ine  mesh option are expected to 
bi negligible when compared to the longer segment behavior. With 
tbe  coarse mesh option, the overall behavior will be more closely 
chntrolled by the entire segment rather than just the rupture site 

! 

c+ndi t ions. 
- 

 thin the ruptured channel various c~lculations are modified at 
tqe time of rupture. Each segment within that chamel undergoes a 
mdda change. The pin pressure becomes that df .the hydrodynamic 
v~lume associated with the ruptured segment. An additive Term loss 
cdefficiant ie. calculated at rupture based on the clad f l o w  
+&age by a simple expression for aq abrupt contraction; 
ebhnsion. . , 
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where 

p2 = fraqtion of the channel flow area blocked, 

The flow blockage is obtained via a double table interpolation 

relative to the normalized heating ramp rate and rupture 

temperature similarly to the clad burst strain. The table is 

either user supplied or default NLTREG-0630 values listed in Tables 

2.3.2-3 and 2.3.2-4. The additive value of the loss coefficient is 

t edited at the time of rupture. The flow blockage loss coefficient 

! is added automatically to the problem for a primary pin channel 
unless the user overrides via a new optional input. If added, the 
form loss is applied to the forward flow direction for the inlet 

(bottom) junction and the reverse flow direction for the exit (top) 

junction attached to the volume in which the clad ruptured. The 

1 user option to exclude this form loss addition from the junctions 

has been included for supplemental pin channels or for certain non- 

licensing sensitivity studies with multiple cross-connected 

channels . 

1 Another option has been added to the EM Pin model to help minimize 
I user burden when running EM reflooding heat transfer analyses with BEACH (BAW- 10166 Section 2.1.3.8.4) . This user-controlled option 

automatically includes code-calculated pin rupture, droplet break-. I up (up to 60 percent blockage) for primary pin channels and 

I convective enhancement adjustments for primary or supplemental pin channels. The input grid parameters are modified with the ruptured 
values and will be retained for use in the reflooding heat transfer 

calculations. This model is optional and requires input' to 
activate the calculations. If no input is specified the default is 

1 that no rupture enhancements will' be calculated and no droplet 
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qreakup calculations will be performed for any supplemental pin 
~ h s ~ . l s .  

I 
i 

ljhen this option is activated, Equations 2..3.2-41.1 thkough 2.3.2- 
dl. 4 will . be calculated followf ng cladding rupture for primary pin 
ghannels, only. The first calcrilation~performed determines the 
Fdpoint  elavat ion. of ruituked segment, ref erenccd from the bottom 
of the pin channel (which caincides withth;  bottom of the heat 

I 

4tructure geometry or reflood stack). This midpoint elevation, 
1 

Zgid, is the location where the new "grid"@ Linerred. This 

ejlevation is used t o  determine the drbplct. break-up effects for the 
hptured segment. 

I rupt seg-1 

I Zgrid 3 0 . 5  AZ + I 

mptseg 
t 

3 
I AZseg - elevation change of pin segment. ... ! 
; 

The second set of calculations is to calculate rupture droplet - I 

'-' breakup efficiency. These calculations are identical to those - 
Qacribed in Section6 2.1.3.7. and 2.1.3.8. of Reference 123. The 

'7 

+pture atomization factor, qetamax, is calculated as 
1 .  
I 

n = number of equal size droplets sesulting irom the split- 
I up of the larger droplets, 
i c i i 
I 

i '  

=fb = flow blockage fraction (limited to a maximum of 0 .60 ) .  

h e  increase in the' droplet surface area from , that used for - 

interface heat transfer is defined in Equation 2.1.3-105 123 as- 
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i 

 he progbrtionality constant, CmaxDB; is cieterrnined from k h e  

clr  txe rupture flow. blockage. frictia-n ( l i d t e d  ta a 
ma*imum of 0 . 6  0 )  , '.qnd the length o f  the  ruptured. segment . 

I 
Thh velocity of the fluid .at the ruptured location increases 1 because of the flow area rsduccion. The physical area in the  code 

1 caiculations is not modified, but a velocity multiplier, used for 
I 

determining the droplet Weber number, 
I .  

is calculated rrom 

Thb cladding rupture results in an increase in the pin outside heat 

t rknsf er surface area. The increase in akea is not directly 
i 

inbluded in the conduction solution in the code calculations.- It 

is/ accounted fur by using the rupture convective enhancement factor 
anb' applying it to the grid wzll heat transfer enhancement factor, 

I 

p i  f o r  primary or supplemental channels. The rup tu re  
9 ~ '  
enhancement, MRAR, is an multfplicative contribution determined by 

i 
t 

! = Rupture Area Ratio - a 

i M ~ A R  

. " 
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: r = outside clad radius of the ruptured node given by 
rupt*c 

I .  
I  be tota l  w a l l  heat transfer convective factor then becomes 
I 

I 

1 

~ b e s e  droplet break-up and convective enhancement terns are 
oit ionally calculated and edited at rupture by the EM pin modal. 

I 
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Lj . = axial length of the j th segment (m) , 

e~~~ = fuel strain function of Equation 2.3.2-15, evaluated 
at fuel volume weight& average temperature ff of 
Equation 2.3.2-25, (dimensionless) and 

. - * .  

EATC = axial strain function defining clad axial then'al 
. expansion as a furicticin of clad volume. average 

temperature, (dimensionless), ., , ,  

The axial strain for the cladding-is defined by either a user-input 
table versus cladding temperature for zirconium-based alloy 

cladding (Note: This table replaces the cubic fit from Rev. 3 Eqn 

2.3.2-51.8 . )  or a built in code correlation set for zircaloy 

cladding 119 

/ for TC 2 1073.15 K (ci phase) ,  or 

I for TC 2 1273.15 K ( P  phase), where TC is the volume average 

cladding temperature (K) of Equation 2.3.2-24. In the a phase to P 
1 phase transition zone. 1073 .I5 K c TC < 1273 .I5 K. a table lookup 

is used. Some selected values are listed in Table 2.3.2-2. 
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! 

astng the assumption that both the slope of the fuel mesh point 
6emperatures and the overall gap conductance will not change 
I 

!ignificantly, the last gap multiplier (1.0 for the first 
iteration) can be adjusted via a ratio to give a new multiplier, 

! 

I 

8fter calculation of the new gap multiplier,' another conduction 
solution iteration step is taken. The fuel volume average 

qemperature differential is recalculated via Equation 2.3.2-52.1. 
Zf the absolute value is greater than 2 K, then another iteration 
dtep is taken after recalculating..a new multiplier via Equations 
4.3.2-52.2.and 2.3.2-52.3. If the absolute value is less than 2 K, 
dhen the iteration has converged and the last multiplier calculated 
qs edited and used during the steady-state and transient EM pin 
~alculations. Up to twenty-one iterations are allowed. 

I 

If I donvergence is not obtained in twenty-one iterations, then the code 
will stop at the end of the initialization process and appropriate 
aailure messages will be edited. Failure of the- itexation to 
donverge is generally related to poor estimates given for the 
ihitial mesh point temperature distribution. An improved estimate 

will normally allow the iteration to converge properly. If 
donvergence is still a problem, user specification of the 
rrhtltiplier is  also available. . 

I 

A / t  the completion of the EM pin steady-state calculations (i.e., 
dfter EM pin steady-state trip becomes true or during the first 
tiime step if there is no trip) several calculations are required to 

I 

ibitiatte the pin transient calculations. The user-supplied cold 
upstressed pin geometry input via the heat structure cards is 
ekastically expanded using the final code calculat~d temperature 
apd mechanical stresses. , r -. 
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and 

with 
. . 

rf = thermally expanded outs ide  fuel radius ( m ) ,  
0 

= thermally and mechanically expanded i n s i d e  clad rice radius (m), 

= e l a s t i c  deformation due to mechanical stresses (m), 
Ue and 

Uf cc = elastic deformation from gap mechanical contact ( m ) .  
T h i s  term is calculated from the user supplied input 

contact pressure and cladding rad i i  during the 

initialization. 

The calculated radii are compared against  t h e  input values by 

and - 

Pf ccinput = 0 . 0  

f o r  Ff,, > 0 . 0  
input  

Rev. 3 
10/92 



! 

li. RMson, V. fl.8 et. a%., W S / H O D P  coda ~ a d l  -- volrne Z: 
.. i Code Strrtctures, system Wodals and Solution Methods and Volme 

2rWse . r~  Guide and Input Rcpuit:sahmtr, NOREG/=-4312 - Voltames 
1, 1L~Pu.f~ 1985 and HVRBO/CB-43Ia - Volume 2, Dee- Z985. 

21. BLW Nuclear Teqhnologiu, R B L A ~ S ~ & $ Q D ~ ~ B & W  *-- An Mvanca 
Computer Program for ~ i g h t  Wat.rr maptoe LO= and nonmL0CA . ' 

: Transient Analysis, BAW-~O~CIP, Revision 1, o~tober X988. 

ti. Lettar from A. C. Thadani [USNRC) to J. Ha Tayxor (BGW Nuclear 
Technologies), Acceptance for R e f ~ n c i n q  02 TopLcak Report. 

I BAW-20264Pr Revision I ,  ~ P ~ / b $ ~ D 2 - B # i W 8 . h l  Ad-d COmput&r 
: Progtan for Light Water Reactor MCA and Non-LOUL Transient 

Analysis, April 18, 1990. I 

41. Code of Faderal Regulations, EcCS Evaluation Models, Chapter 
1 10, Part 50, Appendix K 

3. B&W Nuclear Technologies, RELAPS/KODZ-BPW -- An Advanced 
i Computer Program for Light Wetsr R e ~ c t ~ r  LOW and Non-WCA 

Transient Analysis, BAW-10164P, ~evis ion 2, August 1992. - 
4. B&W &clear ~echnolo~ies, WAPS/MOD2-BLW -- A n  Advanced 

i Computer Program for Light Water Reactor M C A  and non-LUCA 
Transient Analysis, BAW-10164P, Revisien 3, October Z992. 

; 

. Letter from J. Hm Taylor (B&W Nuclear Technologies) to R. C. 
a Jones. (USNRC) BEACH Topical Report SAW-10166P, JHT / 93-2 14,  

August 31, 1993. 

8. Letter from J o H .  Taylor (B&W Nuclear Technologies), Response 
to W C r s  Request for Additional Information on BAW-10164, 

! Revision 2, August, 1992; RELAPSIMOD2-BLW, An Advanced Computer 
1 Program for Light Water Reactor LOCA and NOH-LOCA Transient 
! Analysis, JHT/93-279, November 16, 1993 

4. bettar from J.X. Taylor (BCW Nuclear Technologies) , Raspdn~e 
to NRC's Request for Additional Information on BAW-10164, 
Revision 3, October, 1992; REfiA95/MOD2-BtrW, An'~dvance& 
Computer Program for Light Water Rsac$or tQCA and WON-WCA 
Transient Analysis, JHT/94-7,. Zanuary 21, $994 

i 

i o .  Lettot from S.X. Taylor (BLW Nuclru Technologies], Ruponsa 
: toNRC8s Supplementalbquast f,rAdditionalfnformatfonon 
i BAW-10164, Revision 2, A U W t ,  1992; RELAP5fMODZ-B&W, An 
I Advanced Computer Program for Light Water W e o r  and NON- 

LOCA ~rans ien t  Analysis, JHT/94-%4q, Septaber 20,  1994. , . 

R e v .  4 
9/99 



. ,  . . . . -  . 
'V 

.. . 
~ h f *  p i g *  i n t e n t i o n a l l y  Lef t  b1;nk. , .  

Rev. 4 
9 / 9 9  



Attachment 2 



This page is intentionally left blank. 



AFFIDAVIT OF THOMAS A. COLEMAN 

My name is Thomas A. Colernan. I am Vice President of G o v e ~ f  Relations for 

Framatome Cogerna Fuels (FCF). Therefore, I am mthoriEed to execute fhis Affidavit. 

I am f H i  with rhe criteria applied by FCF a bcoerrnine &ether certain infomation 

of FCF b pmprietary and I fdmiliar with-the p d u r e s  established within FCF to 

ensure the proper application of these criteria. 

In determining whether an FCF document is to be classified as proprietary information, 

an initial determination is made by the Unit Manager, who is responsible for originating 

the document, as to whether it falls withii the criteria set forth in Paragraph D hereof. 

If the information falls within any one of these criteria, it is classified as proprietary by 

the originating unit M a g e r .  This initial determination is reviewed by the cognizant 

Section Manager. If the document is designated as proprietary, it is reviewed again by 
personnel and other management withii FCF as designated by the Vice President of 

Government Refations to assure that the regulatory requirements of 10 CFR Section 

2.790 are met. 

The following information is provided to demonstrate that the provisions of 10 CFR 

Section 2.790 of the Commission's regulations have been consided 

(1) The information has been held in confidence by FCF. Copies of the 
document are clearly identified as proprietary. In addition, whenever FCF 

transmits the information to a customer, customer's agent, potential customer 

or regulatory agency, the transmiail requests the recipient to hold the 

information as proprietary. Also, in order to strictly limit any potential or 
actual customer's use of proprietary information, the substance ~f tha 

foIlowing provision is included in all agmments entered into by FCF, and an 

equivalent version of the proprietary provision is included in all of FCF's 



"Any proprietary information concerning Company's or its Supplier's 

products or manufacturing processes whlch is so designated by 

Company or its SuppIiers and disclosed to Purchaser incident to the 

performance of such cootract remain the property of Company 

or its Suppliers and is d i o s e d  in confidence, and Pu~haser shall not .: 
publish or otherwise djsclose it to others without the written approval 

of Company, and no rights, implied or otherwise, are granted to 

produce or have produced any products or to practice or cause to be 
practiced any manufacturing processes cove& thereby. 

Notwithstanding the above, Purchaser may provide the NRC or any 

other regulatory agency with any such proprietary information as the 

NRC .or such other agency may require; provided, however, that 

Purchaser shaIl first give Company written . notice of such proposed 

disclosure and Company sM1 have the right to amend such 

proprietary information so as to make it non-proprietary, In the event 

that Company cannot amend such proprietary information, Purchaser 

shall, prior to disclosing such infonnation, use its best efforts to 

obtain a commitment from NRC or such other agency to have such 

infonnation withheld from public inspection. - 

Company shall be given the right to participate in pursuit of such 
confidential treatment. " 
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, . 
I 

(ii) 

i 

The foITawing criteria are custornariIy applied by FCF in a rational decision 

process to deprmine wh#her the information should be 'clsssified as 

proprietary. Information may be classified aq proprietary if one or more of 

the following criteria arc met: .: 
4 

a. Information reveals cost or price i n f o d o n ,  commercial strategies, 

production capabilities, or budget levels of FCF, its customers or 

b. The i n f o d o n  reveds dam, or materid concerning FCF research or 

deveIopment plans or programs of present or potentid competitive 

advantage to FCF. 

c. The use of the information by a competitor would decrease his 

expenditus, in time or resources, in designing, producing or 

marketing a similar product. 

The information consists of test data or other similar data concerning 

a process, method or component, the application of which resuIts in a 

competitive advantage to FCF. 

The infarmation reveals special aspects of a process, method, 

component or the like, the exclusive use of which results in a 

competitive advantage to FCF. 

The i n f o d o n  contains ideas for which patent profection my.  k 

sought. 
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$FFIDAVI7' OF THOMAS A. COLEMAN (Cant'il.) 

The dmmeat(s) listed on Exhibit "A", which is attached hereto and made a 

pat  kmf, has been evaluated in pceorcimw with n o d  FCF pmcm~uurrs 

with r q k t  m ddficatim and has kca found to contain information which 
falls within one or more of the.crite$a enumerated abovi?. Bxhibit "B", 

b 

which is attached hereto and made a part hereof, specifidly identifies the 
! criteria applicable 'to the docment(s) listed in Exhibit "A". 

(iii) The document(s) fisted in Exhibit "A", which has been made mailable to the 
I 

United States Nuclear Regulatory Commission was made available in 

confidence with a request that the document(s) and #the information contained 

therein be withheld from public disclosure. 
i 

(iv) The information is not available in the open literature and to the best of our 
i knowledge is not known by Combustion Engineering, Siemens, Generat 
, 
i Electric. Westinghouse or other current or potential homestic or foreign 
I 

i 
I competitors of Framatome Cogema Fuels. 
I 
I 

I 

I (v) 'Specific information with regard to whether public disclosure of the 
information is likely to cause harm to the competitive position of FCF, taking 

into account the value of the information to FCF; the amount of effort or 

money expended by FCF developing the information; and the ease or 
dtficulty with which the infonnadoti could be properly duplicated by others 

is'given in Exhibit "B'. 

I have personally reviewed the document@) lifmd on Exhibit 'A" and have found that it 

is considered proprietary by FCF because it contab infokndon which falls within one 

or more of the criteria emmeratted in Paragraph D, and it is infomatiion which is 

customarity held in confidence and protected as information by FCF- This 
rtport comprises information utilized by FCF in its business which afford FCF an 



! 

~ ~ I D A V I T  OF THOMAS A. COLEMAN ( W ' d . )  
1 

, opportunity to obtain a competitive advantage over those who may wish to h o w  or use 

the information contained in the docurnent(s). 

i 

I 
THOMAS A. COLEMAN 

i 

btate of Virginia) 
4 SS. Lynchburg 

pity of Lynchburg) 
I 
I 

! 
I 

Thomas A. Coleman, being duly sworn, on his oath deposes and says that he is the 
erson who subscribed his name to the foregoing statement, and that the matters and facts st 

$rth in ihe statement are true. 

! 

! I Subrcrir and sworn before me 
I this ay of 6 t ~  t, 1999. 
8 

I 
I 
j 

! 
I 

q3&& c.c., 
; Nbtary Public in and for the City 
i of lykhburg, State of Virginia. 

: My Commission Expires &31:2@03 

THOMAS A. COLEMAN 



Responses to NRC Requests for Additional Information on Topical Repan 
B AW-10227P, "Evduation of Advanced Cladding and Strueturd Material (M5) in PWR 
Reactor Fuel," dated October 26,1998 and January 29,1999. 

The above Iisted document contains information that is considered Proprietary in 
accordance with Criteria b, c, d, and e of the attached affidavit. 



Attachment 3 

The FCF non-proprietary version of responses to NRC requests 
for additional information (RAI) has not been included in thie 
report. Please see BAW-10227-A, "Evaluation of Advanced 
Cladding and Structural Material (M5) in PWR Reactor Fuelsw, 
pages k-1 - k-39 and enclosure 1 to that section. There is no 
proprietary information in the submitted change pages to BAW- 
10164. Therefore, the pages are identical to those shown in 
attachment 1. 
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, Document ControI Dedr 
: U. S. Nuclear RegUatoIy CQmmission 
I W~slkgton, DC 205554001 

Subject Modeling Refinements to Framatomc Techno~ogics' RELAPS-Based, 
Large Break U)CA Eauation ModekBAW-10168 for Non-BBW- 
Designed, Recirculating St* Generator Plants d BAW-10192 for 
B&W-DesignFd, Once-Thugh Steam GmaatqPlmt&. 

Frsmame Tcchhologies Incorporated (FTI) maintains two NRC-appmvid large break 
loss+f-coolant accident CBLOCA) tyduation models (EMS) to demonstrate compliance 
with the requirements of 10CFI$50.46. The EM described in BAW-10168P-A, Revision 
3, December 1996 appIics to plant designs incorporating recirculating skim generators 
WGs) and the EM d d b c d  in BAW-10192P-A, Revision 0, June 1998 is applied to 
the B&W NSS design. FTI is refinhg the modeling of the hot rodmot assembly in its 
LBLOCA EMS to improve the simulation of the LOCA cooling process. The refinements 
apply equally to L W C A  Iictnsing calculations puformed with the RSG and the B&W 
EMS. 

FTI's existing LBLOCA evaIuatio& do not resolve the diffmnce between the hot rod 
within the hot fuel armnbly and the hot fuel assembly. Without kxcb dii'rentiation, it 
becomes necessary to apply all fucl ternpaature uncertainties and rnlrgipr considered 
appropriate to the hot rod to tht entire hot assembly. This p1.w~ an d u e  burden on the 
calculation of thc coolant properties within the hot assembly. To reduce this effect and 
m o v e  over-cons#vatism f+om the evaluations, the heat structure simulating the hot 
rodlhDt assembly is being split, one structure for the hot sstmbIy @ on2 for cbe hot fob 
The refinement allows for the application of more realistic, steady sCate, volum~ 
averaged, fuel tcmperatmc, mccrtahty fiictors. 
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3315 Old Forest Road, P.O. 8ox 10935, -burg, VA 245069035 
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This approach to the simulation of the thermal evoIution of the peak cladding temperature 
is consistent with generally accepted industry practice &d docs not, in Framatome 
Technologies' opinion, comprise a change or revision to the existing approved LBLOCA 
EMS. Rather, the change in simulation can be accomplished under the dictates of the 
existing EMS because it lies within the modeling prerogatives retained by FTI. 

The beat structure refinements affect the RELAPS and BEACH (a set of subroutines 
within the RELAPS computcr code) sim~olls because they involve the prediction of 
hot rod cladding temperatures. lU3LOD3B is umfkted becaw only the average core 
is included in the calculation scheme. Computer code updates were in- as a user 
ccmvcni~11~t, into RELAPS/MOD2-&%W Version 24.0HP, including its BEACH 
subroutines. They were submitted to thc NRC as Revision 4 of the REUPS/MOD2-B&W 
topid in April 1998 and replaced in toto in September 1998. The submittal was part of the 
RELAPSIMOD2-BBW M5 advanced clad implementation package. 

Cmcntty, these refinements are not being considered for application to FTl's small break 
: LOCA'methods. F m t o m e  Technologies will continue to apply the TAC03=based, hot 
I rod, volume-averaged, fuel tempera-, uncertainty factor to all fie1 uelsemblks in its 
; small break LOCA evaluation models. 
I 

i The attached material is presented to continue close communications with the NRC 
! regarding the status of Framatome Technologies' LOCA liceDsing applieaticms and 
: modeling techniques. If the NRC disagrees with or is concemcd ova  Framstomc 
' Technologies' large break LOCA refinements, an expeditious response to this letter is 
I requested. 

Framatome Technologies intends to apply these refined modeling techniques in future 
large break LOCA aaalyses. The fht application is scheduled for the TVA Squoyah 
plants starting in August 2000. Framatome, also requests the approval of the 
RELAPSNOD2-B&W changes inc1uded in the proposed Revision 4 to BAW010164 by 
August 2000. Framatome requests that the NRC infonn us, by May 2000, of any 
disagreement with our position on the implementation of these heat stnrcture refinements. 

The attachment is considered non-proprietary to Framatome Technologies. If you require 
! additional information, please contact John Biller at 804/832-2600 or John Kliqenfiu at 
! 8041832-3294. 
i 

B&W Owners &up Services 



w/ Attachment 

cc: Stewart N. Bailey/NRC 
L. Lomc 
F. R Orrmc 
D. M. LafeverlWA-SQN 
J. R Biller/FTI/OF53 
B. M, D L ~ @ T U O F S ~  . . 

J. A. KIingenfWF'IVOF53 - .  
R J. Scho~r/FTI-BWOG/OF59 
M. A. Schoppman/FTG/MDS2 

w/o Attachment 



bc: R I. Lowe, OF53 
M. L. Miller, OF53 
C. K. Nithianandan, OF53 
D. R Page, OF53 
J. R Pdjug, OF49 
M, V. Parece, OF49 
J. C. Seals, OF53 
N. H. Shah, OF53 
D. A; Wesley, OF1 9 
G. I. Wissinger, OF53 



I 

I I 

Attachment 
I I 



I. Introduction 

Framatome Technologies Incorporated 0 main- two NRC approved large break loss- 
of-coolant accident (LBLOCA) evaluation models (EMS) to demonstrate c o m p ~ c e  with 
the requkments of IOCFRS0.46, The EM described in BAW-10168P-A, Revision 3, 
December 19% (I) applies to plant designs i n c q e  r e x i m h h g  steam gemratom 
(RSGs) and the EM M b e d  in BAW-10192P-A, Revision 0, June 1998 is applied to the 
B&W NSS design. FTI is refining the modeling of the hot xdhot assembly in our 
LBLOCA E M  to improve the simulation of the LOCA cooling process. The &to 
apply @y to LBLOCA 1icmsi.q calcuIations performed with the RSG and the B&?W 
EMS. 

FTI's LBLOCA evaluations do not resolve the difkeme between the hot rod 
within the hot k l  assembly and the hot fuel assembly. Without such dSkmtWon, it 
becomes necessary to apply aJl uncatahties and margins considered appropriate to the hot 
rod to the entire hot assembly. This places an undue burden on the calculation of the coolant 
pmperties within the hot assembly. To reduce this effect and remove o v e r c o m a t h  in 
the duations, the heat structure simulating the hot rodmot assunbIy is being split, one 
structm for the hot assembly and one for the hot rod. This approach does not, in 
Framatome Techuoldes' opinion, comprise a change or revision to the existing approved 
LBLOCA EMS. Rather, the change in simulation can be accomplished under the dictates of 
the exhing EMs because it lies within the modeling prerogatives retained by FTI. 

Both the RSG and the B&W LBLOCA eduation models are composed of three (3), NRC- 
approved computer codes: 

RELAPs/MoD~-B&W (? which is used to cornputt the system thermal-hydraulic 
xtsponse during blowdown including hot rodhot assembly temperabures. 

REFLOD3B ", which predicts the reWreflod system thcrmai-hydraulic respo~lsc. 

BEACH (9, which ccrnprises a set of submutines within the RELAP5 code used to 
calculate hot rod/hot assembly refill and reflood the& behavior. 

Figure 1 shows the basic i n t a k e  between these three (3) oodcs. The heat stmctm 
refinements M'ect the RELAPS and BEACH simulations because they involve the 
prediction of hot rod cladding tempaahaes. Because only the average m is included in 
tho cdculation scheme, WLQD3B is dd Figures 2a and 2b show replesentertivc 
btowdown (RELAP5)/refill-&ood (BEACH) a m  noding scfiemw. pate that for 
simplicity the blowdovm crossflowjrmctions arc not shown in Figures 2a and 2b. During 
blowdown, each elevation-pair of hot and average core nodes is c r o s s o o ~ .  At the 
start of r e f i l l 4  BEACH calculation-the biowdown cftlssflowjunctions are deleted h r n  
the problem. The use of and the deletion of mssflow junctions in tbc LBLOCA simulation 
is unchanged by the rc-ts d i d  W] For the current sirnulatons, the average 
core and the hot channel each comect to a single heat sttucture. The heat structure for the 
hot channel represents one complete fml assembly (the hot assembly plus the hot rod) with 



maximum unmtaides and margins applied to all rods. All rods are dn'ven at the maximum 
allowable peaking. The heat structure in the werage core represents all core h l  assemblies 
less the one hot channeI assembiy. 

Core heat stluebn*r are initiabd using steady date, v o l ~ e r a g e d ,  fiud trmfenmvc 
inputs calculated by the TACO3 fuel code (@. W e  not otrcquind by the EMS (Is I, the 
TAC03-spccified "hot rod" uncertainty fhctor (1.1 15) has usually been applied to both the 
hot assemb1y.hcat structm and the average am beat structure. This provides a 
c o m v e  ov erestirnation of the initial core stored energy. Some analyses have 
removed the hot rod uncertainty factor h m  the average core heat strucaae but in a l l  cunent 
c a l ~ o m  the fidl factor is applied to thc hat assembly heit s&uctme. This practice 
substantialy overedmates the initial enthdpy of the heit structures, Ofparticular 
importance is the ov emsthd011 of the entbalpy in the hot assembly and its resultant impact 
on the coolant properties during blowdown, refill, and refIood. In fitturt LBLOCA analyses, 
FT? d l  impose the following conserv- 

The average core heat structure will be initialized with no mcert&ty. The hot 
assembly heat structure will be initialized at a statistical-based, uncertainty providing 
95 percent confidence in 95 percent of all instances that the average fiel temperature 
in the assembly is bounded. Tbc maximum 95/95, fuel temperature uncertainty will 
be imposed only on the hot rod heat structure. mote that a correction to TACO3 
predictions at high bumup will still be applied.] 

To ~cc0mpI'ish this, it is necessary to resolve the heat structure modeling of tht hot 
r o d ~ b l y  fiom one to two heat structwes with a shared coolant channel. One structrne 
simulates the hot rod of the hot assembly and the o k  the hot assembly less the hot rod. 
Figure 2c ilJustrata the resulting coolant channel heat structure scheme. The maximum he1 
tempemture unceztahty is used to initialize the hot rod heat stnzcture and an appropriately 
c o ~ v e  fire1 temperature is used fbr the hot assembly heat structure. The 
following sections desmi minor RELAP5 code adjustments necessary for multiple heat 
structurt modeling, specific parameter derivations and assignments between the multiple 
heat structures, and coftlparative results of the revised modeling for both the B&W and the 
RSGEMs. 

. - - -  
II. RELAPSIMOD-B&W Modifications 

For any givm core fluid channel, a wide range of reasons exists fbr use of multiple heat 
structure capabWcs--tbfft is, suppiemental rods. Simulation of fuel rod diffkrcnccs within 
rm assembly or a group of fkl assemblies is the essentiat reason. The capability is 
particularly d in modeling gadolinium rods, lead test rods, or in the quantification of 
peaking or initial d p y  d i f f m  between rods RELAPS/MOD2--BdtW @), including 
its BEACH subro~es ,  has the g d  abality to model muItip1c heat shushms per 
coolant chnneL However, the code was update to hil i tate proper simulation of bundle 
aad individual rod parameters within the confines of a LBLOCA c d d o n  It becomes 
importmt, in a multiple heat shucane environment, to distinguish between charadcristics 
created by and important to individual rods and those created by the fuel assembly as a 



whole. Updates were incorporated, as a usg cowenicp.ce, into R.ELAPS/MOD2-B&W 
Version 24.0HPt including its BEACH subroutines They were submitted to the NRC as 
Revision 4 of the RELAPS/MOD2-B&W topical in April 1998. The submittal was part of 
thc RELAPS/MOD2-B$W M5 advailced clad implementation package. (These changes 
have nathing to do with the M5 cladding but that submithat was convenient and timely.) The 
changes were replaced in toto in September 1998 because an additional code upgrade 
required by the M5 cladding had been r e c o w ,  The Mowing is a brief discussion of the 
RELAPSBEACH upgrades incorporated in Version 24.0HP to support multiple heat 
tmlcme simrilaton.' - 

The occurrence of ruphae, being dependent on cladding tuqaahm and intrmal rod 
pressun, is a had structure daddon,  The cffcct of rupture, howevert may be on . 
individual rods or through an impact on the coolant channel and, b e ,  on all heat 
strucarres within the channel. Therefore, the &ts of rupture must be properly sorted and 
related to the appropriate d v e  heat struchae. The cladding strain and heat t m d h  area 
prior to or after rupture, to the extent that they are included in the LOCA calculations, arc 
indiviciual rod- or rod groupreIated and should be determined h m  the individuaI heat 
structure status. RELAPSm2-B&W has always associated the calculation of these 
parameters with individual heat structures and that is unchanged. The rupture-induced 
dropkt breakup model, the resultant inter-phase heat transfa parameters, and the rupture 
flow resistance fixtor are assembly effects and shouId be queued to the assembly regardless 
of the status of individuaI rods or any other suppiemental rods, Accordingly, the hot pin 
rupture location is hot assembly-based. Within the RELAP5/MOD2-B&W and BEACH 
rod models, the quench h n t  and incipient boiling locations are dekmhed by the heat 
structure m u h s .  These parameters are rod- or rod groupdated and shouid be determined 
fiom the status of an individual heat structun. 

With Version 24.OHP of RELAPSMOM-B&W and its BEACH options, a user option 
specifics each rod or rod group as primary or supplemental. This allows form loss, rupture- 
induced droplet b d m p  (BEACH), and quench fiont and incipient boiling location 
calculations to be perfmed based on the appropriate heat stmmm. Thus, even after an 
individual rod ruptures, rupture-induced droplet breakup cooling wiLl be based on the 
specified primary bundle, heat structure prediction of rupture. 

The RELAFSIMOD2-B&W end BEACH updates in Version 24.OHP allow each heat 
structure to have an individual material makeup. One heat stmclm, for exampIe, wuld 
represent Zircaloy-4 he1 rods while a second heat stnrcture in the same fluid channel could 
repmat a set of gadolinium fuel rods or perhaps clad with an advanced mkrhd. An ''IF" 
check bas also been added to automate compjirtnce with the NRC-imposed limitation on the 
amount of blockage that can bc used in the ~ i n d u c c d  droplet breakup modeL 
Regadess of the amount of coolant c h d  blockage c a l d e d ,  no mare than a 60 percent 
channel blockage will be used in the droplet breakup dculatim. 



III. Stesdy State, VoIumeAveraged, Fuel Temperature Distribution 

The reasan for making these retinements in the modeling of the hot rodhot asscmbly is 
to mcc-cally incorporate into the solution di fkmces between the two regions in 
the LOCA predictions. One of these diffetenccs occurs in the amount of uncertainty to 
be used in the initialization of the he1 pellet cnthalpy. The large b d  LOCA evaluation 
models (ln2) indircetly spec@ the value of the fuel temperature uncertainty &tor through 
refermcc to an appmved he1 code, TACO3 (61 PAW-I 0 162P-A). TACO3 provides 
essentia~~y a best h t e  prediction of the fuel pellet steady state temperature. TO 
'assure co-sm h the LOCA initidhition, the predicted fkl tempratme is 
increased by the published TACO3 uncertainty providing 95 percent confidence in 95 
percent of all hsianccs that the tern- is not u n d q m l i d .  The TACO3 topical 
report specifies an I 1 .S percent uncertainty value for the hot spot. The topical report atso 
 demo^ that the average channel uncertainty is zero, and provides data necessary to 
determine an appropriate hot rcssembIy uncertainty factor. For exposures above 40 
GWd/mtU, a bias is added to TACO3 tempcmimc predictions in accordance with the 
extended bumup topical report ('). 

A probabiIistic analysis was performed for the immediate vicinity of the hot rod. Based 
on the TACO3 unceminty distribution function, a three-percknt value was found to 
assure with a 95/95 percent confidence that the average fixel temperature within this 
region was bounded For convenience and ease of application, past evaluations applied 
the full TACO3 uncertainty to the entire hot assembly and average core. This practice is 
not cificd or required by TACO3 nor is it specified or required by either LBLOCA 
EME). FTi'r prior use of a single, large uncertainty fanor (1 .I 15) was a self-imposed 
conservatism that is now being removed. Discussions of the development of appropriate 
futl assembly uncertainties and representative evaluations of the impact for both B&W- 
designed and RSG plants follow, 

1. Fuel Temperature Uncertainty for the Average Core 

The recommended uncertainty factor to use for the TACO3 (5 LOCA fbel temperature 
predictions is one (1) for exposures below 40 GWdfmtU. The value is based on 
probabilistic analysis (the results of which are domnen~d in Reference 6) performed 
with TAC03-predicted fuel temperatures. The probabilistic analysis, based on a sample 
size of over 700, yielded a mean measured-to-prcdictcd fucl temperahue quotient of 1. W. 
(Note that an average channel in either evduation madel easily comprises more than 
20,000 fuel rods.) Furthermore, no significant bias was obsaved with respect to 
temperatme, power, or burnup. Therefore, nearly W o f  the TAW3 ternpeatme 
predictions were less than measurements and half were greater than measurements. In 
essence, TACO3 predictions arc best estimate. It follows directly that the mean 
mawed-to-predicted quotient of 1.00 should be applied to con average channel 
fernperatme predictions. Again, for expo- above 40 GWdlrntU, a bias is added to 
TACO3 tempemme prcdic+ in accordance with tho extended bumup topical report 
(8) 



While not explicitly stated, the recommended hrcl tcmpaahm, d t y  fkctor in the 
NRC-approved, TACO3 topical report was formdated to apply within hot rods only. 
Figure I4 in the topical report illustrates this point. The LOCA 1 4  average iinear heat 
rates in this figure cornspondto typ id  hot rod FQ's An average chanuel M . 

temperature uucertainty factor of one (I), therefore, is appropriate and w m ~ t  with the 
intent and appovaI of the fuel temperature probabilistic predictions and with the LOCA 
applications uncertainty factor presented in the TACO3 topical report. Average channel 
modeling remains unchanged. Onty an overt and umecissary input conservatism is 
being removed. 

2. Fud.Temperature Uncertainty for the Hot Assembly 

As discussed in Section 11, FTI increased the hot channel heat structure detai l4  switch 
ha  one to multiple heat structures. The large break LOCA hot channel (in both 
evaluation models) comprises a single fuel assembly, all rods of which are driven at the 
maximum allowable peaking. In the evaluation of homogeneous futl assemblies, one 
heat structure represents the hot rod and a second hot channel heat structure represents 
the remainder of the hot assembly. Both heat structures are coupled to a single coolant 
channe1 representing the hot channel. If the assembly is not homogeneou-a 
gadolinium or MOX appIication, for example-an individual heat structure is used to 
represent each of the hot rods (or rod groups) to be evaluated and another structure 
represents the remainder of the hot assembIy. Again all of these heat structures are 
coupled to a single coolant channel representing the hot chaMel. 

Using the measured-to-predicted data in the TACO3 topical report, a probabilistic 
analysis was performed to determine the appropriate initial fuel enthalpy (he1 
temperature) uncextakty factor for application to the rods (the hot assembly rods) 
surrounding the hot rod. For the purpose of this discussion, the term hot spot will be used 
as the location on the hot rod that will eventually produce or be the location of the peak 
cladding temperature. The probabilistic evaluation proceeded in three steps: 

1. Dekmhation of the region within the hot assembly that drives interactions (heat 
transfir) with the hot spot md generation of a Iarge number of randomly 
distributed sets of firel pellet enthalpy maxtabties within that region. 

I 

2. Determination and assignment of importance f&ors for each individual p e k t  and 
computation of the average weighted uncertainty for each set, 

3. Ordering of the sets to determine the probability distribution of the average 
maxtahty within the region. 

The premise of the separate heat stnzcturcs is that certab aspects of thc heat &er 
process o c c a  at the hot spot are not controlled by hot spot conditions but rather by 
mioundhg conditions. Locally the interaction or coupling between the hot spot and its 
surroundings is through heat transfer to the w o l ~ t  and the physical state of the coolant. 
Although the hot spot influences the coolant state, preconditioning and mixing within the 



entin hot assembly is far more inf lwdd -In this conditioning, however, the fuel in 
immediate proximity to the hot spot dominates. A proper detemidon of the drivers for 
the coolant conditions at the hot spot would reflect the varying influence of the fuel 
stmounding the hot spot, making remote fuel of low importance and nearby fuel of 
higher importance. To c o ~ a t i v e 1 y  specifjl the region of influence, FTI uses only the 
f b l  pellets within the hot rod, within the rods in contact with the four coolant 
subch8nnels directly associated with the hot rod, and within the same grid span as the hot 
spot. Weighting fbtors for each rod ate determined in accmhce with their association 
with the four subchannels. Because the average uncertainty of a group will varjr 
inversely with the membership count of the p u p ,  this limitation will ovapredict the 
uncertainty. This uncertainty, in the FTI approach, is then assigned to the entire hot 
assembly, excepting the supplemental rods, to assure a conservative representation of the 
coolant drivers near the hot spot. 

Following the detamhation of the region, a series of possible mmtahty distributions is 
assembled by randomly assigning an enthalpy uncertainty to each firel pellet in 
accordance with the TACO3 uncertainty distribution function Each set represents a 
physically possible distribution of the fuel steady state mthdpits within the region but 
there is no assurance of conservatism. Weighting fictors for the contribution of each 
pellet are then migned according to the dominant physical process for the coupling. 
There are two of these. During periods of flow, the c o q l i  is via convective heat 
transfer and the importance is assigned in accord witb the individual pellet influence on 
the coolant tcmpemture. Duxing stagnsnt conditions, the coupling is via radiation heat 
trader and the importance is assigned via the influence of pellets on cladding 
tcmpcratum and the comsponding view fiictors. For flow periods, the region is limited . 
to only one half of the grid span and all pellets within the region contribute according to 
their association with the hot subchannel. This includes the pellets in the hot rod that are 
assigned an importance of 1 .O. For the regional uncertainty* the pellets in the hot rod 
below the hot spot are assigned uncertainties according to the TACO3 uncertainty 
distribution but those at the hot spot are forced to the TACO3 95/95 percent confidence 
level. For stagnant periods, none of the pe11ets within the hot rod are included because 
there is no axial radiation within a rod. However, the entire grid span is allowed becawe 
the heat trander process is unrelated to direction. The importance factors arc debnnined 
from the view factor relating the hot spot to the clad m u n d i n g  each pellet. 

With the appropriate weighting factors assigned to each pellet, the average uncmbhty of 
each set is computed. Thc d t i n g  anay of average unccrtaMes is ordered and thc 
m w e  m t y  that bounds 95 percent of the valuts in the array (in 95 percent of dl 
%stances) is determined. Ifthe fuel temperature u n m t y  for the hot b d e  heit . 
structure is set to a value equal to or greater than this 95/95 percent bound, the h l  
temperature impact of the hot assembly modeling will be suitably bounding for the : 
LOCA calculation. For the TACO3 uncertainty distribution, the computed 95/95 percent 
confidence uncertainty value for flowing conditions was determined to be 2.1 percent. 
For stagnant conditions, the value was detesmined to be 2.6 percent. Within thc ETI 
LOCA evaluations a fie1 temperatun uncertainty of 3 percent will be assigned for the 
heat struobm modeling the hot assembly when the bundle exposure is up to 40 



GWd/mtU and the fuel temperature prediction is generated by TAC03. Above 40 
GWahntU, the uncertahty will be linmly'increased in accordance with the extended 
bumup topical report @. 

I 3. FneI Texnperatnre Uncertainty for the Hot Rod 

The recommended fuel temperature uncertainty &tor presented in the NRC-approved, 
TACO3 topical report was formulated for the hot spot. The TAC03-recommended 
mcertaiuty factor, 1-1.5 percent, will continue to be applied to the simulation of the entire 
hot rod for rod average burnups up to 40 GWd/mtU. For rod average bumups above 40 
GWdImtU, the uncertainty is increased in accordance with the extended burnup topical 
report la. By preserving the application of the rccommendcd pellet uric- &or to 
the catire hot rod, the appropriate initial fuel mWpy will have been applied at the 
location of peak cladding temperature regardless of whm in the hot rod that temperature 
O C C ~ .  

; IV. Heat Transfer During Refili 

The RSG- and B&W-designed EMS present slightly differing htuphtions as to heat 
tmder fiom the reactor core during the refill period. Previously, this phase of the 
accident was mostIy tamed the adiabatic heatup period because minimal heat transfer 
from the core was possible snd most evaluation models simply chose not to model my. 
There is actually no requirement in the regulation to restrict heat transfer dwhg this 
period, otha than application of the d o o d  restriction on convective heat trausf'er to 
steam cooling models. Recently, radiation models have been approved within the 
industry for heat transfer during reflvreflood. These models do not allow large amounts 
of heat transport, but over the course of refill small contributions accurndate and are 
significant. The RSG EM implies that this period is modeled as adiabatic. The B&W- 
design EM more correctIy describes the period as nearly adiabatic. In fact, in Ratision 3 
of the RSG evaluation model, when RELA.PS/MOD2-B&W replaced FW-T6-B&W 
for the calcuIation of the hot spot temperature during blowdown and the application of 
BEACH was expanded to initiate at the end of blowdown, heat transfer to the mgmmt 
steam resident within the core was included. For the BEACH application, it was possible 
to input zero incoming flow but it was not possible to eliminate the resident steam. 
Therefore, for the last several yeats a description of nearly m essentially adiabatic is 
more appropriate. The NRC understood this when the FRAP-T6-B&W replacement was 
approved for thc RSG EM. 

When all rods in the hot bundle are identical, as with the previous LOCA 
implementations, the slight amount of heat trausfcr possible to the resident steam is 
divided equally between each rod in the assembly and the heat flow to the resident steam 
has an insignificant effect on an individual rod. However, when most of the rods within 
the hot assembly arc initialized such that they will have lower tempcrahlns than the hot 
rod during refill, the potential for heat transfer fiom the hot rod is increased and the result 
is noticeable. The e&a is created because only about 0.5 percent of the energy 
transmitted to the steam is h m  the hot rod. Thus the steam mantam . . the temperature of 



the hot bundle heat sbvctute creating a temperature diffimucce to the tiot rod that Ieads b 
; the transport of significant energy. To assurc that this energy is not an over prediction of 

the actuaI avaifable heat tramport, the energy transfer was compared to what could have 
been transported by rod-to-rod radiation, The amount of energy released to the resident 
steam from the hot spot by the FTI model during refill amounts to approxjxnately 2.5 

: percent of the docay heat rate at the hot spot. Rod-to-rod radiation would allow the 
transport of approximately 5 percent of the hot spot decay heat to m u n d i n g  rods. 
Thus, dtning.the refill period, the heat transfer dowed by m's modeling remains 

a conservative by a factor of two (2). 

V. Comparisons 

This section presents the results ofcases that were used to assess the impact of updating 
from one to two hot channeI heat structures and, more importantly, that of &wing tbe 
uncertainty ktors. Results are shown for both B&W lowered-loop and RSG plants. 
Expectations for the B&W raised-loop design would MI between the results for the above 
mentioned plant types. The initial comparison cases are based on a &om mcatahty of 
1 1.5 percent. They demonstrate that the addition of a second heat structuFe in tht hot 
channel has rio effect of any sigdiicanct whatsoever on case remits. Minor noted 
diffmnces result h m  normal computer code numerical issues-round off. The 
co-11s confirm proper RELAPS implementation and no impact on prior licensing 
c a l d o m .  

The finat comparison cases show the predictive changes Plchieved by reducing the seS 
imposed c o w  on the steady state, volume-averaged, fuel w i p a h r e ,  uncertainty . 

factors. Factos of 1.0,1.03, and 1.1 15 were applied to the average core, the hot assunbIy, 
and the hot rod, respectively. Primarily, tbe find comparison cases are discussed below. 

I 

I 1. Once-Through Steam Generator Plants 
I 

; B&Wdesigned plants would be expected to show a greater sensitivity to ductions in 
initial stared energy than would U-tube steam generator plants. Ekpdencc indicates that 
the peakclad temperatme for once-through steam generator plants (notably the lowered- 
loop design) g e n d y  occurs late in or - . ly fOU0wing end of sfill-@d-."'-- -- ----- 

a Thc tefill period is the puiod required fbr the ECCS to completely a the depleted 
! inventory of the reactor vesseI lower bead and lower plenum, Since B&W plants peak early ' in the transient, the large break LOCA is su-y influenced by stored energy. (On the 
: other hand, U-tube plants g e n d y  peak well past the end of the rdiU p e d d  Accordin&, 

Rcirwlating stcam generator plants are largely contmIIed by decay heat and art less - inn- by initial stored encrgy leyels.) . . 
I .  

Ihe lagc break LOCA plaut model used for TMI-I nuclear pknt d d  licedng 
application was selected for the multiple m hcat structure cvalUon. The axial peak 
power at thc 2.54 lewel yields the limiting FCT based m the currently licensed d p o w  
limit (KJ. The plant configuration is presented in Table 1. The cvaiuation of dadding 
ttm* transients is p u f o d  with three computer codes, i n t e r c o m  as depicted 



in Figure 1. The computer codc models 8e , ~ W i t h t h e E M d e s c r i i b e d i n R ~ c c  
2. The core is radially divided into two fluid channels, hot and average fluid c h c l s  as 
shown in Figure 2a Each chmei consists of 22.axial volumes, numbered 325 through 346 
and 425 446 for the hot and average fluid channels respectively. The bottom and 
top voIumcs (325 and 346 and 425 and 446) in each h e 1  are unheated core vohancs. 
Tbe active core regions for the hot and average fluid h e l s  arc volumes 326 through 345 
(heat structures 2 through 21) and volumes 426 through 445 respectively. The 
RELAP5/MOD2-B&W code is vscd to pndict the Mdor ooolant system t h d -  
hydraulic tdsients during the blowdown and post-blowdown core thermal analysis 
(BEACH). The REFLOD3B code A is used to generate post-bowdown hydraulic bomdary 
condi7ions to be used in the core thermal analysis with the BEACH code. The initial 
volumc-avuaged foe1 tempamms are OSlcuIated by the TACO3 oode (7 and arc adjusted 
to account for umrtabties for LOCA application. The following thm analyses were 
performed to evaluate the effects of the uncertainty on the PCT. 

Case 1 (Base EM): Tht ammt licensing model has two core heat strwtms, one 
representing the hottest assembly, and the other representing the remaining 176 

I assemblies. The volume-averaged fuel temperatures for both heat structures 
have 1 1.5 percent unaiainty added. 

Case 2: This is Case 1 with three core heat stmctum. Thc base EM hot 
assembly heat structure is split into two heat structures within the hot fluid 
channel, one representing one (1) hot rod and the other npsedng the 
rtmaining 207-rod hot assembly. The tempratwe uncertainty remains at 1 1.5 
percat. The average heat stmtme remains unchanged. 

Case 3: This is Case 2 with reduced uncertainty in the hot and average assembly 
heat structures. The tmaxtahty in the 207-rod hot assembly structun in 
Case2isreducedhm 11.5to3percent. Theuncertaiatyfortheaverage 
assembly heat structure is reduced fbm 11.5 b 0 percent. Thc hot rod heat 
structure remaim unchanged. 

The resuits of the B&W reduced unccrtahq case are compared to the weduced uncertainty 
case in Table 2 and in Figures 3 through 7. Both cases use thne (3) core heat stnrcaires, one 
(1) irr the average fluid cbmel, and two (2) in the hot fluid Channel. 

The results of the duation are slmunadzsd in Table 2. Thc peak dadding tempemtuns 
forthe hot md~(oodc6)sodruptraed(mde7)nodcs8epnscrrtcdinFigures 3 
and 4, respectively. The cladding burst occumd near the end of blowdown due to thc high 
peak power (1 6.8 kw/ft) a d  the low urn downflow during blowdown. A bidperiod of 
e3lhrmced local cooling foUowing the nrpture was observed. However, this is more thaa . 
o m  by energy addition firm the rncbl-wahz d o n  Qdng the mbqumt refill period. 
~theheatup~dtberuptlnsdnodeissubstanisllygrentathanumuptursdlcoatiotla 
In addition, high flooding rates during the early phase of the reflood transient are sufEcient 
to pxuvide cladding tempemme tmaroMd a few seconds after the start of reflood, Thus, 
th ruptured node PCT becomes limiting. The hot spot (node 7) macs flow rate drning the 



blowdown in Figure 5 is relatively insensitive to the COIC stored energy, Figure 6 shows 
slightly higher flooding rates for Case 3 during d ~ e  early phase of the reflood Merit. The 
hot spot vapor temperature plots in Figure 7 show that the Case 3 vapor t#n- is 
generally lower than tho= of Cases I and 2 due to lower energy deposition in the hot 
channef, 

The resuhs of Cases 1 (base EM) and 2 c o d h  that the multiplecore heat s t r u m  model 
is properly implemented in the RELAPSMOD2 code. The clad rupture occurred at node 7 

a for both the hot rod and hot as-biy heat-stmdum. Casc 3 witb the lower hot channel 
fluid temperatun and higher flooding rctte d t s  in a lower heatup rate. The PCS1: fa  Case 
3 decreased by more than 150 F below the base EM case. The FCTs for the base EM and 

a the revised EM (Case 3) with the reduced uncc&&its are 2055 F and 1904 F respdvely. 
' Both dues  are substantially below 10CFR50.46 limits. 

2. U-Tube Steam Generator Plants 

The large bnak LOCA plant model used for the Seqwyah nuclear plant reIoad l i c cdq  
application was selected for the muItiple wre heat structm evaluation. Tht axial peak 
pwcr at the 9.7-ft level yields the Iimiting PCT based on the current licensed axial power 
limit (IQ. The pIant configuration is presented in Table 3. The evaluation of cladding 
tempetature tramknts is performed with three computer.codes. Their connectivity is 
depicted in Figure 1. The computer code models are consistent with the EM descd'bed in 
Refhacc 1. The core is radially divided into two fluid cbmds, hut and werage fluid 
channels as shown in Figure 2b. Each channel consists of 20 axial volumcs, numbered 326 
throw 345 and 426 h u g h  445 fbr the hot and average fluid channels respecbve1y. The 
RELAPS/MOD2-B&W code is used to predict tbc m c b r  coolant system tbcrmal- 
hydraulic transients during the blowdown and post-blowdown core t h d  m p m e  
(BEACH). The RElXOD3B code (41 is used to generate post-blowdown hydraulic boundary 
d t i o n s  to be used in the core t h d  analysis. The initial volume-averaged fuel 
t a n q e s  aco calculated by the TACO3 code (\ and mc adjusted to m u n t  for 
uncertaintics for LOCA application The following h e  analyses were performed to 
evaluate the effects of initial fUeI temperatme uncertainty on PCT. 

Case 1 (Base m: The current licensing mode1 has two core heat smctms, one 
representing the hot assembly and the other representiag the remaining 192 
assemblies. The volume-averaged firel tun- for both heat stmtures 
have 1 1.5 percent unaztakty added. 

Case 2: This is Case 1 with three core heat stmctms. The basc EM hot 
assembly heat s k u r e  is split into two (2) 2) structures within the hot fluid 
c h a r m e ~ o ~ ~ ~ o a e ( 1 ) h ~ t r o d s n d t h e o ~ ~ r r p r r s m t i n p i b e  
remaining 263 rods in the hot assembly. The temperature unaxtdaty remains at 
11.5 percent The average heat slructute remains unchanged 



Case 3: This is Case 2 with reduixd mcertahty in the hat and average assembly 
heat stmchm. The uncertainty on tbe 263 rods in the hot assembly heat 
structure in Case 2 is reduced b m  1 1 .S to 3 percat. The &ty for the 
avcrage assembIy heat structure is reduced fiom 1 1.5 to 0 percent The hot rod 
heat structure remains unchanged at 11.5 percent. 

The d t s  of the evaluation are summarized in Table 4. The peak cladding temperatures 
for the hot rod uIlrupturtd (no& 1 5) and ntptured (no& 2 7) nodes an pmeatd in Figures 8 
and 9 ~ v e i y .  In RSG p G  with Io* peak power (12.43 kwlft), clad burst occurs 
during reflood and rupture-induced locaI cooling nduces rupture node heatup. For the 
uMuphmd node, clad temperature tunaround occurs later due to low flooding rates. Thus, 
the urmq.ltured node yields the limiting PCT. The hot spot (node 15) mass flow rate during 
biowdown (Figure t 0) is relatively insensitive to the core stored energy. Figure I I shows 
slightly higher flooding rates for Case 3 during the early phase of the d o o d  dent (80 
seconds). Tht hot spot vapor temperature curves in Figure 12 show that the Case 3 vmrpor 
t e m m  is generally lower than those in Cases 1 and 2. This is due to a lower energy 
deposit in the hot channel. The combined e f f i  of loww hot channel cnergy and higher 
flooding rate m Case 3 produce a lower PCT. The effects of lower hot channel energy and 
higher flooding rate on the PCT in Case 3 are less pronounced than in the OTSG study due 
to a longer temperatwe tumaround time. Tht Case 3 PCT is 60 F less than the base EM 
m e -  . 

Again, the results of Cases 1 (base EM) and 2 confirm that the multiple-core heat structure 
model is properiy implementc?d in the RELAPSMOD2 code. Tbe PCTs for the cumnt EM 
(Case 1) and the revised EM (Case 3) with reduced unaxtahty are 2159 F and 2098 F 
rrspcctive1y. Both PCT values are below 10CFR50.46 limits, 

Framatome Technologies is refining the modeling of the hot rod50t assembly in its 
LBLOCA EMs by separating these regions into sepamte heat structures. The refinements 
apply equally to LBLOCA licensing calculatiozxi perhrmed with the RSG and B&W EMS. 
The changm affect the modding in RELAPS (including BEACH) and do not atkt  
REFLOD3B modeling or usage. 

F i i  additional modeling detail was adcicd to the hot fluid c h .  The hot channel 
contains two (2) heat struchues, one repmating the hut rod and one repsenting the hot 
assembly (less the one hot rod). Previously only one (1) heat stnrcaac was modeled in the 
hot fluid channel. Hot channel fluid conditions drive both heat structures and both structures 
are initiaIized at thc same maxim~nn allowsbie peabg or kilowatts per foot. Thc 
mluation model d t s  arc not affected by tbc frrrcrton of a d d i t i d  hot charmel modeling 
daail. However, the modeling rehaanent allows the incorporation and simulation of 
differences between the hot rod and the remainda of the hot rods in the hot bundle ?hat can 
aact the resuIts of hi caldatiom. The added detail is apFnopliatc for hclusion in fbm 
large break LOCA analyses and the conthud ficus& validity of tht evaluation Models is 
h 0 - a a d ~ e . d .  



: Secondly, unwarranted consenatism in the specification of voIlan~avmgcd firel 
temperature uncertak~ties was removed Previody, the TAC03qkcified "hot rod" 

: uncertainty factor was applied to aIl core fuel rods, substantially ov erestimating thc initial 
: core stored energy. Neitha evaluation model imposed the co * norwasit 

required by TACO3 ". Ihc r e c a m m d  uncabhty specified i=O3 topical ' nport was formulated for hot rods. Esscntialty the over conservatism is self-imposed and 
subject to removal without afkcthg the licensing basis of the large break LWA evaluation 
models. Ba@ on wprk r e  in the TACO3 topical report, no volume-awaged fuel 
temperatwe maxhhty will be applied to the average care heat stnrctute (a standard 
industry practice), and a three (3) percent unccrhhty on TACO3 was jw&%ed and will be 
applied to the hot asspnbly heat strucaue. The TAC03-specified uncerhhty will continue 
to be applied to the hot rod. 

[Note: The firhae will likely hold changes to h l  code tech10gy-the replacement of 
TACO3 with an improved code, COPERNIC for exampIc. Under such ~ c e s ,  
h l  temperatme utlcertainty kctors-appropriate to the new technology-for the amage 
core, hot rod, and hot assembly heat structuns will be developed Tht mmtainty fkctors 
would be used in LBLOCA analyses based on the advanced fkl  code. Framatome 
Technologics wodd infonn the NRC of such a change.] 

Comparison cases demonstrate the impact of reverting to normal industry volume-averaged 
fhel temperature uncertainties. Clad temperatme reducti013~ in the reprwen&tive B&W 
plant case are substantial. This results h m  the transient b e i i  largely domhted by the 
initial stored energy. The PCT, n o d l y  occtning immediateIy after the end of re&& is 
substantidy reduced. The U-tube steam g e d r  plants g e n d y  expeience a Iate 
transient peak, well &er the end of the refill period. These plant transients are Iargely 
dominated by decay heat and show less impact to a reduction in initial core stored energy. 

The uuwarranted conservatism in setting the initial core stored energy will be removed in 
the next applications of either of the! LBLOCA EMS. This refinement is considend to lie 
within the confines of the existing EMS and does not comprise a change to the EMS. The 
applicability and NRC licensing status of the EMs are not perturbed and the EMS 
incorporating the refinements remain valid for use in LBLOCA licensing applications. 
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Table 1. Initial Conditions for OTSG LBLOCA-25-ft Azdal Peak. 

Reactor Core Power (102 %), MWt 2827.4 

Peak Linear Power, kwlft . -16.8 - 
Total Pcaking Factor, Fq 2.625 . 

. I 

j Radial Peaking Factor, Fm 1.544 

Fuel Assembly 15 x 15 Mark-B9 

Number Of Fuel Assemblies . 177 

Thermal M g n  Flow, lbmlhr 

I Bypass Flow, percentage 

RCS Avcrage Temperature, F 

Pressrtrizer Pre-, psia 

Pressurizer Level, in 

Steam Generator Tube Plugging, peawntage 20.0 
I 

' Accumdator Water Volume, &/tank 985.0 



Table 2. Summary of Resolts for OTSG LB]U)CA-2JIft Axial Peak 

Parameters &h!dm 

End of Blowdown, s 20.71 

Beghhg of-Con Recovery, s 27.45 

H O ~  R O ~  PCT, F N~A' 

Hot Rod PCT Node N~A* 

Hot Rod PCT Time, s N/A* 

Hot Assembly PCT, F 2055 

Hot Assernbly PCT Node 7 

Hot Assembly P(ST Time, s 30.8 

Average Assembly PCT, F 1447 

Average Assembly PCT Node 8 

Average Assembly PCT Tim, s 7.4 

wot ~ o d  R U P ~  NO& N/A* 

Hot .Rod Rupture Time, s NIA' 

Hot Rod R u m  Node PCT, F N/A' 

Hot Assembly R- Node 7 

Hot Assembly Rupture Time, s 17.9 

Hot Assembly Rupture Node PCT, F 2055 

*~otethismodd~not distin~betweentbchotmdandthchot assembly,as such 
the hot rod PCT is the hot a s s d y  PCT. 



Table 3. IniW Conditions for RSG LJ3LOCA-9.7-ft Axial Peak. 

parametea 

Reactor Core Power (102 %), MWt 3479.2 

Peak Linear Power, h / f t  12.43 

Total Peaking Factor, Fq 

Radial Peaking Factor, Fm 

Fuel Assembly 

Number Of Fuel Assemblies 

T h c d  Design FIow, gpm 

Bypass How, peqentage 

RCS Average Temperature, F 

Pressurizer Pressure, psia 

Pressurizer Level, percentage 

Steam Generator Tube Plugging, percentage 

Accumulator Water Volume, P/tanlc 

Accumulator Gas Pressure, psia 614.7 



Table 4. Summary of Results for RSG LBLOCA-9*7-ft Axial Peak. 

Parametea &&M W 

E U ~  of B ~ O W ~ O W ~ ,  s 25.69 25.69 25.76 

Beginning of-Core Recovery, s 46.92 46.92 46.10 - - 
Hot Rod P a ,  F N/A* 2171 2098 

H O ~  R O ~  PCT NO& N/A* IS IS 

Hot Rod PCT Time, s N/A* 119.1 130.9 

Hot Assembly PCT, F 2159 2173 2090 

Hot Assembly PCT Node 15 15 15 

Hot Assembly PCT Tie, s 118.6 119.1 152.7 

Average Assembly PCT, F 1653 1654 1657 

Average Assembly PCT Node 15 15 17 

Average Assembly PCT Time, s 122.8 123.5 122.6 

Hot Rod Rupture Node N/A' 17 17 

Hot Rod Rupture Time, s N/A* 56.7 59.5 

Hot Rod Rupture Node PCT, F N/A* 2025 1745 

Hot Assembly Rupture Node 17 17 17 

~ o t  ~uptute ri, s 56.7 56.7 60.8 

Hot Assembly Rupture Node PCT, F 2016 2029 1736 . 

* ~ o t s t b i s d e l ~ c s n o t ~ ~ ( h c b o t d ~ d ~ h o t a s c m b l ~ , a r  suchthe 
' 

hot rod PCrr is the hot assembly PCT. 





FIGURE 2a. RELAPGBEACH Core Nodlng Arrangement For OTSG. 
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FIGURE 2bt RELAPS-BEACH Core Nocilng Arrangement For RSG. 
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FIGURE 3. OTSG Clnruphrred Node PC7 
.2.5-ft Axial Peak. 
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FIGURE 4. OTSG Ruptured Node PCT 
2.5-ft Axial Peak. 
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FIGURE 5, OTSG Blowdown Hot Channel Flow At PCT Location 
2.5-ft Axial Peak. 

FIGURE 6. OTSG Core Flooding Rate 
2.5-ft Axial Peak. 



FIGURE 7.  OTSG Hot Spot Va or Temperature 
2.5-ft Axial Pea ! . 
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FIGURE 8. RSG Unruptured Node PCT-Node 15 
9.7-ft Axial Peak. 
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FIGURE 9. RSG Ruptured Node PCT-Node 17 
9.7-ft Axial Peak. 
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FIGURE 10. RSG Blowdown Hot Channel Flow At PCT Location 
9.7-ft Axial Peak. 
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FIGURE 1 1. RSG Core Flooding Rate 
9.7-fit Axial Peak. 

Time, seconds 

FIGURE 12. RSG Hot Spot (Node 15) Vapor Temperature 
9.7-ft Axial Peak. 
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Attachment 

Introduction 

T6e represdoa of the hot fuel: a~scmbIe under ttre Fmtome LOCA evaluation models 
(EMS) is being refined to include 'better represent t6e cooling m c c h i m s  acting at the hot spot 
During conditions of moderate to high flaws the repmentation of the vapor temperatures at the 
hot spot is being improved. Further, the adiabatic period during low# h d o w e r  plenum refill is 
bcing replsoed with an approximation of the convdvc  and radiation heat transfix processes 
m t  during the phase. s6arating the hat spot and the hot asmsbly, allowing heat mud" 
during the rcfU phase, and.probabiisticaljy distributing the initial fie1 pellet ttmperatwcs 
achieve these changes. 

One of the prnunetcrs that can be changed bttween the hot spot (the I o d o n  that will eventually 
product the peak cladding tempuature (PCI)) and the hot assembly is the initial h l  
tanpcratm. The base unccrtabty in TACO3 predictions (that applicable for exposuns below 40 
GWdlmtU) is obtained by benchmarking a lesge number of unrelated tests. There is no apparent 
dependency between the predicted to measured unaxtainv values and particular code 
correlations or input parameters. (Above 40 GWdlrntU a dependency does exist and the addition 
of a bias is rcquind.) Thucfore, the'base uncertainty applies at the ptllct level and the actual to 
predicted ttmpcrature ratios for the fud pelIets in the immediate environment of the hot spot 
should bt distributed according to the probability density function of the uncutahty of the 
prediction. For the hot spot, the initial firel temperature should continue to be drt temperature 
predicted by TACO3 plus the uncertsinty needed to provide 95 % confidence that the modeled 
temperature overpredicts 95 % of the data. For TAC03, up to burnup exposures of 40 
GWd-mtU, that means 1 1 1 5 % of the TACO3 prediction. For the hot assembly, however, the 
only requirement is that the fluid conditions, which provide cooling for the hot spot, art 
msonabIy conservativt. 

Iftiie hot pin and the remainder of the hot assembly an separated and the bot assembly fluid 
conditions used to cool thc hot pin, the hot spot parameters can be separated &om the 
detnmination of the coolant conditions. This is the refmcment for the next applications of the 
Ftarnatome EMS. 

Cmmt ModcIing Approach and Rquired Revision 

. Chmntly Fmmtorne modeh the hot fuel assembly and hot pin as me entiv. This necessitates 
treating tht entire hot anembly with a11 of the  cons^ rsquircd to assure that &e hot pin or 
hot spot is not under-pdcted. The result is a significant ov#prediction of the s m  of the 
enviibns of the hot spot By separating the hot pin the hot assembly it fs possible to reduce 
the conscrvahns imposed by tbe hot pin env im wide maintaining a c a w m t b e  solution. 

Convdvc and r a d i i  ptocesss go- heat transfer from the bot spot. During accident 
p k  with relatiye high flow, the c o n v ~ p r o c e s s e s  ue dom*hnt and primary attention is 
q u i i e d  to dctamhe the incoming flow, its c b m M c o ,  and the coavwtive co&cicnt 
I)uring accident phazcs with no or very low care flow, radiation to the immediate environs of the 
hot spot wilI do- the solution. At these tim#, the combined bcat capacity of the environs 
along with the radiatin coefI7cicnt must be considered to assure an appropriate solution. f i e  
q m d o n  of hot spot and hot assembly assures appropriate conservatism by modeling the hot 
SSQnbly such that: 



! 
1. fZle coolant conditions within tho immediate mmdhgs of the hot spot during flow 

I paiods sre canscmatively.predicttd using initial fuel pellGt temperatures that are at 
I approxima~Iy the 9SYolPS94 one sided upper toicrance limit, and 

1 2. During stagnant conditions, the heat removal achieved by the separated model is an 
rtqderprediction of that which would occur via the coxnbincd radiative nnd c~nwctive 
proctsses. 

Undwthe new mode1 the hot pin will be a separate beat structure that shares a coolant channel 
with the hot fuel assembly heat structure. -The hot futl aswmbl~ i s  comprised of all fuel pins 

: within the hot assembly except the hot futl pin(s). The hot pin, ss impIied, is comprised of one 
: fie1 pin. In some applications, MOX or gadotinium, it is anticipated thnt there could be more 
I than one hot pin heat structures. Because the c&ct of &a1 heat condudon betwcen fuel pallets 
j in a ke1 pin is small; the entire hot pin is modeled with tbe initial fie1 tempcrsturts applicable to 

the hot spot without serious wu-prediction of consquences, That allows the simulstim of a I 
continuum of possible positions along the hot pin for the hot spot with a single mode1 and 

, computer run. Tizercfm, fbr TACO3 based evaluations, 1 1 .S 95 is added to the predicted fie1 : temperatme for all ptllets in thc hot pin when the bot pin exposure is bss than 40 GWd/mtU. 

Tke initial tircf temperature within the hot assembly pptets is determined by pmbabiIistically 1 dimibuting the fuel pelkt tanpennu. prediction uncertain@ throughout the immediate environs 
i of the hot pin and d m i n i n g  the conservative effective average uncertain@ at a 95 % 
I conGdence level. This average uncertainty is then assigued to the entire hot assembly. The result 
I I is that the hot assembly evolves in a fshion repnsentative of the hot pin environs. Thir creates 
, an over-prediction of fbe average firel temperatures withim the hot assembly but a reasonable 

representation of the hot pin coolant condition when fi ow is presw 

I The coolant heat capacity, however, is that of the entire assembly at the elmtion of the hot spat 
s and substantially larger than the region of the assembly near the hot spat. If coolant is flowing 
, arid the rise in temperature dong tht length of the hot spot not significanf the ovensized heat 
i capacity is not an issue. During mlativeiy stagnant periods, vessel refiI1, the cladding 
I smpcrmns limit the hcnases in vapor tcmpcmtures and the vapor beat capacity is significant in 
I determiniag the vapor energy absorption. However, undcr these conditions, radiative heat 
I frmdx to the hot spot environs dominates energy transport away fiom the hot spot This trmsf" 
I mechanism occurs to the cooImt and d M y  to the nvrounding fuel pins with the smunding 
I p h  being the far more importM heat sink The use of tbc entire hot assembly vapor hut 

capacity and the RELAPS/MOD2-B&W rteam he@ trausfkr modciing allows less &an one half of I 
, #t eaesgy flow fiom the bot spot then would rtsult fiwr radiation to surro~~~drng pins. 

Ihuefon, so long as a tnxe pin--pin radiation model is not incorporated into the EMS, the use 
: @f the hot mcmb1y vapor as a beat sink for the hot spot during refill will be conservative. 
I 

1 To dctcmine tbo appropriate f ~ d 1  tapmtwt dimibutions md ~ u c  a consdve prediction 
% Quring refill, the following steps are required: 

I helTanpcratun Diskiion: 
! 

I. ~ d n e  the number and position of fit1 pins and pellets, which cffdveiy control the 
hot pin fluid conditi011~. 

I 

i 

3 
I 



I 

' 2, Determine a probability density function for the unccrtdnty of the TAW3 fual 
I temperature prediction. 

' 3. Determine, with 95 % confidence, the average uncertainty for the fuel pins and pellets 
identified. ! 

: 4. Combine this uncertainty with the hot spot mdnV to obtain the appropriate u n d i n t y  
for the region of the hot assembly m u n d i g  the hot spot. 

I Refill Heat Transfer Comparison: 

I. Determine the view fa&& for radiative heat trantfir bctwew tbe hot peIl& and the 
surrounding fuel pindpcllcts. 

i 

/ 2. ProbnbiiisticaIIy distriiute the %el pellet initial temperature uncertainty withim the 
significant view factor positions. 

' 3. Determine the 95 % confidence Iimit for average fueI temperatuft uncertainty. 

: 4. Compare the resultant radiative energy transport to the average energy rcmoval fiom the 
hot spot with the refined model. 



! 

: @neI Temperatlm Distribution - Bued on Flow in Assembly 

! $ctemination of the number and position of fuel ptlltts tkat control the hot'pin fluid 
I 

i aonditionj 
I .  

As dircussed, the modeIing approach wiu conkt of 8 hot (hot spot), modeled as a squat@ 
heat structure surrounded by the remainder of (he hot usambly. Because the FTI evaluation 

' models (RELAPS) do not consider rod-to-md radiative hut tnnrfa, the couphg between the hot 
assembly and tbe hot spa is through th. fluid conditioonditio~~ at which heat tmnsfcrpltcs place. 

I Funher, because thc hot assembly heat structure and fluid nodes, not a -on of the hot 
aslcmbly, win be used to provide the cw1ant conditions for the hdt spot, tho bot assembly must 
be modeled to achieve fluid conditions npresentative of tho^^ witb which the hot spot will k 
oao ld  Therefom, it i s  necessary to establish the region of the fwl sssemb1y around tbt hot spot 
within which the heat tmder  takes place. Only pins and peIluts witbin this ngim can be 
expected m influence the fluid condition stmounding tho hot spot suffickntly to warrant inclusion 

I in the determination of those conditions. 

, She following diagram of fuel assembly lattice positions is usefirl: 

bider ing  the hot pin in tbe above drawing, the four fluid mb-cbannelr Al, A2, Bl, and B2 



provide direct cooling. RealisticallyD the fluid mbcbmcb just removed from these four can k 
expected to mix well with the four and a h  be part of the cooling region. H m k ,  because 
expansion of the region would only lower !he vaIw of the ~ l t a n t  upper tolerance I i i  of the 
region uncertainty, tbe present calculation conservatively considers only the four subcbanneb in 
contact with the hot pin, The pins that most govern the fluid condious within these four sub- 
channels form a 9-pin m y  of the hot pin and its neighbors. Within the m y  the hot pin is filly 
involved, the latedly adjacent pins are only la exposed to tbe four flow s u W c l s ,  and the 
diagonal pins only 114. Therefore, weighting factors, as given in the diagram below, have been 
assigned to the pins in determining the relativa influence on the four fluid ~ e l s .  

' a  

I 

I 

I 

: AxidIy the cooling region will be l i i ted to within a structural grid span which, for the purposes 
I 

of this calculation, win be taken as appmximately 1.5 feet (1 8 inches) in length. Furthe; ody - 

i one half of that span plus one half of the length of the hot spot will be considered. This places the 
1 hot spot in the middle of the span that is a reasonable assumption and simplifies consideration of 
i reverse flow situations. TheonticalIy the hot spot could be considered as having the height of 
I one pellet (&at in fact is done in estabIishing radiation cooling in the next section), Howtvcr, a 
, characteristic length of 3 inches, talcen fiom the 10CFRS0.46 Appeadix K minimum rupture 
: length dkfinition, has frtquently been applied w i t h i  LOCA evaluations. Although IOCFRS0.46 
i would probably not force a 3 inch height, such a length is not unmwnabls Ifthe hot spot were 
: not centered or if mid-span mixing ~ d s  (MSMGs) were incqcirated, the hot spot would either 
; see a lager number of pellets umtmUing the fluid temperature (high hot spot) or be closer m a 
I 
, mixer tbat would bring in coolant fi.01~ other su-els (hot spot low, rtvcrsc flow hot spot 
I high, or any MSMG application). In each case tho effective m'nring zone is incrrased, therefore, a 
I half grid opan mixing length, 10.5 inches (I 51'2 + 31, is q t r t b 1 e  or all hot spot positions and for 
I MSMG assunblier. 
I 

I 

i Tht ptnet height w7I be taken as It2 inch. A d  pellets vary in height from slightly greatet 
i than 0.4 inches to less dun 05 inches. As will be shown h Section 4, the solution is not greatly 
I by the actual length of the pellet and the appmxim&on of a larger pellet height is 
. monablt and convenient For the two grid span typu considered, the following table provides 
/ the sets and weighting tirctors, 
I 
! 



I Thus, the rat for which the fuel tempcmture uncertainty is tobs d-incd comprke~ 15 pdlotr 
at full wight& 84 pellets at 1R weighting, 84 pellets at 1/2 weighting, and 6 pellets forced to 
the TACO3 1 15 % uncertainty, 

' A rccagoioed cwswvatism of the approach is Chat tbc existence of control rod guide tubes and the : htmmcnt tubes is ignored Oaiy a few of the 9 pin sets within the assembly do not include an 
; ktmneot tube or a guide tube and none would be free of the influence of one of these. 
r However, no guide tube or instrument tube is included for the evaluation. 

' De~ermf~ation, with 95 % confidence, of the average uncertainty far the fud pellets wfthin 
the region sumtartding the hot spot 

I To determine the average uncertainty for the gmup of pelIcts prcsenttd in Section 2.1 an EXCEL 
Workbook was created to randomly determine the uncertainty of each pellet in accordance with 

: $e TACO3 uncertainty distn'bution. By collecting groups of 15,84, and 84 such pellets, a single 
possible set of uncertainties for the surrounding region is determined. The average uncertainty of 
dach set i s  then detumind through application of tbe weighting fictors and the result 'stored in an 
mayY The process is repeated 50,000 times with the average unccrtttbty of each set added to the 

I array to give a Iargc number of samples. The army is then o d d  and the uncertainty values at 
sdeded percatage positions within the array reported. The value at the 95 % position is the 
u n d n t y  that bounds 95 % of the results and will be used to detumint the average firel 

' tsnpcratm f' the environs of the hot spot. 

I 

.L 

The result for the pellet distribution selection is that appmxhta2y 95 percent of the time the 
avcrrrge uncertainty for fid pellets in the environs smunding tht hot spot will be bounded by 
uncertainty of 1.4 % incIdig the TAC03.5 % bias. .. 

j ~ m ~ m & o n  of mrrounding pellet t t n d n t y  with the hot spat 95 ptrctnt uneuhlnty 
8 (Gives tbe appropxintt uncertainty for the hot opotlhot pia region) 

The a w q c  uncertainty for the pliets fn the region surrounding the hat spot was debrmiDed to 
be 1.4 pcrca. However, the region which dotermias tho coolant properties by which the hot 
rpa ir EOOIC~ s h ~ u ~ d   SO hc;~rde the h d  rpor ntsc p611ar wm ~ ~ n u i d a o d  to bs u tbe ~pppper 
9 5 b 5 %  t o l m c r  ievel(115 %) for 60 TACO3 mo.nucd to predicted &o. Combining thm 
mccrtdutits and averaging gives a hot spot region .Mia1 fuel tanpcmtm mcertahv QE 



b 

Hot Spot Region R'U= [6e1.115~78@1.014 
i I b 

: Thus, if the entire hot M assembly is initidlad with an unwtainty of 2.1 percent, the fluid 
i conditions, to the extent thrd they an influenced by the fuel pin thema1 response, wIU be 
1 ~prcstntative of the region immediately sufzouading the hot spot during LOCA phsrcs wherein 
i flow induced cooling is significsnt (blowdown and reflood). 
i 

I 



i 1  
RdlU H a t  Transfer Comparison - Very Low Flow Condiff om 

Far the ptoposcd mode¶, the hot pin and tht hot w b l y  wiI1 be simulatbd at the stme normalized 
power. Because both @OM are cooled by the saw coolant, the only dBtfcace between these 
regions then is ymprisal of the initial fuel tcmpmdtm. From &enw t h  di&rence in fuel 
tcmpmtum during fl between pins initialized at different tampsssrurrs is about haVthr initial 
d i f f b w .  A similar dlfICxencc can be expected across the fw1.palfetto its outer swfhce md within 
the cladding, Thenfbn, an appmimab w ~ t i a n  of the amount of energy transport possible by 
adiant hcattransf'u can be made b d  on the initial: fud ~~ fir peflcts wWin a region. . 

I ~ ~ t t e p i n s p e c ~ t b c r ~ h e a t ~ u b t o d c t ~ ~ * w b a s p f n r a n d p ~ n ~ l v e h ~  
I uansfer can takc place and the reIative importance a f d  Tbe next step is to p r o b a b i b d ~  Mbu!u 

@lea to these l d a n s ,  garrate a lage number of possible dittrlbubons and cornputt the average 
' cffktivc W ternpaatroe -. The Tbe step is to use the expected tempantwe diffclrenms m the 
: radiativt hcatlransfer model to compute a representative cnegy masport. 
I 

i Determine the view factors for rsdiative heat trader  between the hot peU& and the 
i surrounding fuel pWpellets 
I 

An e~mination of the wrliu diagram shows that direct radiative heat W f t t  ftom the hot pin can 
I only Mkt p b  to the pins m the immediate surrounding ring and selected pinb ofthe kcxt outer ring. 
i Within the balf quadrant formed by the hot pin (PbZ), Pb3 and Pa3, only a small widow is adable  
! to pass radiant energy on to the next outer most pin lattice. Pa4 will intempt radiation passing 
1 thmugh this window. T h e  it is only n c c u r q  to evaluate view facton for the pins at lattice points 
' Pa3, Pb3, ~ c l  Pa4 and apply symmetry around the hot pin. The following diagrams show tho : planner view angles occupied by oach of &ere lattice points for both the Mnkg (15x15) assembly 

~d the Mark-BW (17x17) asscmbIies. Although representative dimensions have been used, he 
; dimensions do vary sIightly within the design covered However, as can be s m  thve is negligible 
I d i f f m c t  between the view ktors of  the 15x15 and 17x1 7 assemblies and no significant d ' i e  
/ is Pgsstrd fw the small dhomional chnga possible f b m  on design to another. 

i 
I Using the Mark-BW assembly as the base, the three p*h occupy the following view angles h m  the 
: center of the hot pin the half quadrant: the adjacent pin occupies 22.4'. the d i a g d  pin in the 
; dose ring 1 SAD, and the d i i o d  pin in the tu ring 7 2 O .  From these mglu and the distance of the 
! pin h m  the center of the hot sjmt, the base of the area occluded by a pi. segment an b calculated. i 
I Whsl the base is combined with the height of a pin segment and the rrrultant area projected to a 
I sphere, the friction of sphere area or the solid an& occupied by a gh+n segment can be calcutated. 
: W sphere hction or solid mgJc gives the relative importance of the segment within the d a t i v e  
! P C = -  
I 

I Tb MIiaa the ulculstiaol an osclusio. f .bor defined as fh p d o n  of the pH seon by fhe hot spot : is defined for each pi. position. For the adjacent and the dhgorml pim (hc fiaDs is 1. For the 
I mnal pi0 in the firr ringthe.factm is 7.2/(362-16.9) It 0373. 
I 



-B Pin View Diagram / 

' Pirnensions h m  Reference 8, pages S and I I. 

Mark-BW Pin View Diagram 
PlnOD~374in / 

: D h i o n s  h m  Reference 9, page 24. 

. 1 
a I 



The pin segments considend are one pcht in bi&t because the fuel temperntun uncertainty is 
assigned pellet by pellct For convenience the ptllet height is taken as 0.5 inches. A d  heights 
range bctwsen 0.4 snd 0.5 inches. Usbg 0.5 xdnhims the number of pelbt segments to consider 
and increases, just slightly, the average uncatainty of tbe resulting sets. The height of tach segmcat 

a 

can k determined h n  the foliowing diagram,. 

n = number of 
pellets in stack 

I 

/ For radiation beat transft~, the pcllct stacks nm above and below the hot spot location because 
i tbm is no preferential radiation d i d o n .  For the evaluation only one pellet is considered and 
I the view areas or f m  arc evaluated u if radiation emitted h m  the center of that pellet A 
, more accurate determination would involve integration over the surfme of the initiating pellet m 

pellets and, because the energy will be transported unifomly to the surface of the hot pia, not 
dter the results beyond the mugins achieved. The area of sink is taken a the center Sins of each 

! plkt and then projected onto a sphere at that radius. m e  solid mgIa or sphere surfbe W o n  is 
: bmputed fmm the projected w and a spbuc uu a tho alculated radiv. (achdy  tbe . 
' mlculation takes d i t  fbr symmetry and w& on a h i sphe re ) .  
I 

; Area of Segment - h Pin Diameter 
I ,  
: I 



! 

r Fraction of Sphwc @ &= Relative View Factor = Projecbsd Area @ Ri / Sphere A m  @ It. 

' ddopment has bctn placed in the XL workbook Each of tht 3 pin  position^ arc ~rpluatcd 
/ o c p d y  and then wmb'ied in a summary shed The ~urmnary rhset also contab the grouping 
I d.avaaghg of the n m k  of segments and t b ~ i r ~ W d u a 1  hnpOrtallcc hctors into 8 p u p .  - Two of these pups  have no members for the configudons studied kcrein and the group with 
I ' the lowcst imporbmce is arbitrarily assipcd a 0.0 average importance. 

A~~fTcabifitv to Other Hot Swt Locations and to MSMO D m  
m # !  

Tfie cvddon  pcsformad pSac& the hot spot in tbe middle of a n d  grid spaa. If the hot spot 
is I d  above or the mid-plane of a span or if MSMGs were present the view of some of 
the he1 bcatiom credited in this evaluation would be occluded by the closer grid or the MSMG. 
As wiIl bc shown only the very close neighbor pin positions arc sigair~cant in detcdning the 
d i a n  beat tramif*. Therefore, even if these locations wtse removed fiom the evduation the 
ten& would not change appreciably. Further, the view would still be p e n t  except that it would 
I&N be occupied by an unheated structure, some kind of grid This would undoubtedly result iri 
u i n d i v t  inmsse m radiative heat transport. Therefore, the central position is acceptabtt for 
the dcmms?zatim for all hot spot positions or for application to an MSMG design. 

j PmbtbPirticaIIy distribute the fud peliet initial tempenttln nnce&inty within the 
i sigdcant view factor positions 
I 
I The rththc importance for the pin segments that receive rsldiation form the hot pellet are: 
I 

i 
I 'fbc gmp flumbws have bein fcviscd to be consecutive. These.groups are now assigned fttl 
i ~~ uncertainties randomly in accordance with the TACO3 unccr&h@ distribution to 
I achieve 95 % confidence limit the set average u n d t y .  The pin segments that will -ive 
I wdiarion fiom the hot spat are evaluated and the hot spot is not a member of that group. Using 
1 the &ow table for input and setting the f o r d  (hot spot) peUets to 0, the 95 % confidence level 
i fatthtmtavaagtis2.5Vofielttrn~watweun~. 

Group 
I 
2 
3 
4 
5 

! For rtbeevahtatiatu conducted herein, the fuel fempendurc ~ ~ t y  for all r c q b r  ~ o n s  will 
1 b e a o m  

i I Note sbmld be &at sohe of the possible mcpn, 520 of them, a not included These 
i rmptm, however, have a low avenge mcertainty 4 if included would only decrease tho 
, ttn-. Also the evaluation conducted is only for one pellet as the source while the hot spot 
i iP tramd u 6 p e l k  Each of thae 6 will have 8 replication oftho sink d u d  here in and 
f 

Number of Pin Segments/Peilets Relative Importance 
4 
12 
8 

24 
24 

.060S 

.0242 - 
A163 
.OD52 
.0030 - 



i thus the same u n c c d n ~  result can be appIid. 

Compare the resultant radiative energy transport to the avefpge energy rernowl from the 
hot spot with the revised model 

To demonstrate that the model as implemented achieves a conzuvative solution during refill the 
heat flux addly  achieved for a npresmEstiyc calculation is herein compared to that which 
would haw been achieved with radiation heat tnnsfcr. 

The following is a simpIified equations fbr radiant heat tmsfg. 
a 

I where 9 heat flow from interior object, Btulhr 
A = Area of source for an enclosed body 
T, = Source temperature, R 
TI = receptor temperature, R 

I e, = emissivity of source 
e, fi cmissivity of receptor 

I Fa Geometric factor = 1 for enclosed bodies 

+ 
the core e, = w . 7  e = 0.54. 

I As in the determination of importa,nce, we will assume a pellet height of 0 5  in, bu2 because the 
i reference run to which we win wrnparc heat exchange is for a 15x1 5 design we wiIf use the 
I Wk-B pin diameter of 0.43 in, 
I 

: Tfie area of source "A" is therefore becomes 0.675 in2 or Q.00469 ft2. 
I 

: The foIIowing calculation was copducted with the proposed RELAPS standalone hot pin model 
I transferring energy to a hot bundle controllad fluid channd. The firtI ternpaatwe initiaIization of 
: tho hot bundle included 3 % uncertainty. The following figures ]provide the hot pin tcmpwatm 
i tnd beat flux extracted brn case "FDAF WJGF" at the position of the peak cIaddmg 
I tunpemtcvt, level 6. for this cas~ was between 22 and 27.5 seconds. 



I 

: Figures from "rcfill_radiationx~sW 

Hot Pbr L Hot 5undb Tempmbtnr 

I 

Heat Flux from Hot Pln 



From this data and t&c prior equations a workbook comparing the heat flow achieved during refill 
and that which would have been possBlc with a radiation heat tranrfw mode1 was constructed. . 
The output shows that heat fluxes achieved were conbcrvative by a factor of 2 during refill. 

ndiation:xis Jmnings wo- 
Radiatbn Haat Tmnsfsr Caldation The dnta in columnr 8, b, d, I is from 32-5003SMD 

Data SDma 
Tsoura SnpHed chmdobtion of hot bundb lempmbm tnnrknt on PIQI 211 of 32-WO355MO . 
TirWr S h p W  chmmcbrbtion of hat rod tnnrbt on pw@ 201 of 52-500355690. 
Haat Flu% StmpWkd churctrtkatbn of heat Ilurttnn~bt wm from plot d FDAFWJGF in 324003556-00 . 

Thb plot is not mardad in 32-500- and lp thmrefon mprodubsd he* u F@m 2 

Lenglh d S m  0.5 in Diameter of Swta 0.43 in Fa 1 
A r c u o t S ~  0.675 h2 O.OW%B d EOB 22 s 
M i V Q Y  0.7 Effecthe EmistMty 0.538 BOCR 27.5 s 

I 

fino@ ~adiotiin ~ o d a ~  ~ e ~ o  
T i  Toourn. T, Tgink, T, -cF~I~o~)' Or Or HeatFha Q ModeVRadiation 
s F R F R B w M  BNs 6tuir-d 

Average Net Hot Pellet Loss Durhg Refill 22 - 27 8 0.006188 

Plant Powst 2n2 MWT Plant 2627W.O Btrrh 
Relative Power EOB . 0.05 @ €00 131392.8 5 M  
#ot FA in pet FA 742.3 BWS 
L~fpinolFA 208 Wr Pin 3.568905 Btulr 
Length of each pin 12 
t of segments k, pin 288 Per ptgmnt 0.012382 BW8 
Local Peakhg 2.5 . petkse~ment 0.030980 BWs 

Av~aga Heat to sink 0.004188 Average heat to sink O.OM1Q BWs 
f rink pellebkwrca 3 To each sink pttet 0.00140 

Ratio Mot ion  heat to generated heat 0.085 

Onc item of concern Is the c f f i  that the red, ndiUlvc, h u t  flux would bvc on the temperatures 
of the hot bundle pins if the hnsfix actually took p b .  This would only bc a concern if the 
radiion heat load was significant relative to other heat loads. At the battom of the worksheet a 
cbmparisob between radiation heat load on the sink pips to decay heat energy is made. lhis 
comparison shows that tbc radiation load is only about 5 % of the decay heat and from the mod4 
half of tbat 5 % was presat. Thmfbre, the comparison is valid and the use of the standalone hot 
pin model is a conseNativt approximation of the heat trnxdu to be q e & d  h m  the hot spot 
during tbe refill or other low flow priods. 



Hot Rod Hot Spot H a t  Flux fiam FDAFWJGF. 



I 

, ConcIllsrons 

The Fn tOCA cvaIunticm madeb are being upgraded to use a two region approach to 
; determination of the heat transfer processes around tbt hot spot. The hot buidle is modeled as a 
I I )itat struchve with rh associated coolant channeI, The hat pin is modeled as a sepamte he? 
I stnrcture that uses tho hot bundfe coolant cbannel as its heat sink. This allows s mon sccurate ! 
I determination of the coolant conditions for brc hot pin. This calcuhtion war Co determine wbat 
, the appropriate fie1 te- unccmhty was for the initialization of tbe hot bundle %I. The 
I method was to rando& disbibute the fud tunpc#ature umat&y withia the e f b t i w  regions 

ofthe hot bundle s c ~ b r d ' i  to the uncertainty ciistri'brttion c ~ r v o  fm thc fuel temperature 
prediction, TACO3 code. 50,000 sets of mch distributions wsls h d  and sorted in order. 

I The final distriibution upDd was ttut which bopmded 95 % of those m. Thir provides assurance 
j that tha fluid temperatures achieved in the hot bundle are appmprhteIy ~ a t i w  for the 

evaluation of peak cladding ttnrpmtwe as far as the m i d m  of f i I  tempemwe is 
, concerned. 
I 

a Heat transfw from the bot spot is govcmtd by either mnvcctive ttausfu or radiant trausfer during ! 
i the course of an accident 
I 

I 

j 

! 

For convective heat transfer conditions a fbeI temperature uncertainty of 2.1% for the hot 
bundle initialization is appropriate. 

For radiative beat tr8tfsftr a fuel temperature uncertainty of 2.5% for the hot bundle 
iniditation js appropriate. 

For pin average burnups below 40 GWdfmtU, the prdposed model wilI use an unccrtah~ 
of 3 % to initidize the fuel temperature in the hot bundle and is thmfore conservative 
beyond the 95 % IeveI used to determine the appropriate values for initialization. 

For pin average burnups greater thsn 40 GWd/mtU but Itss than 65 GWdlmtU, a bias 
will be added to both the hot pin and the hot bundlc temperatures in accordance with the 
approval of TACO3 for those bumups. 

4 



March 23,2001 
FANP-01-915 

' I  

i Document Control Desk 
! U. S. Nuclear Regulatory Commission 
j Wsshington, DC 20555-0001 
i 

I 
Subject: AdditionaI Information on Use of the Void-Dependent Cross-Flow Model 

Implemented in RnAPSIMOD2-BkW &de @AW-10164, Rev. 4 P) for B&W- 
I Plant SBLOCA Applicatioris Performed Using the B WNT LOCA EM PAW- 
, 10192PA) 
1 

Gentlemen: 

I The attached response addresses a verbal request for additional information fiom Frank On of i 
i the Nuclear Regulatory Commission. It was prepared to clarify use of a code automation feature 
I in the new RELAPS/MOD2-B&W code topical revision PAW-1 0164 Revision 4). This 
I material clarifies the development and future use of the RELA,PS/MOD2 void-dependent cross- 
/ flow model for SBLOCA applications performed for the B&W-designed plants in accordance 
: with the BWNT LOCA Evduation Model (EM) PAW-10192. PA). This new code model 
I automates the user implementation of the core cross-flow modeling approach used in this NRC- 
i approved LOCA EM topical. 
! 

I Some of the material in the attachment is considered Proprietary to Framatomc ANP (FRA- 
: Ahm) as sworn by me as Vice President, Engineering and Licensing, F U - A N P ,  presented as an 
enclosure within this submittal. All the proprietary material, which is enclosed in [ brackets 1, is I 

, classified as categories "c" and "e" based on the FRA-ANP proprietary criteria given in the 
I 
l eoc1osure. 
I 

I Ifclarification of any of the provided information is needed, please contact John Klingenfbs at 
1 ($@I) 8832-3294. 

R W. Gah.thner 
Vice Prcsid.ent 
Engineering and Licensing 

I 1 cc: FfankOn/NRC 
Iohn Klingenfbs, OF53 

I R. J. Schomaker, OF57 
f J. R Biller, OF53 
j 
I 

p15 Fond Road P.O. Box 1 O Q I  Lynchburp, VA 24506493S 701: 804-832-5000 rSwwrSwwhtmdLcom 
I 
I 5-51 1 
I 



AVTT OF RAYMOND W, GANTHNES 

My name is Raymond W. Ganthner. I am Vice-President of Engineering & ~ i c e n s h ~  for 

Frarnatorne ANP, Ino. (FRA-ANP), and as $ch, I am authorized to arecuk this Atfidavit. 
* 

I am familiar with the criteria applied by FRA-ANP to determine whether certain information 

of FRA-ANP is proprietary and I am familiar with the procedures established &thin FRA- 

AhrP to ensure the proper application of these criteria. 

In determining whether an FRA-ANP document is to be classified as proprietary information, 

an initial determination is made by the Unit Manager, who fs responsible for originating the 

document, as to whether it falls within the criteria set forth in Paragraph D hereof. If the 

information faIIs within any one of these criteria, it is classified as proprietary by the 

originating Unit Manager. This initial determination is reviewed by the cognizant Section 

Manager. Xf the document is designated as proprietary, it is reGtwed again by me to assure 

that the regulatory requirements of 10 CFR Section 2.790 are met. 

The following idormation is provided to demonstrate that the of 10 CFR Section 

2.790 of the Commission's regulations have been considered: 

(9 The information has been held in confidence by FRA-ANP. Copies of the 
document are clearly identified as proprietary. In addition, whenever FRAIANP 

transmits the information to a customer, customer's agent, potentid customer or 

regulatory agency, the transmittal .requests the recipient to hold the information ss 

proprietary. Also, in order to strictly limit any potential or actual customer's use of 

proprietary information, the substance of the folIowing provision is included in a11 

agreements entered into by FRA-ANP, and an equivaIent version of the proprietary 

provision is included in all of FM-ANP's proposals: 
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i m A V I T  OF RAYMOND W. G m s  (C0nt'd.J 
i 1  
j 
I 

I , "Any proprietary idonnation concerning Companfs or h Suppliefs 
I 

' I 
products or manufhcturing processes which is so desigaated by Company 

or its Suppliers and disclosed to Purchaser incident to the performance of 

I such contract shall remain the property of Company or its Suppliers and is 
I disclosed in confidence, and Purchaser shall not publish or otherwise 
I 

I disclose it to others without the written approval of Company, and no 
rights, implied or otherwise, are granted to produce or have produced any 

! products or to practice or cause to be practiced any manufacturing 
processes covered thereby. 

Notwithstanding the above, Purchaser may provide theNRC or any other 

! regulatory asency with any such proprietary information as the M(C or 
I 

such other agency may require; provided, however, that Purchaser shall 

first give Company written notice of such proposed disclosure and 

Company shall have the right to amend such proprietary information so as 
i 

to make it non-proprietary. In the event that Company carmot amend such 

! proprietary information, ~urchmer shall prior to disclosing such . 

I M n a t i o n ,  use its best efforts to obtain a co-tment born NRC or such 
other agency to have such information withheld from public inspection. 

f 

I 

! 

I Company s h d  be given the right to participate in pursuit of such 
confidentid treatment." 

I 

i 
i 
i 



AFFIDAVIT OF RAYMOND W. GANTHhTR (Cont'd.) 

(ii) The followin,o criteria are customarily appIied by FRA-ANP in a rational decision 
4 '  

process to determine whether the information should be classified as proprietary. 

Information may be classified as proprietary if one or more of the followins criteria 

are met: 

Information reveals cost or price information, commercial strategies, 

production capabilities, or budget levels of FRA-ANP, its customers or 

suppliers. 

The information reveals data or material concerning FRA-ANP research or 

development plans or programs of present or potential competitive 

advantage to FRA-ANP. 

The use of the information by a competitor would decrease his 

expenditures, in time or resources, in designing, producing or marketing a 

similar product. 

The information consists of test data or other similar data concerning a 
- 

process, method or component, the application of which results in a 

competitive advantage to FRA-ANP. 

The information reveals special aspects of a process, method, component 

or the like, the exclusive use of which results in a competitive advantage to 

FRA-ANP. 

The information contains ideas for which patent protection may be sought. 



I AVIT OF RAYMOND W. GANTHNER, (Cont'd.) 

The document(s) listed on Exhibit "A", which is attached hereto and made a part 

her& has been evaluated in accordance with noma1 FRA-ANP procedures with 
a 4 

respect to dassification and has b a n  found to contain informittion ivhich falls 

within one or more of the criteria enumerated above. Exhiit "B", which is 

attached hereto and made a part hereof, specifically ideniifies the criteria applicable 

to the document(s) listed in Exhibit "A". 

(iii) The documcnt(s) Listed in Exhibit "Aw. which has been made available to the 

United States Nuclear Regulatory Commission was made avaiIab1e in confidence 

with a request that the document(s) and the information contained therein be 

withheld from public disclosure. 

(iv) The information is not available in the open literature' and to the best of our 

I knowledge is not known by General Electric, Westinghouse-CE, or other current 
! 
I , or potential domestic or foreign competitors of FRA-ANP. 

(v) Specific information with regard to whether pubIic disclosure of the information is 

IikeIy to cause harm to the competitive position of FRAIANP, taking into account 

the value of the information to FRA-ANP; the mount of effort or money 

expended by FRA-ANP dcvcloping the infmatiod; and the w e  or difficulty with 

which the information could be properly duplicated by others is given in Exhibit 

"B*. 

I have personally reviewed the document(s) listed on Exhibit "An and have found that it is 

considered proprietary by FRA--ANP because it contains Wonnation which as within one or 

more of the criteria enumerated in Pmgraph D, and it i s  information which is customarily 

held in w&drnce and protected as proprietary information by FRA-ANP. This report 



AFFIDAVIT OF RAYMOP-?? W. GAhTHNER (Cont'd.) 

comprises information utilized by FRA-ANP in its business which affords FU-ANP an 
4 

1 

opportunity to obtain a competitive advantage over those who'may wish to know or use the 

information contained in the document(s). 

RAYMOND W. GANTHNER 

State of Virginia) 

City of Lynchburg) 
SS. Lynchburg 

Raymond W. Ganthner, being duly sworn, on his oath deposes and says that he is the person who 
subscribed his name to the foregoing statement, and that the matters and facts set forth in the 
statement are true. 

RAYMOND W. GANTHNER 

Subscribed and sworn before me 
this ddrci day of WolroL 2001. 

Notary Public in and for the City 
of Lynchburg, State of Virginia. 
& LJ&S c c ; ~ i h : s i l c t ~ d &  fJCkCCIY P'J,/:O 
as 'E;vLA'L-# &, ~ n r ~ s , i ~ .  

My Commission Expires ( 3 ~  3 1; 2 003 
1 3  



EXHIBITS A& B 

EXEIBIT A 

Response to a Verbal Request for Additional ~nformation on Use of the Void-Dependent Cross- 
Flow Model Implemented in RELAPS/MOD2-B&W Code PAW-10164, Rev. 4P) for B&W- 
Plant SBLOCA Applications Performed Using the BWNT LOCA EM (BAW-10192PA). 

EXHIBIT B 

The above listed document contains information, which is considered Proprietary in accordance 
with Criteria c and e of the attached affidavit. 
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: Attachment 

Response to a Verbal Request for Additional Information 

! 
I on the RELAPSIMODZ-B&W Void-Dependent Core Cross-Flow Model 

Used in B&W-Plant SBLOCA Applications 
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i 1. Background and Introduction 

Framatome Advanced Nuclear Power (FRA-ANP), previously Framatome Technologies 
Inc., has used the BWNT LOCA Evaluation Model (EM) documented in BAW-10192P-A 
(Reference I )  for small break loss of coolant accident (SBLOCA) licensing analyses for 
the B&Wdesigned I 77-fuel assembly lowered-loop (1 77-FA LL) and raised-loop (1 77-FA 
RL) plants. These analyses have been performed in accordance with the EM 
descriptions and they have complied with the EM and code limitations and restrictions 
imposed via the NRC safety evaluation reports (SERs). During the course of analysis, 
FRA-ANP has discovered that the SBLOCA core cross-flow form loss modeling 
requirements are cumbersome for the analysts to use when analyzing the spectrum of 
SBLOCA transients with core uncovering. FRA-ANP has remedied these problems by 
standardizing the current EM cross-flow implementation methods via RELAP51MOD2- 
B&W code automation improvements. The extent of the FRA-ANP code improvements 
and plans for using this improved implementation are provided to the NRC through this 
documentation. 

The EM describes the philosophy and physical cross-flow modeling approach used in 
SBLOCA analyses (Reference I, Volume II, Section A.4). A high cross-flow resistance is 
used in the pool region to stabilize the void gradients or mixture levels between the hot 
and average channels. This pool void gradient results in a slightly higher hot channel 
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mixture level than that of the average core. Above the mixture level, the cross-flow 
resistance from the hot-to-average channel is conservatively reduced to allow steam flow 
diversion out of the hot channel. The average-to-hot channel resistance is increased in 
the steam region to restrict the flow of cooler steam from the average channel. The 
cmss-flow resistance model that represents this stated approach is shown as the "Base 
Case" model in Table A-3 of the SBLOCA EM (Reference I). Demonstration cases 
provided characteristic behavior when this segmented flow resistance model is used with 
low resistances in the upper core region and a high resistance in the lower core or pool 
region. Section A.4 of the SBLOCA EM (Volume 11) states that the discontinuity in the 
resistances must be near or below the elevation of the minimum core mixture level 
obtained in the analysis. If the user specifies the transition elevation between the wrong 
two volumes, then an iteration on the cross-flow resistance input model might be required. 
This iteration is both burdensome to the user and it can introduce a variation of roughly 
+/- 40 F in the maximum peak clad temperature (PCT) prediction related to the degree of 
conservatism that the user imposed via specification of the elevation of the cross-flow 
resistance step change. This type of variation has been noted in SBLOCA analyses with 
limiting PCTs in the 1300 to 1450 F range for B&Wdesigned plants. 

FRA-ANP reviewed the EM modeling philosophy and devised a simple code model that 
could be made responsive to the SBLOCA crossflow resistance model requirements and 
change dynamically with the actual mixture levels. This variable tesistance model will 
eliminate any potential user iteration associated with the specification of the fixed cross- 
flow resistance change. This standardization of the resistance modeling will also 
eliminate any PCT variations associated with the user's specification of the futed- 
resistance transition elevation. 

The new RELAPS/MODZ-B&W code (Reference 2) cross-flow model option alters the 
cross-flow resistance based on the local volume upstream conditions. At void fractions 
less than the pool region cutoff, the high cross-flow loss coefficients are used. At void 
fractions greater than the steam region cutoff, the low form loss coefficients are used. A 
smoothing region with linear interpolation between the two cutoff values is included to 
smooth the transition between the two resistance factors. This improved implementation 
method remains consistent with current EM discussions, therefore it is not considered to 
be an EM change. Nonetheless, FRA-ANP has notified the NRC of the implementation 
method differences, because of the slight alteration of the interpolation region and code 
automation of the cross-flow resistance model. The RELAP5iMOD2-B&W cross-flow 
code formulation changes were included in the documentation provided in the Revision 4 
code updates supplied with the M5 licensing documentation in Appendix K of Reference 
3. That information, with the void fractions at which the transitions occur, clearly defines 
the model that Framatome ANP will use in BAW-I 0192 SBLOCA EM applications. 

2. Void-Dependent Cross-Flow Model 

The basic principles described in Section A.4 of the SBLOCA EM volume describe a 
relationship between the cross-flow form loss and the upstream fluid conditions. If the 
upstream fluid is representative of the pool region (i.8. below the m'ucture level), then the 
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I resistance should be high. Use of the higher pool resistance suppoh the variations in 
j the mixture region void fraction related to power differences between the hot and average 

channels. These resistances are r e d u d  [ C, e ] above the top of the 
, mixture region to allow for steam flow diversion out of the hot channel. The steam region 
' resistance factor from the average-to-hot channel is increased [ C, 8 1 to 
' restrict steam flow from the average-to-hot channel. The poof or steam region can be 
( defined within the code via use of an upstream volume void fraction. Based on simple 

changes in code logic, the cross-flow resistance was modified based on the upstream 
i void fraction for any junction that is designated as a void-dependent cross-flow junction. 

The new code option allows the user to specify the core cross-flow junctions as void- 
dependent cross-flow paths via a specialized flag on the junction-input cards. The user 
also provides the void fractions that define the steam region and the pool region. The 
pool region cross-flow resistance is specified for the junctions. If the upstream volume 
void fraction is below the pool region void fraction, then the high void fraction form loss 
factor [ c, e ] is unmodified. If the upstream volume void fraction is above the 
steam region void fraction, then the hot-to-average pool resistance is reduced 
1 C,e ] to the steam form loss [ c, e ] for the hot-to- 
average resistance. A lower multiplicative factor [ c, e ] is used to adjust the 
pool resistance value to the average-tehot steam form loss [ c, e 1. All of these 
form loss coefficients are unmodified from the original fuced cross-flow EM modeling 
concepts. The only difference with the voiddependent model implementation is that a 
smoothing integral is used when the void fraction falls between the pool and steam void 
fractions. A linear interpolation on upstream void fraction will be used to define the 
multiplicative adjustments for both the forward and reverse form loss coefficients under 
these conditions. 

This new code option forces the cross-flow resistance to be similar to that described in 
the EM at the time of minimum core inventory. It has the added benefit of providing a 
smooth transition from the higher pool region resistance to that of the steam region both 
during both the uncovering and refill phases. Without this new code option, the user was 
limited to a fixed cross-flow resistance specification at a predefined core elevation. This 
fixed modeling could be modified via code restarts in the transient, although this approach 
provides another way that the user can affect the overall calculation of PCT. 

' ! The new voiddependent user-input options for the pool void fraction cutoff value are 
j obtained by observing the maximum pool-region void fraction in the worst break size 
: range for the SBLOCA spectrum analyses. Generally, the highest PCT is predicted for 
i BBW-plant analyses when the break size is between 0.024 and 0.1 5 ft? The highest core 

void fractions in the pool regions vary [ C, 8 1 for these break sizes, with 
the void fraction increasing with break size. The pool-region cutoff void fraction [ c, e ] 

! 
will cover all of these break sizes and should be reasonable for the typically non-limiting 

i analyses at larger break shes. In fad. its use on the largest SBLOCAs will likely reduce 
the cross-flow over the entire channel, causing the PCTs to increase slightly for these 

; break sizes. These breaks should remain non-limiting, however, because the uncovering 
; duration is short. 
I 
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The steam-region void-fraction cutoff should be set close to 1.0 during the core- 
uncovering phase. Consideration of the reRll phase suggests that the steam-region void- 
fraction cutoff should be slightly less than 1.0 to prevent an increase in the resistance 
before there is a mixture level re-established in the volume. Accordingly, a void fraction 
[ c, e 1 was selected as a reasonable value that is appropriate for both the initial 
uncovering and refill periods for all SBLOCA transients. 

In equation form, the form losses are defined for the positive flow direction (forward 
flow) from the average channel to the hot channel (i.e. Volume K is the average 
channel volume, Volume L is the hot channel volume). 

where - - 

1 c, 8 ](average-to-hot) 

1 C, 8 ] (hot-to-average) 

1 c.e I 

t c,e I 

For Flow Fmm 
average-to-hot 

hot-to-average 

average-to-hot 

hot-to-avemge 

average-to-hot 

hot-to-average 

Form Loss Factor 
honrvard = Kf-rd input 

t c,e I 
Kreverse = Krevsrse input 

[ c,e I 
Kfarward = Kfm inpuS Mforwad+t,,, 

t cse I 
Krewrse = Km- Mreverse-sh 

[ cse I 
Kforward = %ward Input * 

h-d M m - a m  
k v a m  = k- input 

* 
Irrtsrpoiald 
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a, (K) 2 % 

ag (L) 2 a, 
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Then, 

Then, 

Then, 

Then 

Then, 

Then, 
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i 3. Summary and Conclusion 
: I 
I I 

! The voiddependent cross-flow option implemented in RELAPSiMOD2-B&W Revision 4 
i standardizes the SBLOCA cross-flow modeling approach used in BAW-lOl92PA. It is 
. an improved code implementation that was developed from the original EM methods 
: with a resistance model that responds mechanistically to the actual core mixture level. It 
; preserves the three major conservatisms that were targeted or imposed by the EM 
; cross-flow model selections. These wnservatisms entailed (1) limiting the difference in 

the hot and average mixture levels to roughly one volume height or less, (2) forcing a 
i low cross-flow resistance in the uncovered or steam region to maximize flow diversion 
i out of the hot channel, and (3) restricting the average-to-hot channel steam region flow. 
i These three consewatisms are preserved with the new voiddependent model. 

A small set of limiting SBLOCA plant cases have been run with the new voiddependent 
cross-flow option, and these have been compared with the original fixed-resistance 
method application results. The PCTs have increased in some cases and decreased in 
others, but the general variation in PCTs is primarily influenced by the degree of 
conservatism imposed by the user-specified fixed cross-flow resistance step change 
location in the original application. The representative plant cases examined showed 
that the voiddependent cross-flow model PCT falls within the PCT range that can be 
produced by different user-selected locations of the fixed cross-flow resistance model. 
Therefore, based on this examination of these current SBLOCA application cases, 
FRA-ANP has concluded that this new voiddependent standardization will not provide 
any significant increase or decrease in the BAW-10192PA calculated SBLOCA PCTs 
for limiting SBLOCA analyses performed with a loss of offsite power (LOOP). 
Therefore, the void-dependent model will be included in future B&Wdesigned EM 
applications performed with Reference 1. 

The new model has the added benefit in that it is responsive to faster transients with 
dynamic mixture level transitions and applications such as those with manual reactor 
coolant pump trip within the first several minutes after loss of subcooling margin. These 
applications, which are being performed as a result of Preliminary Safety Concern 
(PSC) 2-00, were not considered when the futed resistance model was developed. The 
void dependent cross-flow model is well suited for applications such as these; therefore 
it was used for the PSC 2-00 analyses that will be submitted to the NRC in April, 2001. 

The voiddependent cross-flow model with the inputs prescribed in this letter represents 
an automated form of the fixed core cross-flow resistance model that the NRC 
approved for use for SBLOCA applications with BAW-I 01 92PA. The automated model 
retains the prescribed EM conservatisms from the original SBLOCA EM approach and 
standardizes the PCT predictions for LOOP or no LOOP transients for B&Wdesigned 
plants. Therefore, FRA-ANP intends to use the voiddependent model in all future 
SBLOCA applications performed with the BAW-10192PA EM. 
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June 15,2001 
NRC:01:026 

Document Control Desk 
ATTN: Chief, Planning, Program and Management Support Branch 
U.S. Nucisar Regulatory Commission 

- Washington, D.C. 20555-0001 C 

NRC Review and ~ ~ ~ r n v b l  of BAW-I 01 64P ~evl*lon 4, RELAP5lMOD2-B&W, An 
Advanced Computer Program for Light Water Rhctor LOCA and Non-LOCA 
Trsnsient Analysb 

Framatorne ANP (FRA-ANP) Lynhburg maintains two NRCgpproved large break losssf- 
coolant accident (LBLOCA) evafuatin models (EMS). The EM described in aAWI 
lO168P-A, Revision 3, December 1996, applies to recirmlatkrg steam generator (RSG) 
plants and the EM described in BAW-1 O192P-A, Revision 0, June 1998, is applied to B&W 
plants. These EMS use the RELAPS code described in BAW-10164P-A Revision 3. 

The EMS are being modified as described in the attachment. The modlfkations have been 
under review by the NRC for the past year. The purpose of the attachment to thls letter is 
to summake the changes and the documentation provided to the NRC to support the 
changes. A copy of this letter and t.he enclosu~s has been provided directly to those on 
distribution. 

The NRC has been requested to approve these changes by issuance of a Safety 
Evaluation for the report BAW-101W Revision 4. Frarnatome ANP would appreciate 
completion of the NRC review of these changes and the issuance of the Safety Evaluation 
by July 31,2001. 

Framatome ANP considers some of the infohation contained in the attachment and 
enclosures to this letter to be proprietary. The proprietary information in the attachment is 
encfosed within brackets [I. As required by 10 CFR 2.790(b) an affrdavft Is enclosed to 
support the withholding of this information from public disclosure. 

James F. Mallay, Diredot 
Regulatory Affairs 

Enclosure . 

cc. F. M. Akstulewtcz (wlenclosures) 
S. N. Baby (wlenclosures) 
F. OK (wlenclosures) 

Framatorne ANP Richland, Inc. 

2101 Hom Rapids Road T . (509) 37s'1)100 
Rlehirnd. WA 09352 Fuc (509)375.(1402 
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. The modeling changes are 1) subdivision of the hot bundle modeling and hot pin versus hot 
! bundle fuel temperature uncertainty, 2) void dependent cross flow model for small breaks, and 
' 3) tmplementation of the BEACH blockage limitation. i 
I 

: ! Subdivision of the Hot Bundle Modetfng and Hot Pin versus Hot Bundte Fuel 
I 'Temperature Uncertafnty 

, The madeling af the hot radlhot assembly Is broken into two heat etructures to improve the 
, simulation of the LOCA cooling process. The changes apply to the large break LOCA EMS for 
I both RSG and the B&W plants. 
I 
I References 1,2, and 3 were provided to the NRC to describe this modifjcation. The previously 

provided references are enclosed with this letter to facilitate the NRC review. A copy of these 
I references has been provided directly to Frank Akstulswicz. 

P5 Chanws for This Modiicatio~ 

{ In order to model the hot pin and the hot assembly as separate heat structures, an option was 
: added to RELAP5/MODZ=B&W to specify the pin channel (rod) as a primary or supplemental 
i channel. The supplemental pin capability allows multiple pin channels within a single 
I 

I 
hydrodynamic fluid channel (i.e., a fuel assembly, for example). The changes to 

I REVIPS/AAOD2-B&W are documented in Revision 4 of RELAPS/M002-B&W toplcal report 
; (Reference 1) on the following pages. 
i 
i Page 2.3-26, Item 2 i 
I 

: Page 2.3-27 

f Pages 2,346, 2.346.1 and 2.3-46.2 
! 

i Afl changes are identified with a vertical line in the left or right margin 

Further discussion of these changes is given in Section II  of Reference 2. 

: Reactor Modelina Chanaes 
I 

! Theee changes are documented in Rehrence 2, which describes the application of this model in 
; the RSG and B&W plant EMS. Reference 2 descrJbes the dhrtsion of the heat structures 
a hulating the hot rod and hot assembly, the calculathn of steady state volume averaged fuel 

temperatures for each, and the sensitivity of the changes for both RSG and B&W designs. 
I 

i The average core heat stnrdure will be initlaliked with no unmminty. The hot assembly heat 
j structure wll be initialized at a staWcal-based uncertainty prwiding 95 percent confidence In 
: 95 percent of an irstanas that the average fuel temperaturn h the assembly Is bwnded. The 
, maxlmum 85/93, fuel temperatun uncertainty will bs imposed only on the hot rod heat structure. 
I i (Note that a oorrectlon to TACO3 predictions at high burnup wilt stftl be applied.) 
a I 
i I 

1 

I 
I I 
! I 

I 
I 1 I 
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Additional supporting information describing the calculation of the Initfat fuel temperature within 
the hot assembly was provided in Reference 3. 

Void-Dependant Cross Flow Model for Small Breaks 

The cross fiow resistance model used within the core simulation for small break evaluations of 
B&Wdesigned plants k automated. The changes apply only to the small break LOCA EMS for 
the B&W plants. 

This revised model is described in more detail in Reference 4. The change is also described 
briefly in BAW-10164P Revision 4 (Reference I). A copy of the previously provided 
Reference 4 is endosed with this letter to facliite the review. 

BELAPS Chanaes for This Modification 

The voiddependant cross flow model is an automation of the procedure outllned in Seetion A4 
of the BWNT LOCA evaluation model BAW-10192P-A, Revision 0, June 1998. Different cross 
flow resistances are required above and below the mixture height for the proper simulatlm of 
small break core uncovering. The current procedure is manual alteration of the resistances 
during the transient using code restarts. The automation divides the core region Into three 
segments: a mixture region where the void fraction is less than the user input value --; a 
steam or in the misty region where the void fraction is larger than the user input value urn-: 
and a transition zone where the void fraction is between the two user input values. User input 
values for the K-factors and multipliers are selected so that the resulting form loss coefficients in 
the mixture region and in the steam or misty region will be the same as those specffied in BAW- 
10192. In the transition zone, linear interpohtlon is used to calculate the form loss coefficients. 
A void fraction of [c,elj typically represents the slug-to-annular flow transition boundary and 
therefore it is used as -. A void fraction of about h e ' ]  is a reasonable value for the lower 
boundary of the mist flow regime and therefore tt is used as a,.-. The changes to 
REWS/MOD2-B&W are documented in Revision 4 of the RELAPS/MODZ-B&W topical report 
(Reference 1) on the foliowing pages. 

Pages 2.1-128.1 and 2.1-126.2 

All changes are identified with a vertical line in the left or right margin. 

Reactor Modelina Chanaes 

No changes to the reactor modeling are required because this is an automation of a technique 
already described in the approved BWNT LOCA evaluation model, BAWIO't92. Although the 
modeling is general in its applicability, Framafome ANP only intends to apply it within the BMNT 
evaluation model for small breaks. 

~m~lementlbon of the BEACH Blockage UmbUon 

The third change is the implementation of M SER limftation on t6e amount of blockage that can 
be credited in evaluating rupture induced cooling effects. The SER for the BEACH topical report 



. 

Fnmatome ANP Rlchland, lnc. 
N RC:O1:028 
machment 

Page 3 

Revision 2 (this SER is documented on pages 5-226 through 5230 of BAW-1 OI66Pd, 
Revision 4, February 1996) limits the credited blockage to 60 percent of the flow channel. This 
llmttatlon was previously verified by the user. The code logic that cdwlates rupture induced 
cooling effects was modified by limiting the maxlrnum value of the credited Mockage to 60 
percent to assure implementation of the limit 

This modification is descnied in Reference I. A 

RELAP5 Chanaes for This Mod iWon 

The logic changes to implement the limitation automatically are described in Revision 4 of the 
REWWhAOD2-BbW topical repwt (Reference 1) on the following pages. 

Pages 2.1-128.1 and 2.1-126.2 

All changes are identified with a vettical line in the left or right margin. 

Ref.: 1. BAW-10164P Revision 4, RELAP5MOD2-5& WAn Advanced Computer Prvgrem far 
Light Weter Reacfor LOCA end #on-LOCA Trensient Analysis, September 1999, 731s 
reference was provided with the letter GR99-1Q4.doc, September 24,1999. 

Ref.: 2 Letter, J. J. Kelley (Frarnatome Technologies) to Oocurnent Conttot Desk (NRC), 
"Modeilng Refinements to Frarnatome Technologies' RELAP-5 Based, Large Break 
LOCA Evaluation Models-BAW-10168 for Non-B&W-Designed, Recirculating Steam 
Generator Plants and BAW-10192 for B&W -Designed, Once-Through Steam 
Generator Plants," FTI-00-551, February 29,2000. 

Ref.: 3. Letter, J. J. Kelley (Framatome Technologies) to Document Control Oesk (NRC), 
"Addiiional Information on Modeling Updates to Framatome Technolagles' RElAP-5 
Based, Large Break LOCA Evaluation Models-BAW-10168 for Non-B&W-Designed, 
Recirculating Steam Generator Plants and BAW-10192 for B&W-bslgned, Once- 
Through Steam Generator Plants," m-0012225, September 5,2000. 

Ref.: 4. Letter, R W. Ganthner (Fmmatome Technologies) to Document Control Oesk (NRC), 
"Additional Information on Use of the Void-Dependent Crass-Flow Model Implemented 
in RElAPSIAAOD2-B&W Code (BAW-10164, Rev. 4 P) for B&WIPlant SBLOCA 
Applications Performed Ustng the BWNT LOCA EM (BAW-10192PA), FANP-01-915, 

. March 23,2001. e 



A F F I D A V I T  

r STATE OF WASHINGTON ) 
) ss. 

COUNTY OF BENTON i 1 

1. My name is Jeratd S. Holm. I am Manager, Product Ucenalg, for 

Framatome ANP ("FRA-ANP"), and as such I am authorired to execute this Affidavl. 

2. 1 am famlliar with the crlterla applled by FRA-ANP to detsrmlne whether 

certain FRA-ANP information is proprietary. I am familiar with the policies established by 

FRA-ANP to ensure the proper application of these criteria. 

3. 1 am familiar with the FRA-ANP information tnciuded In the attachment and 

enclosures to the letter NRC:01:026, dated June 2001, from James F. Mallay to Document 

Control Desk. This letter is referred to herein as "Document." Information contained in this 

Document has been classmed by FRA-ANP as proprietary In accordance with the policies 

established by FRA-ANP for the control and pmtection of proprietary and confidential 

information. 

4. This Document conbins information of a proprietary and confidential nature 

and is of the type customarily heM In confidence by FRA-ANP and not made wanable to the 

public. Based on my experience, I am aware that other companies regard Information of the 

kind contained in this Document as proprietary and confidential. 

5. This Document has b e n  made avalfable to the U.S. Nudear Regulatary 

Commission in confidence with the request that the infomation contained In the Document be 

withheld from publlc disclosure. 



6. The folIowing criteria are customarily. applied by FRA-ANP to detcrrmhe 

whether information should be dassffied as proprietary 

(a) The infomatlon reveals details of FRA4P's  research and development 

plans and programs or W r  resub. 

(b) Use of the information by a competftor would psrmlt the competitor to 
b 

significantly reduce its expendlures, In time or resoubs, to design, produce, 

or market a similar product or senrice. 

(c) The information includes test data or analytical techniques concerning a 

process, methodology, or component, the appticatfon of which results in a 

competitive advantage for FRA-ANP. 

(d) The information reveals certain distinguishing aspects of a process, 

methodology, or component, the exclusive use of which provides a 

cornpetbe advantage for FRA-ANP in product optlmkation or marketability. 

(e) The information is vital to a competitive advantage held by FRA-ANP, would 

I be helpful to competitors to FRA-ANP, and would likely cause substantial 
I 

! harm to the competitive position of FRA-ANP. 
I 

I 
7. In accordance with FRA-ANP's policies governing the protection and control 

I 

j of information, proprietary information contained in thls Document has been made available, on 
i 

: a limited basis, to others outside FRA-ANP only as required and under suitable agreement 
' 

providing for nondisclosure and limited use of the information. 

i 8. FRA-ANP policy requires that proprietary information be kept in a secured fi Is 

I or ama and distributed on a need-to-know basis. 



I 

I 9. The foregoing statements a n  true and correct to the best of my bowledge, 
i 

information, and belief. 

I Valerie W. Smith 
! NOTARY PUBLIC, STATE OF WASHINGTON 
: MY COMMlSSiON EXPIRES: t0/10/04 



Note on Attachments 
I 

f References 1, 2, 3 ,  and 4 were provided to the NRC as part of 
I the letter dated June 15, 2001. Each of these references were 
: also submitted individually and have been included in this 
! document onpages 5-404 through 5-462, 5-463  through 5-493,  5- 
1 494 through 5-510, and 5-511 through 5-524 respectively. 

Rev. 4 
9/99 



I 5.9 Revision 4 SER 
I 
, This section contains the SER transmitted to FRA-ANP by Leslie 
I W. Barnett of the NRC in t he i r  le t te r  dated April 9 ,  2002.. 

Rev. 4 
9 / 9 9  



UNITED STATES 
NUCLEAR REGULATORY COMMISSfON 

WASWNMW4, D.C. 205L5MWW)I 

Mr. James F. Mallay 
: Director, Regulatory Affairs 

Fnmatome ANP, Richland. tnc. 
21 01 Horn Rapids Road 

: Richfand, WA 98352 

SUBJECT: SAFETY EVALUATION OF F W T O M E  TECHNOLOGIES TOPICAL REPORT 
I BAW-10164P REVISION 4, "REIAP51M002=B&W, AN ADVANCED COMPUTER 
I PROGRAM FOR LIGHT WATER REACTOR LOCA AND NON-LOCA 

0 

i 
TRANSIENT ANALYSES" (TAC NOS. MA8465 AND MA8468) 

I Dear Mr. Mallay: 

By letters dated September 24, 1999 and February 29,20OQ, Framatome submitted 
BAWIlOIMP, Revision 4, "REIAPS/MODZ-BbW, An Advanced Computer Program for Light 

, Water Reactor LOCA and Non-LOCA Transient Anatyses,' for review by the NRC staff. By 
I fetters dated September 5,2000, March 23, 2001, and June 15.2001, Framatome provided 

additional information. 

Fnmatorne proposed the folfowing changes to BAW-10164P~A (8s Revision 4) and refinements 
' to the loss of coolant accident (LOCA) evaluation models (EMS): 

1. A change that will model the trot channel modeling to treat the hat pin and the hot 
assembly as two heat slructuret for large break LOCA (LBLOCA) evaluations of 
recirculating steam generator (RSG) and once through steam generator (OTSG) plants, 

! 2. A change to the initial fuel stored energy uncertainty that will apply a lower uncertainty in 
the inltial fuel stored energy, derived from TACOS, fo the hot aasembly and cem 
average heat structures for LBLOCA evaluations of RSG and OTSQ plants, 

3. A change to automate the volddependent cross-ftouu model and to Interpolate the Inter- 
channel widdependent crots-flow for small bnrk LOCA (SBLOCA) evaluations for 
OTSG plants, and 

4. Automation of the core heat BEACH blockage limitation that will automate flow-blockage 
limit in BEACH, used for LBLOCA and SBLOCA analyses d RSG and OTSG plants. 

The staff has completed its nviw of the subject topical mport VR) and finds if is acceptable 
for referencing In Aaensing applications to the extent specifred and under the lirniMlons 
delineated in the-report and in the associated safety evaluation (SE). The SE defines the basis 
for acceptance of the report 



I 
I I 

; Mr. James F. Mallay 

I 
I 
: Pursuant to 10 CFR 2.790, we have determined that the enclosed SE does not contain 
I proprietary Information. However, we will delay placing the SE in the public document roam for 
, a period of 10 working days from the date of this latter to provide you with the apportunjv to 
/ comment on the proprietary aspects only. tf you believe that any information in the endosure is 
: proprietary, please identify such information line by line and d d n e  the basis pursuant to the 
' criteria of I 0  CFR 2.790. 

! We do not Intend to repeat our review of the hatters described in the subject report, and found ' 
acceptable, when the report appears as a tefemnce in license applications, except to ensure 

j that the material presented spplies to the specific plant involved. bur acceptante applies only to 
, matters approved in the report. 
. 1 

f : In accordance with the guidance pmvided in NUREGQ390, we request that Framatome publish 
: an accepted version of thls TR wfthin 3 months of receipt of thls letter. The accepted version . 
I shall incorporate this letter and the enclosed safev evaluation befween the title page and the 
i abstract. It must be wall Indexed such that informaUon is resdily located. Also, It must contain in 
I appendices historical review krfonnation, such as questions and accepted responses, end 
: original report pages that were replaced. The accepted venipn shall include an *-An 

(designated accepted) following the report identification symbol. 

i Should our criteria or regulations change so that our conclusions as to the acceptability of the 

I report are invalidated, Frarnatame andlor the applicants referendog the 1R will be expected to 
revise and resubmit their respective docurnenbtion, or submit justification for the continued 

I applicability of the TR without revision of their respective documentation. 
I 

Project No. 693 

i I Enclosure: Safety Evafuatiori 
i 

! 
i 

! 

Leslie. W. Barnett, Acting Director 
Project Directorate N 
Division of Licensing Project Management 
Office of Nuclear Reactor Regulation 



UNITED STATES 
NUCLEAR REGULATORY COMMlSSlON - 

WA$)UN6tON, 0s. 205SW001 

SAFETY EVALUATION BY THE OFFICE OF NUCmREACTOR REGULATION 
I 

TOPICAL REPORT BAW,10164P. REVlSlON 4. "RELAPSfMODZ-B&W. 

! AN -ER PRcWAkL I 
I FOR LIGHT WATER REACTOR LOCA AND NON-LOCA TRANSIENT A N A L Y W  

PROJECT NO. 69Q 

j 1.0 INTRODUCTION 
I 

Framatoms ANP proposed several changes to its loss-of-coolant accident (LOCA) evaluation 
a models (EMS) and methodologies in letters dated September 24, 1999 and Februmry 29,2000. 
1 Framatome provlded additional information by tetters dated September 5,2000, March 23, 
: 2001, and June 15,2001. 

Framatome ANP maintains several LOCA EMS to cover the conditions of small break LOCAs 
(SBLOCAs) and largo break LOCAs (LBLOCAs) in once-through steam generator (UTSG) 
plants and recirculating steam generator (RSG) plants. The LOCA EMS are dedbed in 
several Frarnatome topical reports, including the following: 

BAW-101 68P-A, "RSG LOCA, BWNT Loss-of Coolant Accident Evaluation 
Model for Recirculating Steam Generator Planto," Revision 3, December W96. 

BAW-10192P-A, "BWNT LOCA, BWNT Loss of Coolant Accident Evaluation 
i Model for Once-Through Steam Generator Plants," Revision 0, June 1998. 
I 
i BAW-10164P-A, "RELAP5/MOD2=B&W, An Advanced Computer Program for 
I 

I 
Light Water Reactor LOCA and Non-LOCA Transient Analyses," Revision 3, July 
1946. 

I 
BAW-I 0166P-A, "BEACH, Best Estimate Analysis Core Heat Transfer, A 
Computer Program for Reflood Heat Transfer During LOCA," Revision 4, 
February 1996. 

BAW110162P-A, "TAC03, Fuet Rod Thermal Analysis Computer Code," 
Revision 0, November 1989. 

Framatome proposed the following changes to BAW-10164P-A (as Revision 4) and refinements 
to the LOCA EMS: 

1. A change that will model the hot channel modeling to treat the hot pin and the hot 

i 
assembly as two heat structures for LBLOCA evaluations of RSG and OTSG planto, 



2. A change to the initial fuel stored energy uncertainty that will mpply a lower uncertainty in 
i 
I 

the initial fuel stored energy, derived from TAC03, to the hot assembly and core 
! average heat structures for LBLOCA evaluations of RSG and OTSG plants, 

: 3. A change to automate the void dependent  sfl low model and to interpolate the inter- 
channel voiddependent .cross-flow for SBLOCA evaluationr for OTSG plants, and 

: 4. . Automation of the core her? BEACH blockage timitauon that wfll automate flow-blockage 
firnit in BEACH, used for LBLOCA and SBLOCA analyses crf RSG end OTSG plants. 

2.0 STAFF EVALUATION 

: The staff reviewed the above proposed changes for acceptability in the context of the previously 
i approved LOCA EMS listed above (s.g., Revision 3 to BAW10164P-A, Revision 3 to BAWI 

101 68P-A, and Revision 0 to BAW-101 QZP-A). These EMS will use the R E W  5 code 
: described in BAW-101 MP, Revision 4. 
I 
, The staffs review of the changes to the hot channel modeling, fuel initial stored energy 
i uncertainty. cmssdow modeling, and flow blockage limit automation, in the context of the 

previously approved LOCA EMS, Is presented below. 

' 2, l  Changes to the Hot Channel Modeling in the l8LOCA Methodology 

By letters dated September 24, 1999, and February 29,2000, Framatome described the 
changes to the hot assembly modeling. Additional information was provided in letters dated 
September 5.2000, March 23,2001, and June 15,2001. The changed modeling applies to the 
RELAP5/MODZ-B&W LBLOCA EMS for OTSG (BAW-10192P-A, Revision 0) and RSG (BAW 
10168P-A, Revision 3) plants. The principal amended changes are: (a) replacing the hot 
rodlhot assembly channel with one channel containing two heated surfaces, one representing 
the hot rod and the other representing the other rods in the hot assembly, and (b) uslng the fuel 
initial stored energy uncertainty, and corresponding initial fuel rod conditions, as discussed in 
Section 2.2. 

Currently, the Framatome model for peak cladding temperature (PCT) calculations does not 
differentiate between the hot fuel assembly and the hottest pin. This modelifig scheme causes 
the entire hot assembfy to incorporate all of the ~ n s e r v ~ s r n s  requited for the hot pin or hot 
spot to assure that the hot pin or hot spots are not under predicied. In the present model, 
Famatome assumes that the hot assembly consists of all hot rods at the peak rod power and 
peaking) factors, and at the hottest rod initial temperatuw (stored energy) uncertainty. 
Framatome contends that this model results in a signirrcant ovsrprediction of the severity of the 
hot pin or hot spot conditions, and a very conset~ative predidon of the PCT. Framatome also 
contends that this consenrative modeling did not represent the actual phy8lcsl phenomenon in 
that there are cooling mechanisms affecting the hot spot Fnrnatome contends that these 
caolng mechanisms include convective heat transfer when there Is hlgh coolant flow, and r 
radiative heat transfer process to the immediate surroundings of the hot spot during low coolant 
flow. The cooling mechanisms govern heat transfer between be hot spot and the hot fuel 
assembly. 



Therefore, Framatome proposed a new model which separates hot pin and hot spots from the 
hot fuel assembly. In the proposed model, the power of the rods in ttre core is assumed to be 
the same as in the present model, with all rods in the hot assembly at the same limklng power. 
However, in the proposed version, the initial conditions of temperature uncertainties for the fuel 
rods in the hot assembly are changed based on TACO3 calculations. The hottest rod 
uncertainty remains the same as assumed in the present model. The remainder of the rods in 
the hot assembly have mn Initial temperature unertainty, derived from TACO3 calculations, 
statistically based on the fuel rods immediately surrounding the hottest rod. This lowers the 
temperature unceRainty assumption for all the fuef rods in the hot assernbiy except for the 
hottest rod. In addition, the average core heat structure will be initialized with no uncsrtainty, 
consistent with the above ststistical approach. The fuel temperature uncertainty is discussed in 
mom detail in Section 2.2 of this safety evaluation. The rest of the rods In the core are modeled 
the same as In the present model. 

The changes would not affect the hot rod directly, The hot rod would be represented the same 
as it is in the present model. However, the changes to the initial conditions including the stored 
energy of the other rods, would in turn change the transient effects of the other rods. The 
transient effects of the other rods would affect the transient coolant conditions of the hat 
channel, and thereby affect the transient behavior of the hot rod. Tho overall result of the 
reduced conservatism of the non-hot rod initial conditions is a lowring of the calculated peak 
cladding temperature. 

The staff concludes that the change to two heat surfaces in the hot channel and the changes in 
assumed initiat fuel temperature uncertainty are acceptable because the methodology 
continues to assume that all the fuel rods in the hot assembly are at the same limiting power 
and peaking factors as the hottest rod. The staff expects the assumed power level in the hot 
assembly to be sufficiently consenrative such that the EM, using the initial fuel temperature 
uncertainty discussed below, will provide consewative results. 

In summary, the staff concludes that the hot channel modeling changes are acceptable for the 
i proposed version of the methodology because the Frametame assumption that ell the hot 
1 assembly fuel rods are at the hottest rod's power assures that the methodology will continue to 
j be consenratbe when changes reducing the conservatism of the initial fuel temperature 
: uncertainty are included. 
i 

2.2 Changes to Initial Fuel Stored Energy Uncertafnty 

By letter dated February 29,2000, Framatome proposed changes to the uncertainty applied to 
the fuel initial stored energy. As previously discussed, the current Fnmatome model for PC1 
does not differentiate between the hot fuel assembly and the hotlsst pln. This modelfng 
scheme causes the entire hot assembly to lncorporrate 811 of the consmatisms required for !he 
hot pin or hot spot to assure that the hot pln or hot spot is not underpndicted. As 8 result. in 
the currant EM, Frarnatome applies an uncgrtainty that is epplicable to the hot spot to the entire 
hot assembly and hat pin. The ctored energy in the fuel is derived from the approved TACOS 
fuel performance code. 



t 

I 
Framatome's proposed new model includes a hot pin modeled as a separate heat structure that 

1 shares a coolant channel with the hat fud assembly. the hot fuel assembly is comprised of all 
fuel pins wittrin the hot assembly except the hot pin, For the hot pin, Framatome will use an 
initial fuel temperature uncertainty of 11.5 percent, which b brsed on U.le hot spot. This is the 

a same uncertarinty value as is used for the hot rod/ssoernbly In the current model. Thus, the 
stored energy for the hot pin is idontical for both cumt and proposed models. f he staff i 
considers this approach qcceptabfe. 

I The initial fuel temperature uncertainty for the hot fuel assembly is detennlned by a probability 
: distribution of the fuel pellet temperature predictions such that the temperature is overpredicted 
: 95 percent of the time at the 95 percent confidence level. To deduce the memge fuel 
I temperature uncertainty for the hot fuel assambty, Framatorna described a flow channel that 

shows a hot pin surrounded by eight fuel pins ta form four subchmnel~. fmmatome contended 
that only pins and pellets within these subchannels can be expected to affect the heat transfer 
from the hot spot. This approach effectively shlelds the hot pln from influence by those pins 

: outside the channel, thereby conservatively predicting fuel temperature uncertainty. 
Framatome assigned weighting factors for those eight pins surrounding the hot pin that 

I contribute heat to the subchannels. These weighting factors em based on r conservative I 
I geometrical consideration that maximizer the heat added to the subchannels. Framatome 
: notes that there is en additional conservatism because the control rod guide tubes and 

instrument tubes are not considered in the hot fuel assembly, To determine the average 
uncertainty for the fuel pellets surrounding the hot pin, Framatorne applied a statistical method 
to randomly determine the uncertainty of each pellet, according to the TACO3 uncertainty 
distribution, and considered the applicable haat transfer mechanisms at the hot spot, This 
process was repeated until a 95135 confidence level was reached. The result showed that the 
average uncertainty for the hot fuel assembly is 2.1 percent for conditions with coolant flaw and 
2.3 percent for conditions without coolant fiow. For conservatism, Fmrnatorncs wlll assign en 
average uncertainty of 3 percent for the hot assembly. Based on this average uncertainty, 
Framatome can calculate the stored energy for the hot fuel assembly. The staff agrees with 
this approach. 

I 

, Similar to the calculation of hot assembly uncertainty, f rarnatorne evaluated tbe average ' uncertalnty ta be applied to the average core heat structure. Framatome determlnod that, core 
] wide, the average uncertainty is zero {e.g., no bias in the TACO3 results). Ftamatome noted, 
I however, that e correction to the TACO3 results Is applied for high bumup fuel (greater than 40 
I GWdlmtU), consistent with the high bumup Topical Report, BAW-'10986P-A, "Extended Burnup 
i Eveluation," Revision 0, June 1997. 

I The staff has reviewed Framatome's proposed stored energy model for hot pin, hot fucl 
assembly, and average core heat structures. Based on the approved TACO3 code and 
conservative approach fn the modeling and statistial method, the staff finds the proposed 
changes to be acceptable. 



2.3 Changes to Void-Dependent Cross-Flow Model 

Framatome proposed to change its small break LOCA analysis methodology as described in 
their September 24, 1999, letter. The staff also consulted BAW-10192P-A, Volume 2, which 
described the previous SBLOCA methodology for B&W designs. The previous methodology 
provides coefficients controlling cross-flow in the core beween the hot channel and the average 
chan~~el in both directions for both below the water surface and the s team space above the 
water surface. The values of the coefficients used in the approved model were determined by 
analytical sensitivity studies to assure relative conservatism and consistent calculated behavior. 
No formal comparisons to test data were performed, The time-dependent variance of the fluid 
condition at any given level determines the values of these coefficients at that level. In the 
present methodology, coefficient values were entered by the analyst in an iterative process of 
interpretation of the calculated time- and level-dependent fluid conditions. 

The existing core cross-flow model provides flow coefficients between the hot channel and the 
average channel. The coefficients are fixed-valued, but specific to the flow location (above and 
below the water surface) and the flow direction (out of the hot channel or into the hot channel  
from the average channel). In t h e  previous model, the values of the time-dependent coefficient 
values were determined by the analyst's assessment of the time variance of fluid conditions in 
the channels. The specific values were initially checked against large break data, and then 
tuned with sensitivity studies to give qualitatively credible results and identify the bounding case 
of those studied. This was considered by the staff in its previous review and approval of the  
model. 

The proposed model change adds a void-dependent transition zone (which varies in elevation 
wiih the time-dependent change in core water level) to interpolate the coefficients, providing 
greater continuity to the calculations. In the updated methodology, the interpretation of time- 
and level-dependent fluid condition is automated, avoiding the possible inconsistencies 
introduced by different interpretations between analysts. 

In a letter dated March 23, 2001, Framatome stated that A examined the relative effect of this 
change for a limited number of cases that they considered representative. In comparisons of 
results using the previous model and results using the proposed model, the calculated results 
using the proposed model are consistent and fall within the range of variance between different 
analysts using the previous model. This demonstrates that, for SBLOCA analyses 
rearesentative of B&W-design licensing cases, use of the proposed model yields results within 
the  range of results using the previously approved model. 

The staff concludes that the proposed treatment of cross-flow is acceptable for the proposed 
version of the SBLOCA methodology because the proposed automated cross-flow model 
provided more consistent results than the  previously approved analyst-controlled model, and 
because the results using the proposed model fell within the range of variance of the  results 
using the previously approved analystcontrolled model in comparisons performed by 
Framatome. 

Future changes to the Framatome SBLOCA methodology could significantly affect either the 
form of the cross-flow model or the cross-flow coefficient values, Because t h e  staff only 
considered the proposed cross-flow model within the context of the Framatome SBLOCA 



! methodology as it is presently canflguted, and for scenarlas represented in a limited sensitivity 
j study, future rnodRcationr of the SBLOCA ~thoddogiw could compromise any contenratism 

remaining in the methodology. The staff will in future revlam of SBLOCA model changes, 
: request additional empirical data comparisons supporting the wss-flow model ~ ~ S C U S S ~  in this 
! safety evaluation to mfim that sufficient conservatism remains in the future methodologies in 
! accordance with 10 CFR Part 50, Appendix K 

I Plant deslgn and fuel differences, and discovered errors or changes, could affect the results, 
' 

both quantitative and quaIitative, due to the form of the ctoss4ow model or the cross-flow 
: coefficient values. Differences in the results could indicate different cornpensetary or remedial 
i actions. Deviations from the versions of the LOCA methodologies containing the crass-flow 

model discussed in this safety evaluation are subject to the requirements of 10 CFR 50.46. 

1 2.4 Automation of BEACH Blockage Limitation 
! ' 
: The approved version of the BEACH methodology contains a credited flow blockage limitation 

of 60 percent, which is implemented by the analyst fnspedng the analytical results. fn the 
I September 24, 1999, letter, Framatome proposed to automate this limit in the BEACH coding. 
I This automation is mote convenient, and makes implementation of the lirnitatfon and calculated 

results more reliable and consistent, For these reasons, the staff finds this change acceptable. 
! 

CONCLUSIONS 3.0 

i Based on reviews discussed in Section 2, the staff finds the following Framatome proposed 
methodology changes (BAW110164P, Revision 4) acceptable within the stated terms and 

I 
I limitations: 
I 
' 1. I A change that wili model the hot channel modefing to treat the hot pin and the hot 

assembly as two heat structures for LBLOCA evsluations of RSG and OTSG plants. 
I 

i 2. A change to the initial fuel stored energy uncertainty that will apply a lower uncertainty in 
the initial fuel: stored energy, derived from TACOS, to the hot assembly and core 

I 

average heat structures for LBLOCA evaluations of RSG and QTSG plants. 
I 

/ 3. A change to automate the void dependent crorrdow model and to interpolite the 
inter-channel void-dependent cross-flow for SBLOCA evaluations for OTSG plants. 

4. Automation of the core heat BEACH blockage timitiltion that will automate the flow- 
I blockage limit in BEACH, used for LBLOCA and SBLOCA analyses of RSG and OTSG 
i .  plants, 

For reasons discussed in Section 2, In its review of future changes to the LBLOCA and 
SBtOCA maUlodologles beyond the context discussed In this safety evaluation. the staff will 
closely examine the Impacts of the proposed changes M h  respect to the TACO3 stored energy 
model, the hot channel modeling changes, and the cross-flow model discussed in this safety 
evaluation. 



As discussed in Section 2, the methodology changes sddmssad in this safety evaluation are 
significant. They involve both LBLOCA and SBLOCA, and a variety of plant designs, including 
recirculating steam generator and once-through steam generator designs. The methodology 
changes would likely affect the various plant designs differently. Identifled enom and changes, 
and compensatory and remedial actions could be dmercsnt between the plants. Deviations from 
the versions of the LOCA methodologies containing the items discussed in thfs safety 
evaluation (BAW-l0164P, Revision 4) are subject to the requirements of 10 CFR 50.46. . 

Principaf Contributor: F. On 

h Aprll 9, 2002 Date: 
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This document describes the physical solution technique used by the 

RELAP5]MODZ-B&W computer code. RELAP5/MOD2-B&W is a B&W Nuclear 
Technologies adaption of the Idaho ~ational ~ngineering Laboratory 

RELAPS/MOD2. The code developed for best estimate transient 

simulation of pressurized water reactors has been modified to 

include models required for licensing analysis. Modeling 

capabilities are simulation of large and small break loss-of- 

coolant accidents, as well as operational transients such as 

anticipated transient without SCRAM, loss-of-offsite power,  loss of 
feedwater, and loss of flow. The solution technique contains two 

energy equations, a two-step numerics option, a gap conductance 

model, constitutive models, and component and control system 

models. Control system and secondary system components have been 

added to permit modeling of plant controls, turbines, condensers, 

and secondary feedwater conditioning systems. Some discussion of 

the numerical techniques is presented. Benchmark comparison of 

code predictions to integral system test results are presented in 
an appendix. 

Rev. 3 

10192 



This page is intentionally l e f t  blank. 



j Documentation 
I Revision 
I 

0 

1 

To~ical Revision Record 

Replace CSO correlation 
with Condie-Bengston IV I 

Program 

sBLoCA modifications I Yes 

I Bewcri~tioq 
I 

original issue 

~ypographical corrections 

Miscellaneous corrections I 

ehanacl? 
- 

yes 

EM Pin Enhancements 

Filtered Flows for Hat 
Channel Heat Transfer 
Rupture Area Enhancement 
for Surface Heat Transfer 
OTSG ~rn~rovements and 
Benchmarks using the 
Becker CHF, Slug Drag, 
and Chen Void Ramp 

I 

I yes 

Program 
VersToq 

8.0 ' 

Rev. 3 
10192 



REFERENCES a a a . . . 4-1 

LICENSING DOCUMENTS . a a . 5-1 
. . 

5.1 Responses to Revision 1 Questions: Round 1 . 5-3 

5.2 Responses to Revision 1 ~uestions: Round 2- . 5-101 

5.3 Revision 1 Safety Evaluation R e p o r t  (s&) . 5-191 

5.4 Responses to Revision 2 Questions . . 5-254 

5.5  Responses to Revision 3 Questions . . . . 5-268 

5.6 Supplemental Information to ~evisions 2 and 3 5-300 
, 

5.7 Revisions 2 and 3 SER . . . . . 5-325 

5-548 

- .. - - viii - 
Rev.'. 3 

7/96 



1 

: Figure Page 

2.1.5-10. schematic of a Typical Relief Valve in t h e  
Closed Position . . . . . . . . . . . . . . . 2.1-162 

I ' 
2.1.5-11. Schematic of a Typical Relief Valve in the'. 

I partially Open Position . . . . . . . . . . . . 2.1-163 

2.1.5-12. Schematic of a Typical Relief Valve in the 
Fully Open Position . . . . . . . . . . . . . . 2 .1-163  

I 

2.1.5-13. Typical Accumulator . . . . . . . . . . . . . . 2.1-176 
' 2.2.1-1.  M e s h P o l n t L a y o u t .  . . . . . . . . . . . . . . 2.2-3 
I 
! 2.2.1-2. Typical Mesh Points . . . . . . . . . . . . . 2.2-4 

- 2 . 1 -3 .  Boundary Mesh Points . . . . . . . . . . . . . 2.2-5  

. 2 1  Logic Chart for System Wall Heat Transfer 
Regime selection . . . . . . . . . . . . . . . 2.2-34 

2 .3 .2-1 .  Gap Conductance options . . . . . . . . . . . . 2.3-27 

.3.2-2. Fuel Pin ~epresentation . . . . . . . . . . . . 2.3-34 

2.3.2-3*. Fuel Pin Swell and Rupture Logic and 
Calculation Diagram . . . . . . . . . . .  . . . 2.3-48 

3.3-1. Core Model Heat Transfer Selection Logic 
a) Hain Driver for EM Heat Transfer . . . . . 2.3-62 
b) Driver Routine for Pre-CHF and CHF 

Correlations . . . . . . . . . . . . . . . 2.3-63 
c) Driver Routine for C W  Correlations . . . . 2.3-64 
d) Driver Routine for Post-CHF 

Correlations . . . . . . . . . . . . . . . 2.3-65 

RELAPS Top Level Structure . . . . . . . .. . 3 .1-1  

Transient (Steady-State) Structure . .  . . . . 3.2-1  

-1-1. Semfscale M O D l  Test Facility - Cold Leg 
Break Configuration . . . . . . . . . . . . . . G-14 
Semiscale MODl Rod Locations for Test 
S-04-6 ...................-G-15 

. - xii - 
5-549 

Rev. 3 
' 10/92 



1. INTRODUCTION 

d e r j l p 5 / ~ 0 ~ 2  is an advanced system analysis computer code designed 
to analyze a variety of thermal-hydraulic transients in light 

water reactor systems. It is the latest of the RELAP series of 

codes, developed by the Idaho ~ational Engineering Laboratory 

(INEL) under the NRC Advanced Code Program. RELAPS/MOD2 is 

advanced over its ' pred'ecessors by its six-equation, full 

nonequilibrium two-fluid model for the vapor-liquid flow field 

and partially implicit numerical integration scheme for more 

rapid execution. As a system code, it provides simulation 

capabilities for the reactor primary coolant system, secondary 

system, feedwater trains, control systems, and core neutronics. 

Special component models include pumps, valves, heat structures, 

electric heaters, turbines, separators, and accumulators. Code 

applications include the full range of safety evaluation 

transients, loss-of-coolant accidents (LOCAs), and operating 

events. 

REI+PS/MOD2 has been adopted and modified by B&W for licensing 
and best estimate analyses of PWR transients in both the LOCA and 

non-LOCA categories. REltAP5/MOD2-B&W retains virtually all of 
the features of the original RELAP5/MOD2. Certain modifications 

have been made either to add to the predictive capabilities of 

the constitutive models or to improve code execution. More 

significant, however, are the B&W additions to RELAPS/MOD2 of 
models and features to meet tha 10CFRSO ~ppendix K requirements 
for ECCS evaluation models. The ~ppendix K modifications are 
concentrated in the following areas: (1) critical flow and break 
discharge, (2) fuel pin heat transfer correlations and switching, 
and (3) fuel clad swelling and rupture. 



Since the connecting K and 5 volumes are assumed to be 
I 

predominately axial-flow volumes, the crossflow junction momentum 

flux (related to the axial volume velocity ' in K and L) is 

neglected along with the associated numerical viscous term. In 

addition, the horizontal stratified pressure " gradient is 

neglected. 

A1 1 l engths and elevation changes in the one-dimensional 

representation are based upon the axial geometry of the X and L 
volumes and the crossflow junction is assumed to be perpendicular 
to the axial direction and of zero elevation change, thus, no 
gravity force term is included. 

The resulting vapor momentum finite difference equation for a 
crossflow junction is 

+ ADDED MASS + MASS TRANSFER MOMENTUM 2.1.4-72 

A similar equation can be written for the liquid phase. In 
Equation 2.1.4-72, HLOSSG~ contains only the user input crossflow 

j 
resistance. The ~ x j  term that is used to estimate the inertial 

length .associated with crossflow is defined using the diameters 

of volumes K and L, 

The crossflow option can be used with the cros;irlow junction 
perpendicular to the axial flow in volume L (or K) but parallel 

? 



. ,  

2.3,2.  Core Heat Structure ModeL 

The ordinary RELAPS heat structures Ere general in nature and can 
be used for modeling core fuel pins: however, licensing 

calculations require special treatment of the fuel pin heat 

transfer. To accommodate these requirements, two additional 

models, commonly referred to as the EM (Evaluation Model) pin and 

core surface heat transfer model were added to the code. The EM 
pin model calculates dynamic fuel-clad gap conductance, fuel rod 

swell and rupture using NUREG-0630 options, and cladding 

metal-water reaction. The core fuel pin surface heat transfer is 

calculated with a flow regime-dependent set of correlations that 

include restrictions on which correlations can be selected per 
NRC licensing requirements. These new models are independent and 

mutually exclusive of the originai system heat transfer model 

(described in section 2.2.2) and the existing simple gap 

conductance model 'I8 (referenced in Appendix A). The new models 

are explicitly coupled to the solution scheme though the 
modification of the gap conductance term, addition of fluid 

hydraulic resistance upon rupture, deposition of metal-water 

reaction energy in the clad, and determination of fuel pin 

surface heat transfer. The new EM pin model calculations are 
described in this section, while the EM heat transfer description 

is contained in section 2 . 3 , 3 ,  

. . 

The EM pin model consists of three basic parts: 

1. Dynamic fuel-clad gap conductance, 

2. Fuel rod swell and rupture ;sing NUREG-0630 options, and 

3. Clad metal-water reaction, 

which couple explicitly to the *heat structure solution scheme or 
add fluid hydraulic resistance upon rupture. The nodel be. 

executed either in a steady-state initialization or transient 
mode determined by user input, 

. . .  

. . 



The pin calculations are performed on .single fuel rod which 

represent the average behavior of a large number of rods. Each 

rod (also termed channel) can be broken into up to ninety heat 

structures, each having an associated pin sefient. The gap 

.conductance, deformation mode, and metal-water reaction are 

determined for each individual segment based on "the channel 

specific pin pressure. 

3.3.2.1. Transient Dvnamic Fuel-Clad Gap Conductanc~ 

The RELAPS heat structure conduction scheme uses cold, unstressed 

geometrical dimensions for its solution technique. The dynamic 

gap conductance, h 
gap' 

is calculated from hot stressed conditions 

from which an effective gap thennai conductivity, Rgap, based on 
cold gap size, r , is determined for each pin segment. 

9cold 

The gap conductance is determined by calculating the gap gas 

conductivity, temperature jump gap distance, radiation component, 

and dynamic fuel-clad gap from the deformation models. An 
additive fuel-clad contact conductance term has also been 

included as an option to simulate the closed gap contribution for 

high fuel rod burn-up applications. Two options are provided to 
calculate the conductance. e first option assumes that the 

fuel' pellet is concentric within the clad, while the second 

option assumes the fuel pellet is non-concentric within the clad 

as illustrated in Figure 2.3.2-1. 

Rev. 3 
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Fuel 
Pellet 

Option 1 

l n s i d e  Clad 
Surface 

Option 2 

Figure 2.3.2-1. Gap Conductance Options. 

Eight half-s&etrical azimuthal sections are used for 
determining the overall conductance for the second option without 
calculating an azimuthal temperature gradient-. The total gap 

conductance is determined by 

! 

+ brad + hfcc ! h g a ~  = M9 h g a ~  
gas 

w i t h  
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2 
hgw? 

= conductance through gap gas (w/m -#), 

H = user input multiplier used to acquire correct 
initial temperature within f u e l ,  . 

h = gap gas conductance contribution (w/m 2 OK), gap I. 

gas 

P conductance due to radiation contribution from brad fue l  to clad (v/m2-K) , and 

I = gap contact conductance contribution due to fuel- 
' 'CC cladding mechanical interaction (w/m2-K) . 

a 
The radiation gap conductance contribution is calculated by 

i where 

o = Stefan-Boltzmann constant, 
! 2 4 

= 9.6697 x l o m 8  (w/m -K 1, 

ef = emf ssivity of &el surface, 

e - emissivity of clad-inside sukface, 
C 

! 
= fuel outside surface temperature (K), and 

= clad-inside surface temperature ( K ) i  =its 

$ 

i 
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L 

Cj  - 4.0 and 

C, = -5.0 lo3' (K). 

The fuel is defined by the first material type specified in the 

heat structure input, with the next material type being the gap 

and the third the clad as shown in Figure 2.3.2-2. Any deviation 

from the geometry will result in an error or misinterpretation of 
the information by the pin model. The gap can onlv be ane mesh 
interval wide, while fuel or clad must be greater than or equal 
to one mesh interval. Currently no provisions are made for 

annular fuel pellets. 

The calculation of the inside clad radius is not as 

straightforward as the fue1:outside radius. Seven different 
calculational modes are required to cover the posqible clad 

conditions. They are defined as: 

1. Elastic and thermal expansion within an unruptured channel, 

2. Elastic and thermal expansion within 166.7K (300'F) of the 
clad rupture temperature within an unruptured channel, ' 

3. Plastic deformation within an unruptured channel, 

4. Elastic thermal expansion within a ruptured channel, 
5 .  Plastic deformation in a ruptured channel, 
6 .  Ruptured segment, and 

7. Fuel-cladding mechanical iteration (closed gap). 

Each mode is related to the NUREG-0630 calculated rupture 

temperature. 

Rev. 3 
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i where 
i 
i 
I =rupt = NUREG-0630 rupture temperature (K), 

crh = clad hoop stress ( k p s i ) ,  and 

H - dimensionless clad heating ramp rate, 0 < H 1. 
r -  

; The clad hoop stress for any pin segment is given by 
I 

r. - cold unstressed inside clad radius (m), 
I 

lCcold 
I 

= cold unstressed outside clad radius (m), 
i 
! roccold 

P = internal fuel rod pin pressure for that 
channel (Pa), and 

Pt - external fluid pressure of the right-hand 
side heat structure associated volume (Pa). 

C = 1 / 6.894757 x lo6 
P I 

The heating rate can be either a user input constant or one of 

three additional transient-dependent algorithms discussed in detail 
later in this section. 

At the beginning of each new t i m e  step following a successful 
RELAPS time step advancement, the hoop stress and normalized 

heating ramp rate are computed for each pin segment* The clad 

averafe temperature is also known at this time. If the clad 

average temperature is greater than the rupture temperature, then 
rupture occurs. Should the segment still be elastic and the 

rupture minus the clad temperature is less than 166.7X (300 F) , 
then the segment stays elastic. Between these two temperatures the 

clad can be either elastic or plastic hepending upon this 

Rev. 2 
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temperature d i f f e r ence  and the b u r s t  s t r a i n  as described i n  the 

following paragraphs f o r  ~ p t ~ r e d  o r  unntptured channels. 

Within an unruptured channel, the clad is considered pufely e l a s t i c  
i f  it has never gone p l a s t i c ,  zuptured, o r  the temperature 
d i f fe rence  between rupture and c lad  average temperatures is less 
than 166.7 K (300 F). The ins ide ' c lad  radius for t h i s  pure e l a s t i c  
pode is determined by 

where 

UTcP clad r a d i a l  displacement due t o  thermal expansion (m) , ' 
u = clad r ad ius  over-specif i c a t i o n  f a c t o r  (m) , determined CC during pin t r a n s i e n t  i n i t i a t i o n ,  and 

ue = clad r a d i a l  displacement due t o  e l a s t i c  deformation 
(m) 

The clad thermal expansion is determined s i m i l a r l y  t o  t h a t  for the 
fue l .  

with 

*HS = t o t a l  number of mesh i n t e r v a l s  in the hea t  s t r u c t u r e ,  

= heat s t r u c t u r e  rad ius  a t  t h e  i n s ide  of mesh interval rn n o r  ou t s ide  of n-l (m], and - '  

e = r a d i a l  s t r a i n .  function def in ing  fuel thermal 
I ". expansion a s  a function of c l a d  average temperature. 
I 
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The radial strain function is defined by either a user input , 
cubic f i t  

or a built i n  code correlation set 119 

for T, c 1073X (a phase), and 

'TC = - 9 . 4 4 9 5  l og3  + 9 . 7  lom6 =c 

f o r  TC > 1273K ( p  phase), where TC is the average cladding 

temperature (K). In the (I phase to B phase transition zone. 
1073K < TC < 1273~', a t a b l e  lookup is used. Some se lected 
values are listed i n  Table 2.3.2-2. = I 

Table 2.3.2-2 .  Thermal Strain of Zircaloy for 
1073 R < T < 1273 K. 

Radial Strain 
E 

TC 
5 .14  loo3 
5.25 l og3  
5.28 l ow3  
5.24 loo3 

5.15 loo3  . 

4 .45  loD3 
2.97 loo3 
2.90 log3 

Axial Strain 
E ' 

ATC 
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Youngps modulus is given either by the cbde for zircaloy cladding . 
as 

or by a user specified cubic equation 

Poisson's ratio is a constant which is defined as 0.30 for 

zircaloy by the code, however, the user can over-ride this value. . 

The normalized heating ramp rate tor the elastic mode is 
determined by one of two methods. One method calculates an 
instantaneous hepting rate and normalizes it with respect to a 
rate of 28K/s. 

The normalized value is then limited to 0 H 1 before using it 
for subsequent checking and calculations. The superscripts 

reflect the current and old time values. The* second method 

defines the normalized heating rate as a constant between 0 and 1 . 

based on,user input. 

Rev. 1 . .  
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Mode 2: Unruptured Elastic and Thermal Deformation Within 166.71 
( 3 0 0  F) of the Ru~ture  Temwerature 

When the clad average temperature is within 166.7K (300 F) of the 
rupture tenperature, the elastic inside clad radius is calculated 

as shown in Mode 1. This radius is compared against the plastic 
,* 

inside clad radius calculated in Mode 3. If the elastic radius 

is greater than the plastic radius, then Mode 2 is retained and 
the inside clad radius is set to the elastic radius. If not, the 

clad becomes plastic (Mode 3) and the plcstic clad calculations 

are used. An informative message is printed when a segment first 
becomes plastic, No return to elastic Modes (1 or 2) is 

permitted once the clad becomes plastic. 

If r. > r. - , Mode = 2 . 
kcelastic lcplastic 

If r. < r. , Mode = 3 . 
lCelastic lCplastic 

plode 3: Unru~tured Plastic ~efonnation 

The unruptured plastic deformation is determined by the plastic 

strain, c p .  

with 

where the clad burst strain determined doubie - 
interpolation relative to H and TNpt in the' use; input or 
default NUREG-0630 burst strain Tables 2.3.2-3 and 2.3.2-4 . The 



plastic strain behaves as a ratchet. Once a given plastic strain . 
is reached, no decrease in its value is allowed. In other words, 

for plastic mode calculations 

where the superscripts refer to the current and old time values. 

If the plastic mode is selected, the normalized heating ramp rate 
is calculated from any of three user options: user input 

constant, average rarnp rate, or plastic weighted ramp rate. The 

normalized average rarnp rate is calculated from 

where 

t = time (s,), 

n = superscript defining the current time, and 

p = superscript defining the time in which the clad first 
went plastic. 

The normalized plastic weighted ramp is calculated' by 



noding 'options) chosen by the user. The iine mesh noding option 

computes the inside radius as 

+ic ' lit + 'B) 
cold 

With this option, the gap conductance is calculated as though 

there is steam in the' gap. The steam thermal conductivity is 

evaluated at the gap temperature and used with the hot gap size 
to compute the conductance. ~ h f s  option also calculates inside 

metal-water reaction for the ruptured segment. 

The coarse mesh noding option computes the inside clad radius as 

This option uses the regular gap gas conductance and does not 

consider inside metal-water reaction. It is intended for use 
nominally when the expected rupture length is small when compared 
to the total segment length. The microscopic effects at the 

rupture site considered with the fine mesh option are expected to 

be negligible when compared to the-longer segment behavior. With 

the.coarse mesh option, the overali behavior will be more closely 

controlled by the entire segment rather than just the ruptur(l 
site conditions. 

Within the ruptured channel various calculations are modified at 
the time of ntpture. Each segment within that channel undergoes 
a mode change. The pin pressure becomes that of the hydrodynamic 

volume associated with the ruptured segment. An additive fonn 
loss coefficient is calculated .at rupture based on the clad flow 

blockage by a simple expression for an abntpt contraction- 

expansion. 



where 

p2 fraction of the channel flow area blocked, 
: I 

; is that no rupture enhancements will becalculated.. 
i I 

The flow blockage is obtained via a double table interpolation 

' relative to the nimalized heating ramp rate and rupture 
: temperature similarly to the clad burst strain. The table is 

! 

a 

: 
i 

' 

I 

: 

i 

I 
I 

1 
I 

i 

I 
I 

! 
I 

a 

: 
I 

: 
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either user supplied or default NUREG-0630 values listed in 
Tables 2.3.2-3 and 2.3.2-4. The additive value of the loss 
coefficient is edited at the time of rupture. The flow blockage 

loss coefficient is added automatically to the problem unless the 

user overrides via a new optional input. If added, the form loss 

is applied to the forward flow direction for the inlet (bottom) 
junction and the reverse flow direction for the e x i t  (top) 

junction attached to the volume in which the clad ruptured. The 
user option to exclude this £ o m  loss addition from the junctions 

has been included for certain non-licensing specialized 

applications (such as in models that use a single fluid channel 
in the core with multiple radial heat structure channels). 

Another option has been added to the EM Pin model help to 

,minimize user burden when running EM reflooding heat transfer 

analyses with BEACH (BAW-10166 section 2.1.3.8.4). This user- 
controlled option automatically includes code-calculated pin 

rupture, droplet break-up and convective enhancement adjustments. 

The input grid parameters are modified with the ruptured values 

and will be retained tor use in the reflooding heat transfer . 

calculations. This model is optional and requires input to 

activate the calculations. If no input is specified the default 

i When this option is selected several sets of calculations will be 
performed following cladding rupture. The first calculation 

! 



T h i s  midpoint e levat ion,  Zgrid, is t h e  loca t ion  where t h e  new 

I "gridw is inser ted .  T h i s  e levat ion is used t o  determine the 

performed de te rn ines  the midpoint elevat ion of ruptured segment, 
teferenced from the bottom of t h e  pin channel (which coincides  
with t he  bottom of t h e  heat  structure geometry o r  reflood s t ack ) .  

i d rople t  break-up effects f o r  the ruptured segment. 

@ 

rup t  seg-1 
I 

= O n 5  Azru~t 
+ C AZ 

s=g j t 
seg j=l 

I where I 
AZ = elevation change of pin segment. 

==g 

The second set of calculati6ns is t o  ca l cu l a t e  rupture drop le t  

. breakup e f f ic iency .  These ca lcu la t ions  are i d e n t i c a l  to those  I - 

: described i n  Sect ions  2.1.3.7. and 2.1.3.8. of Reference 123. 

! The rupture atomization fac tor ,  qatamax, is ca lcu la ted  as 
I 

I where 
n = number of equal size drop le t s  r e s u l t i n g  from t h e  s p l i t -  

- up of the l a r g e r  drople ts ,  

L bOc?dOe 
Eb = flow blockage fraction. 

The increase i n  the drople t  sur face  area  from t h a t  used f o r  
interface heat transfer is defined i n  Equation 2 . 1 . 3 - 1 0 5 ~ ~ ~  as 

The p ropor t i ona l i t y  constant ,  CIMXDB, is determined from the 

t h e  rupture  flow blockage f rac t ion ,  and the l eng th  
of t h e  ruptured segment. 
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The velocity of the . . fluid at the ruptured .location increases 
because of the flow area reduction. The physical area i n  the 

code calculations is not modified, but a velocity multiplier, 
used for determining the droplet  Weber number, is caiculatad from 

The cladding rupture results in an increase in the pin outside 
heat transfer surface area. The increase in area is not directly 
included in the conduction s o l u t i o n  in the code calculations. It 

is accounted for by using the feupture convective enhancement 

factor and applying it to the g r i d  wall heat transfer enhancement 
factor, F 

gq' 
The rupture enhancement, %, is an multiplicative 

contribution determined by 

= ~upture Area Ratio 

where 
r = outs ide  c lad radius of the ruptured node given by 
Nptoc 

The total wall heat transfer convective factor then becomes 

These droplet break-up and convective enhancement terms are 

optionally calculated and edited z i t  rupture by M e  EM pin modal- 
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Lj - axial length of t h e  jth segment (m) , 

"ATF = fuel  s train function of Equation 2.3.2-15, evaluated 
a t  fuel volume weighted average temperature Ff of 
Equation 2.3.2-25, (dimensionless), and 

I .  - axial strain function defining c lad  ax ia l  thermal 
'AT' expansion a s  a Function of. clad volume average 

temperature, (dimensionless). 

The axial  s train function for clad is defined by e i ther  a user 
input cubic f i t  

or a b u i l t  i n  code correlation set 119 

for TC < 1073.15K [a phase) , and 

'ATC = -8 .3  x loe3 + (TC - 273.15) 9 . 7  X l og6  
-1.0950 x loo2 + 9 . 7  X log6 TC 2.3.2-51.10 

for TC 1 1273K (B phase), where TC is the  volume average cladding 

temperature (K) of Equation 2.3.2-24. In the  a phase t o  B phase 

trans i t ion  zone, 1073R c TC c 12733, a tab l e  lookup is used. 
Some selected values are listed i n  Table 2.3.2-2. 
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Using the assumption that both the slope of the furl mesh point 

temperatures and the overall gap conductance will not change 
significantly, the last gap multiplier (1.0. for the first 

iteration) can be adjusted via a ratio to give a-new multiplier, 

After calculation of the new gap multiplier, another conduction 

solution iteration step is taken. The fuel volume average 
temperature differential is recalculated via Equation 2.3.2-52.1. 

If the absolute value is greater than 2 K, then another iteration 
step is taken after recalculating a new multiplier via  Equations 

2.3.2-52.2 and 2.3.2-52.3. If the absolute value is less than 2 

K, then the iteration has converged and the last multiplier 

calculated is edited and used during the steady-state and 

-transient EM pin calculations. Up to six iterations are allowed. 

If convergence is not obtained in six iterations, then the code 

will stop at the end of the initialization process and 
appropriate failure messages will be edited. Failure of the 

iteration to converge is generally related to poor estimates 

given for the initial mesh point temperature distribution. An 

improved estimate will normally allow the iteration to converge 

properly. If convergence is still a problem, user specification 

of the multiplier is also available. 

At the completion of the EM pin steady-state calculations (i . s . , 
after EM pin steady-state trip becomes true or during the first 
time step if there is no trip) several calculations are required 

to initiate the pin-transient calculations. The user-supplied 

cold unstressed pin geometry input via  the heat structure cards 
ia elastically expanded using the final code calculated 
temperature and mechanical stresses. 
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5.0  LICENSING DOCUMENTS 

  his section contains documents generated a s - a  result of U.S. 

Muclear Regulatory commission (MC) review of previous versions of 

this topical report. Sections 5.1 and 5.2 contains! responses to 
rounds one and two questions, respectively, for revision 1 of this 
report. These documents were previously issued in the approved 

proprietary and non-proprietary versions as appendices H and I. 
Section 5.3 contains the Safety Evaluation Report (SER) issued for 

revision 1. 

Sections 5.4 and 5.5 contain responses to NRC questions on 
revisions 2 and 3, respectively, of this report. section 5.6 

contains supplemental information to revisions 2 and 3. section 

5.7 contains the SER issued for revisions 2 and 3. 
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5.11 SER Directed Changes and Typoqraphical Corrections 

The SER for Revisions 2  and 3 of the RELAP~/MOD~-B&W topical 
requested that changes be made to portions of the text based 
on typographical changes identified in the RAIs. These 
changes were not incorporated in the approved' version of 
Revision 3 per the SER direction. They are being included in 
the Approved Revision 4 Topical to ensure that the incorrect 
information given previously is not used in completing future 
analyses, references, or evaluations. 

Some of the incorrect material was crossed out while other 
simple typos were fixed. Underlined, italicized text was 
added to denote the corrections or to direct the reader to the 
corrected information provided based on the response to the 
RAI. The information is marked in the margin with a change 
bar and a letter 't" to denote the requested typographical 
corrections identified in the Revision 2  & 3 SER Table 2. 
These SER directed changes were located on pages 2.3-36, 2.3- 
46, 2.3-83.1, H-6, H-7, 1-5, 1-11, 1-12, J-8, and L-13. 

In addition, two typographical errors have been discovered in 
t w o  other text descriptions versus what is contained in the 
actual code formulation. The first error is in the two-phase 
head degradation table (first HAD head degradation point) on 
page 2 :1-149. The topical has the incorrect sign for the head 
difference given in Subroutine RPUMP. The second 'error is in 
the steam heat transfer coefficient Equation 2 . 2 . 2 - 7 6  in the 
B&W high AFW model on page 2.2-40. The equation was corrected 
to match the correct formulation used in Subroutine HTFILM. 
These two errors could result in inappropriate code input to 
analyses or incorrect hand calculations based on the equation 
given. Therefore, corrected information has been -provided in 
the approved topical version by replacing these two pages. 
The incorrect material was replaced with underlined, 
italicized text to indicate the corrected information. The 
information is marked in the margin with a change bar and a 
letter "sa to denote the supplemental typographical 
correction. 

Each of the replaced pages (12 in all) with the incorrect 
information are attached following this page. 'These pages - 
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! 

. I 

; have been updated with the correct information in the main 
/ body of the Revision 4 topical text. 
I 
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Table 2.1.5-1. Semisoale Dimensionless Head Ratio Qifference 
(single-phase minus two-phase) Data. 

i 3 (HAD) -1.00 
j -0.90 

-0.80 
I 
i -0.70 
f -0.60 
I -0 50 

-0.40 
-0.25 j -0.10 

I i 0.00 
i 



: ,  

! For (bat - 4.0) < T1. < Tsat, 
. , 
. I I ,  

I 

'wf r w ~ e n  - r(rwchen - 0.0) ( T ~ ~ ~  - ~ ~ 1 / 4 . 0 1  2.2.2-73 

and 

I r = O ; O .  
I wg 

2.2.2-74 

i 

I 

I In the cases where (Teat - 4.0) > TJ, there is an additional 
I limit applied to rwf. If r,f calculated by ~quations 2.2.2-70 or i 
i 2.2.2-72 exceeds 801  of the liquid available for boiling within a 
I 

control volume, then the wetted area is reduced accordingly to 

! give a value which can only equal 805.  his limit avoids the 

i possibility of introducing an artificial mass error by vaporizing 

j more l iquid than is available. 

! flveraae Heat Flux and Heat Transfer Coeff ic ients  

, The average values of heat flux and heat transfer coefficients 
I 

, are calculated as follows 

qffg ' hffg(Tw - Tg) and 



, I 
I 

I 

I 

I 

a temperature d i f ference  and the burst strain as described in the 
I following paragraphs f o r  ruptured or unruptured channels. 

Within an pnruptured channel, the clad is considered purely elastic 
: if it has never gone plastic, ruptured, or the temperature 
difference between rupture and c lad  average temperatures is less 
than 166.7 K (300 P). The inside' clad radius for this pure elastic 

t lnode is determined by 
I 

! 
, where 
I 

u~~ = clad r a d i a l  displacement due t o  thermal expansion (m) , 
= clad radius over-speci fication f a c t o r  (m) , determined I 

, Ucc during pin transient initiation, and 
! 
I 

ue = clad radial  displacement due t o  elastic deformation 
! (m) - 
/ The clad thermal expansion is determined s imi lar ly  to that for the 
i fuel. 

i 

Ngg - total number of mesh in terva l s  i n  the heat structure, 
! 

rn - heat structure radius at the inside of mesh interval 
n or- outside of n-1 (m) , and - 

= radial  strain function defining fuel thermal 'TC' expansion as a 'function of c lad  avorage temperature- 



I 

, where 

p2 = fraction of the channel flow area blocked, 

' (la - Ablocked/Achannel) ' 

Another option has been added to the EEI Pin model help to 

I 

The flow blockage is obtained via a double table intezpolation 
relative to the noknalized heating ramp rate and rupture 

, temperature similarly to the clad burst strain. The table is 
I, either user supplied or default NWREG-0630 values listed in 

minimize user burden when running EM reflooding heat transfer 

I 

analyses with BEACH (BAW-10166 Section 2.1.3.8.4) . This user- 
controlled option automatically includes code-calculated pin 

, Tables 2.3.2-3 and 2.3.2-4. The additive value of the loss 

coefficient is edited at the time of rupture. The flow blockage 

rupture, droplet break-up and convective enhancement adjustments. 
The input grid parameters are modified with the ruptured values 
and will be retained for use in the reflooding heat transfer 
calculations. This model is optional and requires input to 

activata the calculations. ' r f  no input is specified the default 

loss coefficient is added automatically to the problem unless the 

user overrides v ia  a new optional input. If added, the form loss 

is applied to the forward flow direction for the inlet (bottom) 

junction and the reverse flow direction for the exit (top) 

junction attached to the volume in which the clad ruptured. The 

user option to exclude this form loss addition from the junctions 

is that no rupture enhancements will be calculated. 

I 

/ 
1 

has been included for certain non-licensing specialized 

applications (such as in models that use a single fluid channel 
in the core with multiple radial heat struckre channels). 
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When this option is selected several sets of calculations w i l l  be * 

, performed following cladding rupture. The first calculation 



x, = exp [P / ( lOOO*Clp)  1, 
x2 - G / (lo6 * El=)-, and 

a 
:where P is the system pressure in lb/in , G is mass flux in 

2 .Unyhr/ft , Xeth is the &lity a t  QIF, and CIP and C& are the 
- I 

,English-to-metric conversion factors for pressure and mass flux, 
i respectively. 

;me empirical coefficients axe: 
I 
: 

' where 

I 

I C ~ B R  user input constant (default = l), 
I 

I 

Barnett correlation is a widely accepted and applied within 
Ithe industry for high flow medium pressure CHF. The correlation 
;is given by 
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Table H.2. ORNIJ Thennohydraulics T e s t  Facility ('PHTF) 

Benchmark Cases. 
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TMDPVOL - Upper Plenum 

BRANCH - Outlet 

I PIPE - Reada Core (12 ft) 

Core Segments 
0.57 ft each 

3 

2 

1 

;::: 1 . .  
0.67 ft 

TMDPJUN - Inlet 

i TMDWOL - Lower Plenum 

Flgure H.1. R E W S  Model of FIypothetlcaf Reactor Core. 
.I 



B 

The critical heat flux was assumed to depend on thrs~ parameters: 

x, exp[P / (lOOO*Clp)J, 
6 x, = G/ (ID +Clm) , and 

where P is the system pressure in psia, G is the mase flux i n  
1bm/hr/ft2, Xeth is the quality a t  CHP, and E l p  and C b  are the 
English-to-metrfc conversion factors for pressure and mass f lux,  
respectively. 

Based on the work of ~arnsworth'~~, a general polynomial 
form w a s  assumed: 

where FIS is the bundle specific multiplier used in BWCKV and is 
defined by 

in which L - heated length, 
S = spacer grid spacing, and 
Ci - empirically determined  coefficient^. 
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Table 1.3. CalcuLated Local Condition Values. 

I 
I Point Pressure Mass Flux Heat Flux Quality 

psia lbwhr/ft2 btu/hr/f t2 

Test 121 

430 2015 I 405308 370043 0.2556 

, 431 2015 723925 461763 0.4969 

432 I 2015 704141 521065 0 0664 

433 I 2015 916371 521065 ' 0.0664 

T e s t  160 

1 'Test 164 I 
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Table 1.3 (continued). Calculated Local Condition Values. 

Point .Pressure Mass Flux Heat Flux Quality 
psia ~bm/hr/it' btu/hr/it2 

I 

Test 1 6 4  (continued] I 
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Counter current flow limiting (CCFL) is applied to the junctions 
at the steam generator plenum and tube inlets. The Wallis 
correlation from Referenca 145 is used in the .team generator 
tube inlet junction, and the CCFL correlation based on the UPTF 
data from Reference 146 is used in the stern generator plenum 

inlet junction. The results of the CCFL calculation will be 
discussed later. The SBWCA EM heat transfer model is used for 
the core heat transfer calculation. This model uses the BWUKV 

QIP correlation to calculate DNB, and permits return to nucleate 
boiling when rewetting is calculated during the post-DNB period. 

' ' -  A discharge coefficient of 1.1 is used for subcooled flow and 
i 
I two-phase flow up to 70  percent void traction, and the two-phase 
I coefficient is reduced to 0.77 for void fraction greater than 70 
! percent. These relative values were used to match a measured ! 

. flow,. and are consistent with the relationship o f  discharge 
I coefficients with respect to void fraction discussed in Vol~me 2 
I Section 4.3.2.3 of BAW-10168, Revision 2. - 

The steady-state initial conditions for the benchmark a n  
presented along with the t e s t  conditions in Table 2. To 
demonstrate model stabil i ty relative to time advancement, the EM 
model was man with a t i m e  step advancement of 0.05 seconds (base 

case) and with a reduced time step of 0.005 seconds. Figures 6 
through 10 show 'the results of the time step study, and confirm 
that the reduced tine step advancement does not change the - 
rests. A comparison of the results of the base case 
(REWLPS/HOD2 EN) with the experimental data identified with 
instnunentation tag names listed in Reference 142 is presented 
Table J.3 and Figures J.11 through 5.36 below. 

The calculated sequence of major events are presented along with 
! 

the test data in Table 5.3. Due to a facility power limitation, 
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T a b l e  L.1. Comparison of MIST Initial Conditions to mLAP5/MOD2- 
B&W Values. 

c 
Primary Pressure, p s ia  . 

Secondary Pressure, psis 
Core Exit Temperature, F 

SG Exit Temperature, F 
Core Exit ~ubcooling~ F 
Core Power, Btu/s 
Pressurizer Level, f t  
S G  Secondary Level, ft 
Cpre Flow Rate, lbra/s 

Table L.2. Sequence of Events. 

MIST V e r  5 .0  
Observation prediction 

Seconds Seconds 

0 0 

Ver 14.0 
Predict ion 
Seconds 

0 

Event 
Leak opened 
Primary saturates 
Pzr  level reaches one 
foot (HPI, AFW, and 
DH ramp started)  
Hot leg U-bend voiding 54/42 
interrupts natural circ. ' 

(LOOP A/LOOP B) 
High elev BCM begins 170/175 
(Loop A/Loop B) 
Break saturates 190 
~ecoxhary refilled and 4801480 
AFW shutoff (SG A/SG B) 

Primary and secondary 1560 
pressures equalize 

i Secondary blowdown 1710 1500 
I .  

a CFT inject ion begins 1920 1680 
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APPENDIX A 

RELAPS/MOD2 MODELS NOT 

EMPLOYED IN EVALUATIONS 
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Several special component and constitutive models are included 
within RELAPS/MODI-BPW which will not be used for evaluation 

model calculations. These models include: reflood heat 
transfgr, noncondensible gas heat transfer degradation, the 

original INEL simple gap conductance model, jet mixing, and the 
turbine component. These sections will not be described within 
this report; however, a reference back to the' original INEL 
release of RELAPS/MOD2 code manual1 will be given for 

completeness. 

The reflood heat transfer option will not be used in the REWLPS 

evaluation model calculations. It is described in sections 

3.1.3.6, 3.2.8, and 3.2.9 of Reference 1. The reflood portion of 
the LBLOCA transient will be performed by the BEACH a 
derivative of RELAPS/MODZ. 

Two noncondensible gas heat transfer degradation models are 

available within RELAPS/MODZ-B&W. An original INEL model and a 

new mechanistic model option added by B&W are formulated within 

the code. A complete description of the INEL model can be found 

in Reference 1. 

A new detailed gap conductance model which included clad swell 
and rupture calculations a s  well as metal water reaction 

calculations was added for evaluation model calculations. The 

original simple gap conductance model described in section 3.2.10 

of Reference 1 will therefore not be used. 

The turbine and jet mixer special component models will not be 
used for licensing calculations, A complete description o f  these 

models is found in Reference 1 sections 3.1.5.5 and 3.1.5.3. 
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(Variables which are not dimensioned have SI units) 

A Cross-sectional area (9) , coefficient matrix in 
hydrodynamics, coefficient in pressure and 

velocity equations 

A 1  Coefficient in heat conduction equation at 
boundaries 

*L Surge line cross sectional area (m2) 

I At Throat area (m2) 

Speed of sound ( m / s ) ,  interfacial area per unit 

volume ( )  , coefficient in gap conductance, 
coefficient in heat conduction equation, 

absorption coefficient 

Coefficient matrix, drag coefficient, coefficient 

in pressure and Gelocity equations 

Coefficient in heat conduction equation at 

boundaries 

Coefficient in heat conduction equation, source 

vector in hydrodynamics 

Body force in x-coordinate direction ( m / s 2 )  

Body force in y-coordinate direction ( m / s 2 )  

Coefficient of virtual mass, general vector 
function, coefficient in pressure, and velocity 
equations, delay neutron precursors in reactor 
kinetics, concentration 



Framatome ANP, Inc. BAW-10164NP-06 

Coefficient in noncondsnsible energy equation 

(J/kg-K) 

DISS 

E 

Drag coefficient 

Dimensional constant in corr&lation for rg 

specific heat at constant pressure (J/kg-K) 

specific heat at constant volume (Jikg-K) 

Coefficient in heat conduction equation, 

coefficient in new time volume-average velocity 

equation 

Coefficient of relative Mach number, diffusivity, 

diameter (m), heat conduction boundary condition 
matrix, coefficient in pressure and velocity 

equations 

Coefficient in noncondensible energy equation 

( J / ~ S - K ~  

Coefficient of heat conduction equation at 

boundaries 

Coefficient in heat conduction equation, droplet 

diameter (m) 

Energy dissipation function (w/m3) 

Total energy (U + v2/2) k g  , emissivity, 
Young's modulus, term in iterative heat conduction 
algorithm, coefficient in pressure equation 
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1nterf acial roughness 

Eu Euler number 

F Term in iterative heat conduction algorithm, 
. gray-body factor with subscript, frictional loss 

coefficient, vertical stratification factor 

FIFO FIG Interphase drag coefficients (liquid, vapor) (so') 

FI Interphase drag coefficient (m3/kg-s) 

FWF, FWG wall drag coefficients (liquid, vapor) (so') 

Xnterphase friction factor, vector for liquid 
velocities in hydrodynamics, delayed neutron 
fraction 

Pressure drop across valve due to gravity (Pa) 

Mass velocity (kg/s), shear stress, gradient, 

coefficient in heat conduction, vector quantity, 
fraction of delayed neutrons in reactor kinetics 

Dynamic pressure for valve (Pa) 

Grashof number 

Gravitational constant (m/s2), temperature jump 
distance (m) , vector for vapor velocities in 
hydrodynamics 

Acceleration due to gravity (m/s2) 
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H Elevation (m), volumetric heat transfer 
coefficient ' (w/K-m?) , head (m) , clad non- 
dimensional heating ramp rate 

HLOSSF Form or frictional losses (liquid) (m/s) 

I 
I HLOSSG Form or frictional losses (vapor) (m/s )  

Specific enthalpy (J/kg) , heat transfer 
coefficient (w/m2-K) , energy transfer coefficient 
for rg, head ratio 

Dynamic head loss (m) 

Identity matrix, moment of inertia ( ~ - m - s ~ )  

Junction velocity ( m / s )  

Energy form loss coefficient, metal-water rate 
constant (g2/cm4-s) 

Thermal conductivity (w/m-K) 

Boltzmann constant 

Spring constant 

Length, limit function 

Surge line length (m) 

Liquid level (m) 

Mach number, molecular weight, pump two-phase 

multiplier, mass transfer rate, mass (kg) 
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Number of system nodes, number density (#/n3), 
+pump speed (rad/s) 

Nusselt number 

n Unit vector, order of equation system, moles of 
gap gas (kg mole) 

Valve closing back pressure (Pa) 

Pressure (Pa), reactor power (w) , channel 
perimeter (m) , turbine power (J/s) 

Nitrogen pressure in dome (Pa) 

Relates reactor power to heat generation rate in 

heat structures, immediate fission power (MeV/s) 

~tmospheric pressure (Pa) 

Wetted perimeter (m), particle probability 

function 

specified pressure required to close a valve (Pa) 

Prandtl number 

volumetric heat addition rate (w/m3), space 

dependent function, volumetric flow rate (m3/s) 

Total heat transfer to vapor dome (w) 

Immediate fission energy per fission (MeV) 

Heat transfer rate (w) ,  heat flux (w/nt2) 
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specified time dependent, space dependent factor 
in the source term of heat conduction 

t 

I R Reynolds number, radius '(m) , surface roughness in 
I 
! gap conductance, radiation resistance term, gas 

constant (cal/gmole-K) 

Reynolds number 

The particle Reynolds number 
- 

Universal gas constants (noncondensible, steam) 
(N-nl/kg-K) 

Reaction fraction for turbine 

Chen8s boiling suppression factor, stress 

gradient, specific entropy (J/kg-K) , shape factor, 
real constant, source term in heat conduction or 
reactor kinetics (w) 

Surface, Laplace transform variable 

Temperature trip 

critical temperature (K) 

Reduced temperature (K) 

Specified time dependent function in heat 

conduct ion. 

~ i m e  (s) 
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Specific internal energy (J/kg), vector of 
dependent variables 

Radial displacement in gap conductance (m) 

Volume (m3) , specific volume (m3/kg), control 
quantity 

vv Volume of noncondensible. in accumulator dome (m3) 

VFDP, VGDP Coefficient for pressure change in momentum 

equations (liquid, vapor) (m/s-Pa) 

V I S  Numerical viscosity terns in moment:unr equations 
2 2 (m /S 1 

VISF, VXSG Numerical viscosity terns in momentum equations 
(liquid, vapor) (m2/s2) 

WNDER, VOVER Sephrator model parameters (liquid, vapor) 
t 

v Mixture velocity ( m / s )  , phasic velocity (m/s )  , 
flow ratio, liquid surge line velocity (m/s) 

vc Choking velocity (m/s) 

Weight of valve disk, weighting function i'n 
reactor kinetics, relaxation paramete; in heat 
conduction, shaft work per unit mass flow rate 

Wcrit critical Weber number 

We Weber number 
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. I 

1 

i Ate . 
Courant time step (8) ' 

! 

AX Increment in spatial variable (m) 

Area ratio, truncation error measure, film 
thickness (m) , impulse function, Deryagin number 

coefficient, strain function, emissivity, tabular 

function of area ratio, surface roughness, wall 
vapor generation/condensation flag 

Diffusion coefficient, multiplier or horizontal 
stratification terms the right side of heat 
conduction equation in finite difference form 

~fficiency, bulk/saturation enthalpy flag 

Relaxation time in correlation for Q, angular 
position (rad) 

~ o e f  f icient of isothermal compressibility (pa-') 

Prompt neutron generation time, Baroczy 

dimensionless property index 

Eigenvalue, interface velocity parameter, friction 

factor, decay constant in reactor kinetics 

. 
Viscosity (kg/m-s) 

Kinematic viscosity (m2/s), Poisson,s ratio 

Exponential function, RMS precision 

3.141592654 
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P Density (kg/m3) , reactivity f n reactor kinetics 
(dollars) 

cf Fission cross section 

C' Depressurization rate (Pa/s) 

Surface tension ( ~ / m ~ ) ,  stress, flag used in heat 
conduction equations to indicate transient or 

steady state 

Shear stresses (N), torque (N-rn) , fuel-clad gap 

Donored property, Lockhart-~artinelli two-phase 

parameter, neutron flux in reactor kinetics, angle 
of inclination of valve assembly 

Subscripts 

a 

j ; CHF 
' :  . , 
! '  

Lockhart-Martinelli parameter 

Coefficient, fission rate (#/s) 

Angular velocity (rad/s), function variable in 
reactor kinetics 

Average value 

Boron, dissolved solid 

Bubble 

value at critical heat flux 
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Vena contractai, continuous phase, cladding, 

critical property, cross' section 

cm Cladding midpoint 

con Condensation 

I 
cr critical property or condition 

Drive line, vapor dome 

! 1 
, I d Droplet, delay in control component 

Thermodynamic equilibrium, equivalent quality in 
hydraulic volumes, value ring e x i t ,  elastic 
deformation 

Used to indicate explicit velocities in choking 

Wall friction, fuel 

I FB, FBB Film boiling, Bromley film boiling 

Liquid phase 

Phasic difference (i.e., vapor term-liquid term) 

. Onset of vapor pull-through 
Frictional 

Vapor phase, gap 

Incipient liquid entrainment 

8-12 
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I I 
I 

H Head 

I 

HE Homogeneous equf librium 

I 

HF Homogeneous frozen 

hy Hydraulic 

Interface ,  delayed neutron group index 

Incipience of bo i l ing  

I n l e t ,  interface  

j, 1 1 - Spatial noding indices ,  junctions 
I 

I 

K Spat ia l  noding indices ,  volumes 

.I - 
L s p a t i a l  noding index, voluhes, laminar 

e Left boundary i n  heat conduction 

M Rightmost boundary i n  heat conduction 

m Mixture property, motor, mesh point  

NB Nucleate bo i l ing  

n Noncondensible component of vapor phase 

Reference value 

Rated values  
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r Relative Mach number, right boundary in heat 
conduction 

S suction region 

8 

sat 

Steam component of vapor phase 

Saturated quantity 

Point of minimum area, turbulent 

Transition film boiling 

t Turbulent, tangential 

Fully turbulent 

I .  

. UP Upstream quantity 

! 
v Mass mean Mach number, vapor quantity, valve 

i 

w Wall, water 

wall Wall of tank 

wg, wf Wall to vapor, wall to liquid 

Upstrean station, multiple junction index, 
vector index 

Single-phase value 

Downstream station, multiple junction index, 
vector index 
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Two-phase value 

Torque 

Vector 

Matrix 

I 

I superscripts 
I 

Boundary gradient weight factor in heat 

conduction, vector quantities 

old time terms in velocity equation 

i I Imaginary part of complex number 

i m-1,  m, m+l Mesh points in heat conduction finite.differance 

i equation or mean value 

I n, n+l Time level index 

n + 1/2 An average of quantities with superscripts n and n 
+ 1 

o ~ n i t i b  value 

I 
I R Real part of complex number 

Right boundary in heat conduction 

Saturation property, space gradient weight factor 

in heat conduction 

v Volume gradient weight factor in heat conduction 
i 

# I  

i B-15 
i I 
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Wall 

Vector index, coefficient i n  velocity equation 

Vector index 

Total derivative of a saturation property with 
respect t o  pressure, local variable, 
bulk/saturation property 

Derivative 

Vector, average quantity 

Donored quantity 

Unit momentum for mass exchange, intermediate time 
variable 

Linearized quantity, quality based an total 
mixture mass 
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The new evaluation model choked flow tables are listed in tabular 
form in this Appendix. They are listed in the following 

sections: 

C.l Moody Critical Flow Table. 

C.2 Extended Henry-Fauske Critical Flow Table. 

C.3 Homogeneous Equilibrium Critical Flow Table. 
C.4 Murdock-Bauman Critical Flow Table. 
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C.1 MOODY CRITICAL FLXlW TABLE 

GXX (1) = STAGNATION P ~ S S U R ~  (PSIA) 
GXX (EVEN) = MAXIMUM FLOW RATE (LBM/P"JC**Z-SEC) 
GXX (ODD) = STAGNATION ENTHALiPY (BTU/LB) 

NG = NUMBER OF PAIR$ OF FLOW AND ENTHALPY VALUES PER PRESSURE 
NPI = NUMBER OF PRESSURE VALVES 

DATA NG, NPI / 17, 21 / 

DATA Go1 / l.OEOt 214.71E08 69.733E08 20.11E08 173.340E08 
1 10.95E0, 276.94830, 7.5430, 380.555E0, 5.7630, 484.36330, 
2 4.6530, 587.77130, 3.91E0, 691.37830, 3.37E0, 794.986E0, 
3 2.9630, 8980593E0, 2 .64EO81O02.2O1EOt 2038E081105.809E08 
4 2.5OE0,1112.678EO1 2.00EO81238.828EO8 1;80E0,1369.99930, 
5 1.60E0,1507.606E08 1.40E0,1652.162E08 1.3030,1803.545BO/ 

DATA GO2 / 5.OE0, 
1 50.8630, 330.376EO8 
2 - 22.0930, 630.64530, 
3 14.13E0, 930091330, 
4 11.70EO,l142.565EO, 
5 7.70E081521.800E08 

DATA GO3 / 10.0~0, 
i 97.7630, 357.678~0, 
2 43,0930, 652030530, 
3 27.67E0, 946.93130, 
4 22.90EO-;.ll57.466EO, 
5 15.4030,1529.04530, 

DATA GO4 / 14.7E08 943.01EO8 180.179E01 
I 140.17E08 374.24030, 98.9330, 471.27030, 
2 62.4030, 665.331E0, 52.6930, 762.36130, 
3 40.19E08 956.421E0, 35.933081053.452E08 
4 33.10E0,1166.377030, 28.20~0~1258.44930, 
5 22.60E081533.437E0, 20a80EO8Z665.624EO8 

DATA GO5 / 50.OE0, 1787.76E0, 250.21230, 
1 439.1430, 434.988E0, 312.2530, 527.376E0, 
2 201.2430, 712.15330, 170.9330, 804.54130; 
3 131.4OE0, 989.317E0, 117.79E0,1081.705~0, 
4 107~5OEO81196~581EO8 92.90EO8l312.998EO~ 
5' 76.00E081548.789E08 7Oa40EO81673.458EQt 

DATA GO6 / 100.OEOt 2546.5030, 298.538E08 
1 802.8330, 476026430, 591.9030, 565.12730, 
2 388-73~0, 742.85230, 333.9230, 831.73530, 
3 256.92EO,1009.440EO, 230.86E0,1098.303E08 
4 209.20E0,1214.890E08 182.30E0,3330.371E08 
5 151.1OE0,1558.489EO~ 140.30E0,1678.248E08 
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! DATAGOY/ 200.0EOI 3608.163O1 355.50630, 
1 146306530, 524.071E0, 1108.91EOI 6O8.354EOI 

j 2 747.78E0, 776.92030, 643-2730, 861.202EOt 
f 3 502.8830,1029.76830, 453.44E0,1114.051EO, 
: 4 407.00EO,l234.101EO, 357.60E0,1349.17430, 
r 5 300.0030,1568.929EO, 279.90E0,1683.13530, 

DATA GO8 / 40O.OE0, 5084.55~0, 424. 16730, 3560.6230, 502.21030, 
1 2601.9130, 580.25230, 2044.8730, 658.2943Ot 1683.97E01 736.33730, 
2 1413.453Ot 814.37930, 1244.89EO1 892.421E01 1101~42EOI 970.46430, 
3 987.66E0,1048.5O6EOt 895.23EOt1326.548EO1 810.64E0,1204.591EOI 
4 792.40EO11253.154E0, 701.20E0,l368.603EOr 64lS80E0,1473~887E0, 
5 595.9030,1579.50930, 558.5030,1687.509EO, 527.3030,1798.24530/ 

DATA GO9 / 600.OE0, 6192.2430, 471.697E0, 4682.1330, 544.89330, 
1 3588.84E0, 618.089E0, 2897.0130, 692.28530, 242618530, 764.481E0, 
2 2087.6130, 837.677~0, 1831.5330, 910.87330, 3631.4330, 984.069E0, 
3 1470.77E0,1057.265EO, 1338.9530,1130.46130, 1228.83E0,1203.65730, 
4 1172.40~0,1262.89630, 1040.80EO,1379.241EO, 956.203OI1482.588E0, 
5 890.6030,1585.09880, 837.0030,1689.262EO, 792.00E0,1795.591EO/ 

DATA G10 / 800.OE0, 7103.3030, 509.811EOt 5630054E0, 578.76930, 
1 447204230? 647.726E0, 3689.493O1 7l6.684EO1 3135.7730, 785.641E0, 
2 2725.4730, 854.599E0, 2409.7830, 923.55730, 2159.5330, 992.514E0, 
3 1956.33E0,106le472EOt 1788.08E0,113O.429EOI 1646.48EOt11990387E0, 
4 1550.10E0,1268.822EO, 1378.5OE0,1386.128EO, 1269.40E0,1488.245EOt 
5 1184.90EOtl588*533E0, 1115.70E0,1689.882EOI 1057*4OEOt1792*94OEO/ 

DATA Gll / 1000.OE0, 7883.70E0, 542.55130, 6458.25E01 607.589E0, 
1 5277.33E0, 672.628E0, 443409630? 737.66630, 3818.11EOI 802.705E0, 
2 3349.91E0, 867.743E0, 2983-26E0, 932.78230, 2688.6630, 997.820EOI 
3 2446*89E0,1062*859EO, 2244.95E0,1l27.898EOI 2073.7930,1192.936EO, 
4 1928~00E0,1272~169EO~ 1715~80E0~1390~601E0~ 1582*30E0,1491.960EOI 
5 1479.30E011590.602EOt 1394.80EO11689.784EOI 1323060EOt1790.290E0/ 

DATA GI2 / 1200. OEO, 8566.6130, 571.85330, 7194.59E0, 633 -149E0, 
1 601.8.53E0, 694.445301 5141.2lEOt 755.74130, 4478.45E0, 817.03730~ 
2 3964.0530, 8780333EOt 355404330, 939.62930, 3221~01E0~1000*925E0t 
3 2944.51E0,1O62.221EOt 2711.61EOtl123~517EO, 2512.78E0,1184.813EO, 
4 2306=00EOt1274.362E0~ 2052*90E0,1393m811EOI 1895.20EO11494-614E0, 
5 1773.~0EO11591.920~0; 1674.40E0,1689.289EOt 1590.60EO,I787.642EO/ 

DATA G3-3 / 1400oOE0, S171.02EOI 598.830E01 7857.52301 656.477EOt 
1 6705.7730, 714.125E01 5813.3030, 773.77330, 5119r72E0, 829.420301 
2 4569.9530, 887.068E0, 4125.04E0, 944.716EOt 3758e28EOt1002.364EOt 
3 3450~9830,1060~011EO~ 3189.90E0,1117.659EOt 2965.42E0,1175.307EO, 
4 2684.80E0,1275.682EOt 2390.20E0,l396.083EOI 2208.30E0,1496*504EO, 
5 2068-80E0,1592.681EOt 1954.50E0,l688.499EOI 1858.30EO,1784.994EO/ 

DATA G14 / 16000OE0, 9708.52E0, 624.20230, 8458.6230, 678.235E0, 
1 7345.7230, 732.26830, 6454.7130, 786.300E0, 5743.9830, 840.33330, 
2 f169*19EO, 894.366E0, 4696.6630, 948.399EOI 4302*13E0,1002*431EO, 

! 
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. DATA GI5 / 1800. OEO, 103-86. Z4EOf 648.49030, 9605.7130, 698.87530, 
i 7943.45EO1 749.25830, 7068.47EOf 799.642EOI 6353.40E0, 850.02730, 
2 5763.7730; 900.411E0, 5271-40B0, 95b.795EOl 48S5~02E011001~179EOl 
3 4498.77E0,1051.564EOI 4190~73E011101~948EOI 3921.87E0,1152.332EO, 

' 4  3448.60EOll275.998E0, 3067;70E011398.372EOt 2836.40EO11498.413EOt 
I S  2660.50EO11592.891EOI 2516.90E0,1686.228EOI 2396.00E011779.701E0/ 

DATA G17 / 2200~0E0,10975.63~01 695.46230, 9956.80E0, 738.33230, ! 

I 1 9027.4UOt 780*802EO8 8224.65E0, 823a471301 7538.6730, 866.141E0, 
' 2  6951.18E0, 908.81130, 6444.80E0, 951.481E0, 6004.98E0, 994.150E0, 
j3 5620.04EO,1036.820EO, 5280.64E0,1079.490EO, 4979.37&0,1122.159EO, 
4 4220.10E0,1274.756EO, 3749.80E0,1398.911EO, 3467.80E0,1d98.821EOI 
15 3255.10E0,1592.023EO, 3082.30EO,l683.386&0, 2937.10EO11774.411E0/ 

' DATA GI8 / 2400~OE0~11209~60E0, 718.953E0,10316.18EOl 757.431E0, 
'1 9486*43EOf 795.909EOI 8750.33EOI 834.387E0, 8105.54E0, 872.866E0, 
j2 7541.38E0, 911.34430, 7046.15E0, 949.822E0, 6609.2430. 988.30010, 
' 3  6221.66E0,1026.779EO, 5875.90EO11065.257E0, 5565.81EOt1103.735E0, 
,4 4619~20E0,1271.798EO, 4096~70E0,1397~651EOl 3787.00EO,1497.913EO, 
5 3554.70EOI1590.843EO, 3366.60E0,1681.584EO, 3208.80E0,1771.765EO/ 

> , I  

DATA G19 / 2600.0E0,11428.29E01 744.475E0,10644.57EOf 778.232E0, 
jl 9914.50E0, 811.988E0, 9254.60E0, 845.14530, 8664.2530, 879.502E0, 
'2 8137.27E0, 913,259E0, 7666.18E0, 947.016E0, 7243.77E0, 980.772E0, 
i3 6863*58EO,1014*529EO, 6520.03E0,1048o286EO, 6208.34EOt1082s043E0, 
84 5012=4OEO,1270.621EO1 4441.80E0,3397.239E0, 4105.40E0,1497-515EO, 
' 5  3854*20EOI 1589.972E0, 3651.40EO,1679.930EO, 3481r50EO. 1769*120EO/ 
I 

j DATA G21 / . 3000~0E0,11604.42EOl 801.845E0,11109.66EOt 823.687E01 
:110640.9730, 845.529E0,10200.60E0, 867,371E0, 9788.61k0, 889.213E0, 
! Z  9403.93E0, 911.055E01 9044.9830, 932.89830, 8709.95E0, 954.74030, 
3 8397*0lEO, 976.58230, 8104.3880, 998.424E0, 7830.38EOt1020-266E0; 
5816*40E0,1267*043EO, 5139.50EO,1395.404EO, 4747.10EOt1.495.908.EO1 

,5 4456.80E6,1587.660Eo, 4223.80~0,1676.323E& 4029.40EOIl763.830E0/ 
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C . 2  EXTENDED HENRY-FA~SKE CRITICAL F L O W  TABLE I 
PE ( 1, I) = STAGNATION PRESSURE (PSIA) 
PE(EVEN, I) = MAXIMUM FLOW RATE (LB/m**2-SEC) 
PE ( ODD, I) STAGNATION ENTHALF+Y (BTU/LB) 

NPHE = NUMBER OF PRESS= VALUE'S 
.NHHE':- NUHBER OF PAIRS OF ENTHALPY AND PLOW VALUES PER 

PRESSURE 
, " 

DATA NfME,NPHE / 11 ,16  / 

DATA PEOl / 10 .0 ,  2293.0 ,  64.630t, 2255.0,  74 .271,  
1 2204.0 ,  83.914, 2140.0,  93.560,  2059.0,  103.210, 
2 1955.0 ,  112.866,  1820 .0 ,  122.521,  1647.0,  132.195,  
3 1415 .0 ,  141.871,  1108.0 ,  151.556,  768.0 ,  161.261/ 

DATA PE02 / 14 .7 ,  
1 2684.0,  95 .290,  
2 2388.0,  126.982, 
3 1735.0 ,  158.852,  

DATA PE03 / 5 0 . 0 ,  
1 4 9 8 9 . 0 ,  136.686,  
2 4449.0,  178.996,  
3 3273.0t  221.585, 

DATA PE04 / 100 .0 ,  7314.0,  131.690,  7203.0 ,  148.066,  
1 7059.0,  164 0470, 6870.0,  180.  909, 6624 0 ,  197.390,  
2 6304.0 ,  213.922,  5895.0,  230,515,  5361.0,  247.176,  
3 4691.0,  263.917, 3853.0,  280.749,  2546.5,  298.538/ 

DATA PE05 / 200.0 ,  10316.0,  159.379,  10157.0,  178.555,  
1 9940.0 ,  197.788, 9668.0,  217.Q89,  9303.0 ,  236.474,  
2 8846.0 ,  255.958, 8256.0,  275.557,  7513.0 ,  295.289,  
3 6567.0,  315.174, 5466.0,  335.236, 3608.2 ,  355.506/ 

DATA PEO6 / 400.0 ,  14530.0,  191.387,  14278.0 ,  213.823,  
1 13967.0,  236.367, 13556.0,  259.042,  13043.0,  281.874,  
2 12377.0, 304.892, 11537.0,  328,128,  10496.0 ,  351.621, 
3 9199m0, 375.416, 7708.0,  399.5741 5084.6 ,  424*167/ 

DATA PEOf / 600.0,  17719.0, 212.798, 17412.0,  237-4291 
1 17020.0t  262.216, 16499.01 287.192,  15845.0,  312-3941 
2 15027-0,  337.865, 13996.0, 363.658, 12730.0t  389-838,  
3 11153.'0, 416.489, 9378.0,  443.724,  6192.2 ,  471*697/ 

DATA PE08 / 800.0 ,  20397.0, 229.413,  20026.0,  255.753,  
1 19544.0, 282.295, 18943.0,  309.081,  18176.0,  336.1591 
2 17231.0,  363.591, 16028.0,  391.452, 14557.0,  419.842,  
3 12758.0,  448.894, 10734.0,  478.793, 7103.3 ,  509*811/ 
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DATA PE09 / 1000. 0, 22753.m0, 243.188, 22316.0, 270.943, 
1 21779.0, 298.941, 21080.0j~.327.236, .20219.0, 355.890, 
2 19140.0, 384.982, 17782.0, 414.616, 16138.0, 444.930, 
3 14147.~~ 476.119, 11891.0, 508.470, 7883.7, 542.551/ 

DATA PElO / 1200.0, 24864.0, 255-011, 24372.0, 283.995, 
1 23760.0, 313.263, 23001m0, 342.879, 22039.0, 372.919, 
2 20839.0, 403.484, 19364.0, 434.707, 17546.0, 466.775, 
3 15369.0, 499.957, 12891.0, 534.672, 8566.6, 571.853/ 

DATA PEll / 1400.0, 26793.0, 265.587, 26256.0, 295.666, 
125596.0, 326.069, 24745.0, 356.869, 23706.0, 388.160, 
2 22400.0, 420.065, 20806.0, 452.751, 18847.0, 486.459, 
3 16460.0, 521.548, 13753.0, 558.615, 9171.0, 598.830/ 

DATA PE12 / 1600.0, 28582.0, 275.051, 28009.0, 306.109, 
1 27278.0, 337.529, 26357.0, 369.396, 25230.0, 401.819, 
2 23832.0, 434-9458 22100.01 468.978, 20014.0, 504.219, 
3 17468.0, 541.136, 14547.0, 580.548, 9708.5, 624.202/ 

DATA PE13 / 1800.0, 30263.0, 283.684, 29633.0, 315.637, 
1 28856.0, . 347.990, 27868.0, 380,836, 26676.0, 414.304, 
2 25180.0, 448.564, 23329.0, 483.862, 21090.0, 520.563, 
3 18388.0, 559.264, 15234.0, 601.066, 10186.3, 648.990/ 

DATA PE14 / 2000.0, 31856.0, 291.617, 31201.0, 324.390, 
1 30358.0, 357.598, 29294.0, 391.347, 28034.0, 425.781, 
2 26436.0, 461.098, 24486.0, 497.583, 22124.0, 535.676, 
3 19264.0, 576.119, 15855.0, 620.360, 10608.2, 672.111/ 

DATA PE15 / 2200.0, 33369.0, 298.970, 32664.0, 332.498, 
1 31782.0, 366.495, 30655.0, 401.079, 29295.0, 436.411, 
2 27643.0,' 472.715, 25603.0, 510.319, 23115.0, 549.741, 
3 20073.0, 591.888, 16430.0, 638.625, 10975.7, 695.4621 

DATA PE16/ 2400.0, 34803.0, 305.833, 34045.0, 340.062, 
1 33104.0, 374.792, 31947.0, 410.154, 30531.0, 446.326, 
2 28787.0, 483.557, 26642.0, 522.220, 24030.0, 562.918, 
3 20862.0, 606.736, 16975.0, 656.028, 11209.6, 718=953/ 
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3 HOMOGENEOUS EQUILIBRIUM MODEL CRITICAL FLOW TABLES I 1  
I 

' Tm(l) - STAGNATION PRESSURE (PSIA) 
1 FXX(EVEN) = CRITICAL FIXW RATE (LBM/S.EC-FT2) 

%'XX (ODD) = STAGNATION ENTHALPY (BTU/L3M) 

1 NGHT = N ~ ~ E R  OF PAIRS OF FLOW RATE AND ENTHALPY VALUES PER 
PRESSURE 

, NPT = NUMBER OF PRESSURE VALUES , * 

DATA NGHT, NPT / 27,21 / 

DATA TO1 / 
716-3330, 8.030E08 

2 681.49EOt 380054E0, 
'3 442.29EO8 67.99930, 
4 5.02E0, 276.948E0, 
5 3029E0, 587.771E08 
6 2.6230, 898.594E0, 
/ 7 '  2-35E0,1ll4.029EO8 
8 1.81E0,1336.135E08 
59 1c.4630, 16O7e840EOf 

DATA TO2 / 
,1 1681.2530, 8.04230, 1665.45E0, 38e065E0, 
2 1378.6930, 87,97530, ll62.01~0, 107.95530, 
3 385.7530, 127.95630, 83.8930, 130.19630, 
34. 23069E0, 330.37630, 19080EOf 430.46SE08 
!5 15-65E0, 630-645E0, 14,3630, 730.73430, 
'6 12.52E0, 930.914E0, 11.8330,1031. 003E0, 
:7 11-22E0,1139.325E08 10.47E0,1213e338E08 
8 8.80EO81364.831EO8 8.203O81443.5l9BO8 
9 7.30EOf1607.747E0, 6.90E0,1704.209EO, 

I 

' DATA TO3 / - '  10.OE0, 
91.40E08 8.057E0, 2236.70E0, 78.004E0, 2047.9030, 107-967E0, 
2407730, 127.970B0, 1505.4lE0, 137.98330, 1192.82E0, 148*O06E08 
59.1230, 158.038B0, 151.5230, 161.26130, 60.8460, 259.470E0, 
46.07E0, 357.678B0, 38.62E0, 455.887E0, 33.92E0, 554.096EOf 
30. 60E08 652.305E0, 28.1930, 750.513E0, 26.13E0, 848.72230, 
24.53E0, 946.93180, 23.18EO81O45.140EO8 22.04EOt1143-348E0, 
22.01E0,1146.574E08 20m693O81221.805E0, 18.86E081297-280EOt 
17-44E0,1374.284EO8 16.28EOf1453m321E08 15.32E0,1534-604EO, 
14.50E0,1618.208E08 13.80E0,1764.12ZEO8 13.12E081803.425E0/ 

A TO4 / 14.7E0, 
04 -72E0, 8-071E0, 2774.33~0, 78.01630, 2495.47E0, ,117. 977E0, 
16.69E0, 137-99580, 1750.08E0, 358.04930, 1384001E0, 368-094E08 
89.99308 1780152E0, 209.49E0, 180.179E0, 87.6030, 277-210E0, 
66.61E0, 374.240E08 55.9430, 471.270E0, 49.19E08 568.300E0, 
44.41E0, 665.331E0, 40.80E08 762.361E08 37.95E0, 859.391E0, 

1 
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6 3Sm63E01 956m421EOt 
Y 31.98E081154.345E08 
8 25.4030,1383.80930, 
9 21~18EO,3628.7l93O1 

'DATA TO5 / 
Z 5371.63E0, 8.17SE0, 
2 4009.67E0, 198.393E0, 
3 703-71E01 249.174EOl 
4 267.62E0, 351.839E0, 
5 144.7230, 712.1s3E01 
6 116.64E0, 989e317EOI 
7 304.6630,1184.119EO, 
8 - 85.78EO,1391.904EO, 
9 72.09EOt1627.948E0, 

DATA TO6 / 
1 7600.63E08 8.324E0, 
2 5606.26E0, 239.065E0, 
3 2333.70E0, 240.42030, 
4 564.0180, 369.629E0, 
5 282.3130, 742.852E0, 
6 228.~E0,1009.440EO, 
7 205.33E0,1194. 192E0, 
8 168.93EO81409.5l9E0, 
9 144.28E0,1626.855EOt 

DATA TO7 / 200. OEO, 
110751.06E0, 8.620E0,10327.76EOI 158.476E0, 9241.84E0, 239.264E0, 
2 8058.31E0, 280.257E0, 5812.39E0, 321.858E0, 3688.74E0, 342.949EOt 
3 1759.85E0, 353.581E0, 1685.31E0, 355.50680, 3515.3980, 363-934E0, 
4 1139.95E0, 406.075E0, 940.63E0, 456.645E0, .778.1180, 532.500E0, 
5 631.88E0, 658.924E0, 528.84E0, 819.061E0, 475-74E0, 945.485E0, 
6 448m14E0,1029.768EOI 424.86E0,1114.051E08 404.87EO11198-334E0, 
7 402.87E0,1210~13130, 384.10E0,1280~034EOe 355.73E0,1353*710EO, 
8 333.37E011425.503E0, 314.79EO1l497.762E0, 298.97E0,1571.26lEOI 
9 285.28EO11646.255E0, 273.29E0,1722.8l0EO8 262.69E0,1800.900EO/ 

DATA TO8 / 400. OEO, 
l15203.90E08 9.212E0,14540.28E01 189e071E0,13309.29EO~ 270.329E0, 
211259.93E0, 332.672E0, 8740.94E0, 375.26630, 5255.00&0/ 407.962EOt 
3 3105.55E0, 419.039EOt 2818.39E0, 424.168E08 2475.99E0, 439.776EOI 
4 2091.97E0, 470-993E08 1858.15E0, 502.210E0, 1539.99EO8 572.448E0, 
5 1347=66E01 642.686E01 1155.65E0, 751.945E0, 1013.4430/ 876.813E0, 
6 935-8630, 970.464EOI 860.17E011087.527E01 800.37E0,1204.591EOt 
7 795-86E0,1216.493EO, 775.13EQ81271.23OE0, 720.21E0,1341.438EO, 
8 672*0330~1417~029EO, 633.05E0,1491.300EOI 600.27E0,1566.139EO, 
9 572-15E0,1642e145EOt 547.66E0,1719.505E08 526.11E0,1798*24580/ 

DATA TO9 / 600. OEO, 
ll8618*66EOV 9.803EO818103.35E0, 169.421EO816833.4OE0, 270-700EOt 
214751.27E0, 343.512E0,11204.24E0, 408.123E0, 7987.71E0, 441*582E0, 
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I DATA T10 / . 800. OEO, 
;121495.90EOI 10.393E0,20695.34E08 20b.012EO819081.41EO, 301.983E0, 
I p16623.91E0, 375.727EO013495.03EO0 430.43130, 9141.10E00 476.098E0, 
'3 5199-07E0, 499.841E0, 4606.0430, 509.811E0, 4101.00E0,. 530.499E0, 

3572.3830, 564.977E0, 3163.6330, 606.352E0, 2724.61E0, 671.31010, 
5 2320.0180, 778.746E0, 1974.80E0, 923.557~0, 1857.32B0, 992.514E0, 
16 1758.77E081061.472E0, 1674.52E0,1130.429EO, 1601.39EOt1199. 387E0, 
7 1599.58E0,1201.250EO, 1575.19E0,1255.513EO, 1444.57EOt1339.288E0, 
81353.25E0,1410.638EO, 1280.53E0,1478.126EO, 1210.09E0,1555.829E0, 
9 1150.71E0,1633.91OEO, 1099.71EO,1712.893EO, 1055.23E0,1792.9$0EO/ 

! DATA Tll / 1000. OEO, 
p24029.48E0, 10.981EOt23096.00E0, 210.517E0,20845.04EO, 333.571E0, 
217336.14E0, 419.454E0,13305.23EOI 476.06130, 9253.32E0, 511.794E0, 
$ 5593.0730, 536.693E0, 5360.70E0, 542.551E0, 4399.43E0, 588.078E0, 

5 3734.83E0, 646.612E0, 3169o41E0, 731m162E08 2854064E0, 802.705E0, 
2638.81E0, 867.74330, 2466.26E0, 932.782E0, 2324.07E0, 997.821E0, 

16 2204.17E081062.859E0, 2101~26E011127.898E01 2011.64E0,1192~936EOt 
?- 1992.55E001210.394E0, 1947.82EOll.266.456E0, 1784.28EO11352.309E0, 
!8 1671.66€0,1425.265EO, 1582.13E0,1494.115EO, 1507.OCE0,1561.913EO, 
9 1442.48E0,1629.779EOI 1377.37EOt1709.586E0, 1320.92EOt1790.290E0/ 

a DATA T12 / 1200. OEO, 
il46318.85E0, 11.569&Of25241~12E0, 221.027EOt23l73.53EO, 333.875E0, 
230471.70E0, 408.632E0,16445,88EO, 476.035E0,11934.79EO, 523.846E0, 
? 6472,7960, 5620204E0, 6049.6830, 571.853E0, 5568.88E0, 590.242E0, 
4 5097052E0, 614.760E0, 4519.85E0, 657m667E0, 4112.88E0, 700-575E0, 
5 3622.62E0, 774.130E0, 3230.02E0, 859.944E0, 2926.9180, 951.868E0, 
6 2724.25E081031.573E0, 2536.18E0,1123.517E08 2430.66E0,1184.813EOt 
7 2407-37E0,120l.318EO8 2347.06E0,1263.089EO8 2139.70E0,1353*651EO~ 
!8 2001.03E0,1428.978EO, 1892.11E0,1499.365EUt 1801.41E0,1568.314EOf 
b 1723.77EO81637.122E0, 1656.18EO,1706.277EO, 1587.34EOIl787.642EO/ 

' QATA T13 / 1400. OEO 
128423o09E0, 12a1S6E0,27421.06EO0 2110368E0,25287.74EO8 334-181EO1 
222242-52E0, 419*757E0,17361m80EOI 499.447EO112557.47E0, 548.676E0, 
3 7095*83€0# 588.776E0, 6683.12E0, 598.83030, 56S8.27E08 644-948EOt; 
4 4962.20E0, 696a831E0, 4439.64E0, 754.47830, 3963.13E0, 829.421EOt 
'5 3688.03308 887.068EO8 346403SE0, 944.716E0, 3277.60E0,1002=364EO, 
'6 3118~52E0~1060.011E0, 2980~82E0,1117.659EO, 2860.05E0,1175*307EQt 
7 2827*79E0,1194e086EO8 2787.21EOt1241.299E0, 2526.46E0,1341*692EO, 
i8 2352.10E0,1420.820E0~ 2218.97E0,1493.200E00 2109.54€0,1563*395EOt 
19 2016.60E0,1633.103€O, 1936.14EO,1702.966EO,' 1854.56E0,1784.994EO/ 
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DATA TI4 / 1600. OEO , 
130380.68E0, 12~74lE0,29111~17EO~ 231.954EO,26342.19EO0 366.05330, 
222067.79E00 464.S63EO11S699.63E0, 548e276E0, 8599.0230, 60.2.066E0, 
3 7531.4530, 616.77230, 7267039E0, 624.202E0, 6283.48E0, 667.428E0, 
4 5642.1530, 710.65436, 493708230, 780.897E00 4517.75E0, 840.333E0, 
5 4218.70E0, 894.36630, 3973.36E0, 948.399E00 3767.13~0,1002'.431E0~ 
6 3S90.46EO81056.464EO, 3436.84E0,1110.497EO, 330le60EO,1164.530EO~ 
7 3252.42E0,1189.014EOI 3203.28EOtI239.587E0, 2882.68EO813C4.071EO, 
8 2679.7480,1425.22180, 2526.18E0,1498.984EOI 2400.68E0,1570.241E0, 
9 2294.50E0,1640.826EO, 2202.85E011711.435E0, 2122.55EOt1782.348E0/ 

i DATA TI5  / 1800. OEO , 
132218.38E0, 13.326EO,30788.42EOO 242.471EQt27490.19E0, 387.61SE0, 
222773.3080, 487.560E0,15821.59~0, 573.75480, 8589.4130, 636.734E0, 
3 7857.19E0, 646.795E0, 7806.53E0, 648.490E0, 6876.29B0, 688.797E0, 
4 6044.93E0, 744.22030, 5470.07E0, 799.642E0, 5073.59EOI 850.027E0, 
5 4754.88E0, 900.411E0, 4490.93B0, 950.795E0, 4267.42EO11001.179EOp 
6 4074.81E0,1051.564E0, 3906.5OE0,1101.948EO, 3757.71E0,1152.332EOt 
7 3680.50E0,1186.215EOt 3618.59EOf1239.460E0, 3394,22EOt1298.836E0, 

1 8 3109.78E0,1390.193EO, 2912.11EOI1468.170E0, 2756.26E0,1541.440EOI ! 
i 

9 2626.84EO11613.133E0, 2499.56EOI1696.332E0, 2391.32EO,1779.701EO/ 

DATA T16 / 2000. OEO, 
133955.6630, 13.969EOt32613.64E0, 232.777E0,29236.62E0, 387.847E0, 
224722.2080, 487.530EOt18371.14E0, 573.194E0, 9715.11E0, 645.003EOt 
3 8655.25E0, 661.733E0, 8302.92E0, 672.111E0, 7264.52E0, 718*734E0, 
4 6562.68E0, 765.356E0, 6041.26E0, 811.979E0, 5631.87E0, 858.601E0, 

. . 5 5298.39E0, 905.224E0, 5019.40E0, 951.846E0, 4781.25E01 998.469E0, 
6 4S74m70E0,1045.091EOr 4393.22E0,1O91.713EOt 4232.05EOt1138.336E0, 
7 4201~10E0t1148~283E01 4112.19EOt1185.706E0, 4021.18E0,1240*893EO, 
8 3584.17EOt13S1.059E0, 3324.89EOI1435.455E0, 3102.61E0,1523.952EO, 

f 9 2927.42E0,1608.933EOr 2783.04E0,1693.009E01 2660.89EOt1777.056E0/ 

DATA T17 / 2200. OEO, 
135607.23E0, 14~492E0,34096~21E0, 243.279E0,30883.91EOt 388.082E0, 
226527.79E0, 487.510EOt19443,82E0, 585,859E0110853.33EOt 659-61SE0, 
3 9433.73E0, 677.129E0, 8756.94E0, 695.462E0, 7803.37EOt 7380132E0, 
4 7126.33E0, 780.802EO; 6608.61E0, 823.47360, 6194.12E0, 8660141E0, 
5 5851.60E0, 908.811E0, 5561.87E0, 951.481E0, 5312.35EOt 994o150E0, 
6 5094~36E011036~820E0, 4901.66E0,1079.490E01 4729.64E0,1122.159EOI 
7 4637.43EOt1149.4l5EO, 4548.59EO81187.522E0, 4510.73~EO,1218.025EO~ 
8 3988a37EOI1339.694E0, 3683.13EOt1427.787E0, 3428.14EO11518.459E0, 
9 3229.88E0,16O4.716EO0 3067.72EOt1689.682E0, 2931.24E0,1774.411EO/ 

DATA T18 / 2400.0EOt 
137184*SlEO0 15.073E0,35898.96EOt 223.542E0,32783.1OEOt 377*694Eot 
226889.76E0, 510.759EO819090~97EO, 612~528EO11O166.O1EOt 693-O52EOt 
3 9303-3830, 714.054E0, 9076.25E0, 718.953E0, 8262.73E0, 757.431EOt 

t 4 7645*11E0, 7950909E0, 7153.80E0, 834.387E0, 6749.86E0, 8729866EOt 
5 6409-S5E0, 911.344E0, 6117.39E0, 949.82230, 5862-79E0, 988.300E0, 
6 5638-20EOI1026.779E0, 5438.06E0,1065.257EOI 5258.18E0,1103*735E0, 
7 5075*29E0,1153.449E0, 4935.95E0,1222.2O6EOt 4672.68E0,1270=727EOt 
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: ~ A T A  T2O / 2800. OEO, 
:1#0150.85EO, ,16.232E0,38230.3130t 264.699E0,34648.04EO, 410.174E0, 
,2b8674.4280, 534.279E0,20589.80EOt 639.301E0,11213.02EOt 727.621E0, 
s3$0138.64E0, 753.572E0, 9699.30E0, 770.686E0, 9126.99E0, 799.200E0, 
4 8649.96E0, 827.715E0, 8243.83E0, 856.230E0, 7892.20E0, 884.745E0, 
5 7583.59E0, 913.260E0, 7309.70E0, 941.774E0, 7064.33E0, 970.289E0, 
6 6842.7580, 998.804E0, 6641.28E0,1027.319EO, 6457.00E0,1055.834EOt 
'7 6124.36EOt1121.22lEO, 5885.61EOf1205.299EOf 5392.81~0',1282.213EO, 
,8 4929.99EOt1372.797&0, 4567.09E0,1461.125EO, 4297.59EO11540.8S9E0, 
i9 4081.41E0,1617.173EO, 3901.13E0,1692.106EO, 3747;13EOt1766.C75EO/ 

DATA T21 / 3000.OE0, 
142553.34E0, 16.81130,39752.9630, 25R.984E0,36393.30EOt 399.685E0, 
1230895.16~0, 522.232EOt22518.30E0, 638.147E0,11703 .88EO, 745.797E0, 
h~osig. 37~0, 77s. 147~0, 9873.87~0, 801.845~0, 9458.94~0, 823.687~0, 
'4 9094.64E0, 845.529E0, 8771.22E0, 867.331E0, 8481.36E0, 889.23380, 
15,8219m52E0, 911.055E0, 7981.34E0, 932.838E0, 7763e3880, 954.740EOt 
16 7562.87E0, 976.582E0, 7377.56E0, 998.424E0, 72O5.58E0,1020.266EOt 
j7 6928.15EOt1060.464E0, 6563.23E0,1l35.614EO8 6448.04EOt1179. 81SE0, 
'8 5515.02EO,1328.310EO, S042.64E0,1425.647EOt 4714.22E0,1509.351EOt 
:9 4459.17EOt1587.660E0, 4218.81E0,1676.323EOt 4020.72EOt1763.830E0/ 
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C.4 MURDOCK-BA- CRITfCAL F f X l W  TABLE FOR SUPERHEATED VAPOR 

GXX (1) - STAGNATION PRESSURE (PSIA) 
GXX(EVEN) CRITICAL FLOW RATE (LB/FT**2-SEC) 
GXX (ODD) = STAGNATION ENTHALPY (BTU/LB) 

NHB = NUMBER OF PAIRS OF ENTHALPY AND FLOW VALUES PER PRESSURE 
NPB = NUMBER OF PRESSURE VALUES . 

DATA NHB,NPB /7,21/ 

DATA GO1 / 1.0~0, 2.38EO81105.809EO, 2.35E0,1141,101EO, 
1 1.97EO,1262.297EO0 1.72E0,1388.40730, 1.55E0, 1S2.0.487EOt 
2 1.42E0,1658.914EO, 1.31E0,1803.546EO/ 

DATA GO2 / 5.OE0, 11.39EOt113l.093EO, 11b24EOt1166,678EOt 
1 9.79EOI1265.265E0, 8.59EO81390.877E0, 7.73EOt1S22.229E0, 
2 7.08E0,1659.809B08 6.55EOt1803.492E0/ 
DATA GO3 / 10.OE0, 22.35EO81l43.348EO0 22.03EOt5179.286E0, 
1 19.50E0,1269.014EO8 17.14EO81393.975E0, 15.44E0,1524.411E08 
2 14,1SE0,1660.929EO, 13.11EOt1803. 426E0/ 
DATA GO4 / 14.7E0, 32.49E0, 1150.482E0, 31.99~0~11~86.845~0, 

28.5430,1272.57430, 25.13E0,1396.898EO, 22.67E0,1526.466EO8 
2' 20.7880,1661.98330, 19.27EOt1803.363EO/ 
DATA GO5 / 50.0EOt 106.74E0,1174.093EOt 104.68E0,1213.137E0t 
1. 94.06EOt1300.260E0, 83.80E0,1419.135EOt 76.25EOt15C2.013E0, 
2 70e363081669.933€0, 65.55E0,1802.894EO/ 

DATA GO6 / lOO.OE0, 209.60EOt~187.166E~, 204.53EOt1230.033E0, 
1 18O~O6EO01341~546EQ8 163.13E081451.412E0, 1S0.18EOt1564.360E0t 
2 139e82E0,1681.289EO8 131.15EO11802.229E0/ 
DATA GO7 / 200.0EOt 412.87EOt1198.334EOt 401.31E0,1244.107E0, 
1 357.56€0,1349.07lEO, 324.65E0,1458.026EOt 299.54E0,1568.876EOt 
2 279*41EOl1683.1O8E0, 262.51EO,1800~901EO/ 

DATA GO8 / 400.OE0, 818.64E0,1204.591E0, 790.41EOt1256.322E0, 
1 703.94EOt1366.109E0, 642.58EOt1472.057E0, 595.71E0,I578.268EOt 
2 557*86EO81686.873EOI 525.85EOl1798.245E0/ 
DATA GO9 / 600.OE0, 1228.83EOt1203.657E0, 1178.21E0,1261.308EOt 
1 1045*74EO,1376.982EO, 957.72EOt1480.958EO8 890.56EOt1584.001E0, 
2 836*07EO81688.703EO8 789.92E0,1795.59280/ 

DATA GI0 / 800.OE0, 1646.48EOt1199.387E0, 1567.52E0,1262.925E08 
1 139O*36E0,1380.495EO8 1274.14E081484.244E0, 1186e07EOt1585.860E0t 
2 1114*88E0,1688m525EO, 1054.63EO,1792e941EO/ 

DATA G11 / 1000.OE0, 2073.79EOt1192.936EOt 1960.4OEOt1262.293EOt 
1'1731*88E081384.776E0, 1588.70E0,1487.875E08 1480.61E081587.889E0, 
2 1393-68E081688.413E0, 1320.03E0,1790.291EO/ 

DATA G12 / 1200.OE0, 2512.78EOt1184.813EO8 2357.14E0,1260.858EO, 
1 2082*05EO81383.259~0, 1907.73E0,1487.326E08 1778.05EO81587*1O7E0t 
2 1674-23EO01686.865~0, 1586.33EO11787.642E0/ 
DATA G13 / 1400.0E00 296S.4230,1l75.307EO8 2760.30EOt12S7.989E0t 
1 2432*47E0,1382.074~0, 2226.80E0,1489.933EO, 2075e80E0t1586.409E0t 
2 195S*3JE0,1685.352E0, 18S3.38EO81784.995EO/ 
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, 
'DATA G14 / 1600.OE0, 3433.97E0,1164.530E08 3170.87EO81253.837B0, 
P 2782,86EO,1381*242EO8 2545.77E0814860701E0, 2375-82E011585.793E0, 5 2236.96E0,1683*872E08 2121*17E0,1782.348EO/ . 
DATA G15 / 1800.OE0, 3921.87E001152.332E0, 3591.34E0,1248.253EO, 
1 3132.78E0,1380.778EO, 2864.44E081486.632E0, 2672.07E0,1585.260EO, 
2 2519.08E0,1682.426EO, 2389.71E081779.702E0/ 
,DATA G l 6  / 2000.OE0, 4434.55E001138.336E0, 4025.84EO,l2C0.864&0, 
1 3481.81E0,1380.692EO, 3182.73E0,1486.729EOI 2970.49E0,1584.810EO, 
2 2801,69E0,1681.012EO0 2658.99E0,1777,056EO/ 
' DATA G17 / 2200.0E08 4979.37E0,1122.159Eo8 4471.88EO1l233.895E0, 
5 3840,73EO01378.O38E0, 3505.97E001485.080E0, 3271.12E0,1583.219E0; ' 

# 3085.68E0,1639.026EO, 2930.18E001774.411EO/ 
'DATA G18 / 2400.OE0, 5565.81E0,1103.73SEOt 4921.76EO,1227.612EO, 
4200.33E0, 1375.616E0, 3829.65E0,1483.534EO, 3572.20E0, 1581.681E0, 

p 3370.29E0,1677.062EOI 3202.31EO,l771.766EO/ 
; bATA GI9 / 2600.OE0, 6208.34E0,1082.043EOI 5373.43E0,1222.124EO, 

C 4560.22E0,1373.439EOI 4153.64E081482.096E0, 3873.69F0,1580.196EO, 
3655.51E0,1675.119EQ, 3475.38E0,1769.121EO/ 

'DATA G20 / 2800.0E0, 6935.60&0,1055.834EO, 5824.61EO11217.519E0, 
k 4919.99E0,1371.516EO, 4477.81EO,1480.770EO, 4175.53EOt1578. 765E0, 
7 3941.31E0,1673.198EO, 3749.39EOt1766.476E0/ 
PATA G21 / 3000.OE0, 7830.38E0,1020.266EO, 6273.03E0,1213.858EO, 
1 5279.13E001369.856E0, 4802.02E081479.560E0, 4477.62EO,1577.390EO, 
# 4227.69E0,167l.299EOt 4024.33E0,1763.831EO/ 
i 
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DATA PM:(25,17) ,PM(26,17) ,PM(27,17) ,PM(28,17) ,PM:(29,17) ,PM(30,17), 
1 PM(3lI17) tPM(32117) IPM(33t17) ,PM(34,17) ,PM(35,17) ,PM(36,17) 1 

2 PM(37,17) ,PM(38,17) ,PM(39,17) ,PM(40,17) ,a(41,17) ,PN(42,17) 
3 PM(43,17) ,PM(44,17) ,PM(45,17) ,PM(46,17) ,PM(47,17) ,PM(48,17)/ 
4 0.681435843 03, 0.11157809E 05, 0.68609809E 03, Oe107655623 05, 
5 0.69076033E 03, 0.204673443 05, 0.695422503 03, 0.302845633 05, 
6 0.70008482E 03, 0.102759593 05, 0.704747073 03, 0.101801333 05, 
7 0.709409313 03, 0.103127063 05, Om71407156E 03, 0.1004727OE 05, 
8 0.71873380E 03, 0*898781043 04, 0.76535625E 03, 0.781727523 04, 
S 0.811978703 03, 0.69030697E 04, Oe85860115E 0 3 ,  0.62502254E 04/ 

DATA FW(49,17) ,PM(50, 17) ,pM(5l1l7) ,PM(52, 17) ,PM(53,17) ,PM(54, 17) , 
1 PM(55,17) ,PM(56,17) ,PM(57,17) ,PM(58,17) ,(59,17)/ 
2 0.905223603 03, OeS7611957E 04, 0.951846053 03, 0.53897722E 04, 
3 0.998468503 03, 0*50810573E 04, 0.10450909E 04, 0.481543703 04, 
4 Oe109171343 04, 0.458928023 04, 0.11378696E 04/ 

DATA PM( lt18) ,PM( 2818) .PM( 3818) ,PM( 4,18) ,PM( 5118) ,PM( 6, la), 
1 PM( 7,18) ,PM( 8,18) ,PM( 9,18) ,PM(10,18) ,PM(11,18) ,PM(12,18), 
2 PM(13,18) ,PM(14,18) ,PM(15,18) ,PK(16,18) ,PM(17,18) ,PM(18,18), 
3 PM(19,18) ,PM(20,18) ,PM(21,18) ,PM(22,18) ,PM(23f 18) ,PM(24,18)/ 
4 Oi22000000E 04, 0.12813458E 05, 0.695462323 03, Om22797706E 05, 
5 0.695889023 03, 0.127375133 05, 0.69631572E 03, 0.127038563 05, 
6 0.696742413 03, 0.126704563 0 5 ,  0.69716911E 03, 0.126123543 05, 
7 0.697595813 03, 0e12579734E 05f 0.698022503 03, 0.125473583 05, 
8 0.698449203 03, 0.125152233 05, 0.698875903 03, 0.124595993 05, 
9 0.699302603 03, 0.12428195E 05, 0.69972929E 03, 0.12063798E 05/ 

DATA PM(25,18) ,PM(26,18) ,PM(27,18) ,PM(28,18) ,PM(29,18) ,PM(30,18) , 
1 PM(31,18) ,PM(32,18) ,PM(33,18) ,PM(34,18) ,FM(35,18) ,PM(36,18) 
2 PM(37,18) 1PM(38t18) 1PM(39t18) ,PM(40,18) ,PM(41,18) tPM(42118) 1 

3 PM(43,18) ,PM(44,18) ,PM(45,18) tPM(46118) ,PM(47118) ,PM(48,18)/ 
4 0.70399626E 03, 0.117514533 05, 0.708263233 03, 0.11464110E 05, 
5 0.71253020E 03, 0.113757723 05, 0.716797173 03, 0.113643553 05, 
6 0.721064143 03, 0.11429088E 05, 0.725331113 03, 0.113975173 05, 
7 0.729598083 03, 0.113518363 05, 0.733865053 03, 0.11291398E 05, 
8 0.73813202E 03, 0.1014449OE 05, 0.780801723 03, 0.849510543 04, 
9 0.82347142E 03, 0.748119643 04, 0.866141123 03, 0.68680311E 04/ 

DATA PM(49118) ,PM(50t 18) tPM(51118) tPM(52t18) ,PM(53,18) tPM(54,18) I 
1 FM(55118) ,PM(56,18) tPM(57t18) tPM(58,18) ,PM(59118)/ 
2 0.908810833 03, 0.641298763 04, 0.951480533 03, 0.603609753 04, 
3 0-99415023E 03, 0.571816003 04, 0.10368199E 04, 0.54250196E 04, 
4 0.10794896E 04, 0.517638323 04, 0.112173263 04/ 
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C.3 HOMOGENEOUS EQUILIBRIUM MODEL CRITICAL FI;OW TABLES 

m ( 1 )  = STAGNATION PRESSURE (PSXA) 
TXX(EVEN). = CRITICAL FLOW RATE (LBMJSEC-FT2) 
TXX(0DD) = STAGNATION ENTHALPY (BTU/LBM) 

NGHT = NUMBER OF PAIRS OF FLOW RATE AND ENTHALPY VALUES PER 
PRESSURE 

NPT = NUMBER OF PRESSURE VALUES 

DATA NGHT, NPT / 27,21 / 

DATA TO1 / 
1 736.13EOf 8*030EOt 
2 681.4930, 38.054E0, 
3 442.2930, 67.99930, 
4 5.02E0, 276.9-4830 , 
5 3e.2980, 587.771E01 
6 2.6230, 898.59430, 
7 2~3530,1114.02930, 
8 1.81EO11336.135EO, 
9 li46EOf1607~840EOt 

DATA TO2 / 5.0EOI 
1 1681-25E08 8a04230, 1665m45E01 38.06530, 1579.07E01 68.010EOf 
2 1378.6930, 87.97530, 1162.01EOt 107.955E0, 852,83EOt 117.953E0, 
3 385-7530, 127.95030, 83.8930, 130.196E0, 32.4930, 230.28630, 
4 23.6930, 330.37630, 19a80EOt'430.465EOt 17.36EOt 530.555EO8 
5 15.6530, 630.645E0, 14.3630, 730,73430, 13*3530, 830.824E0, 
6 12-52EOf 93O-914EOf 11~83E0~1031~003EOt 11.25E0~1131m093EOt 
7 11a22EOf1139.325EOt 10.47EOf1213.338EOf. 9m53EOf1288*228EOf 
8 8.80EOt136~.83lE0, 8.2030, 1443;51930, 7.71E0,1524.467EOt 
9 7-30EOfl607m747EOI 6.9OEOt17O4.209EOt 6-56E01 1803*492EO/ 

lO.OE0, 
2391.4030, 8.05730, 2236.7030, 78.004E0, 2047-90E0, 107.967E0, 
1724.77E0, 127.970308 1505.41E0, 137.983EOt 1192.82EOt 148*006EOI 
659-1230, 158.03830, 151.52E0, 161.261EOf 60-84E0, 259.47030, 
46.0730, 357.678EOt 38. 62EOf 455.88730, 33 9ZE01 554 09630, 
30-60EOt 652.30530, 28.10E0, 750.51330, 26.3330, 848-722E0, 

6 24.5330, 946.93130, 23.18E0,1045,14OEOt 22-04EO,1143*348EO, 
' 7 22. OlEO, 1146.57430, 70. 69EOfI221.805EO, 18.86EOf1297 280EOf 
8 l7.44EOt1374.284E0, 16.28EOt1453*321E0, 15.3230,1534.6O4EO~ 
9 14~50E0,16l8~208EOf 33.80E0,l704.121EOf 13.1230,1803*425EO/ 

! 

i DATA TO4 / r4.7EOI 
/ 1 2904- 72E0, 8.071E08 2774* 33E0, 78.016E0, 2495.4730, 117 977E0, 
i 2 2216-69EOf 137.99SEOt 1750.08E0, 158.04930, 1384.01EOt 168*094EOt 
3 789-99EOt 1780152EQt 209.4930, 180.17930, 87.6030, 277.210EOt 

' 4 66*61EO, 374-240EOf 55.94E0, 471.270E0, 49.19EO. 568*300EO, 
i 5 44-41EOf 665.33130, 40.80EOt 762.36330, 37.9530, 859.391EOt 
, I 

I. 
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DATA TO6 / 
1 '7600. 63EOl 8 324E0# 
2 5606.2630, 239.065E0, 
3 2333.7030, 29O.420EOf 
4 564.01E0, 369.62930, 
5 28-2 3130 , 742.852EO 
6 22'8.41EOt1009.440E0, 
7 2O5.33EO81194.192E0, 
8 168.93EOI1409m519EOf 
9 l44.28EOfl.626.855EO, 

100. OEO, 
6764.31EOf 188e413EOf 
3474.3630, 28O.078EOt 
721.0430, 325.197EOt 
329.2330, 609.55830, 
242.8030, 920.57836, 
205.9530,1187.16630, 
180~35EOf1339~551E01 
151.3OE0,1552.838EO, 
131.2530 , 1802.22930/ 

DATA TO7 / 200.0EOf 
110751.06~0~ 8.620EOf10327.76E0,. 158.476~0, 9241.8430, 239.26430, 
2 8058.3180, 280.25730, 5812.3930, 321.85830, 3688.74E0, 342.94930, 
3 1759.8530,' 353.58130, 1685.3130, 355.50630, 1515.39E0, 363.934301 . 
4 1139.95E0, 406.07530, 940.6330, 456.64530, 778.1130, 532.50030, 
5 631-8830, 658.92430, 528.8430, 819.06130, 475.7430, 945.48530, 
6 448.14E0,1029.768EOt 424.86E0,1114.051EOf 404e87EOf1198*334E0, 
7 402~87E0t1210~131E0f 384m10E0,1280~034E08 355.73E0f1353*710E0, 
8 333~3730t1425.503EOf 314.7930,1497.762EOt 298*97E0,1571*26lEO, 
9 285.28EOf1646.255EOI 273.29E0,l722.810EOf 262m6930~1800*9OOEO/ 

DATA TO8 / 400.OE0, 
115203~90EOI 9.212EO81454O.28EO, 189.07lEOt13309.29EOf 270.32930, 
211259.93EO1 332.67230, 8740.94EOf 375.266E0, 5255.00EOl 407.96230, 
3 3105.55E08 419.039EOt 2818.3930, 424.36830, 2475.99EOf 439*776EOt 
4 2091.97E0, 470.993E01 1858.1530, 502.210E01 1539.99301 572.448301 
5 1347.66EOt 642.68630, 1355.6530, 751.945E0, 1013.4430, 876.81330, 
6 935*86EOf 970.46430, 860.17E0,1087.527EOf 800.3730,1204*59130t 
7 795.86EO11216~493EO, 775.~3E0,127l.230EOf 72O.21EOI1341.438E0, 
8 672~03EOf1417~029EOt 633.05E0,1491m300EOf 600m27EOf1566*139'E0t 
9 572*15EOt1642.145EOf 547.66EO,I719.505EOt 526.11EOf1798.245E0/ 

DATA TO9 / 600.OE0, 
138618*66EOt 9.803EOf18103.35E0, 169.421E0,16833.40EOf 270-70030t 
214753*27E08 343.512EOf11204.24E0, 408.12330, 7987.71E0, 441.582E0, 
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, DATA T10 / 800.OE0, 
' 121495.90E0, 10.39330,20695.3480, 200.012EO,19081.41E0, 301.98330, 
! 216623.9130, 375e72730,13495*09EO, 430,43130, 9141-10E0, 476.098E0, 

3 5199.0736, 499.84330, 4606.04E0, 509.811E0, 4101m00EO, 530e49930, 
r 4 3572,3830, 564.977E0, 3163.6330, 606.35230, 2724.6IE0, 675-31030, 
1 5 2320.0130, 778.74630, 1974.80E0, 923.55730, 1057.3230, 992.514E0, 
6 1758.77E0,1061.472EO, 1674.52E0,1130-429E0, 1601.3920,1199.387EOf 
7 1599.58EOf1201.250E0, 1575.19E0,1255,513EO, 1444m57EOl1339.288E0, 

: 8 1353.25EO,1410.638EO, 1280.5330,1478.126EO, 1210.09EO,1555.829EO, 
: 9 1150~71E0f1633~910EOf 1099.71E0,1712.893EO, 1055.23E0,1792.94OEO/ 

DATA TI1 / 1000. OEO, 
124029.4830, 10.98130~23096mOOE0, 210m517E0~20845~04EO~ 333.57130, 
217336.1430, 419.454E0,13305.23EO, 476.06130, 9253.3230, 511.79430, 
3 5593.07E0, 536.69330, 5360.70E0, 542.55130, 4399.43EDf 588.07830, 
4 3734.8330, 646.612E0, 3169.41E0, 731.16230, 2854.6430,' 802-70530, 
5 2638.8130, 867.74330, 2466.2630, 932.78230, 2324.0730, 997.82130, 
6 2204.1730,1062.859EO, 2101,26EO;1127.898EO, 2011.64E0,1192m936E0, 
7 1992.55EO,1210.394EO, 1947m82E0,1266.456EOf 1784m28EOf1352.309EOf 
8 1671.66E0,1425.265E0, 1582.13E0,1494. 115E0, 1507 04E0 1561 *913EOf 
9 1442.48E0,1629.77930, 1377.3730,1709.586EO,- 1320.92EO,1790.290EO/ 

DATA T12 / 1200.0E0, 
126318.8530, 11.569E0,25241.1230, 221.027EO123173.53E0, 333-87530, 
220471.70E0, 408.632E0,16445.88EOf 476.035~0,11934.7980, 523.04630, 
3 6472.7930, 562.204E0, 6049.6830, 571,85330, 5568.88E0, 590024230, 
4 5097.52E0, 614.76030, 4519.8530, 657.66730, 4112.8830, 700.57530, 
5 3622.62E0, 774.13030, 3230.02E8O, 859.944E0, 2926.9130, 951.888E0, 
6 2724.25EOr103X.573E0, 2536.18E0,1123.517E0, 2430.66E0,1184.B13EOr 
7 2407.37EO11201.3l8E0, 2347.06E011263.089E0, 2139m70EO11353.651EO, 
8 2001~03E0~1428~978EQ~ 1892.11EOt1499.36530, 1801*41EOr1568-314E0, 
9 1723.77EOt1637.l22E0, ~656.18~0,1706.277~0, 1587.34EOf1787.642EO/ 

' DATA T13 / 14OO.OE0, 
128423.09E0, 12.156EO,27421.06EO, 211.368E0125287-74E0, 334.18330, 

! 222242. 52E0, 419.757EOf1736l.80E0, 499.447E0,12557 .47EO, 548 676E0, 
I 
; 3 7095.8330, 588.77630, 6683.1230, 598.830E0, 5658.27E0, 644.948301 

4 4962.2030, 696.83330, 443906430, 754047830, 3963.1330, 829.42130, I 
I I 5 3688.0330, 887.06830, 3464.35E0, 944.-71630, 3277.60EO,1002-364EO, 

6 ~1~8~52EO~1060-011EOf 2980.82E0,1117.659EO, 2860.05E0,1175*307E~, 
7 2827.79EO,1194.08630, 2787.21E0,1241.29930, 2526.46EO11341.691EO, 

i 8 2352.10E0,1420+820EO, 2218.97E0,1493.20OEO, 2109.54EO81563*395EO, 
9 2016.60E0,1633.103E0, 1936-14E0,1702.966EOf 1854.S6EO11784*994EO/ 

, 
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DATA T14 / 1600. OEOI 
' , 130380.68E0, 12~74130f29111~17E01 231.954EOf26342.19EOI 366.053EOf 
: 222067.7930, 464.563EOt15699.63E0, 548.276E0, 8599;02EO, 602.066E0, ' 3 7531.45E0, 616.772EOf 7267.39E01 624e202EOf 6283.4830, 667.42830, 
1 4 5642e25EOt 710.654E0, 4937.8230, 780.89730, 4517e75E0, 840.333EOf 

5 4218.7030, 894.366E0, 397303630, 948.39930, 3767.13EOf1002.431EOt 
6 3590.46E011056.464EOI 3436.84EOt1l10.497EOt 3301.60EOt1164.530EOf 

i 7 3252.42E0,~189.014EOf 3203.28EOf1239.587E0, 2882.68EOf1344.07lEO, 
a 8 2679.74EOf1425-221E0, 2526o18EOtl498.984EOf 240O.68EOt157O.241EOf 
1 9 2294.50EOf1640e826EOf 2202.85E0,1711.435EOf 2122.55EOt1782.348E0/ 

DATA TI5 / 1800 OEO , 
I 132218.38E0, 13.326EOf3O781.42EO, 242.471E0,27490.19EOf 387.61530, 
: 22277303030, 487.560EOt15821.59E0~ 573.754EOf 8589.4130f 630e734E01 
, 3 7857.3930, 646.795E0, 7806.53E0, 648.49030, 6876.2930, 688.79730, 
1 4 6044.9330, 744.220E0, 547O.07EOf 799.642E01 5073.5930, 85O.027EOf 
j 5 4754.8830, 900.411E0, 4490.9330, 950.79530, 4267.42E0,10O1.179Eof 
i 6 4074.81EO,1051.564EOf 3906.50E0,1101.948E0, 3757.71k0,1l52.332EOt 
i 7 3680.50E0,1186.215EOI 3618.59EOf1239.46OE0, 3394.22E0,1298.836EOf 
1 8 3209.78E0,1390.193EOt 2912.11E0,1468.170EOr 2756.26EO,1541.440EO8 
1 9 2626.84E0,1613.133EOf 2499.56E0,1696.332EOt 2391.32EO,1779.701EO/. 

DATA T18 / 24OO.OE0, 
137184.5lEOt 15.073EOf35898.96EO0 223.542EOt32783e1OE0, 377-69430, 
226889.76301 510.7S9EO81909O.97EO, 612.528EO810166.O1E0, 693.052E01 
3 9303.3830, 714.054EOf 9076.25E0, 718m953EO8 8262.7330, 757.43130, 
4 7645.llE0, 795.90930, 7153e8030, 834.38730, 6749.86E0, 872.86630, 
5 6409.55E0, 911.34430, 6117.39E0, 949,822E0, 5862.79EQI 988.300E0, 
6 5638-20E0,1O26.779EOf 5438.06E0,1065.257EOt 5258.18E0,1103.735EO, 
7 5075.29E0~1153.44'9~0, 4935,95E0,1222e206E0, 4672.68E0,1270.727EOI 
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8 4333.15E0,1344.672EO, 3999.72EO,1433-843EO, 3756e82EO11512e9O9E0, 
9 '3534.24E0,1600.480E!0, 3353.62EO11686.35OE0, 3202.40E0,1771.765EO/ 

DATA T19 / 2600. OEO, 
138696.5930, 15.65330,36813 -8330, 264 . 310~0,33210~24~0, 409.96830, 
227825. 3630, 522.481E0,19896e25E0f 625e813E0,10829 .86EO,, 709 59030, 
3 9699.2430, 7330410E0, 9407-96B0, 744m475E0, 8710-29E0, 778.232E00 
4 8155.16E0, 821.98830, 7698.7130, 845.74580, 7314.08~0, 879.50230, 
5 6983.7930, 913-259E0, 6695.8530, 947.036E0, 6441e74EOt 980e772E08 
6 6215-19E0,1014m529EO, 6011e47E0,1048e286EO, 5826e93EO,1082~043EO, 
7 5703~57EO,1107.711EO, 5518e77EO11160.241EO, 5446e62E0,1197e675EOI 
8-5320e20E0,1227.844E0, 4834.08E0,1315.521EO, 4474.94E0,1397.239EOI 
9 4129.57E0,1494.237EO, 3750.08~0,1633.563ED, 3474e36E081769.120E0/ 

DATA T20 / 2800. OEO, 
140150.85E0, l6m232E0,38230e31EO0 264.699EO,34648.04EO, 410.17430, 
228674.4230, 534e279E0,20589e8OEOt 639~301E0~11213~O2EO0 727.622E0, 
310138.6420, 753.57230, 9699.30E0, 770.68630, 9326.99E0, 799.200E0, 
4 8649e96E0, 827.71530, 8243.8330, 856-23030, 7892.2030, 884.74530, 
5 7583.5930, 913.260E0, 7309o70E0, 941.77430, 7064e3330, 970.28930, 
6 6842.7530, 998.80430, 6641.28E0,1027.319EO, 6457m00E0t1055.834E0f 
7 6124m36E0,1121-221EO, 588Sm6lE0,1205~299EO, 5392e81E0,1282*213E08 
8 4929.99E0,1372-797E0, 4567.09E0,1461e125EO, 4297e59EO11540.859EO, 
9 4081.41E0,1617.L73EO, 3901.13EO,1692.106EO, 3747.23E0,1766.475EO/ 

' DATA T21 / 3000. OEO, 
1 -141553.34E0, 16.811E0,39752.96EO, 254.98430,36393-30E0, 399.68530, 
I 230895.16E0, 522-232EOt22S18.30EO, 638e147E0,11703e88EOI 745.79'730, 
i 310529.3730, 775.14730, 9873.87E0,'801.845EO, 9458-94EO, 823-687E0, 
i 4 9094o6430, 845.52930, 8771,2230, 867.371E0, 8481.3630, 889.213E0, 

5 8219.5230, 911.055E0, 7981034E0, 932.89830, 7763.38E0, 954e740E0, 
a 6 7562r87E0, 976.58230; 7377.56E0, 998.42430, 7205.58E0,1020.266E00 
' 7 6928~15E0,1060~464EO, 6563e23E0,1135.634330, 6448~04E0,1179e81530, 
, 8 5515e02E0,1328.310EO, 5042.64E0,1425.64730, 4714.22E0,1509m351EO, 
i 9 4459.17E0,1587.660EOt 4218.81EO,1676.32330, 4020.72EO,l763.830EO/ 
I 
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C.4 MURDOCK-BAUMAN CRITICAL FLOW TABLE FOR SUPERHEATED VAPOR 

GXX(1) = STAGNATION PRESSURE (PSXA) 
GXX(EVEN) = CRITICAL F m W  RATE (LB/FT**Z-SEC) 
GXX(0DD) ' = STAGNATION ENTHALPY (BTU/LB) 

I - 
NHB = NWBER OF PAIRS OF ENTHALPY AND FLOW VALUES PER PRESSURE 
NPB = NUMBER OF PRESSURE VALUES 

DATA NHB,NPB /7,2l /  
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DATA G14 / 1600oOE0, 3433m97EOll164.530E0, 3170.87EO,1253o837EOI 
I 1 2782.86E0,1381.242EO, 2545.7730,1486.701EO, 2375.82EO81585.79330, 
1 2 2236o96EO,l683.87230, 2121.1730,1782.34830/ 

DATA 615 / 1800.0,EOI 3921.8730,1152.33230~ 359l.34EOt1248.353E0~ 
t 

: 1 3132.78EO,138O.778EO1 2864.44EOt1486.632E0, 2672.07EO,l585.260EO1 
I 2 2519.08E0,1682a426EOt 2389.71E011779.702EO/ 

DATA GI6 / 2000.0EOr 4434.55EOt1l38.336EOI 4025a84EO,1240*864EO1 
1 3481.81E0,1380m692E0, 3182.73E081486.729E0, 2970.49Eb,1584.810EO, 
2 2801~69E0~1681~012EO~ 2658.99EO11777o056EO/ 

' DATA G17 / 2200.0E0, 4979.37E0,1122.159EO, 4471088E0,1233.895E0, 
! 1 3840.73EO,1378.038EO, 3505.97EO,1485.080EO, 3271.12EO81583.219EO, 
i 2 3085.68E0,1679.026E0, 2930.18E0817740411E0/ 
; DATA 618 / 2400.0EOI 5565.81EO~1103.735E0, 4921.76E0,1227.612E01 
' 1 4200~33EO,1375.616EO, 3829.65E0,1483.53430, 3572.2OEO,1581.681EO, 
2 3370.29E0,1677.062EO, 3202.31E0,1771.766EO/ 
' DATA GI9 / 2600.0E0, 6208.34E0,1082.043EO, 5373.43E0,1222.124EO, 
1 456O.22EO81373.439E0, 4153.64EO81482.O96E0, 3873.69E081580.196E08 : ' 2 3655.51ED,1675.119EO, 3475.38E0,1769.121EO/ 
DATAG20/ 28OOeOE0, 6935.60E081055.834E0, 5824.61E081217*S19E08 
4919-99EO11371.516E0, 4477.81E0,1480.770EO, 4175*53E081578.765E0, 
3941.31E0,1673.198EOt 3749.39EU81766.476E0/ 

DATA 621 / 3000.OE0, 7830.38E0,1020.266EO, 6273.03E0,1213.858EO, 
5279*13E0,1369*856EO, 4802.02E0,1479.560EO, 4477~62E0,1577.390EO, 
4227.69E011671.299E0, 4024.33EOt1763.831E0/ 



Framatome ANP, Inc. 

APPENDIX D 

THERMODYNAMIC PROPERTIES 
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The thermodynamic state variables used by RELAPS/MOD2 are 
contained in tabular form within a controlled library. This 
library was generated by the STH2X water property subroutines 

transmittdd with tho base REULP code release. REUPS attaches 

this library during each execution. Through interpolation the 

values of pressure, temperature, specific volume, internal 

energy, entropy, enthalpy, thermal expansion, compressibility, 

and heat capacity are acquired using a subset of this list and 
the phase as the independent variables, Single-phase values are 
stored for 57 temperatures and 36 pressure points. Saturation 

values for 47 temperatures and 29 pressures are also included in 
this file, 
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APPENDIX E 

RELAP5/MOD2 INTERNALLY STOFED MATERIAL 

DEFAULT PROPERTIES 
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REL?LPS/MOD~ has the thermal conductivity and volumetric heat 

capacity stored internally for gap gas, carbon steel, stainless 
steel, uranium dioxide, and zirconium. These values may be 

s e l e c t e d  by t h e  user for use in the heat s tructure  heat 

conducti~n calculations. If chosen t h e  following values or 
tables are use&. 

Temperature 
A 

1. Gap Gas (constant value) - 
2. Carbon Steel (constant I 

value)  

3. Stainless Steel 

Uranium Dioxide 

5. Zirconium 

Thermal Conductivity 
IBtu/hr-it-Fl . I 

Rev: 1 
10/88 
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Material 
Temperature 
lr) 

1. Gap Gas (constant value) - 
2. Carbon Steel (constant I 

value) 

3 .  Stainless  Steel . 200. 
300. 
400. 
500, 
600. 
700. 
800. 

1000. 
2000. 

4 .  Uranium Dioxide 

5 .  Zirconium 

Volumetrig Heat 
Btu/ft .- F I 

Rev. 1 
10/88 
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APPENDIX F 

HEAT TRANSFER REGIMES AND CORRELATIONS IDENTIFICATION 
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The heat transfer mode, heat transfer correlations, and CHF 

correlations are identified by a set of flags, and these flags 
are printed out in the heat slab section of the major edit as 
MODE. The values of these flags and the corresponding 

mode/correlations are described below. 

Peat Transfer M o d e  
I 

Mode Description 

Single-phase liquid convection at critical and 

super critical pressure 

single-phase liquid convection at subcritical 

pressure 

Subcooled nucleate boiling (Tf < Tsat - 0.05) 
Saturated nucleate boiling (Ty 2 Tsat - 0.05) 
Subcooled transition film boiling 

Saturated transition film boiling 

Subcooled film boiling 

Saturated film boiling 

Single-phase vapor convection 

condensation when void equals one 

Condensation when void is less than one 

Air-water mixture heat transfer 

High AFW spray heat transfer 

Interpolation between AFW and normal heat slab 

transfer mode 

NCG condensation degradation 
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Peat Transfer Correlation Flaq 

A three digit code, IJK' is used to identify the heat transfer 
correlation. If IJK = 0 ,  EM heat transfer is not used. . The 
first digit, I, represents CHFLCK and FMLOCK: I = O  i f  CHF has not 
been exceeded, 1-1 if CHF has been exceeded (CHFLCK-) and 1-2 if 

CBP has been exceeded and ATsat - > 166.667 K (300 F) (FMLOCK=T) . 
JK represents the heat transfer correlations. In major edits IJK 

is identified under the heading of EM-MODE-HT. The values of JK 

and the corresponding correlations are given below. 

JK &M - MODE - 
- Single-phase liquid 

Correlatioq - : 

1 Dittus-Boelter 

2 Rohsenow-Choi 

- Nucleate Boiling 

Dittus-Boelter 

Thom/Schrock & Grossman interpolation 

Schrock.& Grossman 

Schrock br Grossman/McEligot (steam) 

interpolation 

Schrock & Grossman/Rohsenow-Choi (steam) 

interpolation 

Chen 

Chen/McEligot (steam) interpolation 

~hen/Rohsenow-~hoi (steam) interpolation 

interpolation 

Thom/Schrock 61 Grossman to Chen 

interpolation 
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14 Schrock & Grossman to Chen interpolation 
15 Chen/Schrock & Grossman combination to McEligot 

(steam) interpolat ion 
16 Chen/Schrock & Grossman to Rohsenow-Choi (steam) 

interpolation 

- Single-Phase Steam 

17 McEligot & Radiation 
18 Rohsenow-Choi & Radiation 

- Transition Boiling 

19 McDonough, Milich and King 

- Film Boiling 

20 Temporary film boiling - CSO/Condie-Bengston IV 
23 Film boiling - CSO/Condie-Bengston IV 

- Condensation 

31 - Dittus-Boelter 

CHF Correlation Flag 

A three digit code, LMN, is used to identify the CHF correlation. 
In major edits, it is identified under EM-MODE-CHF. The values of 
LMN and corresponding correlations are given below. 

EM-MODE-CHF Correlation 

High Flow - High Pressure 
100 B&W-2 

BWC 
BWCMV 
BWUMV 
BWU User-Specified 
BHTP 
BHTP User-Specified 

Rev. 6 
01/06 
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Hiah Flow - &ow Pressure 
10 Interpolation between high pressure and 

Barnett 

20 Barnett 

30 ~arnett-Modified Barnett Interpolation 

Modified Barnett 

1 High flow - low flow interpolation 
Low flow (MacBeth) 
(MacBeth > Griffith) 

3 Low flow ( Griffith ) 

Minimum value for qcrit 
(90,000 ~tu/hr-ft~) is used 

Note: For all flow conditions the CHF value is taken from the  
transition boiling correlation for ag > 0.8. This 

condition is identified by adding 50 to the  appropriate 
value of EM-MODE-CHF in the above table. If the 

transition value of CHF is less than the minimum value of 
90,000 ~tu/hr-ft2, the  minimum value is used and 55 is 
added to EM-MODE-CHF. 

Rev. 1 
. 10/88 
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Two benchmarks are included with this report to verify the 

RELAPS/MODZ -B&W $ormulati on and implementation. A LBLX)CA 

benchmark, semiscale MODl test S-04-6, and a SBLOCA benchmark, 

LOFT test L3-5, were performed and are documented in this 

appendix. - 
ent S - 04 - 6 

Test 5-04-6 was one of the 200 percent offset shear double-ended 

cold leg break tests conducted in the Semiscale MODl test 

facility. RELAPS/MOD2-B&W was used to predict the. test, first 

using the INEL Cycle 36.04 options (base case) and second using 
the B&W installed evaluation model (EM) options. Both cases 

predicted higher break mass flow rates than shown by the data, 

and, as a result, the predicted depressurization rates were 

higher than the data. The predicted cladding temperature at the 

peak power location o f  the high powered rod using the EM option 

was higher than the Cycle 36.04 prediction. Both cases predicted 

higher cladding temperatures than measured. From this study it 

is concluded that the EM option would properly predict the system 
behavior during the blowdown phase of a PWR large break loss ~f 
coolant accident (LBLOCA). 

An isometric view of the Semiscale MoDl test facility used for 
the cold leg break tests is shown in Figure G.1-1. It is a small 

scale model of a typical four-loop recirculating steam generator 

PWR. It consists of the following major PWR components: a 

pressure vessel with the core simulator, lower and upper plenums, 
and downcomer; an intact loop with a steam generator, a pump and 

, a pressurizer; a broken loop w i t h  a simulated steam generator and 
a simulated pump; emergency coolant systems (ECC) in both loops 
that included an accumulator, and high and low pressure injection 

pumps; and a pressure suppression system with a suppression tank. 
: 

I 
G-2 
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, I  The configuration of the electrically-heated 40-rod bundle, shown 

I 
in Figure 6.1-2, is typical of a 15 by 15 fuel assembly (0.422 
inch rod outside diameter and 0.563 inch pitch) except that the 
heated.length of the test rods is 5.5 feet compared with 12 feet 
for comercia1 rods. The bundle has an inlet peaked axial power 
profile (peak at 26 inches from the bottom of the heated 

section). Three of the four center rods have a peak power 

density of 12 kw/ft and the fourth .rod is unpowered. Of the 
remaining 36 rods, 33 rods have r peak power dens'ity of 11.46 
kw/ft and three rods are unpowered. 

The transient was initiated after the system reached steady-state 

by breaking two rupture assemblies that allowed the flow of the 
primary f lu id  into the suppression tank through two blowdown 

nozzles, each having a break area of 0.00262 ft2. The 

suppression system was maintained at a constant pressure of 34.8 
psia. At blowdown initiation, the power to the primary coolant 

pump was reduced and the pump was allowed to coast down to a 

I speed of 1500 rpm, which was then maintained for the duration of 
, the test. During the transient, the power to the core was 

- , automatically controlled to simulate the thermal response of 
I 

1 nuclear rods. The measurements made during the transient 
I 

included pressure, flow, density, and fluid temperatures at 
! different locations in the primary and secondary systems, and 

surface temperatures . at different elevations of the selected 

heated rods. The sequence of events relative to the transient 
initiation is given in Table G.1-1. 

The nodalization of the RELAPS input model for the Semiscale MOD1 
test facility is shown in Figure G.1-32. The nodalization of  the 

primary system is very similar to the RELAP4 model given in 

Reference 7. The geometry and other needed input infomation for 

the primary system was obtained From this RELAP4 modele7 The 
geometry and other input information for the secondary side of 



Framatome ANP, Inc. 

M e  steam generator  w e r e  obtainea from t h e  RELAPS/MODO input  
. model given i n  Reference 8. The input  information obtained from 
t h e  RELAP4 and t h e  RELAPS/MODO input models were v e r i f i e d  using 
t h e  geometry values given i n  Reference 6. - 
The RELAP5 base input  mbdel consisted of 89 volumes, 98 

junctions, and 50 hea t  s t ruc tures .  Some of the important . . 
fea tures  of t h e  model are given below. 

1. The core was modeled with two channels t o  account f o r  t h e  
r a d i a l l y  peaked power p rof i l e .  The f l u i d  volumes associated 
with t he  t h r e e  high powered rods were modeled as a hot  
channel. The remaining core f l u i d  volumes were modeled a s  
an average.channe1. Each channel was a x i a l l y  divided i n t o  
six volumes i n  order  t o  make t h e  model cons i s ten t  with t h e  
EM p lan t  model. The ax ia l  d iv i s ion  coincided with se lected 
axial s t e p s  i n  t h e  power shape curve. Crossflow junctions 
were used t o  connect t he  hot  and average channel volumes. 

The ac t ive  hea te r  rods in each channel were modeled using 
t a n  heat slabs, that is, one heat  slab per  power s t ep .  

The pressur izer  was modeled using an eight-equal-volume pipe 
component. 

4 

The accumulator was modeled using t h e  accumulator component. 

The high and low pressure pumps were dimulated using tine- 
dependent volumes and junctions. 

The suppression system was modeled as a timeodependent 
volume. 

Break nozzles were modeled as t r i p  valves. 

G-4 
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8. The homologous curves for the intact loop pump were obtained 
from the RELAP4 input model.7 The measured pump speed - 
versus time data were input to simulate the pump coast down 

during the transient. 

9, The measured power versus t i m e  data were input to simulate 
the electrical power supplied to the heater rods during the 

transient. 

10. The moisture separator on the secondary side of the steam 
generator was simulated using the separator component. 

11. Nonequilibrium and nonhomogeneous options were selected for 
each volume and junction. 

12, The break junctions and the pressurizer surge line junction 
were treated as choked flow juhctions using a discharge 

coefficient of one. 

The following modifications to the base model were made to select 

the EM options. These options are the same as those used in the 
EM plant model. 

1. The equilibrium option was selected for the core inlet, 
outlet, and core volumes. 

2. The homogeneous option was selected for the core inlet, 

outlet, and the normal (vertical) core junctions. 

3 .  The EM heat transfer option w i t h  the B&W high pressure CHF 

correlation (BLW-2) was selected for all the core heat 
slabs. The post-CHF lock-in option was selected that would 

force permanent film boiling if CHF is exceeded and 

conditions would permit a return to nucleate boiling. 
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4. The 90/10 weighting factor was used in the undorrelaxation 
of the interphase heat transfer. . 

5. Choked Flow Models 

Subcooled: Extended Henry-Fauske. 

Two-phase and superheated region: Moody/Murdock-Bauman. . . 
Static properties. 

Homogeneous option (slip ratio = 1.0). 
Quality switching for the subcooled to two-phase transition., 

6. The break junctions in the base model were selected as EM 
choked flow junctions. An additional junction and a time- 
dependent volume were added at each break plane. These 

junctions were used to switch the flow from choked flow to a 
flow calculated by the RELAPS momentum equations when the 

system pressure was close to the suppression tank pressure 

and choked flow was no longer appropriate. The non-choking 

option was selected for these junctions. When the velocity 

calculated using the orifice equation is less than the 

choked junction velocity, the choked junction is closed and 

the second junction is opened, and will remain open during 

the remainder of the transient. 

G.1 .4 .  Transit Simulatioq 

The base case and the EM case were run with constant boundary 

conditions to obtain steady-state test conditions. The steam 

generator secondary side pressure was adjusted to obtain the 
desired primary system conditions. once the system reached 

steady-state, a steady-state post processor was used to replace 
the assumed initial conditions with the correct steady-state 

conditions in the input files. The measured and the predicted 

steady-state conditions are given in Table G.1-2. Trips were 
used to initiate the sequence of events, given' in Table G. 1-1, 

during the transient. 



L I 

Framatome ANP, Inc. . BAW-10164NP-06 
I 

1 

I 
I 

E. 1.5. Results m d  D i s c u s u  

The measured and the predicted pressure variations near the 

vessel side break are shown in Figure. 6.1-3. Both Cycle 36.04 

and the EM predicted lower pressures than the data during the 
entire transient. The EM calculated a faster depressurization 
rate than Cycle 36.04. As a result, the pressure near the break 
location reached the suppression tank pressure at about 18 

' seconds in the W case, and at 25.7 seconds in the base case as 
3 .  

compared to 37 seconds in the test. The depressurization rate in 
I both cases could be adjusted to match the data by varying the 

I discharge coefficients. However, in the present study no attempt 
was made to adjust the discharge coefficients. - I 

The pressure response near the pump side break is shown in Figure 
G.1-4. The predicted pressure response near t h i s  break location, 
using the EM option, was s i m i l a r  to the prediction near the' 

vessel s i d e  break. Between 1.0 and 8.0 seconds, the base case 

- predicted a higher pressure than the data. The difference 

between the measured and the input values of the HPf flow rates 

near this break location is the cause of this difference. The 
I 

break plane pressure reached the suppression tank pressure at 
15.8 seconds in the EM test case, and 25.6 seconds in the base 

case as compared to 27.0 seconds in the test. 

The pressure responses at other locations in the primary system 

are shown in Figures G.1-5 through G.1-9. From these figures it 
can be concluded that the pressure'response in the primary system 
is s i m i l a r  t o  the pressure response near the vessel side break 
shown in Figure 6.1-3. The .Cycle 36.04 pressure response near 

the broken loop simulated pump suction side, as shown in Figure 
6.1-6, supports the conclusion made from Figure G.1-4 that the 

HPI flow rate difference is the cause for the prediction of 

higher pressure than the data in the 1.0  t o  8 .0  second time 

period. 'I 
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The pressure responses i n  the. i n t a c t  and t h e  broken loop 
accumulators, shown i n  Figures 6.1-10 and 6.1-11 respect ively ,  
are consis tent  wi th  the primary system pressure response. The 
sudden - drop i n  measured pressure  i n  the broken loop a c c ~ u l a t o r  
at about 2.5 seconds was caused by the opening of a valve i n  t h e  
surge l i n e  before the onset  of i n j o ~ t f o n . ~  I n  t h e  present  model, 
t h e  i n i t i a l  pressure i n  t h i s  accumulator was set  t o  520 p s i a  as . - 
was done i n  the REUP4 model given i n  Reference 7 .  

The mass flow r a t e s  a t  d i f f e r e n t  locat ions  i n  t h e ~ p r i m a r y  system 
a r e  shown i n  Figures G.1-12 through 6.1-18. I n  the test, t h e  
mass flow r a t e  was estimated from t h e  measured densi ty  and the 
volume flow ra te .  The mass flow r a t e s  given i n  t h e  da t a  report5 
were d ig i t i zed  t o  generate t h e  comparison p lo t s .  During t h e  
d i g i t a l i z a t i o n  t h e  o s c i l l a t i o n s  i n  t h e  o r i g i n a l  data  p l o t s  were 
smoothened out. 

Figure G.1-12 shows t h a t ,  near  t h e  vessel  s i d e  break, both Cycle 
36.04 and t h e  EM predicted higher flow r a t e s  than the  data .  Both 
cases cor rec t ly  predicted &a t r a n s i t i o n  from single-phase 
condit ions t o  two-phase condit ions which occurred a t  about 2.8 

seconds. When the system pressure was c lose  t o  the  suppression 
tank pressure l a r g e  spikes  were observed i n  t h e  data  a s  well as 
i n  t h e  predict ion.  These spikes were caused by t h e  movement of 

l i q u i d  s lugs  from the accumulator i n j ec t ion  loca t ion  t o  t he  
break. I n  t h e  EM case, downflow of l i qu id  i n t o  the downcomer 
occurred a t  about 19.2 seconds.   his l i q u i d  f lashes ,  thereby, 
r e su l t i ng  i n  a l a r g e  vapor upflow t h a t  pushes f l u i d  from the 

downcomer t o  t h e  cold legs.  The pos i t i ve  spike i n  t h e  break flow 
r a t e  (Figure 0.1-12) and t h e  negative spike i n  t h e  flow from t h e  
i n t a c t  loop cold l e g  t o  t h e  downcomer, as shown i n  Figure G.1-17, 
a t  about 19.2 seconds were caused by this f lash ing  of  l i q u i d  i n  
t h e  downcomer. 



Framatpme ANP, Inc.  
I 

The data as well as the prediction show that the core. inlet flow 

remains negative during tQe entire blowdown period as shown in 
Figure G.1-18. For the first second after the initiation of the 

transi.ent, both cases predicted higher values than the measured 
negative flow rate. From 7 to 12 seconds the EM predicted higher 

negative flow rates than the data and the cycle 36.04 prediction. 

The flow rates from the intact and the broken loop accumulators 

are shown in Figures 6.1-19 and G.1-20, respectively. The 
starting points for the accumulator injection as well as the flow 
rates are consistent with the pressure response near the 

injection location. The spike in the broken loop accumulator 

flow data was caused by the opening of a valve7 and therefore the 

actual flow did not start until about 3 seconds after transient 
initiation. The oscillations in the Cycle 36.04 prediction of 
this accumulator flow were due to the time .steps taken by the 

'code. They were larger than those allowed by the Courant limit. 
Similar oscillations were obsewed in an EM case when the code 
used the same time step as in the Cycle 36.04 case. The EM case 

discussed here was run using time steps which were smaller than 
that allowed by the Courant limit and it calculated a smooth flow 
rate as  shown in Figure 6.1-20. 

:< 

The density variations near the vessel side and the Pump side 
breaks and near the core inlet are shown in ~ i g ~ r e s  0.1-21. C.1- 

22,  and G.1-23, respectively. The underprediction of density 

near the vessel side break was due to the prediction of a faster 
depressurization rate. The spikes in the data as well as in the 

predictions, during the later part of the transient, were caused 

by movement of liquid slugs from the ECC injection location to 

the break. Near the pump side break, the EM underpredicted the 
density during the entire transient. cycle 3 6.04 overpredicted 

the density from 1.5 to 6.0 seconds and underpredicted it during 
the remainder of the transient which is consistent with the 



' I 

Framatome ANP, Inc. 

pressure prediction shown in Figure G.1-4. Both Cycle 36.04 and 
, 

the EM overpredictecl. the density near the. core inlet as shown in 
Figure G.1-23. Higher predicted flows from the core during the 
early -part of the transient and lower predicted core heat * 

transfer are the"causes o f  the high density fluid near the core 
inlet (~igure G-1-23,. 

Fluid temperature variations at different locations in the 

primary system are shown i n  Figures 6 - 1 - 2 4  through G. 1-29. The 

calculated liquid and vapor temperatures are sbown in these 
figures. These figures show that, once the' system fluid 

condition has switched from subcooled liquid to two-phase 

mixture, the liquid and vapor temperatures generally remain near 
saturation during the major portion of the blowdown period. 

During the accumulator injection period, the data as well as the 
prediction show subcooled liquid and saturated steam at the  
injection location (~i&re 1 2 7 )  . As the liquid slugs move 

toward the break, the fluid conditions along the path change from 

a saturation condition to saturated steam and subcooled liquid 

(Figures G.1-25 and G.1-26). The effect of lower core heat 
transfer during the later part of the transient can be observed 
in the f l u i d  conditions near the core inlet (Figure G.1-28) and 

exit (Figure G. 1-29) . 
The cladding temperature variations at the peak power location in 
the average and the high powered rods are shown in ~igures G.1-30 
and 6.1-31, respectively. From an examination of the data given 
in Reference 5, it was observed that the cladding temperatures of 
the rods near the vessel wall were much higher than those of 

other rods (data D8-27 in Figure'~.z-30). $he unpowered rods in 
the bundle could reduce the temperatures of the nearby heated 
rods. However, test 5-04-5, which is the counterpart of test 

S-04-6 (with all rods powered) showed a similar trend i n  the 
results. For most of the inner rods, both tests gave about t h e  
same temperatures a t  the  peak power locations. Theref ore, only 
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! t h e  cladding temperatures f o r  the .inner rods should be used f o r  
comparing the data with predict ions.  

The pnedicted cladding surface  tmpera tu re s  a r e  shown i n  ~ i g u r e s  
0.1-30 and G.1-31. I n  t he  test, the thermocouples were located 
i n  t h e  creases of the inner sheath. I n  the model, t h e  cladding 
w a s  modeled using two radial nodes. Therefore, the inner  node 
temperature would and should be c l o s e r  t o  t h e  data. However, i n  
RELAPS only surface  temperatures are s to red  i n  the plot file. A t  

steady-state,  t h e  ca lcula ted temperature of t h e  inner node, i n  
both cases, was found t o  be c lose  t o  t h e  data.  During the  
t r ans i en t  t h e  d i f ference  between t h e  surface temperature and t h e  

inner node temperature was about 1.0 F. Hence, t h e  surface  
temperature is s u f f i c i e n t  f o r  comparison purposes. 

The EM CHF cor re la t ions .  were found t o  be conservative in 
predic t ing DNB. Cycle 36.04 predicted DNB ea r ly  by about 1 

second f o r  t h e  average powered rods and cor rec t ly  predicted DNB 

for t h e  high powered rods. The EM predicted DNB ea r ly  by about 2 

seconds f o r  the average powered rods and for t h e  high powered 
rods the EM predicted DNB within 0 . 1  seconds a f t e r  t h e  i n i t i a t i o n  
of t h e  t r ans i en t  whereas DNB i n  t h e  test  occurred at about 3 

seconds a f t e r  t he  i n i t i a t i o n  of the t r ans i en t .  

cycle 36.04 and the  EM predicted higher cladding temperatures 
than the  data during t h e  e n t i r e  t r ans i en t  period. For the  high 
powered rods the EM calculated cladding temperature W a s  much 
higher than t h e  da ta  a s  w e l l  a s  t h a t  ca lcula ted by Cycle 36.04. 
For t h e  average powered rods t h e  EM calcula ted cladding 
temperature was lower than t h a t  ca lcula ted by Cycle 36.04 after 
about 11 seconds. The higher core heat t r a n s f e r  predicted by the 
EM was due t o  t he  higher core flow r a t e  predict ion.  
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6.1.6. S w  and Conclusim 

Semiscale MOD1 large break IDCA test S-04-6 was simulated using 

RELAPSIMOD2-B&W with one case using the Cycle 36.04 options and 

the oaer using the EM options. In both cases a discharge 

coefficient of 1;0 was use4 for both the subcooled and two-phase 

break flow regimes. The EM options selected in this study are 

the same as those selected for actual plant modeling. As 

expected, both cases predicted higher break flow rates, faster 

system depressurization rates, and higher cladding temperatures 

than the data; the EM generally predicted higher values for these 

parameters than Cycle 36.04. 

The consistency between the transient behavior predicted by the 
RELAPS/MOD2-B&W evaluation model version and the test data, given 
allowances for the effects of the EM discharge and core heat 
trans.fer models, supports application of B&Wts EM version for 

conservative calculations of blowdown during large LOCA 

transients. When applied according to Appendix It requirements, 

using a spectrum of effective break area-discharge coefficient 

combinations, RELAPS/MOD2-BfW should prove effective in defining 
limiting end-of-blowdown conditions. 
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Table 0.1-1. Sequence of Events h v i n g  Test S-04-6. 

Event - 
Blowdown In i t ia ted  0.0 

ECC Accumulators Initiated 
HPI Pumps Started 
Steam Generator Feedwater 
and Discharge Valves Closed 1.0 

LPI Started 30.0 

Table 0.1-2. conditions a t  Blowdown ~ n i t i a t i o n .  

Parameter A G Y G b  3 6 - 0 4  EM 
Core Power, kw (Btu/s) 1 . 4 4  1.44 1 . 4 4  

(1364.861 

co ld  Leg Fluid Temperature, F 
. . 

543.0 543.5 . .. 
543.0 

Hot Leg Fluid Temperature, F 610.0 610.3 609.5 

Pressurizer Pressure, psia 2252 0 2253 3 2252 6 

Pump Speed, RPM 2400.0 2400.0 2400.0 

I C L  Flow Rate, lbm/s 15.5 15.4 15.4 

Steam Generator Pressure, psia 850.0 809.5 803 5 

Pressure suppression Tank 
Pressure, psia  34.8 34.8 



Framatome ANP, Inc. 

Figure G.l- 1. Semiscale MOD1 T e s t  F a c i l i t y  - Cold Leg 
Break Configuration. 
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tests s*-s .rrd-s94-6 
TI Test S-04-5 only 

Figure G.1- 2 .  Semiscale l O D l  Rod Locations for 
T e s t  S-04-6. 



1 RQURE d. 1- 3. SEMISCALE MOD1 TEST S-0e-6; PRESSURE E A R  THE 
VESSEL SIDE BREAK. 

EST DATA - -23 ------- M CYCLE 36.04 
-.-I--..-----. ImJH EVALUATION Mom. 

FIGURE Q. 1- 4. SEMiSCALE MOD1 TEST S-04-6; PRESSURE NEAR THE 
PUMP SIDE BREAK. 

TEST DATA - -2 ------- REIAPSCYCLE36.04 -----.--.-.-.. RELAP5 EVMUA- MOOEL 
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FIGURE GI. 1- 5.  SEtvllSCALE MOO1 TEST 8-04-63 PRESSURE NEAR THE 
NTACT LOOP W EXIT. 

FIGURE G1 -1- 6 .  SEhmSCALE MOD1 TEST S-04-6; PRESSURE IN THE 
BROKEN LOOP NEAR THE PUMP SIMULATOR MET. 
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FlGWEO. 1-7. SEMISCALEMOD1 TESTS44+PRESSUREHM 
LOWER PtEMIM. 

FIGURE Q .l- 8. SEMISCALE MOD1 TEST S-04-6: PRESSURE N THE 
UPPERf=LENuM. 
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FIGLRE Q . I- 0.  SEMISCALE M001 TEST 504-8: PRESSURE MAR THE 
T O F O F M P R ~ u F f Q E R .  

FIGURE 0.1-10. SEMISCALE MODI TEST we PRESSURE N m 
INTACT LOOP ACCCIMULAIOR. 
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L. .r ,, 
M E  Q. 1-11. SEMlSCALEMODt TEST5-04-6;PRESSLREHTHE 

BROKEN LOOP ACCUMLATOR. 
a00 

700- 

TEST DATA - W-ACC ------- IWAP5 CYCLE 38.04 
100 - -.-..--.--.--. RELAPS NALUATION MOOe 

0 I I 1 
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FIGURE a. 1-12. SEMSCALE MODI TEST sws; MASS FLOW RATE NEAR 
THE VESSEL SIDE BREAK. 
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FlGLRE Q .I-1 4. SEMISCALE MOD1 TEST S-04-6; MASS FLOW RATE H 
ME INTACT LOOP HOT LEQ, 

TEST DATA - FlUl. W l V R  -----..- FLPAPS CYclE38.04 
..--..--*.---. REL4Pb NALUATKIN MODa 

. &,##I - 

-10 - 

-15 . I 
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- *  . 
m w ~ ~ e . 1 - 1 s .  s m : s c u ~ o o r  TE( ITS-~~~MA~~ROW%TENEAR 

THE PUMP SIMULATOR MET. -' 

FlQUiE Q. 1-16. SEMSCALE MOD1 E S T  9-04-8: MASS R O W  RATE N INTACT 
LOOP COLD LEG (BEFORE ACCUMULATOR NJECTION POINT). 
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FKWRE 0.1-17. SEMSCALE MOD1 TEST S-044 DOWNCOMER-* FLOW 
RATE FROM THE NTACT LOOP. 

------- ~ C Y a E 9 8 . 0 1  ...-----.*..-, RMPPTNAUIAmMOD& 

FIGURE Gi .I-18. SEMfSCALE MOD 1 TEST 5-04-6; MASS FLOW RATE AT 
THE CORE M. 
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- i 
FIWRE a. 1-19, SEMSCALE Mod1 TEST M MASS FLOW RA* FROM 

TtiE NTACT LOOP ACCUhUATOFt. 
6 

- 

- 

- 

- 

- 
TEST DATA - F l W A C C  --...---- R!UP5CYCLE36.04, 

.-....a -.-a*.- ~ R I A U U n o N M o o E L  
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FiGlRE 0.1-20. SEMISCALE MOD1 TEST S-Oe-B; MASS FLOW RATE FROM 
ME BROKEN LOOP ACCUMULATOR. 
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TEST DATA - G8-2sVR ------- m#6 CYaE 36.01 ..---.-.-..--. FmAPbNMUATlONlvlOOa 

80 71 

FIGURE G -7-22. SEMfSCALE MOD I TEST S-04-6; DENSITY NEAR THE PUMP 
SIDE BREAK (BEFORE T E  ECC INJECTION L0CATK)N). 
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RCVRE 0.1-23. SEMSCALE MOD1 TESf Solra DENSTY NEAR TI€' 
CORE MET.  . . 

FlGllRE 0.1-24. SEMISCALE MOD 1 TEST S-04-8; FLUD TEMPERATURE NEAR 
THE VESSEL SIDE BREAK. 
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. FlGKJRE 0.1-25. SEMISCALE Mm.1 TEST 5-04-6: FUlD 'IEWERATWE NEW 
W s d  BREAK (BEFORE ECC NECION LOCATION). 

I FIGllRE Q. 1-26. SEMtSCAlE MOD1 TEST S-04-8: FLUID TEMPERATURE 
N THE NTACT LOOP HOT LEG. 



; I  

Framatome ANP, Inc. 

~ m ~ ~ a . 1 - h .  SEMSCALEMODI TEST&-~~FUP:  lanrrnrrt-~ 
E(fACT LOOP COLD LEO (NEAR ECC MCfiON POEST). 

FIGURE Q .I-28. SNlSCALE MOD1 TEST -6: FLUID TEMPERATURE 
NEAR THE CORE MET. 
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m- 

too- 

G* 1-30 SMSCALE MOD 1 TEST 5-04-8: AVWAQE m m  ROD 
CLADDING TEMPERATURE AT PEAK POWER LOCATION. 
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F~GUREQ.I&~. SEMWCALEMOD1TEST5-odg:~PO~RwCxALJuNu 
TaMPERATURE NEAR PEAK WWER LOCATKIN. 
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I G. 2. SBTOCA B e n c h c e n t  - 
I 

Small break LOCA (SBLOCA) events are challenging to predict due 
I 

I to the variety of scenarios which may evolve during a transient. 

I 
Particularly key to SBLOCA mitigation is continuous core energy 
removal via the break, steam generator, and absorption through 

ECCS fluid heating, while maintaining adequate vessel liquid 

I inventory such that clad temperature excursions remain below 2200 

, I Vessel inventory is determined by system boundary flows (HPIS and 
I break) and the liquid distribution within the reactor coolant 

1 

I system. In terms of code models, the system heat transfer, two- 
phase flow, and choked flow models predominately determine this 

behavior. Demonstration that these code models are adequate is 
provided through benchmark calculations. In particular, 

prediction of integral system transient tests from prototypical 

I PWR scaled facilities provide a good measure of a coders ability 

i 
to calculate SBLOCA phenomena. 

G.2.1. Introduction 
! 

LOFT experiment ~ 3 - 5 4  was designed to investigate the response of 
8 the primary system to a SBL0C.A.. This experiment addresses the 4- 

inch diameter equivalent (2.51) smdll break transient. The break 

a was located in the intact loop cold leg pipe between the RC pumps 

! 
I 

and the reactor vessel inlet nozzle. The RC pump$ were tripped 
immediately following leak initiation.  his experiment was 

selected to benchmark the RELAPS/MODZ-B&W computer code because a 
. , 

. , 4-inch diameter break is characterized by a leak flow exceeding 
j 

HPIS flow and by a relatively slow systaa depressurization since 
j the steam generator becomes ineffective in removing decay heat, 

I thereby resulting in a severe system inventory depletion. 
I 

I 
i , I The BLW version of RELAPS/MODZ was benchmarked against the L3-5 

I 

experiment to demonstrate the analytical capability of the code 
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. , 

in predicting the various modes of a SBLOCI) transient. The 
RELAPS model for the L1-5 experiment was obtained from Appendix B . 
of the report E G G - L O F T - ~ ~ ~ ~ . ~  The model was verified against the 

i 
system design data provided in NUREO/CR-O~~~~' ( U F T  System and 

Test Description). 

Section 6.2.2 presents a description of m e  LOFT L3-5 experiment. . . 
The RELAPS model is provided in section 6.2.3 along with minor 

input changes that are required to achieve stable initial 

conditions. Section G.2.4 discusses the results of the analysis 
and compares the test data with the RELAPS prediction. 

Conclusions are presented in section G.2.5, 

The LOFT integral test facility was designed to simulate the 

major components of a four-loop PWR, thereby producing. data on 
the thermal, hydraulic, nuclear and structural processes expected 

to occur during a LOCA. As shown in Figure G.2-1, the 
experimental facility consists pf the reactor vessel, intact loop 
(scaled to represent three operational loops), ECC system, broken 

loop, and blowdown suppression system. The reactor vessel 

contains 1300 66-inch long nuclear fuel rods with a total power 
output of 50 MWt. The intact loop includes a hot leg, a steam 
generator, the pressurizer, two parallel Rc pumps and a cold leg. 
The broken loop is primarily used for large LOCA experiments and 
contains a hot leg, a steam generator, pump simulators, a cold 
leg, and isolation values. The ECCS is comprised of the 

accumulator system, the LPIS and the HPIS. 

The L3-5 experiment simulates a small break depressurization w i t h  

a 0,6374-inch diameter break orifice in the intact loop cold leg 
between the RC pump and the reactor vessel. The RC 'pump is 

tripped at leak initiation. The HpfS is injected into the 

reactor vessel downcomer, while the accumulator is isolated from 
t h e  intact loop. The reactor .was scrammed approximately 5 
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seconds before blwdown i n i t i a t i o n .  When t h e  con t ro l  rods were 
f u l l y  inser ted ,  the i n t a c t  cold leg blowdown was i n i t i a t e d .  The 
RC pumps were manually t r ipped  a t  0.8 seconds a f t e r  blowdawn 
i n i t i a t i o n .   he sequence of events  for  t h e  experiment is 
presented i n  T e l e  G.2-2.  HPIS flow was i n i t i a t e d  automatical ly 
when the primary system pressure dropped t o  1900 psia.  The leak, 

was i so l a t ed  at 2309 seconds. The secondary system auxiliary 
feed pump was s t a r t e d  a t  approximately 2 minutes af ter  scram and 
was operated f o r  about 30 minutes. The i n i t i a l  p l an t  operating 
conditions are provided i n  Table G.2-1. 

F.2.3.  RELAPS MoUel of LOFT L3 - 5 

The RELAPS/MODZ-B&W computer code was used t o  perform , t h e  
benchmark analysis of experiment L3-5. This code is based on a 
one-d imens iona l ,  two f l u i d ,  nonequi l ib r ium hydrodynamic 
formulation and 'uses a f i n i t e  dif ference scheme f o r  both f l u i d  
paths  and heated paths. Inputs  far  t h e  bas i c  RELAPS model shown 
in Figure G.2-2 are contained i n  Appendix B of t h e  LOFT report .  
As indicated i n  t h e  repor t ,  t h i s  model was used i n  the pos t - tes t  
ana lys i s  of LOFT experiments L3-1, L3-5 and L3-6 by EG&G. The 
r e s u l t s  of the pos t - tes t  ana lys i s  demonstrated t h a t  t h i s  model 
can accurately simulate the ove ra l l  system response t o  a SBLOCA, 

including the primary system pressure  and inventory. 

The nodalizat ian used f o r  t h e  benchmark ana lys i s  is shown i n  
Figure 6.2-3. It is bas i ca l ly  the same as t h a t  shown i n  Figure 
6.2-2 except minor changes made t o  t h e  steam generator  separa tor  
component and the HPIS. I n  the o r i g i n a l  nodalizat ion,  t h e  
separa tor  arrangement shown i n  Figure 6.2-2 is inco r r ec t  and 
r e s u l t s  i n  an e leva t ion  discrepancy between the downcomer and the 
b o i l e r  sections. The revised separa tor  model shown in Figure 
G.2-3 cons i s t s  of a separator volume (500) and a bypass volume 
(503). ~ o l k  503 w i l l  permit a direct path from t h e  steam dome 

- .to t h e  downcomer. The HPIS was in j ec t ed  v i a  t he  ECCS piping 

(600) t o  t h e  RV downcomer i n  the o r i g i n a l  model. Volume 600 
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caused flow instability due,to steam backflow from the downcomer. 

This volumeaand junction 630 were removed from the original model 
including. the LPIS, which was not used in the experiment. The 
revised model as shown in6Figure 6.2-3 permits HPIS injection 

directly into the downcomer. 

The revised model for the L3-5 benchmark analysis consists of 116 . - 
volumes, 124 junctions and 120 heat structures. Inputs for the 

major components have been verified against the design data 

presented in the LOFT System and Test Description Report 
(NUREG/CR-0247) to assure that the model closely represents the 

LOFT system. A steady-state calculation was made to achieve the 

desired initial conditions. A comparison of the measured' initial 

conditions with the calculated values is presented in Table G.2- 

1. Considering the discrete nature of steam generator heat 

transfer in RELAPS, the initialized primary system pressures and 

temperatures are acceptable for the benchmark analysis. 

. . 
The transient analysis was performed using the basic Best 

Estimate (BE) option, INELf s 'RELAPS/MODZ version 36.04 The 

Ransom-Trapp choked flow model with a discharge coefficient of 
1.0, nonhomogeneous and nonequilibrium hydrodynamic modeling, and 

the original system CHF, heat transfer, and fuel pin models were 

used. The core heat generation was simulated with a tabular 

input of power versus time. An additional change was made during 
a restart at 200 seconds. The break nozzle volume, 181 in ~igure 

G.2-2, caused severe leak flow oscillations. This volume is 

approximately 3.6% of the cold leg volume (180) and was removed 
at the restart to prevent flow instability. Volume 180 was used 
as the leak node for the remainder of the analysis. 

I 

G - 2 . 4 .  Transient Calculatioq 

The blowdown was initiated 4.8 seconds after the reactor scram as 
shown in Table G.2-2, and the RC pumps were tripped 0.8 seconds 

akter the blowdown initiation. The main feedwater flow was 
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terminated immediately following the reactor trip, and the 

auxiliary feedwater flow was started 67.8 seconds later. HPIS 

flow was initiated automatically when the primary system pressure 
dropped to 1900 psia. The calculated and measured core pressures 
are shown in Figure 6.2-4. The calculated depressurization rate 

I is slower than actually occurred during the. initial subcooled 
, i  . phase of the blowdown, but exceeded the experiment thereafter as 

the primary system approached saturation. The post-test analysis 

in EGG-LOFT05480 seems to confirm that RELAP5's Ransom-Trapp 
I model underpredicts leak flow. In addition, the model tends to 
I I 
I , overpredict low quality two-phase flow, but underpredict high 

quality mixture flow as it occurred after 150 seconds. This flow 

I characteristic has been verified by hand calculation using the 
I HEM choked flow model with the same inlet conditions. Figure 
, G.2-10 shows the calculated and measured leak node pressures. 

This figure demonstrates that the leak' flowrate has a significant 

impact on the primary system depressurization rate for the 4-inch 
diameter equivalent break (2.5%). The short-term and long-term .. 
secondary side pressure responses are presented in Figures G.2-5 

and G.2-11 respectively. It can be seen that RELAPS predicted 

the secondary side pressure response quite well. The pressurizer 

liquid level is shown in Figure G-2-6.    gain, this plot reflects 
the slower depressurization predicted by RELAPS. The pump 

coastdown and the loop flow degradation are shown in Figures G.2- 
I 7 and G.2-8 respectively. The measured loop flow 'does not seem 

to agree with the pump coastdown. This is probably caused by 

errors in flow measurement that were not quantified during the 
I 

test. 

In the RELAPS calculation, the pumps coasted down in 

i 
approximately 29 seconds. Natural circulation was calculated to 

I occur thereafter, and reflux mode circulation was calculated at 

! about 440 seconds. In this mode of cooling, vapor from the 
i reactor core flows upward into the steam generator tubes where it 

is condensed. The condensate returns via the hot leg pipe to the 
reactor vessel. The reflux mode continued for the remainder of 

I 
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I the transient because the primary system pressure never dropped 

below the secondary side pressure .due t o  the benchmarks slower 
primary system depressurization shown i n  Figure G. 2-10, 

I ~njecting the HPIS directly into the primary system instead of 
the ECC piping resulted in good agreement between the calculated 

I 

and measured flow rates a s  shown i n  Figure 6.2-9.' 

The L3-5 experiment confirmed the dominance of the breakflow as 

the prime decay heat removal mechanism. Although there is a 
discrepancy between calculated and measured primary system 

depressurization as noted previously, the RELAPS prediction of 

the L3-5 experiment is quite good. The code predicted the 
overall system response, including primary and secondary system 
pressure, pump coastdown, natural circulation, and long term core 

cooling. Correct.characterization of the primary coolant pumps 

is not imperative to the proper simulation of the test because 
the pumps coasted down rapidly following the trip. But event 

times and depressurization rates are dependent upon proper 
characterization of the leak flow. The experimental data (~igure 

35-7 in NUREG/CR-1695) shows a d i s t i n c t  liquid level in the cold 
leg piping 130 seconds after blowdown initiation. Thus, 

calculation of this stratification is important for accurate 

break mass flow calculation. 

There are two core bypass flow paths as shown in Figure G-2-2. 

One is from the inlet annulus t o  the upper plenum and the other 
is the reflood assist bypass valve in the broken loop. These 

paths mit igate  the differential pressure that can be developed 
across the reactor vessel as a result of steam generation in the 
core, and allow steam venting through the inlet annulus to the 

break without clearing the loop seal. continuous primary system 
depressurization was observed in both the calculation and the 
test as shown in Figure G.2-10. 
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The comparison plots provided in the % later -pa& of this appendix 
demonstrate that the RELAPS code is acceptable for S B V C A  

simulation, The overall prediction was quite good confirming the 
code's predictive ability, which various other REUP5 users have 
also observed through integral system SBLOCA calculations of 
tests from the OTIS, MIST, LOFT, and Semiscale test facilities. 
Numerous full size FWR plant transient calculations have also 
confirmed the predictive capabilities of the code. Based on 
these observations, the code has been demonstrated to be 

acceptable and reliable in predicting SBLOCA transient behavior 
for PWR. geometries. 
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Table 6.2-1 .  initial conditions for LOFT L3-5. 

Parameter 

Primary System Mass Flow Rate ( K g / s )  . 

Hot Leg Temperature (K) 

Cold Leg Temperature (K) 

Core Power Level (MW) 

P r e s s u r i z e r  Water Volume (m3) 

P r e s s u r i z e r  Pressure  (Pa) 

Hot Leg Pressure  (Pa) 

Measured 
Value * 

SG Secondary Side Flow Rate (Kg/s) 26.4  26.4 

SG Secondary Side Pressure  (Pa] 5 .5836  5.56E6 
(V530) 

SG Secondary Side Water Level (m) 3 . 1 4  2 758 

*Based on Nominal values i n  Table  2-2 of 'NUREG/CR-~~~~. 
. Z . Z .  
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Table G.2-2. Sequence of Events for LOFT L3-5. 

Reactor scrammed 

LOCA Initiated 

RC Pump Tripped 5.6 5.6 

HPIS Initiated 8.8 10.6 

Pressurizer Emptied 

RC Pump Coastdown 

SG Auxiliary Feedwater Initiated 

Secondary Side Pressure Exceeded 
Primary Side 

SG Auxiliary Feedwater Terminated 

Leak Isolation 

*Based on data in Table 2-1 of NUREG/CR-1695. 
**From Figure 35-45 in NUREG/CR-1695. 
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flGURE G .2- 4. LOFT TEST t-3-5: CORE PRESSaE . 

FIGURE G .2- 5 .  LOFT E S T  L-3-5: STEAM GENERATOR PRSSURE . 

2400 

'EST DATA ------- RRAPSCYCLE5B.M - 
. . 

L - - - - - - - - _ _ _ _ _ - _ _ _ - _ - - - - - - - - - - - - ,  - 

TEST DATA 
-----a- A&APJ CYCtE 36.04 

860- 

- 
400- 

- 
0 1 6 1 1  1 1 1 , ( , , 1 1 , ' 1 1 , ,  

0 40 80 120 160 200 

. 



. I : '  Framatome ANP, Inc. 
i 

FIQURE 0.2- 6. LWT TEST L-3-5i PRE- WATER EVEf.. 

FIQURE 0.2- 7. LOFT E S T  La-5: PUMP VELOCITY. 
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FIGURE Q .2- 8. LOFT TEST L* HOT LEG MASS FLOW RATE. 
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Tkf SEC 

FlGURE 0.2- 9.  LOFT TEST L-3-6 HP)S MASS FLOW RATE. 

TEST DATA ------- RaAPSCYCLE38.04 
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i FlDURE 0.2- 10. LOFT TEST L 9 6 ;  LEAK NODE PRESSURE. 

FIGURE 0.2-1 1 . LOFT EST L-3-5: STEAM GENERATOR PRESSURE. 
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The BCW benchmark analyses of the large and small &A 

experiments (S-04-6 ' and L-3-5) show .that the BkW RELAPS code 

correctly calculates t h e  major system variables during the 

. blowdown, such as the primary and secondary system pressures, 

, leak flows, and ECC injection. These parameters determine the 

I system blowdawn rate and mass inventory that significantly affect 
! the fual cladding temperiture behavior during and after the 

a , I , blowdown, With accurately predicted blowdown hydraulic data an 
overall agreement in the cladding temperature between the 

calculation and the experiment can be assured. The results of 

the benchmark presented in the preceding pages have demonstrated 

that the RELAPS code is adequate and reliable in predicting 

overall system thprmal hydraulic responses to a LOCA. 

Furthermore, the results of the S-04-6 benchmark with the EM 

option indicate that the licensing model predicted a 
substantially higher cladding temperature and is conservative. 
The modeling techniques, such as nadalization and time step used 

in the benchmark analyses are .consistent with those used in the 
PWR plant model. Thus, the benchmark analyses confirm that 
RELAPS is adequate and conservative for application to the LOCA 
simulation in a PWR, 
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APPENDIX H 

WILSON DRAG MODEL BENCHMARKS 

Note:  his appendix was originally added in 
its entirety in Revision 2 of BAW-10164, 
August, 1992. 

Rev. 2 
8/92 
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In this appendix, Wilson drag benchmarks are compared with the 
M1C-approved coda FOAM2 and w i t h  small .break LOCA experiments 

performed at the ~hermal-Hydraulic Test Facility (THTF), Oak 
Ridge National Laboratory (ORNL). The Wilson drag model is 
explained in-section 2.1.3 of this topical report. The 
REWLPS/MODO-B&W results for steady-state conditions are compared 

with FOAM2 calculations in Section H . 1  and with Oak Ridge THl?F 

data in section H.2; conclusions are given inssection H.3, 

The NRC-approved computer code F O A M ~ ~ ~ O  aids in analysis of small 
break loss-of-coolant accidents (SBLOCA) . Its main objective is 

to determine, based on core void distribution, whether at any 
time during an SBLOCA transient the water content of the reactor 
core (as calculated by an appropriate LOCA code, such as RELAPS) 

is sufficient to cover the entire heated core with a combination . 
of water and steam-water froth. If it determines that the core 
is uncovered, it calculates the swell level and steaming rate 

corresponding to the input core water content. 1f no core 

uncovery occurs, it will, at the user's .option, calculate the 

mass flow and steaming rates. 

RELAP5/MODP-B&W estimates slug drag using the ~flson bubble rise 

correlation, whereas FOAM2 uses the Wilson bubble rise 
correlation135 to directly calculate the core void distribution. 

FOAM2 does not include the BhW modification for the f l o w  regime * 
above a 6.526. Therefore, the core void distribution 

g 
calculated by RELAPS/MOD2-B&W should be similar to FOAM2 results 

with potential for deviations at higher void fractions (that is, 
for j=3 in Equation 2.1.3-30.5). 

A hypothetical reactor core was modeled as shown in Figure H . 1 -  
LOW power steady-state RELAP5/MOD2-B&W cases were run for a 
variety of reactor powers (1.5 to 5.01 of full power) and 

Rev. 2 
8/92 
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pressures (100 to 1600 psia); void. profiles were compared with 
FOAM2 cases with the same water levels as were calculated by 
RELAP5. A listing of the RELAPS cases is presented in Table H-1 
and compared in Figures 2 through Ii.13. RELAPS data are 
plotted at the midpoint of each node because RELAPS calculates an 
average void fraction for each node. It is assumed that void 
fraction changes linearly within all nodes, except the first node 

in which it is assumed that the inlet void fraction is zero. 

Figures H.2 through 8.13 demonstrate that, for equal core liquid 
inventories, RELAPS/MODI-B&W acceptably pxed4cts the void 

distributions and mixture levels calculated by FOAM20 

Differences in mixture level for: low pressure cases are caused 
partly by greater depletion of liquid inventory by =LAPS at 
lower elevations, as compared to lFOAM2, for which compensation is 

made at higher elevations. 

Comggrison 141 with ORNf, THTF m i m e n t a  

The ~hermal-Hydraulics Test Facility (THTF) is a large high 
pressure non-nuclear thermal-hydraulics loop. The facility was 

designed to simulate the thermal-hydraulics of a small-break 

loss-of-coolant accident (SBLOCA). The facility configuration is 
shown in Figure H.14. 

The test section bundle contained 60 electrically-heated rods and 
four unheated rods which simulated control rod guide tubes. Rod 
diameter and pitch were typical of a 17 x 17 fuel assembly. 

Further details on the facility configuration and instrumentation 
is found in Reference 141. 

The RELAPS model for the THTF test loop is shown in Figure H.15. 

THTP runs 3.09.10i through 3.09.10n and 3.09.lOaa through 
3.09.10 14' were simulated using RELAPI/HODZ-B&W. The test 

conditions, which were also used as input to RELAPS, are given in 

Rev. 2 
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a I Table H.2. The axial power distribution of - the test bundle was 
uni f o w .  

Conparison of void distributions f all tests are shown in 
Figure 8-16 through 8.27.  RELAP5/HODZ-B&W tends to predict 

slightly higher void fractions below the mixture level than the 
! ORNL data. An adjustment has been made of the plots of ORNL data 
I . . 

for which dryout occurred (which was true in all cases except 
3.09. lOi, cc, and ee) . In Reference 141,. the OWL data was givem 

' at the canterline of interval. between pressure taps. t hi. is ! / .  
I appropriate for intervals in which there is a quasi-linear 

I 

! - increase in void fraction within the interval, but not 
! 
1 appropriate for dryout intervals. Near the dryout point, it is 

a assumed that the void fraction within the dryout interval 

; continued to increase at the same rate as the predryout 
internal: the mixture level was calculated by determining the 
point along the extended slope at which the total area under the 

curve in the dryout interval would match the average void 

fraction. After making this adjustment, mixture level is quite 

well predicted. 

r i m s  B.28 through H.33 compare RELAPS calculated core vapor 
and cladding temperatures w i t h  ORNL THTF data. These figures 

! 
show that RELAPS is quite accurate, but slightly conservative in 

i predicting the ORNL temperatures.  he dip in the O m L  data a t  , 
I 14 1 

i 11.0 ft is caused by grid effects on the heat transfer rate , 
' which is not accounted for in the REUP5 model. In case 
I 

3.09.LOi, an anornolous surface temperature occcurs at an 
elevation of 2.7 moters: this is caused by the overly 

conservative temperature prediction of the Condie-Bangston 

film boiling correlation used at this point compared to the lass 
conservative predictions of the ~cEligot single-phase vapor 

convection correlation applied at higher elevations. ~ i v e n  t h e  

overall complexity of the ORNL tests, RBLAP~/MODZ-BLW achieved 

Rev. 2 
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; excellent comparability of mixture level and clad temperature 

I response. 
! 
I 

comparison of RELAPS/MODP-B&W benchmark cases w i t h  equivalent 
runs using the NRC-approved code FOAM2 and with OWL THTF small 
break IDCA experiments shows good agreement between results.  It 
is concluded that the Wilson drag option used to calculate 
interfacial drag in RELAPS-B&W, does a good job of matching void 

distributions and mixture levels calculated by the NRC-approved 
code FOAM2 and measured by ORNL small break LOC% experiments. 

Table H . 1 .  FOAM2 Comparison Benchmark Cases. 

Rev. 2 
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. . 

Table H. 2. ORNL ~hormoh~dra~lics T e s t  Fac i l i t y  (THTF) 
Benchmark Cases:. 

I 

Revised Table H.2 shown on page 5-260 per SEK instruction on 
I Table  2 (page 5 - 3 6 4 )  . 

Rev. 2 
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TMDWOL - Upper Plenum 

BRANCH - Outlet 

TMDPVOI: - ~ o w e r  Plen urn 

Figure H.1. RELAP5 Model of Hypothetical Reactor Core. 

~ e v i s e d  F i q u r e H . 1  shorn o n p a g e  5 - 2 5 7 p e r S E R  instruction on . ' 

~ a b J e 2  (paqe 5-364). Rev. 2 
I 

! H- 7 8 / 9 2  
* I  
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Figure H.2. Comparison of RELAPS and FOAM2 Predictions: 
- 5% Decay Power, 1 00 P8ia. 

CORE ELEVATION, FEET 

Figure H.3.  Comparison of REUPS and FOAM2 Predictions: 
5% Decay Power, 200 Psia. 

LEGEND - A M P 5  ... ". ....... &.. ........... tow2 
2 4 6 8 10 1 
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Figure H.4. .Cornparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, 400 Psh. 

CORE ELEVATION. FEET 

Figure H.5. Comparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, 600 Psia. 

CORE ELEVATION, FEET 

H-9 
Rev. 2 
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Figure H.6, Comparison of RELAP5 and FOAM2 Predictions: 
5% Decay Power, 800 Psb. 

CORE ELEVATION. FEET 

Fi~ure H.7. Comparison of RELAPS and FOAM2 Predictions: 
5% Decay Power, t 200 Psia. 

COW ELEVATION. 

H-10 
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Hour8 H.8. Comparison of RELAB5 and FOAM2 Predictions: 
2.5% Decay Power, 100 Psia. 

CORE ELEVATION. FEU 

CORE ELEVAllON. FEET 

H-11 
Rev. 2 
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Figure H.10. Comparison of RELAP5 and FOAM2 Predictions: 
2.5% Decay Power, 800 Psie. 

CORE ELEVATION. FEET 

Figure H.l l .  Comparison of RELAP5 and FOAM2 Predictions: 
2.5% Decay Power, 1200 Psia. 

CORE ELNATION. FEET 

H-12 
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Figure H.12. Comparison of RELAP5 and FOAM2 Predictions: 
1.5% Decay Power,. 1 200 Psfa. 

CORE ELEVATION, FEET 

Figure H. 1 3. Comparison of REtAP5 and ,FOAM2 Predictions: 
1.5% Decay,Power, 1600'Psia. 

CORE ELEVATION, FEET 
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OUTLET ORIFICE 
FLOW MANlf0I.D 

PRESSURIZER 

ICin. STeAOY STATE 
INLET FLOW U N I  

~ i g u r e  H.14 - THTF in small break t e s t  config~ration 

(Reference 14 1) . 
Rev. 

8/ 
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Core Segments 
0.1 50 m each 

TMDPJUN - Inlet 
I I TMDPVOL - Feed 

Figure H. 15. RELAP Model of ORNL Thermal-Hydtaulic Test Facility FHTF). 

Rev. 2 
8 /92  



Framatome ANP, Inc. 

Rpure H. 1 6. Comparison Between RELAPG Prediction 
and ORNL Test Data: 0.68 Kwlft, 650 Psia. 

CORE ELNATION, ME7ElW 

Fioure H.7 7. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.33 Kw/ft, 610 Psia. 

Experiment 3.09.10j 

CORE ELEVATION. METERS 

H-16 
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Figure H. 1 8. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.10 K w h  580 Psia. 

Experiment 3.00.10k : 

CORE ELEVATION. METER8 

, - ---- ---.. . .--3. I 1 I W Y I C I I I V I I  

and ORNL Test Data: 0.66 Kw/ft, 1000 Psia. 

Experiment 3.09.1 01 
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H-17 
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Figure H.20. Comparison Between RELAP5 Prediction 
and ORNL Test, Data: 0.31 Kwift, 101 0 Psia. 

Experiment 3.09.1 Om I -  

CORE ELEVATION. MEEM 

Fiaure H.21. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.1 4 Kwfft, 1030 Psia. 

Experiment 3.09.1 On 

- REUPS 
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E-18 
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Figure H.22. Comparison Between REtAP5 Prediction 
and ORNL Test Data: 0.39 K w h  590 Psia. 

Experiment 

CORE ELEVATJON. UEKUS 

Figure H.23. Comparison Between RELAPS Prediction and ORNL 
and ORNL Test Data: 0.20 KwJft, 560 Psia. 

I :  Experiment 3.09.1 Qbb 
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Figure H.26. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.1 9 Kw*, 1 120 Psia. 

CORE ELEVATION. METERS 

Figure H.27. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.08 Kw/ft, 1090 Psia. 

Experiment 3.09.1 Off 
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Figure H.28. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.68 K w h  650 Psia. . 
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Figure H.29. Comparison Between RELAPS Prediction 
and ORNL Test Data: 0.33 Kwift, 610 Psia. 
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Figure H.30. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.1 0 Kwm, 580 Psia. 

utmo - Surfeel Trmperatur. - RELIPS .-.... & ........ ............... surface Temperature - ORM. - - - -C) - - - V8pnr Terperature - RELIPS - Vapor Temperature - O R K  

1 2 3 
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Figure H.31. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.66 Kwlft, 1090 Psia. 
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Figure H.32. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.31 Kw/ft, 101 0 Psia. 

CORE ELEVATION. METERS 

200. 

figure ti -33. Comparison Between RELAP5 Prediction 
and ORNL Test Data: 0.1 4 Kwlft, 1 030 Psia. 
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APPENDIX I 

BWUMV CRITICAL HEAT FLUX CORRELATION 

Note: This appendix was originally added in 
its entirety i n  Revision 2 o f  BAW-10164, 

August, 1992. 
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BWNT has developed the B v  (B&W Universal - Mixing Vane) CEfF 

correlation for use in SBLOCA analysis. The correlation was 
generated using the NRC-approved methods in the BWCMV topical 
report, BAW-10159. 13' ' BW[IMT is based on the BWCMV database 

extended to encompass additional data in the mid-flow regime. 

The correlation is for use with mixing grids. 

A brief explanation of the CHF experiments conducted to measure 

BWUMV data are presented in section I. 1, data reduction and 
derivation of the correlation in section 1.2, and conclusions in 

section 1.3. 

2.1. Critical Heat F u  Tests 

BWUMV is based on published Westinghouse-sponsored CHF 

experimental data from the Columbia university Heat Transfer 

Research Facility (HTRF)  with supplemental data from tests at the 

same facility sponsored by Nuclear Fuel Industries (NFI) of 
Japan. A description of this facility is provided in Reference 
140. The Columbia University Heat Transfer Research Facility 
data (as given in Reference 140) has been used as the basis of 
other correlations in the past. 

In the HTRF tests, the first indication of departure from 

nucleate boiling (DNB) was used as the one experimentally noted. 
This practice has been previously found acceptable and 
conservative by the NRC staff. 

Most of the data used to develop BWUMV was previously used to 

develop BWCMV. The BWCMV database consisted of 70 tests 
performed for Westinghouse and 4 tests performed for NFI- From 
the Westinghouse sets only 22 tests (included mixing vane grid 
cores) qualified for this correlation. All the NFI tests 
qualified, yielding a total of 26 sets of tests with nearly 1,500 
data points. They included six axial flux shapes. three heated 

Rev. 2 
8 /92  



Eramatome ANP, Inc. BAW-10164NP-06 

lengths, six grid spacings, six hydraulic diwetera, three 

different grid designs, and both unit and guide tube geometries. 
For the local thermal-hydraulic conditions, pressure ranged from 
1500 to 2400 psia, mass velocity from 1.0 t o  3.5 million 

lbm/hr/ft2 , and CHP hydrodynamic qualities from -22 to +22 

percent. This extensive database fully covers PWR operating 

ranges for both local and bundle (global) conditions. Further 
information on the development of BWCMV may be found in Reference 
140. 

. BWUMV used all the B W W  data plus mid-flow regime data from 

j three additional Westinghouse tests; 

1.2. Derivation of Correlatfoq 

Because phenomenological models of CHF are not yet sufficiently 
% accurate for most geometries, CHF is measured empirically using 
experimental facilities approximating reactor geometries- From 
these experimental measurements, a CHF correlation is derived; 
this correlation is an empirical regression of the experiments' 

fndependent variables, Four steps were used in the derivatf-on of 
BWUMV: 

1. A form of the correlation was. chosen that accurately 
described the CHF data. The database used to derive 

BWUMV included a wide variety of bundle geometries, 
tested over a range of conditions (pressure, flow 

rates, and temperatures) which represent reactor 

conditions. 

2. The level or magnitude of each independent variable for 
each run of the database was established. fndependent 

variables were classified in two categories: local 

thenno-hydraulic conditions (such as velocity and 

quality) and bundle global conditions (such as heated 
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ldngth and gria position). While global conditions 
were known, local conditions were calculated based on 
measured bundle values of f l o w ,  power, and system 
pressure, This was accomplished using the LYNX2 
thermal-hydraulic computer code (Reference 141). 

3. The correlation was developed; this included sorting of 

data by flow reghe and optimization of the correlation 
coefficients. BWWV coefficients were derived by 
sequential optimization, and verified using the final 

database. 

4,  Since B M  is an empirical correlation, there is a 
finite uncertainty associated w i t h  it, This uncertainty 

. was quantified in a departure from nucleate bailing 
rat io  (DNBR) design limit, consistent with the 

specified acceptable fuel design limit of Standard 

Review 4.4 (ENREG 0800). DNBR is defined as: 

DNBR = q w ~ ~ ~  = calculated CHF at a given location 

qHactual actual heat flux at that location 

A DNBR value of 1.0 implies transition to film boiling 
at that location, The higher the -DNBR,  the greater the 
margin to film boiling. Calculation of a DNBR value 
greater than this design limit provides assurance that 
there is at least a 95% probability at the 95% 

confidence level that a departure from nuclaata boiling 
will not occur (95 /95  design linit). As the final step 
in the derivation of the &relation, the 95/95 design 

limit was calculated and used to verify that the 
correlation describes CfIEr accurately and without bias. 
Verification included visual and numerical checks for 
bias with respect to all the independent variables. 
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I 
I I 

I 

2 I. correlation ~ o n p  
I 

The critical heat flux was assumed to depend on three parameters: 
I . . 

X1 = exp[P / (lOOO*Clp) J, 
6 

. X2 
- G/ (10 *ElNF), and 

X3 = xetho 

where P is t he  system pressure in Pa, G is the mass flux in - 
kg/s/d, Xeth is the quality at CHF, and C l p  and Clwp are the 

English-to-metric conversion factors for pressure and mass flux, 

respectively. 

I 
 asa ad on the work of &rn~worth'~~, a general polynomial 

! form was assumed: , 

I 

On T a b l e  2 (page 5 - 3 6 4 ) .  

: where FLS is the bundle specific multiplier used in BWCMV and is 
i 

- defined by 

! 
; Revised Equation 1-2 shown on page 5-261 per SER instruction on 
" Table 2 (page 5-364). 1. '- 

i I in which L = heated length, 

S = spacer grid spacing, and 
Ci = empirically determined coefficients. 
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! P is the non-uniform (Tong) factor which i s  set equal to one in 
1 the REUP5/XODP-B&W impleuentation of B M .  

i ~ r o m  the BWCMV correlation'3g, the empirical coefficients are: 

i r 

I !  

( 1 

i 1 2 . 2 . 2 .  SyBchannel Analvsig 
I 
i : Data reduction w a s  required for the three ~ e s t f n ~ h o u s s  tes ts  ' which were not used in BWCW. The experimental conditions for 
i 

each of the tests (tests number 121, 160, and 1 6 4 )  are given in 
I Table I. 1. 140 Local conditions in each assembly subchannel were 

calculated using the thema-hydraulic code LYNX2. 141 ' LMX2 

i applies conservation relations at successive axial increments 

beginning at the channel inlet; downstream increments are 

I considered singly and succes~ively up to the channel exit. The 
; conservation relations used include crossflow between adjacent . 
: subchannels. LYNX2 iterates over each axial increment until the 
! 

1 differences between current and previous diversion crossflows 
! 
! m e e t  a set convergence criteria. within each iteration the code 
! solves the conservation and crossflow relations of each 
I 

: subchannel and crossflow boundary. 

For the three supplemental tests analyzed, one-eighth of the 

i bundle was analyzed. Westinghouse Test 121 was performed on a 
4x4 assembly and was divided into s i x  subchannels as shown in 

I Figure I. 1. Westinghouse Tests 160 and 164 were performed w i t h  
, 5x5 assemblies and were divided i n t o  six subchannels 8s shown in 

Rev. 2 
8 / 9 2 .  



i 

' Framatorne ANP, Inc. BAW-10164NP-06 
I I 

Figure I.2. The dimensions and parameters associated w i t h  each 
assembly are provided i n  Table 112. 

Based 'on the axial  and radial  heat p m f i l e s  and input of bundle 
pressure, flow, power, and i n l e t  temperature fo r  each point, 
local  conditions were determined fo r  each assembly as glvm in 
Table  1.3, 

s.2-3 Data Sortinu and c o e f f w e n t  o~ t -  

When the data points contained i n  Table 1.3 are added t o  the data 
points i n  Reference 139, there are 1527 data points. These data 
points were used to obtain tho co9fficients a through aI3 i n  

0 
Equation 1-1 using the methods given i n  ~eferenoe 141. The data 
points cover the following ranges: 

- 
4,. 

Quality -0.2160 t o  0.6653 

Mass Flux (mlbrn/hr-ft2) 0.405 to 3.871 
Pressure (psia) 745 t o  2455 

The following coefficients were determined: 

I t and Verification 

: The statistical distribution of the mixing vane CXF data is shown 
I I 
: in Figure 1.3. Four data point. were found t o  have measured-to- 
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predicted ratios which exceeded three *: standard deviations and 
were rejected from the database. The statistics o f  ,ar remain- 
1523 data points were: . . 

Number of data 1523 , 

Mean 1.0018 
Standard Deviation 0.1026 
Coefficient of Variation 0 1014 

The 95/95 departure from nucleate boiling (Dm) design limit was 
calculated as 1.22.  

~igurem 1.4, 1.5, and I. 6 show the measured-to-predicted ratios 
using BWUWV plotted against quality, pressure, and mass velocity, 
respectively. These figures show no bias of the correlation with 
respect to the'independent variables. . - 
A new wide-range critical heat flux correlation ha. been 

developed based on 70 Westinghouse-sponsored and I NPI-sponsored 
mixing vane-type assembly experiments performed at the colrnbia 
University Heat Transfer Test. Facility. The new correlation, . 
called BwtMV, has been demonstrated to have a favorable 
statistical distribution and to be unbiased relative to puality, 
pressure, and mass velocity. Based on the data used, Bwolrv is 
applicable to CHF calculations of mixing vane rod assemblies for 
pressures and flow rates at or above 750 psia, and greater than 
4 . 0 ~ 1 0 ~  1bmJhr-ft2, respectively. 
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- Table 1.1. Geometry of Westinghouse Bundlse 121, 160, and 164. 
I 
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Table 1.2. Local condition Analysis: Subchannel Parameters. 

Subchannel No. 

Subchannel Type Corner I wall Unit Wall Unit I Unit I 
F ~ O W  Area (sq. in.) 1 0.04877 

I 

wetted Perimeter (in.) 1 0.52970 1 1.21788 1 0.66288 
K I I 

Heated Perimeter (in.) 1 0.16572 1 0.66288 ( 0.66288 1 0.33144 1 0.66288 1 0.16572 

Test No. 160 
- - 

Subchannel Type Corner Wall unit ' I Wall unit . 1, Unit 
I I I : I k I 

Wetted Perimeter (in.) 1 0.43387 1 1.08347 ( 0.58748 1 1.08347 1 1.17495 1 0.58748 
I 1 Heated Perimeter (in.) 1 0.14687 1 0.58748 1 0.58748, 1 0.58748 1 1.17495 1 0.58748 I 

T e s t  No, 164 
I I I I I .  I 

Subchannel Type I corner I Wall I ,Unit I wall I unit unit 
I I I . I 

Flow Area (sq. in.) 1 0.02745 1 0.08742 1 0.06808 1 0.08742 1 0.13616 1 0.06808 1 I I I I I 

Wetted Perimeter (in.) 1 0.43387 1 1.08347 1 0.58748 1 1.08347 1 1.17495 '1 0.58748 
I . 
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Table 1.3. Calculated Local Condition Values. 

793 1815 516979 397800 0 . 4 5 8 6  

79 4 2075 508498 349180 0.3110 . 
Test 164 
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Table I. 3 (continued) . Calculated Local condition Values. 
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.. ... . . .. Figure I. 1. Subchannel Model for Westinghouse T e s t  12 1. 

Figure 1.2. Subchannel Model for Westinghouse Test 160 and 164. 
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FIGURE 1.3. FREQUENCY DISTRIBUTION OF MIXING 
VANE CHF DATA. 
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APPENDIX J 

SBIDCA EM BENCHMARK 

Note: This appendix w a s  originally added in 
its entirety in Revision 2 of BAW-10164, 
August 1992. 

Rev. 2 
8/92 



i Framatome ANP, Inc. 

T a s t  SB-c~-18 was one of the SB=& experiments conducted in the 
ROSA-IV Large Scale T a s t  Facility (LSTF) in 1988. This test was 
selected for International Standard Problm 26 (ISP-26) for 
benchmarking various system computer codes including RE&APS/MOD2 

by participating organizations. BWNT also selected this test for 

benchmarking BWNT's version of e L A P 5 / M O D 2  because it provides 
: the various modes o f  a small break LOCA transient, from an 

initial system depressurization followed by pump coastdown and 
' I  

loss of two-phase circulation, reflwc boiling, loop seal clearing 
and core level depression, core boiloff, and finally to 
accumulator injection and core recovering. This test simulates 
the break area equivalent to 5 percent of the cross sectional 

area of the pump discharge pipe with no pumped ECC injection. 

The RELAPS model for the ISP-26 program was obtained from EG0G. 

The model was verified against the system design data provided in 

Reference 142, and subsequently modified to implement the BWNT 
SBLOCA EM technology. The BWNT version of RELAPS/MOD2 was 
benchmarked with the revised model (BAW-10168, Revision 2) to 
demonstrate the analytical capability of the code in predicting 
the various modes of a SBLOCA transient, The following sections 

present a description of the ROSA-IV LSTF test facility, test 
conditions and calculati~nal model, and a summary of results of 
the benchmark. 

: ROSA-IV LSTF, as shown in Figure 3. I, is a scaled model 

representation of a Westinghouse 4-loop PWR plant, with a fluid 
volume scaling ratio of 1 to 48. The 1 to 1 elevation scaling of 

' 
the system is preserved because it has a first-order effect Qn 
SBLOCA transients. The core is simulated by 1064 electrically 
heated rods. A comparison of major design parameters of the LSTF 
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with the PWR is presented in Table J.1. The ROSA-IV system 
consists of a pressure ve-sssl with two 8ymrnQtrical loops, each 
representing two loops of the PWR plant. The pressurizer is 
connected to the intact loop. A brief  description of the major 

components is provided below. 

Pressure vessel: 

The pressure vessel consists of an annular 'downcomer, lower 

plenum, simula'%;ed cote with 1697x7 bundles and 8 semi-crkseent 
bundles on the periphery, and simulate4 upper plenum lind upper 
head with 8 control rod guide tubes and 10 upper core support 
columns. Eight 3.4 mm holes are provided in the top flangia of 
the core support barrel to simulate the downcomer-to-upper head 

bypass flow. Al1 external pipe (1 inch, schedule 160) is used to 
connect the hot leg pipe to the upper downcomer for simulating 
hot leg nozzle leakage. 

The core consists of 1064 electrically heated rods (9.5 mm OD) 
and 104 unheated rods (12.2 mm OD) with 9 spacer grids. The 

active heated length is 3660 mm (12 feet). The axial power 
distribution is a cosine profile with a 1.5 peak a t  the midplane. 

Steam generator: 

The primary side of the steam generator consists of inlet .and 
outlet plenums, tube sheet, and 141 inverted U-tubes (1/48 of the 
PWR) with an inside diameter of 19.6 arm and a wall thickness of 
2.9 mm. There are 9 groups of tubes with various lengths, and 
fhe average length is 19.7 m. fn the secondary side, feedwater 
enters at the bottom of the boiler section, and two steam 

separators above the boiler section are used for moisture 

separation. The major components outside the steam generator 
vessel are main and auxiliary feedwater pumps and associated 
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piping, steam line and steam isolation valves,. and stea 

condensation system. 

Pressurizer: 
The pressurizer is a 600 mm ID x 4200 nun height cylindrical 
vessel with a fluid volume of about 1/48 of the PWR. The 
pressurizer vessel is connected to the intact loop hot leg pipe 
by a surgeline (3 inch, schedule 160 pipe). The PORV'and safety 

valves, heater, an4 spray system were Installed to simulate those 
of the PWR, but they were not activated during the test. 

Primary Coolant Pump: 

The primary eoblant pump is a canned-type centrifugal design. 
The impeller, casing, and suction and discharge configuration are 
similar to those of the PWR pump. The pump homologous head and 

torque curves are presented in Figures 5.2.43 and 5.2.44 of 
Reference 14 1. 

Primary Coolant Pipe:. 

The primary loop is a 2x2 equal loop arrangement. Both the hot 

leg and cold leg pump discharge pipes have an inside diameter of 
207 mm, and the inside diameter of the pump suction pipe fs 168 
mm. 

Emergency Core Cooling System: 

The ECCS consists of CCI, BPI, RHR and accumulator injection. 
The pumped ECcS was not activated in this test. The accumulator 
tank has a volume of 4.8 m3, which is SO percent larger than the 
scaled volme of 4 accumulator t a w  in the. PWR plant* me 
initial pressure of. the cover gas was set at 4.51 MPa (654 psi) 

consistent with the value used in a PWR plant. There are -0 

accumulator tanks, one each connected via a surgeline (4 in&. 
schedule 80 pipe) to the pump discharge piping. 
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I The ROSA RELAPS base model was originally develeped by EGLG for 
' I  
1 the ISP-26 program. The model, shown in Figures J.2 and 5.3, 

consists of 166 hydrodynamic volumes, 174 junctions, and 166 heat 
! structures. Volume and junction parmeters are calculated with 
I non-equilibrium and non-homogeneous models. S t e m  generator 

I secondaries, ECC in j action, and system environmental heat losses 
. , 

I are modelled in detail.  he. cote axial power profile is modexled 
i 

I wikh six stacked heat structures over six 610 ma long axial fluid 
I 

! 
I volumes. The upper head region is ndalized to allow for 
I junctions to be connected at the elevations o f  the top of the 

' ! _  

. control rod guide tube and at the elevation of the holes in the 
guide tube below the upper core support plate. This model was 

verified against the design data provided in Reference J-1. 

For this benchmark the EG&G model was revised to implement the 
provision of the B m  SBmCA calculation model to be proposed in 
revision 2 of BAW-10168 (The BWNT SBLOCA evaluation mode3. was 

I 
i under revision at the time of this benchmark. The planned 

i release daOe for the evaluation model was about a month after the 
i 

I release of BAW-10164, Revision 2). Alterations were primarily in 
; primary system nodalization in selected regions. The required 
; changes are discussed below, and the resulting EM nodalization is 
i presented in Figures 5.4 and J.5. 
i 

i 
! The downcomer, component 108, is reduced from 9 to 6 volumes. 
I Volume 1 of component 108 extends from the top of the original 
, volume to the elevation corresponding to the top of the core. 

: Volumes 2, 3, and 4 extend from the top *of the core to the battam 
' of the core, similar to the core baffle region nodalization in a 

/ PWR plant model. Volumes 5 and 6 are made equal to the voluxu8 
lengths of the lower plenum volumes, 120 and 116, respectively. 
The upper downcomer volumes, 100 and 104 remain unchanged. 

I 
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me core, component 124, is increased from 6 to 20 volumes, and 
the qriginal core heat structure is divided into two heat 
structure groups, one representing 360 high power rods and -8 

other 704 low power rods, Each heat structure. is divided into 20 

stacked heat structures with axial length equal to the 
corresponding fluid volume lengths. The core is divided into 20 

unequal axial lengths such that each grid is located at the node 
boundary, and the axial power distribution is modiffie4 

aucordfngly, No separate fluid channel is modelled for the high 

power heat structure because the core fluid temperature 
measurements indicate good mixing between the high power and low 
power bundles, 

The upper plenum region, components 128, 132 and. 136. in the 
original model, is increased from 3 to 6 volumes, and the heat 
structure .is-redistributed in accordance with the volume length, 

The steam generator inlet nozzles (components 208-2 and 408-2) 

are 50 degrees inclined from horizontal (typical of the PWR 
design) . In order to utilize the horizontal flow stratif f cation 
model, these components are changed from the 50 degree vertical ' 

orientation to a 14 degree horizontal orientation to provide 

adequate draining of water from the steam generator inlet plenum 
through the hot leg to the pressure vessel. 

The two volume nodalization in the steam generator pleImf~ region 
in the original model is maintained instead of one value in the 
plant model, because the LSTF plenum volume is oversized (1/24 of 
a PWR). The steam generator tubesheet is combined with the upper 
volume o f  the plenum region on both inlet and outlet sides. fn 
order to simulate the differential draining of fluid in the steam 
generator tubes observed in the experiment, the steam generator 
tube volume is divided into two parallel channels, one 

representing 78 short tubes (types 1 through 4 in Figure 5.3.4b 
* 
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i t  
I .  

: 1 of Reference 142) .  and the other 63 long tubes (types 5 through 9 . 
i , in Figure 5.3.4b of Reference 142). Each channel contains 16 

volumes, eight volumes each on the upflow and downflow sides. 
' The tube heat structures are revised in accordance w i t h  the 
! 

covesponding fluid volume lengths. 
I 

 he pump suction piping is increased from 9 to 10 volumes (6 for 

! ! the downflow and 4 for the upflow). The noding changes are 
! primarily in the downflow side (components 232 and 432 for broken 
I I and intact loops respectively) including horizontal section o f  

the U-bend to improve spatial representation that affects fluid 
conditions and timing of the pump suction seal clearing. Volume 

1 represents the steam generator outlet nozzle (40 degree bend), 

and volumes 2 through 5 represent the. vertical section o f  the 
downflow - side with the bottom volume substantially smaller than 
the others. Volume 6 models M e  horizontal section of the U- 
bend. The upflow side (components 236 and 436 for broken and 

intact loops respectively) is represented by 4 volumes similar to 
the original model. Heat structures are redistributed 

accordingly. 

i The intact loop pump discharge piping is increased from 3 to 4 
I rn 
: volumes,.and the heat structure is revised accordingly. 
I 

i The pressurizer surgeline volume is reduced from 3 Volumes to 1 

I volume.. The elevation change from the pressurizer outlet to the 
: hot leg is conserved. 

: The revised model consists of 223 volumes, 233 junctions, and 280 

I heat structures. Volume and junction parameters are calculated 
! with non-equilibrium and non-homogeneous models similar to the 

; base model except for the core region where equilibrium modeling 
is used. In addition, the Wilson drag model is applied t o  

* vertical volumes in the pressure vessel and primary 100~s. 
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I Counter current. flow l imiting (CCFL) is applied t o  the junctions a i 

at the steam generator plenum and tubs i n l e t s .  The Wallis 
1 

i correlation from Reference 145 is used in the steam generator 
tube inlet junction, and the CCFL cgrrelation based on the  UPTF ! 

j data from Reference 146  is used in the steam generator plenum 
I 

inlet junction. The results of the CCFL calculation will be 
I discussed later. The SBLOCA EM heat trahsfer model is used for 
i the core heat transfer cafculation. This model uses the BWOMV 

i 1 CHF correlation to calculate DNB, and permits return to nucleate 

I , boiling when rewetting is calculated during the post-~~~'perfod. 
I 
I ' 
1 .  : A discharge coefficient of 1.1 is used for subcooled flow and 

two-phase f l o w  up to 70  percent void fraction, and the two-phase 
. coefficient is reduced to 0.77 for void fraction greater than 70 
; percent. These relative values were used to match a measured 

! flow, and are consistent with the re lat ionship  o f  discharge 
! coefficients with respect to void fraction discussed i n  Volume 2 

I Section 4 .3 .2 .3  of BAW-10168, Revision 2. 

I Pesults of the Benchmark 

' The steady-state i n i t i a l  conditions for the benchmark are 
: presented along with the test conditions in Table To I t 
, demonstrate model stability relative to time advancement, the EM 
i model. was run w i t h  a t i m e  step advancement o f .  0.05 seconds (bas,e 
! 
I case) and w i t h  a reduced time step of 0.005 seconds. Figures 6 

! through 10 show the results of the time step study, and confirm 
I that the reduced time step advancement does not change the 

results .  A comparison of the results of the base case 
I I 

(RELAPS/MQD2 EM) w i t h  the experimental data identified with 
! 
, instrumentation tag names listed in Reference 142 is presented in 
Table J.3 and Figures J.11 through 5 . 3 6  below. 

The calculated sequence of major events are presented along with 

, the t e s t  data in Table J.3. Due to a facility power limitation, 
1 .  
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t21e initial core power is only 14 percent of the scaled PWR 

power. To compensate for the power deficiency during the early 
phase of the transient, the initial core power was maintained for 
approximately 38 seconds after the reactor scram (8.3 seconds) 

until it matched the decay power rate based on the initial core 
power equivalent to the scaled PWR power. Thereafter, the power 

was reduced in accordance with the- decay power curve. The 

calculation was forced to model this simulation. 

The transient was initiated at time zero by opening the leak, and 
thereby causing a flow of subcooled fluid out the brecrk, 

resulting in a rapid system depressurization followed by pump 

coastdown and loss of two-phase circulation. Then, the system 
enters the rsfluxe cooling mode until clearing of the pump 

suction seals. The loop seal clearing was accompanied by changes 
ip  discharge flow characteristics and system depressurization. 

Reflux cooling was lost as the primary system depressurized 

rapidly below the secondary side pressure. Figures J. 11, 5-12 

and J.13 show the leak flow rate, the primary system pressure 
response, and pressurizer liquid level, respectively. The 

figures show that the predictions are in good agreement with the 
experimental results. The seoondary system pressure responses 

are presented in Figures 5 . 1 4  and J. 15. These figures also 

demonstrate good agreement between the calculations and the 

experimental results. The pressure perturbation durhg the early 
phase of the transient is caused by actuation of relief valves. 

me differential pressures for the pump suction downflow and 
upflow sides in Figures 5.16 through J.I~ show gooc~ agreemeit in 

loop seal responses between the calculations and the experimental 
results. The calculations show that the broken loop seal cleared 
slightly ahead of the intact loop seal because of its proximity 
to the leak. But the experimental data seemed to indicate that 

the both loop seals cleared almost simltaneously. The predicted 
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time of loop seal clearing is about 16 srcands later than the 
experiment due to under-prediction of the leak flow. Note that 

the measured initial differential pressure in the downflow side 
i r r  approximately 5 KPa higher than that of the calculations. 
This could be caused by the lower tap instrumentation pipe, for 
the differential pressure measurement (DPE07O/DPE210 in Figure 

6.11~ of Reference 142), extending below the bottom of the 

horizontal pipe in the pump suction W-bend. This would be 
sufficient to produce the additional required static head; but no 

detailed instrumentation design information is available to 
confirm the hypothesis. 

Figures 5.20 and 5-21 show differential pressures in the care and 
downcomer, respectively. The system hydrostatic head balance 
caused the first core depression during clearing of the pump 

sudion seals. Because of liquid holdup in the steam generator 
upflow sides, the core level decreased below the level 

corresponding to the bottom of the pump suction pipe (1.86 m 
above the bottom of the core). Prior to clearing of the pump 
suction seals, the remaining fluid in the primary system for core 
cooling was centered in the pressure vessel and steam generator 
upf low sides. Following loop seal clearing, the core was 
reflooded from the bottom by downcomer fluid and from the top by 
araining of the s t k  generator upflaw side fluid. The second 

core depression was predicted at 320 seconds, approximately 80 
seconds earlier than the experiment. 

I 
! 

I Since both the experiment and calculation have the same core 
i 

I .level depression and downcomer level at their respective time of 
loop seal clearing (140 seconds for the experiment and 156 

seconds for the calculation), and the bottom flooding was not 
, sufficient to match core boil-off, the second core depression was 
a greatly influenced by the top flooding. Figures 5.22 through i 
i J.25 show differential pressures in the steam generator plenums 
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and tubes for the upflow si'de. These plots show the differential 

pressure in the inlet plenum for the experiment is greater than 
that for the calculation, and vice-a-versa for the tubes as a 
result of the system hydrostatic balance. The cross-sectional 
area of the inlet plenum is approximately four times larger than 
that of the tubes. Thus, water in the inlkt plenums. became a 
major source of coolant for the top flooding. Furthermore, 
Figures 5.22 and 5.23, and the differential pressure in the 
vessel upper plenum in Figure 5.26 also show a prolong draining 
period in the experiment that resulted in delaying the second 
core depression for approximately 80 seconds .- Because the 
calculated second core depression occurred earlier, and 
continuous core depression reduced steam generation, this 

resulted in a faster system depressurization between 350 and 420 
seconds as shown in Figure J.12. 

? ,  

~ i b r e s  5 - 1 7  and 5.28 show the differential pressures in the 
steam generator long and short tube groups for t h e  downflow 
s i d e s .  The downflow side drained faster than the upflow aide 
following pump coastdown. Figures 3-29 and. 5 - 3 0  show the 
accumulator flow rates. AS a result of the larger 
depressurization rate calculated during the second core 
depression (discussed above), the accumulator pressure set point 
was reached earlier in t h 0  calculation than in the  experiment. 
The calculated flow rate is conservatively less than .that of the 
experiment. The increase in accumulator flow after 500 seconds 
for both the calculation and experiment is caused by a faster 
system depressurization following quenching of the upper core 
that reduced steam production. 

The temperature responses for various thermocouple locations are 
presented in ~ i g u r e s  5.31 through J.36. Two major core li&d 
level depressions cause core heater rod temperature excursion.. 
The first of these depressions occurs as a result of loop seal 
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clearing. . Depletion of the core fmtentoty occurs rapidly with 
I water r d n i n g  in the steam generator inlet plena and tubes. 

I Thrrt lead. to a highly voided core region but not to complete 

j voiding. The retained water prevents superheating within the 

I RELAP control volumes resulting in an underprediction of both 
' vapor and cladding temperatures. Although observable as 

potentially nonconservative, the underprediction of cladding 

temperatures at loop seal clearing is not of significant 
1 consequence. This phase of SBIDCA has been studied in numerous 

1 1 experiments and consistently found to be of short duration and 
I 
I I limited temperature excursion. The more important aspect of core 

liquid depletion during loop seal clearing is that the inventob 
during and after the excursion provides the initial liquid 

inventory for the core boildown phase. Because cladding 

temperature emursions can only occur at relatively high void 
fractions, approximately 0.95 or greater, the fact that 

excursions were calculated demonstrates that the core inventory 

during and afte; loop seal clearing was reasonably well 

predicted. This is further evidenced by the timing of the second 
temperature excursion. 

The second temperature excursion occurred during the core 

boildown phase, Because this excursion is not limited in 

i duration or extent and is highly dependent on EECS design and 
capacity, it is appropriate and significant that the cladding 

i temperature and other controlling parameters be conservatively 
! predicted. Although the temperatures during the experiment were 
I 

not significant relative to IDA acceptance criteria, it ie 
evident that the modelling successfblly and consenratively 

established conditions under which the cladding temperature Was 
overpredicted. The heatup period was longer and the t-perature 

excursion higher than the experiment: thereby, confirmfng the  
conservatism of the modelling. 
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. 
The CCFL model was applied to junctions at the steam generator 
plenum and tube inlets, Figures 5.37 through 5.39 show the * * 
calculated values of j i  , j , and the wallis . constant, c,  

'i respectively, at the broken oop steam generator tube inlet. 
Figures 3.40 through 5.42 show the CCFL parameters at the broken 
loop steam generator plenum inlet. In Figures J.39 and 5 - 4 2 ,  the 
value for C is set to zero when the flow is co-current. When the 
flow is counter current, the maximum value for the liquid . 

p w n i l o v  is limited by the CCIL correlation. 1 
L b I c I d I e  

From these figures it can be J 
'observed that, during the counter current flow period, the RELAPS 
calculated flow satisfies the CCFL correlation. In F i g u r e  5.39, 

the calculated constant C exceeds the input value only when the 
liquid velocity is near zero. Figure J. 37 also shows that, from 

100. to 140 seconds, the flow in the short tube is co-current and 
the, flow in the long tube is counter current. 

RELAPS/MODZ-B&W calculated the major events of the ROSA-IV SB-CL- 
18 experiment; blowdown, two-phase natural circulation, reflux 
boiling and liquid holdup, pump suction seal clearing, core 
liquid level depression, and accumulator injection and core 
recovery in the proper sequence. The benchmark calculated the 
overall system responses in good agreement w i t h  the =xperimental 
data. The code also conservatively predicted heater rod surface 
temperature during the boil-off phase o f  the transient. 

The SBLOCA EM features and nodalieation describe4 in Volume 2 of 
BAW-10168, Revision 2 are sufficient to meet the calculational 
needs for  the benchmark analysis.  he results of the analysis 
demonstrate that the BWm version of RELAPSflODZ can adequately 
predict system therraal-hydraulic responses during SBMCA- 
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T a b l e  Ja. Major Design Parameters of LSTF and PWR. 

Pressure, MPa 

H o t  Leg Temp, K 

cold Leg Temp, X 

No. of F'ual R o d s  

Core Height, m 

Core Power, MW 

Fluid Volume, m 3 

Power~oiulle, w/n3 

Core Inlet Flow, K g / s  

Downcorner Width, m 

H o t  Leg Pipe ID, m 

No. of Tubes/SG 

Ave Length of Tubes, m 

CL PS Pipe ID, m 

CL PD Pipe ID, m 

Acc Pressure, XPa 

* Initial core power is limited to 14 percent o f t h e  scald 
PWR power. TO compensate for the power deficiency during 
the early phase of the transient, the initial core Pmer* 
was maintained for 47 seconds before power reduction in 
accordance w i t h  the decay power curve.. 
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Table  J. 2, In i t ia l  T e s t  Conditions. 

pressurizer pressure, MPa 15.5 15.5 

H o t  L e g  Fluid Temp. K 599 600 

cola Leg Fluid ~emp. K 563 564 

Core Power, MW 10 10 

Core Inlet Flow, Xg/s 48.7 48.2 

pressurizer Water Level, m 2.7 2.7 

Primary Coolant Pump Speed ( IL/BL) 769/796 828/828 
RPM 

SG Secondary side Pressure, MPa 7 . 3 7.3 

Steam Flow, R g / s  2.7 2.8 

SG Secondary Side Level, m 10.8 9.6 

Rev. 2 
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Table 5.3. Sequence o f  Events .  

Events t 

B r e a k  ~nitiation 

Reactor Scram 

ESFAS Signal 

~ a i n  Steam Line Isolation 

Main Feedwater Isolation 

Pressurizer Empty 

Loss of Two-Phase Circulation 

Loop Seal Clearing 

Accumulator I n j  ection 

- Core Recovered 

Rev. 2 
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Figure 1. ROSA Large Scale Test Facility Configuration. 
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FIGURE 4.3. ROSA NOOING DIAGRAM FOR P R I W  LOOPS. 
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FIGURE J.& LEAK FLOW RATE. 

FIGURE J.7. PRIMARY SYSTEM PRESSURE. 
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FIGURE J.8. CORE DIFFERENTIAL PRESSURE. 

FIGURE J.9. INTACT LOOP PUMP SUCTION SEAL DOWNFLOW DlFFERENTlAL PRESSURE. 
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, RGURE J.10. BROKEN LOOP PUMP SUCTION SEAL DOWNFLOW MFFEREMlAL PRESSURE. 

RGURE J.11. LEAK 'FLOW RATE. 
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FIGURE J.12. P R l W Y  SYSTEM PRESSURE. 

TIME, S 

FIGURE J.13. PRESSURIZER LEVEL 
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FIGURE J.14. l M A C 7  LOOP STEAM GENERATOR PRESSURE, 

nME, S 

FIGURE J.15. BROKEN LOOP STEAM GENERATOR PRESSURE. 
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flGURE J.16. IMACT LOOP PUMP SUC'l'ION SEAL DOWNFLOW DIFFERENTIAL PFESSURE 

FIGURE J.17. INTACT LOOP PUMP SUCTION SEAL UPFLOW DIFFEREMlAL PRESSURE. 
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' F- J.18. BROKEN LOOP PUMP SUCTION SEAL DOWNFLOW DlFFERPmAL .PRESSURE. 
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FIGURE J.19. BROKEN LOOP PUMP SUCTK)N SEAL UPFLOW MFFEfENTW. PRESSURE. 
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I 

FIGURE J.20. CORE DIFFERENTIAL PRESSURE. 
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I 
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FIGURE J.21. DOWNCOMER DIFFERENTIAL PRESSURE. 
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FIGURE J.23. BROKEN LOOP STEAM GEN, INLET PLENUM DIFFERENTW PRESSURE 
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FIGURE J.24. INTACT LOOP STEAM GPS. N B E  UPFLOW DlFFEREMlAL PRESSURE. 
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FIGURE J.26. UPPER PLENUM DtFFEREMlAC PRESSURE 
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- 

FIGURE J.27. INTACT LOOP STEAM GEN. TUBE DOWNFLOW DIFFERENTIAL PRESSURE. 
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. FIGURE J38. BROKEN LOOP STEAM GEN. TUBE DOWNFLOW DIFFERENTIN. PRESSURE. 

FIGURE J.29. INTACT LOOP ACCUMULATOR FLOW RATE 
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FIGURE J.31. HOT ROD SURFACE TEMPERATURE - €LEV 0.05 M. 

FIGURE J.30. BROKEN LOOP ACCUMULATOR FLOW RATE. . 
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FIGURE J.32, HOT ROD SURFACE TEMPERATURE - EtEV 1.018 M. 

FIGURE J.33. HOT ROD SURFACE TEMPERATURE €LEV 1.83 M. 
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FIGURE J.34. HOT ROD SURFACE TEMPERATURE - ELEV 2.236 M. 

FIGURE J.35. HOT ROD SURFACE TEMPERATURE - E L N  3.048 M. 
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FIGURE J.37. DIMENSIONLESS LIQUID VELOCITY AT STEAM GENERATOR TUBE INLET. 
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FIGURE J.W. HOT ROD SURFACE TEMPERATURE - ELEV 3-61 M. 
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FIGURE J.38. DlM@lSIONLESS VAPOR VELOCrrY AT S'IEM GENERATOR TUBE INLET. 

FIGUREJ.39. WALLIS CONSTANT AT STEAM GENERATOR TUBE INLET. 
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FIGURE J.0. DIMENSIONLESS LIQUID W C f W  AT STEAM GEN. PENUM INLET. 
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FIGURE J.42. WALUS CONSTANT AT STEAM GENERATOR PlENUM INLFT. 
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APPENDIX K 

19-TUBE OTSG BENCHNARKS 

N o t e :  This Appendix was originally added in 
its entirety in Revision 3 of BAW-10164, 
October, 1992. 
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i various benchmatks of the RELAP5/MODZ-B&W code or models have 

1 been presented in ~ ~ ~ a n d i c e o  G, X, I, and J to verify the code 

formulation and implementation. They were included to support a 
variety of Licensing applications in nuclear steam supply systems 

{NSSSs) with U-tube steam generators. These benchmarks 
demonstrate a general thermal-hydraulic adequacy, for both stand- 

alone tests and integral system tests, that is applicable to 
other NSSS designs as well. This appendix is added to include an 

additional benchmark to augment the existing calculational 

results, specifically to support licensing analyses of B&W- 

designed NSSSs. 
i 1 

: One of the unique features of the B&W-designed NSSS is the once- 

; through steam generator (OZSG). Accurate prediction of the OTSG 

: performance is required to demonstrate the adequacy of the 

; m e t h o d s  used. This bencfimark, against B&W-proprietary data for a 
i 19-tube OTSG, is included to show that the RELAPS/MOD2-BtW 

formulation and input modeling techniques used to model OTSGs are 
I *acceptable for the Licensing applications. 

; Babcock & Wileox performed numerous tests on model 19-tube and 
37-tube once-through steam generators at the ~lliance Research 

j Center (ARC) Nuclear S t e a m  Generator Test Facility (NSGTF) . The 
i objectives of these tests were to demonstrate the characteristics 
' 
of B&W-designed steam generators and to provide data for computer 

, - 
1 code development. BWNT simulated two sets of model 19-tube tests 

w i t h  RELAP5/MODZ-B&W. The first set of benchmarks are to steady- 
: state tests to show the ability of the code to predict the shell 
' . 
' side nucleate boiling length at various power levels. The second 

1 benchmark is a comparison to a loss-of-feedwater (LOFW) flow test 
. , ' . to , demonstrate the ability of the code to predict boil-down and 
; refill of a once-through steam generator. 
I 1 

! 
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j 
! 

! Kg 2 -  Facility Describtion 
I 
I The ARC NSGTF (Figure K-1) provided the capability of testing 
i I 

steam generators at full system pressure and temperature 
conditions using water as. the test fluid. The primary system of 

a e  NSGTF was a closed circuit test loop consisting of a natural 

a gas-fired furnace (simulating reactor heat input to the primary 

a fluid), a pressurizer, flow control valves, flow measuring 

I elements, and a water conditioning system. 

The secondary system of the NSGTF was a closed circuit test loop 
consisting of steam flow control valves, steam flow measuring 

elements, feedwater heaters, back pressure control valves, a 
flash tank, circulating pumps, feedwater control valves, 

feedwater flow measuring elements, feedwaterabypass valves, and a 
water conditioning system. 

i 
; The model steam generator was a single pass, counterflow, tube 

: .  and shell heat exchanger (Figure K-2). It consisted of 19 full- 

length tubes 5/8-inch in diameter spaced on a triangular pitch on 
7/8-inch centers. The tube bundle was enclosed in a hexagonal 

' shell 3.935 inches across flats and was held in place by 1 6  tube 

support plates spaced at approximately 3-foot intervals. The 

I tube support plates were drilled in a manner to slmulate the 
i broached pattern of a full-size t e e  support plate. 

I Primary flow entered at the top of the steam generator, flowed 
i 

1 downward through the tubes, and exited at the bottom. The 

, pecondary fluid was introduced via an external downcomer, entered 

, the tube bundle at the bottom, boiled on the outside of the 
I 
a tubes, and exited at the top. When run in the standard once- 
through steam generator mode, the teedwater was raised to 

1 saturation by mixing it with steam from the tube region via a 

; steam bleed pipe. This bleed pipe simulated the aspirator port 
I 

: An the full size prototype. 

Rev. 3 
10/92 



: I 

r Framatome ANP, Inc. BAW-10164NP-06 
I 1  

EUPS/MOD2-BGW Model D e s c r i ~ t i o n  

j The 19-tube OTSG was represented with eleven a x i a l  con t ro l  
volumes i n  t h e  primary tube  region and the secondary s h e l l  region 

' (Figure K-3). Simi la r ly i  eleven hea t  structures simulated the 19 

I inconel  600 tubes t o  provide primary-to-secondary heat  t r a n s f e r .  
1 Tbe ex te rna l  downcomer was modeled with f i v e  axial con t ro l  
I volumes tha t  represented the piping from the steam/feedwater 
1 

, mixer region t o  the tube  bundle i n l e t .  Feedwater a s p i r a t i o n  was 

; provided by a s i n g l e  junction component t h a t  connected t h e  tube  

I bundle region t o  t h e  external downcomer. 
I 

Feedwater Flow, 
! feedwater temperature, secondary pressure,  primary i n l e t  flow, 
1 primary i n l e t  temperature, and primary pressure  were inpu t  as 
I boundary condi t ions  us ing tine-dependent volume and t i m e -  
f dependent junction components. 

I s p e c i a l  fea tures ,  ava i l ab l e  i n  RELAP5/MOD2-BCW, were employed i n  
, t h e  19-tube OTSG model. F i r s t ,  the Becker c r i t i c a l  h e a t  f lux  
j co r re l a t i on  was used on t h e  s h e l l  s i d e  of t h o  tube  hea t  s t r u c t u r e  

. 3- 

I 'to provide a b e t t e r  p red ic t ion  of t h e  dryout po in t  i n  t h e  OTSG. 
Second, the  in te rphase  drag i n  the slug and annular-mist flow 

i 
regimes was reduced by use  of the d e f a u l t  m u l t i p l i e r s  developed 

I f o r  regions of small  hydraul ic  diameters. This model produces 
: r e s u l t s  similar t o  the Wilson bubble rise model for pressures  I - 

: above 200 p s i a  and provides a better pred ic t ion  of  l i q u i d  mass i n  
! 
; the tube  region. F ina l ly ,  a l i n e a r  ramp w a s  appl ied  t o  the Chen 
i bo i l i ng  suppression f ac to r ,  st, such that it was reduced from the 

' ca lcu la ted  va lue  t o  zero  over a void f r a c t i o n  of 0.99 t o  1.0- 

: Phis  prevented the chan h e a t  t r a n s f e r  o o e f t i c i e n t  from becoming 
p r e a l i s t i c a l l y  l a r g e  as t h e  void f r a c t i o n  approached 1.0 on t h e  

, S h e l l  s i d e  of  the OTSG. 

1 Tn 1969 t h e  Al l iance  Research Center performed a series of 
Bteady-state tests on the  model 19-tube OTSG t o  deternine the 
llucleate b o i l i n g  length  as a function of sca led  power level= 152 

I 
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Each test was performed with primary pressure, primary inlet 

conditions, feedwater conditions, and secondary pressure held 
constant. The nucleate boiling length (dryout location) was 

detemined from primary tube and secondary' side thermocouples. 

The boundary conditions For five, 2700 MWt plant-scaled tests are 
shown in Table K . 1 .  Using these boundary conditions, a steady- 
state calculation of each test was performed using FtELAPS/MODP- 

B&W. Also, for comparison purposes, each test was simulated with 
REUP5/MOD2 Cycle 36.05. The calculated boiling lengths are 
compared to the measured values in Table K.2. and Figure K-4, 

f 

i The results show that the boiling lengths predicted. by 
i RELAPS/MOD2=B&W are in good agreement with the data over the 
I 

I range of simulated power levels. Furthermore, the RELAPS/MOD2- 

! B&W predictions represent a significant improvement over the base 

; RELAPS/MODZ results at power levels less than 80 percent of . . 
I scaled full power. This is primarily due to use of the Becker 
I 

critical heat flux correlation in the RELAP5/MOD2-B&W simulation. 

' That correlation, developed from heated rod bundle dryout data, 

j provides a higher CHF value at reduced feedwater flow rates; 

' whereas, the Biasi-Zuber CHF correlation combination usea in i 
! RELAPS/MOD2 predicts early dryout in an OTSG as the feedwater 

i flow (power level) decreases. 

! 
I ison .to OTSG LOFW Test 

ARC performed several loss-of-feedwater tests on the 19-tube 

bode1 OTSG. 153 one WPW test, Run 29, performed on ~ecca~ber 16, 

1977, was benchmarked with RELAP5/MOD2-B&W. This test was a 
loss-of-feedwater from scaled full power conditions consistent 
with a 2772 M W t  plant, 

The model OTSG was initialized to full scaled power consistent 
with a 2772 MWt plant. The test was initiated by the 

$imultaneous trip of the feedwater pump - and closure of the 
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I 

: 
I feednter isolation valve. The OTSG was allowed to boil dry. 
I 

After the OTSG boiled dry, feedwater was turned on by starting 
I 

tbe feedwater pump and by opening the feedwater isolation valve. 
! ' 
' An attempt was made to hold the primary inlet temperature, 

primary -flow and secondary pressure constant during the test. 

Primary outlet 'temperature, secondary rtean flow, and secondary 

; steam temperature were measured and recorded during the test. 
! 

I 

a , The RE~PS/MODZ-B&W model was initialized to the test initial 
i I / conditions shown Table K.3. The predicted primary and 
I secondary fluid temperatures are compared in Figures K-5 and K-6, 
I respectively, to the measured values just prior to test 

initiation. The feedwater flow, primary inlet tempersture, 
I primary flow, and secondary pressure values that were measured 
f during the test were input as boundary conditions. The 

calculated steam flow and primary outlet temperature are compared 
t / tosathe measured data in Figures K-7 and X-8, respectively. The 

; code predictions are in good agreement with data, indicating that 
! 

I the calculated heat transfer is similar; to that observed during 
I 
! the test. 

I The differences between observed and calculated results ake 
! primarily due to the sudden changes in heat transfer as the 
! 
. control volumes i n  the tube region systematically dryout and, 
latar, refill. The addition of control volumes in the boiling : 

1 region would decrease the magnitude of the step changes, but the 
I 
I number of steps would increase. The resulting prediction of 

I Primary outlet temperature would be approximately the same as the 
, 8 

! w e n t  prediction. . .. 

I ' 

ummarv and Conclusionq 
* 

Bteady-state performance tests performed on a model 19-tube OTSG 
i . were 5 benchmarked, with REW5/MODZ-B&W and RELAPS/MODP Cycle  

36.05. Those benchmarks denonstrate that the BWNT slug-drag 
! I 
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1 model and the Becker critical heat flux correlation properly 

: predict the nucleate boiling length in the OTSG over a wide range - 
I of power levels and transient conditions. Furthemore, 
I .  

I ReWS5/MODl-B&W provides a significantly improved prediction of 

/ +he nucleate boiling length than does RELAPS/MOD2 Cycle 36.05 at 

i power levels less than eighty percent fu1~'pawer. 
, 

, In addition, a loss-of-feedwater test performed on a model 19- 
tube OTSG from scaled full power conditions was benchmarked with 

I I REL~P~/MOD~-B~W.  he code calculation was in good agreement with 
I 
the measured values of primary outlet temperature-and steam flow 

! during the dryout and refill phases of the test. 
! 

I 

Therefore, the 19-tube OTSG benchmarks serve two main purposes. 

First, they validate the OTSG application of the Becker 
a correlation and the BWNT slug and annular-mist drag models. - 
Secondly, they demonstrate that the methods used with 

j RELAPS/MODZ-BPW properly predict the steady-state and transient . . 
; heat transfer behavior in an OTSG. Together with the other . 
! benchmarks they confirm that RELAP5/MODZ-BCW is acceptable for 
i , multi-purpose licensing applications in NSSSs with either U-tube 
i or once-through steam generators. 
1 
! 
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Table K . 1 .  Model 19-Tube OTSG Conditions for Steady-State 
  oiling Length T e s t s .  

Power Feedwater Feedwater Prim. 1niet  Prim. Exit 
Level Temperature Flow Temperature Temperature 

.J Pelxent) _.IF)-&& 

. Table K.2 Comparison of Predicted and Measured Boiling 
Lengths for a 19-Tube Model OTSG. 

Power Boiling Length, ft. 
Level RELAPS/MOD? 

(Percent) - P5/MOD2-B&W Test 
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Table K . 3 .  In i t ia l  Conditions for 19-Tube Model OTSG LOFW Test. 

Parameter msbuXw2 LAPS/MOD2 - B&y 
Primary System Pressure, psia ' 

Primary Inlet Temperature, F 
Primary E x i t  Temperature, F 
Primary System Flow, lbm/hr 

Secondary System Pressure, psia 
Feedwater Temperature, F 

Steam Discharge Temperature, F 

Feedwater Flow, lbm/hr 
Heat Transfer Rate, Btu/s 

Input values.  
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Figure X-2. 1 9 - W e  Once-Through Steam Generator and Downcomet. 
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FIGURE K-3. RELAP5/MOD2B&W MODEL OF 19-TUBE OTSG. 
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APPENDIX L 

MIST BENCHMARK WITH RELAP5/MOD2-B&W 

Note: This Appendix was originally added in 
its entirety in Revision 3 of BAW-10164, 
October 1992. 
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10/92 



I 

Framatome ANP, Inc. 

Phfs appendix was added to provide an integral system benchmark 
of a simulated small break loss-of-coolant accident in a nuclear 
steam supply system (NSSS) with once-through steam generators 

{OTSGs) , This . benchmark of RELAPS/MODZ-B&W code, with the 

support Appendices G, H, I, J and K, is used to verify the code 
formulation and implementation. These benchmarks collectively 

demonstrate a general thermal-hydraulic adequacy, for both stand- 

alone tests and integral system tests, that is applicable to NSSS 

designs containing U-tube steam generators or OTSGs. 

$his benchmark was performed against Multi-Loop Integral System 

Pest facility data. The facility was chosen because it contains 
all o f  the unique features of a BfW-designed NSSS. The specific 

$est benchmarked with RELAPS/MOD2-B&W was chosen because the 

healed break size corresponds to the worst small break size for 

B&W-designed plants. The benchmark is included toL show that the 

code formulation and input modeling techniques used to model a 
scale-model B&W-plant are acceptable for licensing application 
use. 

5.1. lntroductioq 

!he Multi-Loop Integral System Test (MIST) facility is a scale 

model of a Babcock & Wilcox lowered-loop 177 fuel assembly 

pressurized water reactor, ~esign, fabrication and testing of 
*he facility was sponsored by Babcock & Wilcox, the Babcock & 

@ilcox Owners Group (BWOG), the Nuclear Regulatory Commission, 

qnd the Electric Power Research Institute. The facility was 

Pabricated to provide data on the transient response of B&W PWRs 

during small-break loss-of-coolant accidents (SBLOCA) , steam 

generator tube ruptures (SGTRS) and feed-and-bleed cooling. The 
data generated by MIST testing is used to determine the adequacy 
f thermal-hydraulic computer codes to predict the phenomena 

exhibited during these events. 
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To demonstrate that RELAPS/MOD2 adequately predicts the dominant 
phenomena, the MIST program m?m¶gement group sponsored three pre- 

' test and five post-test predictions. 154 Similarly, the BWOG 
sponsored several additional RELAP5/MOD2 post-test predictions of 
MIST tests. 155-160 These benchmarks clearly show that 
REWLP5/MOD2 properly predicts the phenomena exhibited during 

SBLOCA and SGTR events. However, i n  many of the benchmarks the 
/ code underpredicted collapsed liquid level in the core region 
I 

I because. the code underpredicted the phase slip in the slug flow 
: regime. 
I I 

I 
I 
Consequently, BWNT modified the RELAPS/MODZ interphase drag 
models to reduce the interphase drag forces in the slug and 
annular-mist flow regimes. The revised models w e r e  verified by 

! 
, comparisons to separate effects tests and to core level 
predictions by the FOAM2 computer code. 161 As further 

- : justification of this code madification, MIST test 320201 was re- 
analyzed. The prediction of this scaled 50 cm2 pump discharge 

: break test with the revised version of RELAP~/MOD~-B&W is 
discussed in this Appendix. Section L.2 provides a simple 

! 
I description of the MIST facility. A detailed description is 
; provided in Reference 162. The RELAP5/MOD2-B&W input model is 
I I discussed i n  Section ~ . 3 .  The results of the revised benchmark 

i fire compared to MIST data and to the original RELAW/HODZ 
! 
/ prediction in Section L. 4. A summary and conclusions are 

I provided in Section L . 5 .  References are listed in Section 4 of 
1 the main text. 

-. 

; S.2, MIST Fac i l i tv  Descri~tion 

! The MIST facility was a scaled, two-by-four (two hot legs and . 
1 four cold legs) model of a BLW, lowered-loop, nuclear. steam 
! $upply system. MIST was designed to operate at plant-typical 
: pressures and temperatures. Experimental data obtained from this 
i facility during post-SBLOCA testing are used f o r  computer code 
benchmarking. 

i 
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MIST consisted of two 19-tube once-through steam generators; a 
I I 
reactor vessel with heated core and external dovncomer; 

I 

, pressurizer; two hot legs; and four cold legs, each with a scaled 
I reactor coolant pump. Other loop comfionents in MIST included a 
closed secondary system, four simulated reactor vessel vent 

valves ( R ~ s ) ,  a pressurizer power-operated relief valve, hot 
, leg vents and reactor vessel upper-head vents, high pressure 

: injection (HPI) , core flood system, and critical flow orifices 
for scaled leak simulation. The system was also capable of 

nonoondensibla gas addition at selected loop sites. The MIST 

I facility is illustrated in Figure L-1. 
I 1  

The reactor coolant system of MIST was scaled according to the 
: following criteria, listed in order of decreasing priority: 

elevation, post-SBmCA flow phenomena, component volume, and 

irrecoverable pressure drop. Consequently, MIST retained full 

plant elevations throughout the primary system and the steam 

generator secondaries. Key interfaces were maintained including 

the hot leg spillover, upper and lower tube sheets of the steam 

generators, cold leg low point, pump discharge spillover, cold 

and hot leg nozzle centerlines, core, and points of emergency 

core cooling system injection. Only the elevations of several 
non-flow regions were compromised, primarily to optimize power- 

to-volume scaling. Also, the MIST hot legs and cold legs were 
oversized with respect to ideal power-to-volume scaling 

(plant/MIST power ratio is 817). This atypicality was necessary. 

'to preserve prototypical two-phase flow characteristics, match 

irrecoverable pressure losses in the piping, and preserve 
prototypical cold leg Froude number. 

/ As w i t h  any scaled facility, the metal surface area-to-fluid 
: volume ratio of MIST was considerably greater than the plant 
/ value. As a result, guard heaters were used, in conjunction with 
I passive insulation, on the steam generator secondaries and on all 
. 8 

; primary coolant components to minimize model heat losses.' 
, 8 . 1 

Rev. 3 
10/92 



~ramatome ANP, Inc. 

However, the guard heaters did not compensate for all the loop 

heat losses. Therefore, core power was increased to offset these 

uncompensated heat losses. 

HIST instrumentation was selected and distributed based on input 
from experimenters and code analysts. This instrument selection 

process considered the needs of code benchmarking, indications of 

thermal-hydraulic phenomena, and system closure. MIST 
instrumentation consisted of measurements of . temperature, 
pressure, and differential pressure. Fluid level and phase 
indications were provided by optical viewports, gamma 

densitometers, conductivity probes, and differential pressures. 
;Mass flow rates in the circulation loop were measured using 

venturis and a cooled thermocouple, and at the system boundaries 

using ~oriolis flowmeters and weigh scales. Approximately 850 

MIST instruments were interfaced to a computer-controlled, high- 
speed data acquisition system. 

3 RELAPS/MOD2-B&W Model Descriatioq 

The base RELAPS/MOD2-BCW input model is identical to that used in 
the original post-test prediction155 and is discussed in detail 

%n Reference 163. The model simulates all of the MIST primary 

reactor coolant syste~ piping, active components and ancillary 

qysterns. Specifically, the complete model represents the reactor 

vessel, an external annular downcomer, two hot legs, a 

pressurizer, two once-through steam generators, four cold legs, 

four reactor coolant pumps, reactor vessel vent valves, a core 
flood tank, high point vents, high- and low-pressure emergency 

Core cooling system injection, high elevation auxiliary 
geedwater, primary and secondary metal mass, and guarh heaters. 

Special features of the model include the reactor vessel noding 

qrrangement , the cold leg-to-downcomer connections, and the two- 
$adial region steam generators. The reactor vessel noding 

qrrangement models the full height core region and the  vessel 
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exit region noding scheme preserves t h e  two-phase flow s p l i t s  

during boi l ing pot mode. 

me cold l egs  u t i l i z e  a double flow path connection t o  t h e  
external  reac tor  vessel  downcomer s o  t h a t  counter-current two- 
phase flow can be predicted. In other  words. t h i s  connection 
scheme allows steam from the upper downcomer t o  en ter  t h e  cold 
leg while l iqu id  dra ins  from the cold l eg  i n t o  t h e  lower 
downcomer. 

f i n a l  model feature represents t h e  primary ..team gonerator 
) tube region w i t h  two rad ia l  regions. One region ( three  

epresents t h e  tubes d i r e c t l y  wetted by auxiliary 
ter ( A m )  in jec t ion  on t h e  s h e l l  s i d e  of t h e  SG. The other  

(16  tubes) represents t h e  tubes i n  contact  with secondary 

e RELAPS/MOD2-B&W model was modified f o r  t h i s  re-analysis.  
tably,  the  revised s lug  drag model was implemented i n  the  

the s h e l l  s i d e  of t h e  steam generator. The revised s lug  

g model is designed f o r  use i n  these regions where t h e  
diameters are small and boi l ing takes place. 

I 
! 
I I n  adai t ion t o  t h e  revised s lug  drag model, the reactor  vessel 
:. I 

I 
and downcorner models w e r e  modified s l igh t ly .  The core region Was 

I modified s o  t h a t  twenty control  volumes represent t h e  f u l l  height  
core  instead of the t h ree  control  volumes used i n  the o r i g i n a l  
prediction. This increase i n  core d e t a i l  is required to maintain 
consistency with the models used t o  develop the revised s l u g  drag 

- !  model. ' Ruthermore, t h e  outer  annulus region in the vesse l  
' o u t l e t  was revised t o  include three control  volumes r a t h e r  than 
I : one s o  that t h e  mixture l e v e l  would properly reside below t h e  

I 

i RVW during the loop draining period. Also, the RVVV junction 
, was modified t o  en te r  the bottom of t h e  upper downcolnor cont ro l  
I 

! 
volume t o  b e t t e r  predic t  the steam condensation there. This last 

' I 
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I 
I 
I 

: modification is consistent with latest MIST benchmark models. A . 
I . s 

; schematic of the RELAPS/MOD2-BOW model of MIST is shown in Figure 

Prediction of MIST Test 320201 with Revised m p . 5 / # 0 ~ 2  - BQY 
, The original post-test prediction of MIST test 320201 with 
a Version 5.0 of RELRP~/MODZ-BLW is discussed in detail in 

I Reference 155. The models used in *is simulation with that code 
f 

! version are identical to those described in Revision 0 of this 

; code topical report. A simple summary of the re-analysis with 
i I 

i Version 14.0 is provided here and a comparison is made between 
the original and revised predictions. The Version 14.0 models 

used in this simulation are identical to those contained in 
I 
, Revision 3 of this code topical. 

IST Initializatioq 

j -The MIST' facility was capable of only ten percent full-scaled 
/ power. Therefore, the facility was initialized to the conditions 

, existing approximately 145 seconds after trip. Consequently, 

MIST was initialized in natural circulation with the core power 
I equal to 3.5 percent scaled power plus an additional 0.4 percent 

1 scaled power for uncompensated heat losses. Other initial 

conditions were: 
i 

I 
1. primary system pressure corresponding to 22 F core exit 

subcooling. 
I 

2. Pressurizer level five feet above the bottom of the 
pressurizer. 

I 3. Steam generator pressure of 1010 psia. 
I 

4. Steam generator secondary level controlled to five feet 
I above the lower tube sheet by throttling high elevation 

AFW injection. 

i me MIST initial conditions for Test 320201 are shown in Table 
I L.1  with the calculated values from the REWIPS/MOD2=B&W model. 
I I 

0 

: 
: 
i 
I I Rev. 3 
I 
3 I 
! I 10792 



I 

! 1 

Framatome ANP, Inc. 

&.4.2 .  Summarv of R e s w  

The test was initiated by turning off the pressurizer heaters and 
opening the leak. When the pressurizer level reached one foot, 

full BPI flow was started. steam generator secondary refill using 
full capacity AFW was initiated, the core decay heat ramp was 
activated, and the R V W  control was .place& in automatic. 

' ;When the leak was opened the system began a subcoo2ed blowdown. 
The hot leg and core exit fluid saturated and the primary 
depressurization rate decreased as the hot fluid flashed. The 

1 primary system depressurization continued until the steam 

I produced from flashing of the hot leg fluid interrupted natural 

; circulation at approximately one minute, 

I The interruption of natural circulation stopped the primary 

; system depressurization because the onset of gross boiling in the 
1 core exceeded the volumetric discharge of the break. Steam that 

i was formed in the core collected in the reactor vessel upper head 

and displaced the mixture level below the R V W  elevation. Steam 

' passed through the R V W s  into the reactor vessel downcomer. As 

I the steam collected in the down comer,^ it depressed the liquid 
' level to the cold leg nozzle elevation. With the cold leg 

a bozzles partially uncovered, the rate of condensation of the core 

, steam on the coid BPI liquid in the cold legs increased. 

' Consequently, the primary system depressurization resumed. 

, Shortly thereafter. the depressurization rate increased as the 
i trapped hot leg steam bubble depre=sed the liquid levels in the 
, $0 tubes below the tube sheets. establishing high-elevation 

boiler-condenser mode (BCM) heat transfer. The depressurization 

was further augmented as the leak site saturated. 
' ~ 
. TJpon re-establishment of SO heat transfer at three minutes, the 

. primary system depressurization resumed and continued as long as 
! the AFW was flowing. When the secondary levels reached the 
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i control setpoint at eight minutes, AFW flow stopped. Without 

I i significant primary-to-secondary heat transf art the primary 

~ystem depressurization slowed as the only mode of energy removal 
i 

, was leak-HPI cooling. 
I 

I The primary system depressurized slowly because of leak-Hp1 
i 
' cooling while the SG secondary pressures. remained relatively 

1 constant. The residual primary-to-secondary heat transfer was 
I offset by steam line heat losses to ambient. Therefore, the SG 

pressures remained constant. ~pproximately, twenty-eight minutes 

1 . .  after test initiation, the primary system depressurized below the 

; secondary system pressure. At that time, SG secondary side 

: blowdown was initiated. AFW injection reactivated as flashing 
I and boil-off reduced the secondary level blow the control 

' setpoint. Consequently, the reactivation of AFW injection re- 
! I initiated high elevation BCM heat trqnsfer and the primary system 

i depressurization rate increased. The increase in de- 
I 

* pressurization rate caused flashing within the primary system. 
: &Xso, the dramatic increase in primary system steam condensation 
a Sn the SG tubes caused liquid to relocate from the vessel into 

the hot legs. Consequently, these two effects caused a decrease 

in core collapsed liquid level. 

I 

As M e  secondary system blowdown continued, the secondary 

depressurization rate decreased to a rate limited by the facility 
~ondenser. The blowdown rate was sufficient to maintain a 

primary-to-secondary temperature differential. The resulting 

primary-to-secondary heat transfer, in combination with leak-HPI 

iooling, sustained a primary system depressurization for the 

duration of the event. Reactor vessel collapsed liquid levels 

: increased as flashing decreased and as core flood tank flow 
1 I 

, Buppressed core boiling and aided system refill. 

I : The RELAP5/MOD2-BPW vetsion 14.0 prediation of primary system 
a pressure is in good agreement with the data (Figure L-3). The 

; I 
I I : I 
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predictions of interruption of natural circulation, high. 

elevation BCM cooling , and leak-HPI cooling are consistent with 
the observation. The final depressurization caused by SC 

blowdown is calculated to occur earlier than observed because the 
MIST operator opened the blowdown valve 2.5 minutes after the 
primary pressure equalized with the secondary pressure (Table 
L.2) .  The SG blowdown w a s  automatically initiated in the 

simulation when the primary and secondary system pressures 

i equalized. 
I 

The response predicted by Version 14.0 was similar to the version 
5.0 prediction. As expected, the change in the interphase drag 

had little impact on the primary system pressure response. 

However, the Version 14.0 prediction showed a later actuation of 
the SG blowdown and a better primary .system pressure prediction 

: during the blowdown. The delayed blowdown occurred because the 
i Version 14.0 prediction of the 'lAts SG pressure was lower than the 

: Version 5.0 prediction when AFW w a s  terminated (Figure L-4). The 
I -pressure was lower because the revised MIST model used in the 

Version 14.0 prediction had subcooled liquid in the pressurizer 
surge line and lower head. Since the fluid entering the hot leg 

was colder, less flashing occurred, reducing two-phase natural 

circulation. The net result was less heat transfer to the 

secondary system. The Version 5.0 prediction exhibited a lower 
primary pressure during the blowdown because the secondary level 

swell was overpredicted, providing more primary-to-secondary heat 

transfer than was observed in the test. 

The reactor vessel collapsed liquid level predicted by Version 

14.-0 was also in good. agreement with MIST data (Figure L-5). a 

During the test, the reactor vessel mixture level quickly fell 

below the . , R V W s  and stabilized above the hot leg nozzles. This 

mixture level translated to. a collapsed liquid level of 

approximately 19 feet above the upper face of the lower SG tube 

sheet. Both post-test predictions showed the same behavior. 
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However, the version 5.0 simulation underpredicted the collapsed 

1-iquid level because it overpredicted .the void fractions in the 

mixture region. The Version 14.0 prediction, with the revised 
slug drag model and finer core noding, provided an excellent 

calculation of collapsed liquid level for the same approximate 

mixture level. Furthermore, the revised prediction properly 

calculated reactor vessel collapsed liquid level during the SG 
blowdown phase of the transient. The collapsed liquid level 

decreased during this phase as flashing in the reactor vessel 

increased the void fraction in the mixture region. 

In addition to an improved reactor vessel liquid level 
1 prediction, the Version 14.0 post-test prediction also displayed 

an improved SG secondary collapsed liquid level prediction 

I (Figure "L-6) . RELAP5/MOD2-B&W Version , 5.0 overpredicted the 

! 
secondary level swell during the SG blowdown, resulting in 

1 significant carryout of liquid. The Version 14.0 prediction 
i *incorporated the revised slug drag nodel in the SG tube region. 

I The revised slug drag model significantly reduced the level swell 
i i and produced a collapsed liquid level calculation that was in 
a good agreement with the data. Furthermore, the accurate 

I calculation of' mixture level by Version 14.0 during the SG 
! 
I , blowdown provided an accurate calculation of primary-to-secondary 
I heat transfer and gave an improved-primary pressure prediction as 

compared to the Version 5.0 results. 
1 

5 . 5 .  Summarv and Canclusiong 

A post-test prediction of MIST test 320201, a scaled 50 cm2 cold 

leg pump discharge break, was performed with Version 14.0 of the 

RELAPS/MOD2-B&W computer code. The models employed in that 

prediction are identical to those contained in Version 19.0, and 

described in this revision to the code topical. The calculation 

included the BWNT .modified interphase drag modeling in the 

reactor vessel and steam generator secondary components to reduce 

the calculated interphase drag force in the slug flow regime. 
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The results were compared to the MIST test data and the original 

post-test prediction' that was performed with Version 5.0 of 
_RELAPS/MOD2-B&W. 

That comparison showed the calculated primary and secondary 

pressure responses were in qood .agreement with the data and were 
similar to tho original predictions. However, the reduced 

interphase drag forces predicted by Version 14.0 provided a 
significant improvement in calculated collapsed liquid levels in 
the reactor vessel and the steam generator secondary as compared 
to the Version 5.0 calculations. Furthermore, the collapsed 

liquid levels predicted by Version 14.0 are in excellent 

agreement with the MIST data. Therefore, it is concluded that 

the revised slug drag model is appropriate for use in regions of 
small hydraulic diameter. 

. 
This benchmark demonstrates the accuracy and adequacy of the 

RELAPS/MOD2-B&W code for predict f on of the phenomena expected to 
occur during a postulated SBLOCA in a plant with OTSGs. In 

combination with the other benchmark cases, it confirms that the 
RELAPS/MOD2-BtW code is appropriate for licensing applications of . 

B&W-designed NSSSs. 
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! ' Table L . 1 .  comparison of MIST I n i t i a l  Conditions t o  RELAPS/MOD2- 
BLW Values. 

' 1010.0 

593.4 

S G  Ex i t  Temperature, F 550.3 

l Core Exi t  Subcooling, F 2 2 . 0  

t 
I Core Pswer, Btu/s 

Revised  Table L.1 shown on paqe 5-285 per SER instruction on 
Table 2 (page 5-364) .. 

I Table L.2. Sequence of Events. 

ot leg U-bend voiding 
n t e r r u p t s  natural circ. 

FW shutoff 

Revised Table L. 2 shown on page 5-288 per SER instruction on 
' 

' ~ ? b l e  2 (page 5-3 6 4 )  . Rev. 3 
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FIGURE L-3. COMPARISON OF PREDICTED AND OBSERVED PRIMARY PRESSURES 
FOR MlST TEST 320201. 
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FIGURE L-4. COMPARISON OF PREDICTED AND OBSERVED SECONDARY SYSTEM 
PRESSURES FOR MlST TEST 520201. 
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FIGURE L-5. COMPARISON OF PREDICTED AND OBSERVED REACTOR VESSEL LIQUID 
LEVELS FOR MIST TEST 320201. 

FIGURE 1-6. COMPARISON OF PREDICTED AND OBSERVED SG SECONDARY LIQUID 
LEVELS FOR MIST TEST 320201. 
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