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Abstract

COBRA-SFS is a general thermal-hydraulic analysis computer code for prediction of material -
temperatures and fluid conditions in a wide variety of systems. The code has been validated for
analysis of spent fuel storage systems, as part of the Commercial Spent Fuel Management Program of
the U.S. Department of Energy. The code solves finite volume equations representing the
conservation equations for mass, moment, and energy for an incompressible single-phase heat transfer
fluid. The fluid solution is coupled to a finite volume solution of the conduction equation in the solid
structure of the system.

This document presents a complete description of Cycle 2 of COBRA-SFS, and consists of
three main parts. Part I describes the conservation equations, constitutive models, and solution
methods used in the code. Part II presents the User Manual, with guidance on code applications, and
complete input instructions. This part also includes a detailed description of the auxiliary code
RADGEN, used to generate grey body view factors required as input for radiative heat transfer
modeling in the code. Part III describes the code structure, platform dependent coding, and program
hierarchy. Installation instructions are also given for the various platform versions of the code that
are available.
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Nomenclature

channel cross-sectional area (ft?) in the axial direction

surface area for generalized control volume (ft%)

average cross-sectional area (ft?) over the subchannel control volume
surface area of generalized control volume (ft?)

axial cross-sectional area of fuel (ft?)

axial cross-séctional area of cladding (ft)

area of the interface between two solid nodes for heat transfer (ft?)

surface area of slab node (ft?)

black body view factor from surface k to surface i for radiative héat transfer (dimensionless)
fraction of power generated in the coolant |
specific heat at constant ‘pressure (Btu/ibm-°F)

turbulent momentum factor (dimensionless empirical parameter)v

average hydraulic diameter of lateral control volume (ft)

hydraulic diameter of subchannel, based on wetted perimeter (ft)

hydraulic diameter of subchannel, based on heated perimeter (ft)

diameter of fuel (ft)

outside diameter of fuel rod (ft)

diameter of kth condunction heat transfer node in fuel or cladding (ft)

local mass continuity errér at level j (Ibm/sec)

energy per unit mass (Btu/lbm)

vii




body force vector per unit mass (Ibf)®

fluid surface area for generalized control volume (ft?)

body force due to turbulent mixing (Ibm-ft/sec?)

grey body view factor from surface n to surface m for radiative heat transfer (dimensionless)
axial friction factor, Darcy formulation (dimensionless)

friction for lateral flow, Darcy férmulation (dimensionless)

acceleration of gravity vector, (ft/sec?)

scalar gravitational acceleration constant, (ft/sec?)

force/mass conversion constant for English engineering units, (32.2 lIbm-ft/lbm-sec?)
average axial mass velocity in lateral control volume, (Ibm/sec-ft?)

Grashof Number (dimensionless)

heat transfer coefficient, (Btu/sec-ft’-"F)

condunctance across the fuel-cladding gap (Btu/sec-ft>-°F)

H, . surface heat transfer coefficient (Btu/sec-ft>-*F)

saturation enthalpy for the liquid phase, (Btu/lbm)
latent heat of vaporization, (b, - h), (Btu/Ibm)

saturation enthalpy for the vapor phase (Btu/lbm)

internal thermal energy per unit mass (Btu/Ibm)

h;

hg,

hg

h enthalpy (Btu/lbm)

f Identity tensor

i

K form drag for axial flow (dimensionless)
K; form drag for lateral flow (dimensionless)
(a)

To properly balance units in all terms in the integral formlation of the energy conservation
equation, the force vector F must be diviede by the proportionality factor J, relating the ft-1bf
force to thermal energy in units of Btu, as J = 778 ft-1bf/Btu. I
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Q
Q.
Qn

Re

thermal conductivity (Btu/sec-ft-°F)

centroid length for gap k (ft)

axial mass flow rate (l_bm/sec)

unit vector, outward normal to A

unit vector, normal to subchannel axial flow area A
unit vector, normal to gap lateral flow area, SAX
Nusselt number (dimensionless)

pressure (psia)

wetted perimeter of subchannel control volume (ft)-
heated perimeter of subchamel control volume (ft)
Prandtl number (dimensionless)

heat flux vector (Btu/sec-ft?)

linear heat rate (Btu/sec-ft)

surface heat flux ‘(Btu/sec-ftz)

volumetric heat generation rate (Btu/sec-ft*)

energy deposited per unit volume (Btu/sec-ft®)
energy deposited per unit length (Btu/sec-ft)
turbulent energy exchange source term (B.tu/sec)
energy deposited per unit length from the heated surfaces, (Bm/sec;-ft)
total energy input due to turbulent mixing (Btu/sec)
thermal conduction resistance (Btu/sec-ft>-°F)
Reynolds number (dimensionlgss)

internal heat generation rate per unit mass(Btu/lbm-sec)

- width (ft) of gap k connecting channel ii to channel jj

ix




t time (sec)

T temperature (°F)

' T.a cladding surface temperature (°F)

T,  temperature of the fuel surface (°F)

T, fluid temperature in current node of subchannel 1 (°F)
Taua average fluid temperature seen by rod n (°F)

T,  wall surface temperature (°F)

T,. Wwall surface temperature (°F) .

T,  bulk fluid temperature in the subchannel control volume (°F)
’f‘ tensor of surface stresses acting on the fluid

t.a  cladding thickness (ft)

U scalar velocity (ft/sec) in the axial direction

U local axial velocity vector (ft/sec)

U, average axial velocity at j for momentum cell (ft/sec)

U composite thermal conductance (Btu/sec-°F)

\Y local lateral velocity vector, (ft/sec)

\% volume of generalized control volume (ft%)

>V scalar velocity in the lateral direction (ft/sec)

V. average lateral velocity in gap k for momentum cell (ft/sec)
w wall surfac¢ area for generalized control volume (ft?)

w mass flow rate in the lateral direction, per unit length (Ibm/sec-ft)

w'  turbulent crossflow for momentum and enthalpy exchange between adjacent channels (Ibm/ft-
sec)

X axial distance (ft)
Z,  empirical shape factor for conduction length of gap k (dimensionless)
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Greek symbols:

m

AX
Ah
Ar

AU

At

€ix

én

kei

empirical mixing coefficient for turbulent crossflow model (dimensionless)
axial node length (ft)

change in enthalpy (Btu/lbm)

radial increment in fuel noding (ft)

axial velocity difference between adjacent channels for turbulent mixing momentum exchange
(ft/sec) :

transient time increment (sec)

angle of channel axial orientation relative to vertical (degrees)
surface emissivity of a solid node (diménsionless)

sign determiner for lateral vel‘o_city in gap k with respect to channel i.

€ = 1.0ifi = ii
1.0 if i = jj

where ii < jj

eddy diffusivity for turbulence (ft*/sec)
Kronecker-delta function

shear stress tensor |

viscosity, (Ibm/sec-ft?)

density (Ibm/ft’)

Stefan—Boltm constant; 4.76(10"*) Btu/sec-ft>-R*

fraction of perimeter of rod n facing a given subchannel (dimensionless)

summation on all gaps k connected to channel i

Xi




T
men sumumation on all channels m facing rod n

¥ .
nei  summation on all rods n with heat transfer surfaces facing channel i

r
nek  summation on all gaps n connected to gap k for lateral momentum transport

L  summation on all rod surface nodes n seen by cladding node N+ 1

ne(N+1)

L  summation on all slab nodes m seen by cladding node N+ 1
me(N+1)

Subscripts:

c cladding material property

fi - fuel material property

ii lower-numbered channel of a pair connected by gap k
J axial level index number
J axial level index for lateral momentum transport, (i.e., J = j + 1/2)

jj  higher-numbered channel of a pair connected by gap k
k gap index number
£ laminar flow

L laminar flow

s slab node property

t turbulent flow

w wall

] circumferential angle for radial fuel noding (radians)
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Superscripts:

-n

"

previous time-step value
current iteration value
current time step value

per unit cell quantity (ft’)
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®

1.0 Introduction |

_ COBRA-SFS (Spent Fuel Storage)®, is a computer program that performs thermal-hydraulic
analyses of multi-assembly spent-fuel storage and transportation systems, (Rector 1986a; Rector et al.
1986a; Lombardo et al. 1986a; Rector and Michener 1989). It uses a lumped-parameter, finite-differ-
ence approach to predict flow and temperature distributions in spent fuel storage systems and fuel
assemblies, under forced and natural convection heat transfer conditions, in both steady-state and
transients. Derived from the COBRA family of codes (Rowe 1973; Stewart et al. 1977; George et al.
1980; Khan et al. 1981), which have been extensively evaluated against in-pile and out-of-pile data,
COBRA-SFS retains all the important features of the COBRA codes for single-phase analysis®, and
extends the range of application to problems with two-dimensional radiative and three-dimensional
conductive heat transfer. With these added capabilities, COBRA-SFS has been used to analyze
various single- and multi-assembly spent fuel storage systems containing unconsolidated and
consolidated fuel, with a variety of fill media (Cuta et al. 1984; Lombardo et al. 1986b; Cuta and-
Creer 1986; Wiles et al. 1986; Rector et al. 1986b; Rector et al. 1986a; McKinnon et al. 1986;
Wheeler et al. 1986). :

Cycle 0 of COBRA-SFS was released in 1986. Subsequent applications of the code required
the development of additional capabilities, leaduing to the release of Cycle 1 in February 1989. Since
then, the code has been subjected to an independent technical review as part of a submittal to the
Nuclear Regulatory Commission (NRC) a generic license to apply the code to spent fuel storage
system analysis. Minor modifications and error corrections were developed in response to the
reviewers’ recommendations. In addition, new capabilities and improvements to the code have been
developed, and these changes have been combined to form a new release of the code, Cycle 2.

This report constitutes the documentation of Cycle 2 of COBRA-SFS. Much of its content has
been reported elsewhere, in documentation of specific applications of the code and in validation and
documentation of Cycle 1. However, to make life easier for the user, particularly the new user of the
code, this report endeavors to be "the only COBRA-SFS manual you will ever need" for Cycle 2. It
presents a complete description of the mathematical modeling and solution methods used in the code,
documents the validation of Cycle 2, and guides the user through various applications of the code,
and the input instructions. As a result, the report may at first glance seem intimidatingly large and
complicated, containing rather more than one might really want to know about the code.

(@ The acronym COBRA stands for Coolant Boiling in Rod Arrays, and was originally coined to
describe the code’s application to thermal-hydraulic analysis of fuel rod bundles and reactor
cores. COBRA-SFS uses essentially the same subchannel formulation, but with modifications
and improvements for application to single-phase gas-cooled spent fuel storage casks with
radiative, convective and conductive heat transfer. ,

(b) COBRA-SFS is not applicable to two-phase flow analysis as currently formulated. The models
for subcooled boiling, the effect of phase change on the energy equation, and momentum
effects of phase slip have been removed.

1.1




The organization of this manual, however, is intended to make it relatively easy to use. It is
divided into three parts: a theory manual, a user guide, and a programmer’s manual, organized as e
follows:

I. Theory Manual
Section 2.0 Conservation Equations
Section 3.0 Constitutive Models
Section 4.0 Numerical Solution Methods

1. Users Guide
Section 5.0 Boundary Conditions
Section 6.0 User Manual

HI. Programmer’s Manual
Section 7.0 Validation for Cycle 2
Section 8.0 Code Structure and Installation

In brief, Part I shows the user what sort of problems the code is suited for. Part II shows
how to use the code to solve a problem. Part III presents some reassuring evidence that the code’s
results can be trusted to be reasonably accurate, and describes the code structure. This part also gives
installation instructions for the code, and describes platform dependent programming required to allow
the code to run on various workstations.

Part I describes the mathematical modeling and numerical solution methods used in the code. .
In Section 2.0, the formulation of the conservation equations for the working fluid and the equations

for energy exchange with solid structures are described in detail. The constitutive models required to

achieve closure of the equation set are presented in Section 3.0, for both the fluid equations and the

energy equations. The numerical solution methods used to solve the fluid conservation equations and

the energy equation for the solid structures are described in Section 4.0.

It is recommended that the user develop at least a passing familiarity with the equations solved
in the COBRA-SFS code and the methods by which the solution is accomplished. This will aid the
user in assessing the applicability of the code to new problems, and perhaps help develop insight into
the most efficient way to model a given problem. However, an intimate acquaintance with the inner
workings of the code is not required to actually use it in practical applications.

Applications information is covered in, Part II, consisting of Sections 5.0 and 6.0. Speci-
fication of boundary conditions for COBRA-SFS calculations are described in detail in
Section 5.0. COBRA-SFS has a wide variety of options for specification of boundary conditions,
including thermal-hydraulic boundary conditions on the working fluid and thermal boundary
conditions on the solid structures. The user has a great deal of flexibility in specifying the boundary
conditions for a problem, but that freedom comes at a price. The user must understand the workings
of the boundary conditions options well enough to make rational choices which suit the particular
problem at hand. The code includes some built-in checks on the boundary conditions, primarily to
avoid inconsistent specifications, but there is no way to design an automatic check to verify that the
boundary conditions specified are what the user actually intended.
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The input instructions for the code are given in Section 6.0. As guidance for the new user,
this section also includes a summary of previous applications of the code, with a list of previously
published reports that document those applications. It provides examples of what to expect from the
code, and demonstrates some appropriate ways to model various shipping cask and storage
configuration problems. An earnest attempt has been made to make the input instructions as clear as
possible, but COBRA-SFS is a complicated code which requires of the new user a significant
investment of time on the learning curve. It is strongly recommended that the user carefully study the
examples of previous code applications before attempting to set up a new problem.

Section 6.0 also includes a subsection describing how to use the RADGEN code. This is an
auxiliary code that generates grey-body view factors for the radiative heat transfer modeling in
COBRA-SFS. The view-factor information is merely another element of the code input, and it could
come from any source that generates the view factors in a manner consistent with the way they are
used in the code. In actuality, however, it is generally not pract1ca1 to obtain them for rod arrays by
any other means than the RADGEN code.

The Programmer’s Manual, Part III, is also of interest to the practical code user, although it is
perhaps somewhat less compelling than the User Guide in Part II. Validation of the Cycle 2 release
is documented in Section 7.0. There is one “benchmark™ test, comparing the results obtained with
Cycle 2 to those obtained with the previous release, Cycle 1. In addition, three single-assembly test
cases are presented, with data comparisons from test sections consisting of electrically heated rod
bundles. Three test cases consisting of multi-assembly shipping or storage casks are also presented.
The results are compared to measured data and to previously reported results obtained with interim
versions of the code. :

Section 8.0 presents a description of the code structure and organization, including a summary
of the program flow, and a brief description of each subroutine. It also describes the dimension
parameters in the code, and explains how they may be changed to tailor the size of the code to a -
particular application. The COBRA-SFS code is designed to run on a variety of platforms, and
Section 8.0 also describes how to obtain the various versions from the released source, and how to
install the code on the various platforms.
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2.0 Conservation Equations

The governing equations for flow of a single-component mixture can be formulated on an
arbitrary fixed Eulerian control volume (Slattery 1972). This approach is used to develop the
conservation equations solved in the COBRA-SFS code. Integral balances for mass, energy, and
linear momentum are formed on the arbitrary Eulerian control volume, then applied to subchannel
modeling with appropriate definitions and simplifications, and converted to partial differential
equations over the subchannel control volume. The resulting system of subchannel equations is then
expressed in finite-difference form, to be solved numerically using the procedures described in
Section 4.0. The following subsections describe the integral balance laws, and show the simpli-
fications and assumptions used to convert them to the subchannel partial differential equations. The
final subsections show the approximation of these subchannel equations with the finite difference
equations that are solved in the code.

2.1 Integral Balance Laws
Starting with an arbitrary Eulerian control volume, V, bounded by a fixed surface A, (which

may consist of both fluid and solid boundaries), the integral balance for an arbitrary mixture property,
Q, can be expressed as

: gny - fAQ e = f\_/ Sydv.- fA(SA.n) aa -

The sum of all sources and sinks, S, of Q within the volume V and on the surface A must
equal the sum of the change in Q inside V and the rate at which Q moves across the surface A. This
integral balance can also be expressed in terms of the total derivatives, using Green’s theorem, as

£, QY = [S,aV - [ (5, maA

In the COBRA-SFS, the appropriate mixture property Q for each of the conservation equations
is as follows:

mass conservation equation -- fluid density

energy conservation equation -- density times fluid internal energy
e momentum equation -- density times the velocity vector.
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The general form of the conservation equations, therefore, can be expressed as

mass:
L [ p(U m)dA = 0 22
=), PO+ [ p(U myda 22
energy:
8 , .
—[ pedV + [pe(U-m)dA = [ [p(F U)+pi]dV
oty A v (2.3)
+ [ [(T-U)-q] ndA
A
momentumi:
3, ' A
< + : = . 4
atf_,pU dv f&pU(U n)dA fMdey+fA(T n) dA (2.4)

A number of simplifying assumptions are applied to these integral balance laws, consistent with
the intended application of the code. Chief among these are the following:

1. The flow is at sufficiently low velocity so that kinetic and potential energy are negligible
compared to internal thermal energy.

2.  Work done by body forces and shear stresses is small compared to surface heat transfer and
convective energy transport in the energy equation.

3.  Gravity is the only significant body force in the momentum equation.

4. The fluid is incompressible but thermally expandable, so that density and transport properties
vary only with the local temperature.

5. The radioactive energy source in the fuel is sufficiently decayed so that direct energy deposition
in the fluid is negligible, and there is no significant gamma heating.

6. There is normally no lateral cross-coupling for momentum. (Note: this assumption can be
superseded by special modeling options in the code.)

Considering the geometries that COBRA-SFS will be used to model, the surface integral over
A can be separated into a fluid component, F, with fluid transport across the face, and a wall
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component, W, where the unit normal velocity vector is zero. The surface stresses can be similarly
treated as consisting of a hydrostatic pressure component and a shear tensor component, such that

T=-Pl+g
Applying assumption No. 1 above, the fluid energy, e, can be expressed as

e =i+ iU~
2

Using the definition of enthalpy, the fluid energy can be written as

ph = pi +P = pe + P

"In substituting this relation for e in the integral balance for energy, it is assumed that the time
derivative of the pressure over the volume is small enough with respect to surface heat transfer terms
to be neglected.

These assumptions and simplifications allow the final form of the integral balance equations to
be written as

mass:
%fv pdY + [ p-)dE = 0 2.5)
energy:
d
af\iph d!+fF_Ph(U'n)dE = -fﬂ(q'n)dﬁﬂ 2.6)
momentum:

[ PUGY+ [ pUM )G = [ pgdV - [ PndE
: .7

- prndw + fw(r‘c -n) dW.




2.2 Subchannel Partial Differential Equations

In COBRA-SFS, the Eulerian control volume is the fluid subchannel in the rod array. Fluid
flow is constrained by the surfaces of the closely spaced fuel rods. and on a small scale, the fuel rods
partition the flow area into many subchannels that communicate laterally by crossflow through narrow
gaps. This geometry is illustrated in Figure 2.1, which shows the subchannel in relation to the
assembly. Applying the integral balance relations (Egs. [2.5], [2.6], and [2.7]) to the subchannel
control volume yields a set of subchannel equations which can be approximated in finite difference
form.

The volume and surface area of the control volume comprising the subchannel are defined as
shown in Figure 2.2, where A denotes the axial area for flow. Lateral flow occurs through the gaps
between the fuel rods forming the subchannel. The subchannel illustrated in Figure 2.2 has three
gaps, each of which with a lateral flow area given by SAX. Assuming linear variation in A over
axial distance (i.e., the distance along the main axis of the rod bundle), the volume, V, of the
subchannel control volume is given by

V = AAX

- 1
where A = —2-(AX + Ayax)

Storage System
— Subchannel

— DA
Pl Axial

M —_l]

Lateral

I

S

Fuel Assembly Control Volume
S9503052.1

Figure 2.1. Relation of Subchannel Control Volume to Storage System
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Fuel Red

$9503052.2

Figure 2.2. Subchannel Control Volume

The total fluid surface F of the control volume consists of the axial flow area A at the top and
bottom of the control volume, plus the lateral flow areas of the gaps between the fuel rods, S, AX.
The solid surface W of the control volume is defined by the surfaces of the rods forming the
subchannels.

For each rod (of which there are three in Figure 2.2; note that the third one has been “cut
away” so that the subchannel itself can be seen), the area of the solid surface is given by
(7D, ¢, AX.

It is assumed that the flow field is space- and time-averaged in such a way that the quantities of
interest, (o, pU, pV, ph) have continuous derivatives. In addition, the volume and surface averages
must be defined in terms of the volume and surface integrals. For example, the density and mass
fluxes are defined as

<<p>> = f pdV.
Y

<[~

]
<pU> = — U-n)dF
p Apr( n)dF

1
<pV>= —— .p(V-n)dF
P S AX E_=SAXp( n)dE
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Substituting these definitions into the integral balance equation for mass continuity (Eq. [2.5]),
yields »

K§<< p>> +<pU>A, - <pU>A, + AXZeik<p>V S=0 . (2.8)
kd

The summation for the lateral flow is over all gaps k of the subchannel I, and the term ¢, is a
function to determine the sign of the flow. (See Section 2.3 and the Nomenclature for a complete
explanation.)

This equation can be expressed in partial differential form by dividing by AX and taking the
limit as Ax becomes small. Therefore, the subchannel equation for mass continuity is

K_Q_<<p>> + i<pU >A + Zeik<pV> S=0 (2.9)
ot aX ke

A similar set of definitions can be made for the energy equation, so that the integrals relate to
the averaged quantities as

1
<< >> = th
ph va_p V.
<phU> = l_f oh(U- n)dE
A JE=a -

<pVh> = ph(U -n)dE

1
X Jesax

In addition, energy entering or leaving the control volume through the wall surfaces can be
characterized by a summation over the rod surfaces facing the subchannel control volume. This
yields the following convenient definition for the wall heat flux integral,

- [@mdaw = &XTP, b<a"X

nei

The average heat flux, <q" >, is defined by an empirical heat transfer coefficient and the
difference between the wall or rod surface temperature and the bulk fluid temperature. (See
Section 3.0 for further discussion of constitutive models required for closure of the equation set.)
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It should also be noted at this point that the surface integrals for energy transport, as defined
above with the averaged quantities, do not take into account the effect of energy transport due to
turbulent mixing. This is neglected in the definition, but because it is not always an insignificant
portion of the energy exchanged between subchannels, it is included explicitly as an additional term
that is determined using an empirical model. A time-fluctuating crossflow, w', is defined as an equal
mass exchange between adjacent control volumes, and related to the eddy diffusivity by

/

S
W= EtP[Q—]

The total energy input due to turbulent mixing, Q,, is treated as a source term in the energy
balance,

Q, = -AXY w'sh

kei

Substituting these relations and definitions into the integral balance equation for energy,
(Eq. [2.6]), yields

—MX%<<ph>> +A<pUh>, . - <pUh>, + AXkZ €, <pVh>S
- XX P, & <g”> - AX Y w/Ah Gelll)
rei kd

If the above equation is divided by AX and the limit taken as AX approaches zero, the result is
a partial differential equation of the form ‘ .

) d

A—<<ph>> + —<pUh>A + E e, <pV h>S
ot X kei 2.11)
=Y P b<q’>-Y w'Ah
nei kei

The flowing enthalpy is defined as a function of the averaged energy and mass fluxes, such that

h E' <pUh> _ <pVh>
<pU> <pV>

This allows consistent treatment of energy transport for both axial and lateral flow.

Consideration of axial and lateral momentum transport requires the development of separate
equations for the axial and lateral components. The axial equation considers transport of momentum
in the direction parallel to the longitudinal axis of the fuel rods. The lateral equation considers flow
perpendicular to the fuel rods, through the gaps (see Figure 2.1). In most applications, the axial
direction is vertical, with positive flow defined in the upward direction, while the lateral direction is
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horizontal. However, COBRA-SFS has the capability to model horizontal or inclined assemblies and
casks, and can correctly account for the buoyancy forces in both the axial and lateral directions.

Defining the momentum balance law integrals in terms of space- and time-averaged quantities
. over the subchannel control volume yields

<P>A + <P>AX

_fEI_)“dEE X+AX

n

—f PndW = <P>(Ay ,y - Ay)
w ' _

The gravity force is decomposed into axial and lateral components as

f pgdV = “[AAX << p>>cosB]n SAXQ<<6>>Sin6]n1mera]
A%

axial [

The volume and surface integrals for axial momentum consider the flux of axial momentum
through all fluid surfaces of the control volume. These averaged quantities are defined in terms of
the integrals as

axial

<<pU>> = %fvPUdY_'n

1
<pU?> = —A—f}:zApU(U-n)dE-naxm
1
<pUV> = ——— U@U-:n)dE - n_.
: S AX £=SAXP U m) dE * Dy

A modified control volume is used to define the corresponding quantities for the lateral
component of the momentum equation. It consists of the volume defined by the gap width and
centroid length, as illustrated in Figure 2.3.
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[ )

€— (>

$§95030562.3
Figure 2.3. Lateral Momentum Control Volume

Using this control volume, the integrals for lateral momentum fluxes can be defined as

1
SAX 0 Jy=saxe

It

<<pV>> pU dv - Diateral

<pV U>

1
50- f}"‘=80 pUU m) dE - By eral

The remaining integral terms in the balance equations must be defined using empirical
relations. Shear stresses consist of wall shear and an optional fluid-fluid shear term for detailed
modeling of large open flow regions with several channels.

The solid surface stress integral is approximated with empirical wall friction correlations and
form loss coefficients. Axial wall and form drag is approximated as

1 £AX
o) dW = - —
L &®m W= 305,

+K)< pU2>A

This formula is generally applicable to rod bundle geometries, and has been well validated for
such cases. However, when channels are used to represent a large open flow region, the shear
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stresses are primarily fluid-to-fluid. The wall shear stress is seen only by the outermost channel, and
is more properly expressed as a function of channel velocity than as a friction factor. In such
channels, the wall shear stress integral can be approximated as

<pU> AX
<<p>>

PW
[Gmaw = -p(=

The shear stress term on the "sides" of the channels that do not see the wall is fluid-fluid shear,
and the fluid surface stress integral is applied. Axial momentum is transferred between adjacent
channels through the lateral gap connections, and the integral is approximated as

PUZ PO S Ax s+ F
<-<p>>ii <<p>>j.i 0 k lateral terms

f(n n)dF = Z €

kei

When fluid-fluid shear is considered, it is no longer appropriate to neglect the fluid-to-fluid
lateral transfer of momentum between adjacent lateral control volumes. Therefore, F,,..,; wems i the
above approximation of the fluid shear integral includes empirical terms for the lateral transport of
lateral momentum and the axial transport of lateral momentum. The definitions of these terms depend
on the subchannel formulation of the conservation equations presented in Section 2.3.3.

Wall shear stress for lateral momentum exchange is treated as a lateral form drag for lateral
flow between adjacent channels, and is approximated as

(f-n)dW = —;—KG<pV2>S AX
W

Momentum exchange due to turbulent mixing is also modeled empirically, in the same manner
as in the energy equation. The total axial force, F,,, on the control volume as a result of turbulent
mixing is defined as

F_ = -C,AX) w'AU
kei
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Using these definitions, the axial component of the integral momentum balance (Eq. [2.7]) can
be expressed as

AX %<< pU>>A + <pU?>A, ., - <pU?>A, + AXY €, <pUV>S
kel

= —A(<P>y .y ~<P>)) - AAX<<p>>gcos . (2.12)

- l(fA_X +K)<pUBA - AXC.Y w’'AU
y 2 D, kei

The lateral component of Eq. (2.7) can be similarly expressed as

StAX %<< pV>> + Si<pVU>, . - SI<pVU>,

: (2.13)
= - %KG< pVI>S AX + SAX[<P>. - <P>.1-8 AX<<p>>g sinf

, Eqilations (2.12) and (2.13) apply to rod bundles or other geometries similar to rod arrays. In
applications where large open flow regions are modeled, in which fluid-fluid shear must be included,
these equations appear as shown below. The axial component of the momentum equation with fluid-
fluid shear is

AX§<<pU>>K + <pUZ>Ay ax - <PUS A,

+ AXY e, <pUV>S = -A(P>, ., - <P>)
kei : .

_ P.| <pU>
- A AX<<p>>gcosh - u| | SPY Ax :
p>>gcos i il = (2.12a)
<pU>.. <pU>.
= % _ 2 §pkAX
kei <<p>>ii <<p>>JJ Q

- AXC, Y w/AX
_ kei
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The lateral component of the momentum equation with fluid-fluid shear can be expressed as

SCAX%<<pV>> + SI<pVU>, ,, - SI<pVU>,,

] ' 2.13a
= —_E—KG <pV2>S AX + SAX [<P>ii _<P>_]]] ] ( )

- S AX<<p>>gsin@ + F

lateral terms

Equations (2.12) and (2.13) can be treated in the same manner as the mass continuity and
energy equations. The subchannel partial differential equations are obtained by dividing by AX and
taking the limit as AX goes to zero. For the axial momentum equation, this yields

i<< pU>>A + _§_< pU2>A + Zeik<pUV>S = —A—6—<P>
ot oX = oX
| s (2.14)
- _2_(5_ +K)<pU?A - A<<p>>gcosh - CTEW/AU
h kei

The corresponding subchannel equation for the lateral component of momentum is

i<<pV>>S + -(2—<pVU>S = '_S_(<P>i]. —<P>J.J.)
& X S 2.15)
- —2—EKG< pV % - SAX <<p>>gsinbd

The same thing can be done for Eqgs. (2.12a) and (2.13a), which yields subchannel partial
differential equations of the following form. For the axial component;

0

0
—<<pU>> A + —
ot oX

<pU>A + Y e, <pUV>S
kei

P
:-—‘A——a <P>—l_[__w <pU>
oX 0 ) <<p>>
(2.14a)

S

i

[<pU>ii ~ <pU>jj

= [<<p>>!.i <<p>>,

- A<<p>>gcosf - C. Y w/AU
kei
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The corresponding lateral equation is

é<< V>>S + _§~< VU>S = § <P>. - <P>..
ot P X PVE a( i i)
(2.15a)

'-3](/)

K,<pV?> +F - SAX<<p>> g sinf

lateral terms

o | —

The following subsection shows how these subchannel partial differential equations for mass
continuity (Eq. [2.9]), for fluid energy conservation (Eq. [2.11]), and for momentum conservation
(Egs. [2.14] and [2.15], or Egs. [2.14a] and [2-15a]) are approximated as finite difference equations
for solution in the code. However, it should be noted that the equations derived here are applicable
to more general problems than simply subchannel analysis. They can be used to model any flow field
that can be adequately represented as a set of parallel channels with predominantly axial flow which
- communicate through lateral flow paths connecting the channels. The only requirement is that the
assumptions and simplifications described above for subchannel modeling are not violated.

2.3 Finite Difference Equations

To develop the finite difference equations, the control volume is represented by the computa-
tional cell shown in Figure 2.4, with the computational variables located as shown. The state varia-
bles of density, p, and enthalpy, h, are defined at the cell center and are indexed by the node number.
The axial flow rate (o"UA), the pressure, P, and axial flow area, A, are defined at the upper and
lower cell boundaries, and are indexed by the corresponding axial levels, j and j-1. For a given gap
k, the gap width, S,, and the crossflow per unit length, (0"VS,), are defined on the transverse cell
boundary midway between the axial levels and are indexed by the gap number and axial level of the
upper face, j, of the cell.

- The subchannel equations are formulated using velocity as the transportive variable. However,
within the code the solution is expressed in terms of the mass flow rates (m and w for the axial and
lateral directions, respectively). This requires some additional definitions to specify the flow rates
and momentum flux terms with appropriate donor cell quantities. The positive direction for the axial
velocity, U, is the direction from the channel inlet to the exit, along the main axis of the fuel rods.
"For the conventional application to vertically oriented fuel bundles, this is the upward flow direction.
Negative axial velocities define flow in the opposite direction.

The sign convention on the lateral velocity, however, does not have such a convenient refer-
ence as gravity, and so is less intuitively obvious. The lateral velocity in gap k, V,, is defined as
positive when flow is from the lower-numbered subchannel of the pair forming the gap (denoted ii),
into the higher-numbered channel of the pair (denoted jj). It is negative if flow is in the opposite
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Figure 2.4. Subchannel Computational Cell

direction. This convention is implemented by means of the unitary switch function, ¢, which is
applied as a multiplier on terms containing the lateral velocity, V. It is defined for gap k such that

(¢}
1}

L= L0, ifi=ii
e, = -1.0, ifi=j

Employing the above definitions for positive and negative flow directions, the donor cell
convention for convected quantities results in the following definitions of the momentum flux terms;

for Uj > 0.0, p"Uj P Uj

for Uj<0.0, p“Uj pNUj
for V. 20.0, p*V, =p,V,
for V. <0.0, p'V, = P; vV,

B

The axial flow rate can then be defined generally as

m; = p UjAj
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Similarly, the general definition for the lateral flow rate (which is by convention, treated on a
per unit length basis to accommodate variable axial noding) is

w, = p V.S,

Using these definitions, the subchannel partial differential equations, (Eqgs. [2.9], [2.11],
[2.14], and [2.15]), can be expressed in terms of flow rates.

mass:

dp . Om ‘ '
A + 2+ e.w. =0 2.16
3 oX Ekd iV (2.16)

energy:

dph) = dé(mh) v
AL+ 2+ e.w. h 2
at aX kz kK . Ry}

=Y P, b<q”> - Y w' Ah
ne A ket

axial momentum:

@+M+ZeikwkU :A..a_l_)_ ’
ot X  ia oX (2.18)
1, f m / ’
- —(— +K)im|l— - Apgcosd - C w', AU
2'D, ) IpA p ng k
lateral momentum:
ow awU) _ S 1 W o=
AT = 2®. -P.) - —K_.|w|— - Sp gsinf 2.19)
5 =X T @i =Py - =Kl |pS Pg (

The finite difference equations are derived from these subchannel equations by approximating
the time derivative with the time step, At, and the spatial derivative with the noding increment, Ax, as
shown in the following subsections.

2.3.1 Conservation of Mass

The assumptions made in the derivation of the continuity equation are that the channel area
‘changes linearly with distance over the length of the control volume, the fluid density is uniform
throughout the control volume, the axial and lateral velocities are uniform over the respective areas,
and the lateral connection width is constant over the length of the control volume.
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The final form of the equation for conservation of mass in the COBRA-SFES code is

- AX.
Aj —A_'[J (P - pn).l + mj - I’l’lj_1 + AXJ f‘; €y Wy = 0 2.20)

2.3.2 Conservation of Axial Momentum

The time and space derivatives for the flow rates can be approximated for the momentum
equations in the same way as for the mass continuity equation. The derivative of the pressure is
slightly more complicated, however. It is approximated by assuming a linear pressure variation such
that

The pressure difference can then be written as

PLA, ~PA =PA, -A)+A®, -P)
The pressure force resulting from the area change is canceled, and

P_A_ -PA -PA -A)=A®, -P)

In addition to the definition of the axial and transverse flow rates (m and w) and the convective ‘
terms defined above, appropriate averaging across node boundaries must be defined for the axial and
lateral convection of axial momentum. For the axial convection of axial momentum, the transporting
velocity is the velocity at the cell center, which is defined as the average of the velocity at j and j+1,
such that

1
‘Z‘(mj + mj+1)

U =
Yoo 1~ +
E(pj+pj+1) E(Aj+Aj+1)

This velocity convects either m; or m,,,, depending on its direction, so that

UJ.mj if Uj >0

—

Um,, if U <0
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For the lateral transport of axial momentum, the transporting velocity is the lateral velocity at
‘ - the cell boundary, which is obtained by averaging the crossflows at j and j+1, such that

Vi =

1
E(Wj + WM)

l= = 1

E(pk’j * pqu)z(sk’j + Sk,j+1)

The average densities at j and j+ 1 used in this relation are defined as
- 1.

pk - E(pii pﬂ)

The average lateral velocity convects the axial momentum at j of either channel i or jj,
depending on its sign, so that for any given axial level j, the transport term for gap k is

v v <o
Ka vk

o ' n
The AU term in the turbulent momentum exchange must also be defined, using appropriate

averaging, to obtain the axial velocities at a given level. For channel I (which may be either ii and jj)
at level j, the average axial velocity is given by

i

7 -
P;A,

~ 1
where p; = E(F)j i pj+1)

Using this definition, the turbulent cross-flow exchange can be expressed as

' m; m;
Yo w' | =— - L |cCAX
kei Pifi Py

The turbulent cross-flow produces no net mass exchange between adjacent channels. However,
it does transport both momentum and energy from one channel to the other. The empirical propor-
tionality constant relating turbulent momentum to turbulent energy transport is C;. This coefficient
has the same function as a turbulent Prandtl number. If it is equal to 1.0, energy and momentum are
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exchanged at equal rates. If it is set to 0.0, there is no lateral momentum exchange due to turbu-
lence. The actual value used in the code is determined by user input.

When the above definitions and approximations are used in the subchannel equation for axial
momentum, Eq. (2.18), the finite difference form of the axial momentum equation is

AX (m -m." = L= - :

-'-—L——J——)+mj U-m U+ V.S, | AX,

At . = kei K K L
j

3 2.21)
£ W | =—— AX; = Ajg (P, ~P) (

f‘; o piiAu pJJAJJ CT : T :
—AX.K.p.gcose—l f, K | —| m.
% h 2| D, 8%, 1Al Y

In applications where fluid-fluid shear must be included in the axial momentum equation, the
finite difference form is derived from Eq. (2.14a) rather than Eq. (2.14). All of the terms are the
same as shown in Eq. (2.21), except for the wall shear stress term. The finite difference form in thxs
case is expressed as follows;

AX(m; -m;’)

* oo * oo m =
A +m U -mU +; elk( A)kvksk}ij
m < (2.21a)
e, W, —— AX. = Ag (P, -P, :
?; . (pnAu PiA; GA% = AeF R

— S ’ Pw
= AXJ. A, pjgcosﬂ = %; e (Ui - Up) E“kAXj = p—g—- U, AXJ.

2.3.3 Conservation of Lateral Momentum

As with the axial momentum equation, average velocities for momentum transport must be
defined in order to formulate the finite difference equation. In the axial convection of transverse
momentum, the transporting velocity is defined as

U=—"t (2,0
: BirAp P Py
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The cross-flow convected by this average velocity defines the transport term as

Uw ifU 20

When the above definitions are substituted into Eq. (2.15), the final form of the finite differ-
ence equation for lateral momentum becomes

WJ.—WJ-n = c= SjAXJ- '
AX; o *wy U - w U = —Tgc ®; - Py,
(2.22)
_ 1 Wj AXJ.
- 5,0 AX; p, gsinB - 5 KG}g—é-[_ W, -

73
In applications where fluid-fluid shear must be included in the lateral momentum equation, the

finite difference form is derived from Eq. (2.15a) rather than Eq. (2.15). All of the terms are the
same as shown in Eq. (2.22) above, except for the additional fluid shear stress terms.

lateral terms Faxl * Flat

The axial transport of lateral momentum, F,,, is defined as

V.-V V.-V,
Faxlz_sgqu-lAJ -1 ) i i+

X +AX_  TUAX +AX
I e B

The viscosities are calculated by averaging between the values of the adjacent channels
connected by the gap at the axial levels j and j-1, and at j and j+1, as follows:

1
By = Z[uii;‘ Bt Mgt Byl

1
By = Z[ B * By * Wiij-1 v u,-j,j-ll
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" The lateral transport of lateral momentum, F,,, is defined as

20V -V
S, +S,

=) AX

nek

k

In the summation, n is the index of a gap connected to gap k by fluid-fluid shear. The average
viscosity is calculated at a given axial level as

= ]
"7 (B * By * Bign * Myl

The Fyer e defined above are substituted into the lateral momentum equation for the case
with fluid-fluid shear. The finite difference form is in therefore expressed as follows:

Ml = - sax
AXJ + VVJ U_] - wj-lUj-l gc (PH PJJ))

At 0
8,0 AX, 8- —K | 1w —-_AXj
- sin _—
1P 2 °pS; 0
C (2.22a)
A/ V.-V,
- S¢ By 2“] J J
AX AX AX; + AX;,,
2V, -V,
_ Z I A 248 B
nek Sk + sn

The lateral fluid-fluid shear term is incorporated into the COBRA-SFS code in a manner that
permits only two other cross-flows to be connected to a given gap, k, for the exchange of lateral
momentum.

2.3.4 Conservation of Energy for the Fluid
The finite difference approximation of the subchannel equation for fluid energy, Eq. (2.17),

can be written directly, using the definitions and assumptions noted above for the mass conservation
equation. The only significant differences are that the axial and lateral flows (m and w) convect
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enthalpy rather than density in this equation, and there are energy fluxes through the solid surfaces as
well as the fluid surfaces of the control volume. The finite difference form of the energy equation is,
therefore,

= (b - e,

A, AX, At mh " - m b
. AX Z eik th * E P“.(bn AXJ q 1 o (223)
J ke nei .
— (T, -T.).
i Z ey S; AX, kf—ﬂZ—J“ " AX}Z e W'y~ hy;
e k kei

In the actual solution of the energy equation in COBRA-SFS, however, it is necessary to
separate the mass continuity error from the energy error. This is done by the simple expedient of
multiplying the mass continuity equation by the flowing enthalpy and subtracting the result from the
energy equation. So the final form of the finite difference equation for the fluid energy in COBRA-
SES is

sy Oh O

A AX; At my(@” -h) - m,(h"-h )
*AX 3 e wh'-h) = 3 P, ¢,A%;q" (2.24)
(T, - T) |
+ 2 S8, k__g'_u + AX; D ey w/;hy ~hy,
ke Zk =

The heat flux through the solid surfaces of the control volume, denoted by q" in the above
equation, is the surface-averaged convective heat flux over the given node. If the conduction model is
not used, the heat flux is simply a boundary condition specified by user input. When the conduction
model is used, however, the heat flux is a calculated quantity determined in the solution of the con-
duction equation for heat transfer in the fuel rods or solid structure nodes (see Section 2.4). Heat
transfer between the fluid and wall is modeled using empirical heat transfer coefficients, such that

q" = Hsurf (Tw B T)

The surface temperature of the rod or slab node, T,, is solved for in the solid conduction
energy equation (see Section 2.4). The sink temperature for the heat flux calculation is the fluid
temperature corresponding to the enthalpy of the subchannel in that node.
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2.4 Energy Conservation in Fuel Rods and Solid Structures

Heat transfer in the fuel rods and other solid structures is determined in COBRA-SES using the
following conduction equation:

q” = -kVT

It is approximated using a control volume formulation, consistent with the finite difference
formulation of the fluid conservation equations. In these structures, surface area of the control
volume is defined by the product of the axial height of the adjacent fluid control volume (AX;, as used
in Eq. [2.24]), and the segment of the rod or wall perimeter that is connected to the fluid node. (This
information is specified by user input.) A surface temperature is determined for each node by solving
the energy equation. The user also has the option of modeling internal nodes within the solid
structure, and solving for the local temperatures of these nodes.

For steady-state problems in which radiative heat transfer can be neglected, the noding of the
fuel rods is used only to define the surface heat flux into the fluid control volumes (i.e., the sub-
channels). Unheated solid structures are not modeled in the heat transfer solution, but are treated
simply as adiabatic surfaces. This is the simplest form of the heat transfer solution in COBRA-SFS,
and there are very few cases where it is an adequate representation of the problem. More often, it is
necessary to include radiation exchange between the rods and conduction through walls, support
baskets, and other unheated structures in contact with the fluid.

Conduction through unheated structures is modeled in COBRA-SFS with the “slab” energy
equation, which is simply the conduction equation with boundary conditions defined by the fluid
temperature and user-specified heat transfer coefficients at the node surfaces. These surfaces can also
exchange energy with each other and with the fuel rods via radiation. There are two options available
for modeling heat conduction in the fuel rods. For steady-state problems, it may be sufficient to
solve a simplified form of the conduction equation for the cladding only to obtain surface tempera-
tures of the fuel rods. In transient calculations, or if fuel centerline temperatures are needed, it is
necessary to solve the conduction equation for the fuel pellet as well as for the cladding.

.'The following subsections describe these heat transfer models and their formulation in COBRA-
SES. They are coupled to the fluid conservation equations via the energy flux terms for heat transfer’
~ to the fluid, which are expressed in terms of the fluid temperature and appropriate heat transfer coef- .
ficients. The manner in which these equations are solved together is described in Section 4.0.

2.4.1 Rod Energy Equation

When the heat generation in the fuel rods is treated as a simple heat flux boundary condition on
the fluid, it is not necessary to solve the conduction equation for the fuel rods. In that case, the
surface heat flux for the fluid energy equation is calculated as

A
o fuel H
—q

q—11:D

Tod
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The heat flux, q", is calculated for each rod from the input values for rod geometry and the
fuel volumetric heat generation rate, q"’.

If thermal radiation is important for a given problem, however, it is necessary to determine the
surface temperatures of the fuel rods. For steady-state problems, it is often sufficient to solve the
conduction equation over the cladding only, treating the heat generated in the fuel as a source term at
the inner boundary. The total heat removed by convection varies as a function of fluid temperature
and the surface heat transfer coefficient. The radiation term includes contributions from slabs and
other rods within the same assembly. It is assumed that slabs and rod surfaces exchange radiant
energy only in the same plane. This greatly simplifies the determination of the appropriate view
factors for radiation exchange. since these are therefore needed only in two dimensions. Given the
axial uniformity of fuel bundles, this is a reasonable assumption for most geometries to which
COBRA-SFS is likely to be applled

_ When using the option for the cladding surface conduction only, it is assumed that there is no
axial heat transfer, and that the. temperature is uniform around the circumference of the rod at a given
axial level. The rod energy equation for the clad alone can therefore be expressed as

<
I

- AX; > (nDy) &, Hye (T s = T

AXJ Z (TEDR) Oan (Tclad ‘- Tcladm4) (225)

nem
- ijz (nDy) oF, (T

nem

_ 4 i
clad Toar, ) * AnaAX4

The rod heat transfer model represented by Eq. (2.25) is adequate for nearly all steady-state
applications of COBRA-SFS. For transient applications, or cases where the internal rod temperature
distribution is important, a formulation of the conduction equation must be used that includes internal
nodes for the fuel rods. In this model, separate conduction equations are written for the cladding and
for the fuel. The cladding is represented with a single node, but the fuel is divided into a number of
radial rings, as illustrated in Figure 2.5 (for fuel with a central void), and in Figure 2.6 (for fuel
without a central void). The number of fuel nodes in a given case is determined by user input, and
the nodes are assumed to be of equal radial thickness, except for the innermost and outermost nodes,
which are one-half the thickness of the other nodes.

The conduction equation for heat transfer in the cladding is similar to Eq. (2.25), except that in
this formulation the time-dependent energy storage term cannot be neglected, and the energy entering
the cladding from the fuel does so via conduction, rather than as a source term. With these changes,
the conduction equation for the cladding becomes -

' Tclad -T ladn
AcAXj P Cp _'—_At_c_ = AXj % (nDrod)d)n Hsurt(Tclad - Tl)
= AX; 3 (RD,0q) OF 1 (T * = Topgg ) (2.26)
nem .

- AX, Z (1D, ,y) 0 F (Tclad - wall )+ ("Dgye)H g (T ~ T
nem
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Figure 2.5. COBRA-SFS Finite-Volume Fuel Rod Model with Central Void

The clad conduction equation is coupled to the fuel conduction equation through the gap heat
transfer coefficient, H,,,, and the temperature difference across the gap between the fuel pellet and the
clad. The gap heat transfer coefficient is an.empirical parameter, defined by user input. In the clad
node, heat transfer is considered in the radial direction only, with a uniform temperature distribution
radially around the circumference of the rod. This is the usual approach in the fuel pellet, as well,
but the conduction equations are formulated to allow consideration of azimuthal as well as radial
noding. Nodes in the circumferential direction are counted with the variable N, and in the radial
direction with N. The fuel pellet node temperatures are identified as T, , where k is the radial
location (1 to N), and m is the circumferential location (1 to Ny).
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Figure 2.6. COBRA-SFS Finite-Volume Fuel Rod Model Without Central Void
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The set of conduction equations in finite-difference form for each of the N fuel nodes and the
cladding node, N+ 1, can be written as follows:

Fuel node 1 (inner-most node):

d; - dly T, - T 7d,
| — s =+ k. (T, - T
4N, P At AN r (Tim = Tom)
2Ar N,
o o) - T - T .
‘J'E(dl ‘dg) f ( Lm I,m-1 1,m+]) (227)
d; - d; o
117 3 1 T
= ' + — d .
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Fuel nodes 2 through N-1:
42, - d]) T -T'  nud
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4N, I At Ny
C e g g |
ArNg b e (2.28)
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Fuel node N (fuel surface node):
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Cladding Node N+1:

2 n
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In this model, it is assumed that axial heat transfer is negligible, heat is generated uniformly
throughout the fuel at a given axial location, and material properties of the fuel do not vary signifi-
cantly with the radial variation in temperature.

2.4.2 Solid Structure Energy Equation

The heat transfer model for the solid structure nodes is formulated for an arbitrary control _
volume that can exchange energy with the fluid and with other solid structure nodes via conductive or
radiative heat transfer. In addition, the solid structure nodes can exchange energy with the rods by
means of radiation. The generic control volume for a solid structure node, (also called a “slab” node,
to differentiate it from a fuel rod node), is illustrated in Figure 2.7. The axial length of the control
volume is denoted by Ax;, which corresponds to axial noding of the fluid subchannels. The cross-
sectional area for axial heat transfer from a slab node is defined by user input. A slab control volume
may have any number of surfaces connected to adjacent slab nodes or fluid subchannels. These
connections and their dimensions are defined by user input.

In addition to conductive and convective heat transfer between the slab node and adjacent slab
or fluid nodes, the control volume can also exchange energy via thermal radiation with the surfaces of
fuel rods and other slabs. Given the above assumptions and definitions, the conduction equatlon for
the slab node can be written in finite difference form as

n
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ALX pycy —_—_At' = - AXZ P Hoe(Tan = T
iem
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Figure 2.7. Solid Control Volume

As with the rod equation, radiation is assumed to occur only in a given axial plane.
Conduction between two slab nodes is modeled using a composite thermal conductance, U, which
accounts for the heat transfer area, the thermal conductivity of the slab materials, and any gap
resistance or thermal radiation at the slab interface. In the axial direction, a composite thermal
conductance through the top and the bottom of the slab node is calculated, denoted as U; and U,,, .
respectively. The actual values used in a given problem are determined from user input of appro-
priate empirical conduction resistances for the various node connections. (See Section 3.2 for a
discussion of the composite thermal conductance as a constitutive model in the code, and to
Section 6.2.6 for the group SLAB input instructions.)
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3.0 Constitutive Models

The three-equation model presented in Section 2.0 fully describes the fluid behavior in systems
modeled using COBRA-SFS in terms of the independent variables of pressure, mass flow rate, and
fluid enthalpy. With the addition of the heat transfer models for the fuel rods and other solid
structures, a complete flow and heat transfer system can be described. To solve the equations,
however, closure relations are required to define terms in the equations that are not amenable to
calculation from first principles. This section presents the empirical models used in COBRA-SFS to
achieve closure of the equation set. These models are reasonable within the intended application of
the code, and every attempt has been made to adequately verify the formulation. However, it must be
noted that constitutive models are empirical approximations, and can always be improved. They
should be used with careful consideration of their range of applicability, and it is to be hoped that
eventually some state-of-the-art advances will come along and make them obsolete. In that happy
event, it should be a relatively simple matter to replace the existing models with the improved ones.
This is made particularly simple by the fact that most of the empirical models in the code are defined
by user input. '

3.1 Fluid Flow Models

The momentum exchange terms are a primary source of empiricism in the fluid flow equations
in COBRA-SFS. As discussed in Section 2.2 in the derivation of the subchannel partial differential
equations for momentum, the solid surface stress tensor is represented by wall friction and form drag
correlations. The fluid stress tensor is replaced by velocity-dependent models for fluid-fluid shear.
Energy and momentum exchange due to turbulent mixing must also be represented by empirical
models, since turbulence is neglected in the primary formulation of the mixture balance laws over the
control volume. The following subsections describe these constitutive models as currently
implemented in COBRA-SES.

3.1.1 Wall Friction

The shear stress terms in the-axial momentum equation for rod bundle geometries were defined
in Section 2.2 by an approximation of the shear stress integral in the momentum balance. In the
normal subchannel formulation, this integral was approximated by a wall friction term that included
an empirical friction factor, f, as shown in Egs. (2.12) and (2.14). An alternative formulation was
also presented for wall shear in channels modeling an open flow region. This formulation is a
function of fluid properties and geometry only, and was presented in Eqs. (2.12a) and (2.14a).
Although the fluid shear stress terms in these equations are approximations of the mathematical model
for shear stress, they are not constitutive models in the usual sense of the term, since they are not
based on fits to data. Therefore, the friction factor is the only constitutive relation used in the wall
shear stress term. The friction factor used in COBRA-SFS is the Darcy-Weisback friction factor, a
dimensionless number determined from experimental measurements of axial pressure drop in a wide - '
range of geometries and flows. These data are primarily for flow in pipes and tubes, but it is
assumed that these flow geometries scale to subchannel flow by means of the hydraulic diameter.
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The friction factor correlation for turbulent flow is expressed in COBRA-SFS as

f=aReP® +cRe? + e (3.1)

The coefficients a, b, c, d, and e are empirical constants specified by user input, and Re is the
local subchannel Reynolds number, defined as

Re = h 62

The user has the option of specifying several friction factor correlations of the form shown in
Eq. (3.1), in order to model different friction losses in different subchannels within the problem (refer
to Section 6.2.9, which contains the input instructions for group DRAG).

The friction factor correlation for laminar flow is expressed in COBRA-SFS as

f = aEReb‘ + ¢, (3.3)

As in the correlation for turbulent flow above, the empirical constants a,, b,, and c, are speci-
fied by user input. The actual value of the friction factor used in the axial momentum equation for a
given subchannel node is determined as the maximum of the laminar and turbulent correlation values
at the local Reynolds number.

The friction factor correlations described by Eqs. (3.1) and (3.3) are based on a Reynolds
number defined with the subchannel-averaged fluid viscosity. There is in reality a distribution of
viscosity due to the subchannel radial temperature profile in the fluid. As an option specified by user
input, COBRA-SFS includes an empirical correlation to account for the viscosity variation near a
heated surface. The relationship used is that developed by Tong (Tong 1968), and has the form

06
P
£t = £]1.0 + =2 (-”—“ﬂ) - 1.0
' w Houlk

The viscosity at the wall, p,,;, 1s determined from the fluid properties using an estimated fluid
temperature at the wall. This temperature is calculated from a simple heat balance as

Twall B

It is important to note that the calculated wall temperature used in this correlation is based on
the total heat input to the channel in the given node, over the total heated perimeter of the channel. It
is assumed for the purposes of this calculation that the heat input to the channel is uniform over the

3.2

\‘
0




perimeter, when in fact the heat inputs from the various rods surrounding the channel may be
different. However, these differences will in most cases be relatively small. Any error this might
introduce into the approximation will probably be quite small, at least in relation to the uncertainty
inherent in the Tong viscosity correction correlation itself.

The user should also take note of the fact that the Tong viscosity correction correlation was
derived from data obtained with water as the working fluid. In most COBRA-SFS applications, the
coolant is a gas such as air, nitrogen, argon, or helium. The correlation is formulated in terms of the
fluid properties, and therefore should be applicable to different fluids, but it has not been validated
for fluids other than water. In general, the wall viscosity correction will be very small, and in many
cases it will make more sense to ignore it. It is not usually needed for cases where the working fluid
is a gas with a high thermal conductivity, such as helium.

3.1.2 Form Drag Models

In addition to the momentum effects of friction at the wall, local obstructions to the flow due to
structures such as grid spacers, orifice plates, and local variations in the flow area result in axial
pressure losses. The reversible component of such losses is calculated in the axial momentum equa-
tion, if the area change is included in the COBRA-SFS model. The irreversible component must be
explicitly included by means of the constitutive model for form drag. :

The pressure drop across a local obstruction is expressed as

K|m|m
2g pA°

Ap = (3.4

The loss coefficient K is an empirical parameter determined from measured data in similar
structures. In COBRA-SFS, these local loss coefficients can be modeled as constants or as functions
of the local Reynolds number with a form similar to that of the wall friction correlation in Eq. (3.1).
Refer to Section 6.2.9 for the input instructions for group DRAG.

In the formulation in Eq. (3.4), the cross-sectional area A refers to the nominal channel flow
area, and not to the flow area at the obstruction itself. The user must be aware of this definition
when determining appropriate input values for K from pressure drop measurement data. In some
cases, the reported K values are determined based on the flow area at the obstruction. When using -
such values as input for a COBRA-SFS model, the measured loss coefficients must be scaled by the
area ratio, so that the input loss coefficient is defined as

= K nominal
Kinput measured A

obstruction

The shear stress integral for the lateral momentum equation is modeled with a simpler approxi-
mation than that used for the axial momentum equation. Both wall friction and form drag are treated
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with a single approximation of the pressure loss coefficient. This permits formulation of the pressure

- loss in terms of known geometric quantities, such that : ‘
- Kglwlw
P = e (3.5)
. zgcpsz.

In rod assemblies, the coefficient K can be thought of as the form loss for flow through the
gap between two adjacent fuel rods. The value for K is dependent on the geometry of the given
problem and must be specified by user input (refer to the input instructions for group DRAG, in
Section 6.2.9).

3.1.3 Turbulent Mixing Models

The turbulent mixing model in COBRA-SFS approximates the momentum effects of turbulence
by defining a fluctuating cross-flow per unit length, w-, that represents an equal mass exchange
between adjacent channels. This fluctuating cross-flow is related to the turbulent eddy diffusivity by
the definition

B
{

The local value of this fluctuating cross-flow is not determined directly from the eddy diffu-
sivity, however, since this is not an easily determined quantity over the flow field as modeled in ‘.
subchannel analysis. Instead, the fluctuating cross-flow is calculated from an empirical relation using S
the geometry of the gap, the average axial flow rate in the gap, and experimentally determined mixing
coefficients.

W= €p

There are four such turbulent mixing correlations included in COBRA-SFS (Rogers and
Todreas 1968; Ingesson and Hedberg 1970; Rogers and Rosehart 1972). They are selected by user
input, and are formulated as follows:

wT=aRebf)—§

S, _ _
kDG

w, = aRe® X
by
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~ The user may specify different correlations or different coefficients for each assembly type
(refer to the input instructions for group HEAT, in Section 6.2.8).

3.2 Energy Exchange Models

As formulated in Section 2.0 above, it is implicitly assumed that the surface heat flux terms
that appear in the fluid energy equation and in the conduction equations for the fuel rods and solid
structures are known, or can be calculated from known quantities. ‘In actual practice, these heat
fluxes depend on convective heat transfer, radiative heat transfer, and contact conductance, all of
which can be determined only with the aid of empirical heat transfer models. Constitutive relation-
ships are required for surface heat transfer coefficients, radiation exchange factors, and contact
conductance. The following subsections describe how these models are implemented in COBRA-SFS.

3.2.1 Convective Heat Transfer Correlations
Convective heat transfer is modeled in COBRA-SFS using a heat transfer coefficient defined in
terms of the Nusselt number. The heat transfer coefficient is defined by the expression
H = NuL
D,

The Nusselt number is defined as a function of Reynolds number and Prandt] number, using
the empirical relation '

Nu = ARe?Pr® + B

The local heat transfer coefficient is calculated in the code using this formula. The values for
the empirical constants are specified by user input, and different correlations can be specified for
different channels (refer to Section 6.2.8, containing the input instructions for group HEAT).
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3.2.2 Fluid Conduction Shape Factor

Conduction in the fluid is modeled directly in the formulation of the fluid eﬁergy equation in
COBRA-SFS, but only in the lateral direction. Axial conduction is assumed negligible. Lateral
conduction is calculated through the gaps over the centroid length between the subchannels. How-

ever, the exact length of the centroid is a matter of definition, and may or may not be the appropriate

length for the conduction path. The fluid conduction model in COBRA-SES therefore includes an
option to specify the centroid length for conduction as a value different from that used for the lateral
momentum equation. This is implemented by defining the conduction length £, in terms of the
centroid length £ using an empirical shape factor,

The appropriate value for Z, is problem-dependent, and general guidelines are not readily
available. Experience has shown that with air or helium as the working fluid, a value near unity
gives good agreement with experimental data.

3.2.3 Solid-to-Solid Conduction

In theory, the heat transfer due to conduction between adjacent solid nodes can be calculated
exactly using the conduction equation as formulated in Section 2.4. In practice, the contact conduc-
tance at the interface between adjacent structures is not always known with great accuracy. Since this
contact conductance (or resistance, if considered as a reciprocal) plays a large part in determining the
rate of heat transfer, accurate characterization of this parameter becomes a very important modeling
consideration. :

In COBRA-SFS, contact conductance between adjacent solid structure nodes is modeled using a
composite thermal conductance, U. This conductance includes the heat transfer area of the interface
and the thermal conductivity of the node materials. In addition, it also accounts for any gap resis-
tance due to imperfect contact between the two surfaces, and includes thermal radiation across the
gap. The components of the total thermal resistance are shown schematically in Figure 3.1. The
terms R; and R, denote the thermal resistance from the center of each slab node to the interface
between them, and are defined by user input. The total series resistance of the solid portion of the
heat transfer path between the two slab nodes is given by

Roia = Ry + R,
The resistance for node n is defined as
L
R = 2k
Al
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Figure 3.1. Solid-to-Solid Resistance Network

The values of L, and A, are determined from user input, where L, is the distance from the
center of the slab node to the interface (as shown in Figure 3.1), and A, is the area of the interface

between the two nodes.

The radiative heat transfer across the interface is approximated as radiation between two
parallel plates where the surfaces are assumed to be grey bodies. The thermal resistance is given by

the relation

Ry,p = —
P GA(T2+ TA(T, +T,)

In this formula, T, and T, are absolute temperatures (in the code, the units are degrees
Rankine), ¢, and ¢, are the surface emissivities of the slab nodes, and o is the Stefan-Boltzmann

constant.

In parallel with the radiation across the gap, the conduction resistance is also calculated based
on the user-specified material propertles for the fluid in the gap. The total gap resistance, therefore,

can be expressed as
1 1 1

= +

RGAP RRAD RCON

The overall thermal conductance between the adjacent slab nodes can be calculated as

1

Us — -~
Rsoup + Roap
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This formulation is used for heat transfer between slab nodes in both the transverse and the
axial directions, as shown in Eq. (2.31). The appropriate composite conductance U for any given
connection is calculated from the user-specified definitions of solid-to-solid connections and slab node
geometry (refer to the input instructions for group SLAB in Section 6.2.6).

3.2.4 Radiation Exchange Factors

The radiation heat transfer between surfaces is modeled using radiation exchange factors. The
net rate of radiant energy outflow from surface 1 to surface j, denoted by Q;, is defined in terms of an

exchange factor, F;, such that

Q; = AF

Fio(T} - T 3.5)

The quantity F; defines the fraction of the total amount of radiant energy emitted from surface
I that actually reaches surface j and is absorbed. This includes all the paths by which radiation may
reach surface j from surface I, including direct and reflective paths. This has been termed a grey
body view factor, and gives a much more realistic estimate of the energy exchange between surfaces
due to radiation than can be obtained using standard ’black-body’ view factors. Black body view
factors, as the name implies, assume that all incident radiation is absorbed, and none reflected. For
surfaces with an emissivity of 1.0, the grey body view factors reduce to the black body factors, since
an emissivity of 1.0 implies black surfaces for radiation heat transfer, by definition.

The radiation exchange factors F; can be calculated from the geometry of a particular problem
and the ideal black body view factors for the given surfaces. However, this is not a trivial calculation
for a geometry of any complexity, such as a fuel rod array in a canister. The preferred means for
calculating these values for input to COBRA-SFS is to use the auxiliary code RADGEN, which solves
the set of equations (Cox 1977); '

n 1.0-¢ ' 8y
; [Bki(_e_) - _e—] F; = -Byey
i= i i ,

Every surface I sees every surface j=1,2,3,...n, and by reflection from each surface j, also
sees every surface k=1,2,3,...n, where n is the total number of surfaces that can exchange energy by
radiation.

For enclosures that consist simply of wall nodes, the system of equations can be solved in the
COBRA-SFS code, as part of the input processing. The user supplies only the black body view
factors for the surfaces, and their emissivities. The code calculates the appropriate grey body view
factors internally. For enclosures that include rods, however, the code expects the grey body view
factors as input. - These must be calculated before-hand, using the RADGEN code, or any similar
code that produces the grey body view factors in the appropriate format. Correct and consistent input
for the grey body view factors is absolutely essential for the radiation model in COBRA-SFS to work
properly. Where possible, input checks have been installed in the code, but the conscientious user
would be well advised to study carefully the input instructions for the RADG group of the COBRA-
SES input (see Section 6.2.7), and those for the RADGEN code (see Section 6.3).

3.8




4.0 Numerical Solution Methods

The solution of the governing equations for fluid flow and heat transfer in COBRA-SFS is fully

 implicit and proceeds iteratively through a series of steps that addresses each of the conservation

equations in turn. Within an iteration, the code solves the momentum equations for the velocity field,
then the energy equations for the temperatures and enthalpies, and then the mass continuity equation
for the pressure field. Within this simplistic description, however, lies a wealth of intricate detail.

The basic fluid solution is applicable to single-phase flow at very low velocities, with or with-
out buoyancy-driven natural circulation. The code is also capable of resolving the flow and pressure
fields for systems in which the net flow is zero. This calculational flexibility is a feature of the
numerical solution method for the fluid equations that COBRA-SFS has inherited from its immediate
predecessor, COBRA-WC (George et al. 1980). In spent fuel assemblies and storage or shipping
casks, the flow field may be fairly simple to obtain, but the strong coupling of the fluid energy equa-
tion and the heat transfer models for the solid structures presents special problems of stability and
convergence rates. In particular, the energy equations for the fluid and solid structure nodes must be
solved simultaneously, and the rate of convergence of the temperature solution tends to dominate
convergence behavior, rather than the elimination of momentum or mass conservation errors.

The following subsections describe the flow and energy solutions in the code in some detail.
Section 4.1 presents the fluid flow solution, and Section 4.2 the solution of the energy equations. It
should be borne in mind, however, that although the solutions are described separately, they are
performed together within an iteration of the solution procedure.

4.1 Fluid Flow Solution

The finite difference equations for mass continuity, (Eq. [2.20]), momentum, (Egs. [2.21] and
[2.22]), and energy, (Eq. [2.23]) for the fluid are solved using the RECIRC solution method, adapted
from the COBRA-WC code. In this method, the set of equations is solved iteratively to obtain the
flow and pressure fields. The primary advantage of the RECIRC method is that it is applicable to
reverse and recirculating flows, such as those occurring in storage systems cooled by natural circu-
lation. RECIRC uses a Newton-Raphson technique similar to the one developed by Hirt (Hirt and
Cook 1972) to solve the conservation equations, but it has been made implicit in time, as was done in
the SABRE code (Gosman et al. 1973). The solution method is quite complex, and it is summarized
here before examining each separate step in detail.

The RECIRC flow field solution is divided into two parts: a tentative flow solution and a
pressure solution. The tentative flow solution is achieved by iteratively sweeping the bundle from
inlet to exit. In each sweep, tentative axial flows, m, and cross-flows, W, are computed for the
bundle by evaluating the two linearized momentum equations with current values for pressure and
other independent variables. After all tentative flows and cross-flows have been computed at all axial
levels, the flows and pressures are adjusted to satisfy continuity by a Newton-Raphson method. The
flow field obtained in this pressure solution is then used in the energy equation to obtain an enthalpy
and fluid properties distribution for the next axial sweep. A flow chart of this procedure is shown in
Figure 4.1. The tentative flow solution is described in more detail in Section 4.1.1 and the pressure
solution is described in Section 4.2.2.
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Figure 4.1. Flow Chart of the RECIRC Solution Scheme
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4.1.1 Tentative Flow Solution

The first step in the RECIRC flow field solution is to solve the axial and transverse momentum
~ equations for the tentative flow rates m and w. Since the axial flow in channel I is affected by axial
flows in adjacent channels through the crossflow terms, the tentative flows, fm;, in all channels must
be solved for simultaneously at an axial level. The axial momentum equation, (Eq. {2.21]), is linear-
ized and applied to all channels at a level to form a system of N equations, where N is the number of
channels, such that
[A] i, = - gA (B - B )+ [B] . 4.1)

}

The diagonal elements of [A] are defined by-

AX, - 3 V, ot A
A= e 80U T 8T v ) eV, = A,
i J
4.2)

/
m. W

- i + s 3 } : l + Z ——'3( AXj
D, AX P; A, kel pA

The switch function, &, depends of the direction of flow and is defined as

OWQso

0ifeV, s0
Life,V, >0

The off-diagonal elements of [A] contain zeros except for the columns representing channels
adjacent to channel I, where the elements are defined as

S 8% _w AX. (4.3)
A p.A 2

n n n

A, = (158 ¢ vk
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In this definition, the subscript n refers to a channel adjacent to I, connected through a gap k
such that I is either the ii or jj channel of the pair. The index for n, therefore, is defined as
n=ii+j-L

The vector [B] consists of the source terms, and is calculated as

my
i ‘p.A. ! m

1]

A . 1f f K
B = A AX p.g cosb + = (_ 5 =
J 17 2 Dh AXJ

4.4)

~ - AX
- (1-8) @j+l U, + (1% )m, U_, + v m;

The pressures and flow rates in Eq. (4.4) are those generated during the previous pressure
iteration, except for m;,, which is the predicted axial flow rate obtained in the solution for the
previous level. To ensure that friction effects have the proper weight when differentiating Eq. (4.1)
with respect to pressure, the linearized pressure loss is defined as

1
AP, = -—
f 2

f K m, .
— + — |AX |— 2m. - m,
D, A&) ’lgAJ( T

]

The matrices of Eq. (4.1) are stored in arrays consisting of only the non-zero elements, and is
solved by direct elimination at each level.

Once a set of tentative axial flows, m, has been obtained, the tentative cross-flows, W, are
calculated. Since the transverse momentum equation does not depend on cross-flows in other gaps, a
simultaneous solution is not necessary. The tentative cross-flows in each gap are calculated using the
linearized form of Eq. (2.22), as

W = numerator (45)
’ . Mdcnominator
where
SAngc = —
M ummcrator = . PPy, ~A-8)w, Uy + (1-8,)w; U,
' : AX
+ an+lKGl L w —L
At 2 pS’ 4 ¢
AX, - - w, AX,
Micnominsior = = *+ U =8;,U;_; + K| o8 T
]
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The pressures and flow rates used in Eq. (4.5) are those generated during the previous pressure
iteration, except for the axial velocities at j-1, which are based on the flow rate predicted for the
previous axial level in the current iteration. The tentative flow field is determined for each channel
and gap by sweeping the assembly from inlet to exit. The resulting tentative flows and cross-flows
satisfy the linearized momentum equations, but they do not, in general, satisfy continuity.

The efficiency of the overall solution can be enhanced if the flow rate used to define the donor
cell axial momentum flux is forced to satisfy continuity during the tentative flow axial sweep. This is
accomplished by defining a set of "predicted" axial flows m; at level j that are used to evaluate the
tentative flow rate at level j+1. The predicted flows are determined by solving the combined linear-
ized momentum and continuity equations while assuming that the previous axial level flows are fixed.
At level j only, the continuity error for each cell is calculated as

Ej = ‘Kj AX{At(p - p“)J +f’nj —mj'_1 +AXJ. + é eikwj'_1 " (4.6)

The predicted flows, m;, and w;,, are calculated at the previous axial level and m; is the just-
computed tentative axial flow. It is then possible to calculate an estimate of the pressure changes
needed to satisfy continuity, using the derivatives of the tentative flows with respect to pressure, from
the Newton-Raphson expression '

5Pj_l +

L+ Z 5Pn,_i—l = - Ej
P, & oP

nj-1

The above equation is written for a given channel I, and n in the summation represents a
channel connected to I through a gap k, such that n = (ii+jj)-1. The form of the pressure derivatives
is described below, in Section 4.1.2, with the discussion of the pressure and continuity solution.

Once a set of estimated pressure changes has been calculated, the predicted flows to be used in
the donor momentum flux terms for the next axial level are calculated using




The tentative flows and pressures at j are not updated using this information, however. These
predicted flows are used only to provide a better estimate of the donor momentum flux distribution to
the momentum equations at the next axial level.

The predicted average axial velocity in the gap, used in Eq.'(4.5), is calculated as

m,  my 1
P Py Ayt Ay

For forced convection problems, the convergence is substantially improved if the predicted
value for the axial momentum flux is used. For problems with negative flows or buoyancy-dominated
flows, however, the use of predicted momentum flux can be counterproductive. For this reason, the
calculation of a predicted momentum flux is automatically skipped in the solution procedure if nega-
tive flows occur in an assembly.

4.1.2 Pressure and Linearized Flow Solution

After all tentative axial flows and crossflows have been computed at all axial levels in all
assemblies, the pressures and flows are adjusted to satisfy continuity. For a given boundary condi-
tion, the flow and pressure field in each assembly are locally independent of all the other assemblies.
Therefore, the equations for flow and pressure are solved on an assembly-by-assembly basis. The
first step in this process is to compute the continuity error, E;, in all cells, using the expression

- AX
E, = A A—tj(p -phy oy - @y, + AX g}: ey W; 4.9)

The adjustments in axial flows and crossflows necessary to satisfy continuity are defined as

Amj =m; - 1y

ij =W - W,
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Substituting these expressions into Eq. (4.9) and subtracting Eq. (2.20), it can be seen that the
flow adjustments must satisfy the expression

Amj = Amri + AXj g €y ij = - E (4.10)

Assuming that m and w are functions of pressure only, the flow corrections can be expressed
as

o o
Am, = ! OP, |+ ! oP,
j-1 J
% W,
Aw. = = i © o) nj-1
j-1 nj-1
om om '
Am_, = i o e &P, ,
A i-1 an‘2

The subscript n on the pressure terms in the equation for Aw; above refers to the channel con-
nected to channel I through gap k. The expressions for the flow and crossflow derivatives are derived

from the linearized form of the axial and transverse momentum equations (Eq. [4.1] and [4. 5]) and
are presented in Table 4.1.

The term A; in the definitions in Table 4.1 is from E‘q. (4.2), and the C term stands for the
denominator of the right-hand side of Eq. (4.5).

Table 4.1. Flow Derivatives with Respect to Pressure

Flow Derivative Definition
9 &A;
aPJ'1 0P, . Aii

oW, _ E)\X/J [§] AXJ g,
Py Py, e
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After substituting these definitions for the flow derivatives into the above equations for the flow

corrections and rearranging, the general form for Eq. (4.10) becomes

om om. o,
-—Lap +[—_~' - L AX. Y e ——1-|8P
P, ’ {GPH P, = Py !
‘ ’ 4.11)
dm oW,
+—18P + AXY e, —2 8P . =-E
op ! Ya T 0P e :
This is equivalent to
JE E G
L§p , +—L 6P _, + —L 0P, :
P, ‘7 oep_. 1 oep )
' ' , (4.12)
JE,
’ i OP 6Pn‘H - h

The partial derivatives of the continuity error E; with respect to pressure are defined in terms

of the computational‘ variables, as shown in Table 4.2.

Table 4.2. Continuity Error Derivatives with Respect to Pressure

Error Derivative Definition
JE. on. am
: —L - X E elk
aPJ_] an_l an_l kei aP
an . c’irﬁj_1
an—z an-z
GP). | : an
JE. ‘ oW,
>, J S AX; ) e .
kel aPn,_i—l e aPn,j—l
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When the expression presented in Eq. (4.12) is evaluated for all axial nodes and all flow

channels for a given assembly, the coefficient matrix consists of M equations, where M is the total
number of cells in the assembly (M = number of axial nodes times the number of channels). The

matrix equation has the form
| OF 3E, |
EX P, | (6P, E,
. = J . b (4.13)
JE, SEy | 0Py | |Ey
ap 3P,

1

Since it is generally not possible to solve a matrix of this size directly, the matrix is solved in
pieces. An alternating direction iterative solution is implemented that performs a level-by-level sweep

followed by a channel-by-channel sweep for each iteration in the pressure loop. The solution pro-

First, the pressure change in each channel in the assembly is determined at each axial level
. The equation for continuity error

ceeds as described below

4.14)

using current values of pressure change in adjacent axial levels
=1

becomes
api . j‘ 1 g ket
JE. JE.
s = E J 6P:] ) - —"‘i 6Plo
: ! o, oP;; ]
Note that the most recent values of the pressure change, denoted by the superscript o, are used

at the axial levels at the current level, j, and at the previous level, j-1.
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For all N channels in the assembly at axjal level j, Eq. (4.14) produces a syétem of N equa-

tions having the form

[ Iz, - ok, ' 9, %y 1
ap -l o o . “P | 6P1:i-1 _El,j - aP o) 6Pj‘32 - _a-};iﬁPJO
-1 Py j-2 i
(4.15)
= f

SE.. oE | OEy; 9Ey;

OEM L :_M BPN O _ENJ - __Eﬂ 6Pj?2 - EN,J 5Pj°
,aPI,J-l OPN;H | aPH an

This matrix is solved by direct inversion to obtain new 6P values for the current level j.

On the second sweep of the assembly, the pressure changes at all axial levels are determined
for each channel of the assembly. using current values for the pressure changes in adjacent channels.

This equation for continuity error is

dE JE. JE.
L 8P, , + L 6P ., + —1 &P,
P, ' &b, W' o
(4.16)
JE.
R =N L
’ kel aPn,j—l .

Considering all J axial levels in a given channel i, Eq. (4.16) forms a tridiagonal system of
J equations for channel i, of the form

oE,, OE, .
OP. oP,. ’ : OE. ]
A 6P, , -E, +) = &%,
. ’ ’ kei ) 1 ’
| (=] F(4.17)
oE
OP, | “Epa y == 8P,
0 OF; ;. OE,, ' | kei oP,; : J
P 9Py )

This matrix equation is solved to obtain new 6P values for the current channel.
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The pressure solution is a potentially time-consuming process for large problems. To solve the
equation more efficiently. an axial rebalancing step is performed every third iteration, which consists
of a one-dimensional axial approximation of the problem. To form the one-dimensional tridiagonal
matrix equation, the total continuity error at each level j is calculated by summing over all N chan-

nels, as

N
:E Eij

i=1

A tridiagonal matrix is then formed as follows:

|- B
A

This equation is then solved to obtain an average pressure correction at each level, which is
then applied to the individual channel pressures at that level. During the pressure loop, the compu-
tational mesh is repeatedly swept. level-by-level and channel-by-channel, solving for 6P, until the
change in all of the 6P values falls below a specified convergence criteria.

After the solution to the pressure equation has converged, the resulting pressure changes, the
oP values, represent adjustments to the pressure field that make the flow field satisfy continuity. The
pressures and flows are than updated using

ij L] i,j
o a~ .
mJ = ; + P (6PI,J - GP )
Lj-1
~ a~
Wy S W o (6qu TRy

Lj-

At this point, the flow solution satisfies both momentum and continuity for the current set of
properties and boundary conditions for the given assembly. The procedure is repeated for each
assembly in the problem domain. This new flow field is then used in the energy solution to deter-
mine the convective heat transfer to the fluid, as described in detail in Section 4.2.




4.2 Energy Solution | ' | ‘

The energy solution for the fluid and solid structures has been divided into the following steps:

1. The coeflicient matrices representing the individual rod equations are decomposed by lower-
upper (LU) triangular factorization to determine T,,, as a function of Tg;.

2. The fluid and slab equations are solved simultaneously using successive over-relaxation o
obtain a fluid enthalpy and siab temperature distribution.

3. The rod temperature distribution is determined by back substitution of the new fluid
temperatures.

The simultaneous solution of the fluid and slab energy equations is described in detail in
Section 4.2.1. The rod energy solution, which consists of steps 1 and 3 above, is described in
Section 4.2.2.

4.2.1 Fluid and Slab Energy Solution

The fluid energy equation (Eq. [2.24]) and the slab energy equation (Eq. [2.31]) are generally
so tightly coupled in COBRA-SFS applications that they must be solved simultaneously. The con-
struction of the matrix equation describing each fluid and slab node at a given axial level is described
below, followed by a description of the solution of both sets of equations.

The fluid energy equation (Eq. [2.24]) is written in terms of fluid enthalpy. However, certain
terms require the fluid temperature to calculate the heat transfer due to fluid conduction and convec-
tion. Therefore, the fluid temperatures are converted to enthalpies by the following approximation:

h -1
o7 . h

0

%

In this definition, the reference temperature and enthalpy are chosen arbitrarily as the current
values of T and h from the previous iteration. The cladding temperature T,y can be represented by
solving Eq. (2.26) as

T

clad

=K, +K, +K, H_, T 4.18)

surf * fluid

When these two expressions are substituted into the fluid energy equation (Eq. [2.24]), an
equation is obtained that is linear in enthalpy. This system of N equations, (one for each subchannel i
at level j), forms the matrix equation,

L) = s, (4.19)
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The matrix [L] is an N x N coefficient matrix, N being the number of channels. The source
vector is {S,}, and {h}; consists of the fluid enthalpies at level j. For large problems, the matrix [L]
is sparse, and in the interests of computational efficiency, only the non-zero elements are stored.

The only temperature terms in the fluid energy equation that are not expressed in terms of
enthalpy are the slab temperatures T,. These temperatures are obtained from the solution of the solid
structure energy equation and are included in the source vector {S,}. After each energy iteration, the
terms containing slab temperatures are updated to reflect the values for the current iteration.

The slab energy equation presented in Eq. (2.31) is written in terms of temperaturé. However,
the terms describing radiative heat transfer are a function of temperature to the fourth power. Rather

than treat these terms explicitly, they are written for slab node i as

ozFim(T:v )EF(T T“)}

mei nei

(ZF >0 E ) (EF T,'+) E, T ” | @.20)

nei mei nei

= Ay 0Hp,p (T, - T)

_ 3
whereHp,, = €. T,

(ZF T,'+ Y F, T,* )/eT

met nei

- (E Fn + 3 Fin)

mei nei

=31
1

The terms Hy,p, and T are evaluated using current iterate values and the resulting linear expres-
sion is substituted into the slab energy equation (Eq. [2.31]). This yields an equation that is linear in
temperature at level j. The equations for every slab at level j are combined to form the matnx

equatlon

(U T} =8,

The matrix [U] is an M x M coefficient matrix, where M is the number of slabs {S,} is the
source vector, and {T,}; contains the slab temperatures at level j. For large problems, the matrix [U]
is sparse, and in the interest of computational efficiency, only the nonzero elements are stored.

The slab energy equation consists of terms containing not only slab temperatures, but also fluid
temperatures, T;, and composite radiation temperatures, T. Fluid temperatures are obtained from the
fluid energy equatlon and are represented in the source vector {S,}. After each fluid energy iteration,
the source terms containing fluid temperatures are updated to reflect the current iteration values. The
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composite radiation temperature T is derived as a summation of terms containing slab and cladding
temperatures to the fourth power. The cladding portion of this composite temperature is not updated
during the fluid and slab solution, but the slab portion is updated after every slab energy iteration.

Both the fluid and slab matrix equations are solved by successive overrelaxation, with a default
relaxation factor of 1.2. A single iteration consists of one sweep through the fluid equations,
followed by one sweep through the slab equations. The iteration is repeated until the changes in fluid
enthalpy and slab temperature are both less than user-specified convergence criteria. Alternatively,
convergence may be defined as obtaining an asymptotic limit for the temperature field, but this
requires some insight on the part of the user in examining the overall results calculated for the
problem. '

Once the fluid and slab energy solutions have both converged, the fluid temperatures are
obtained using the fluid equation of state. The fluid temperatures are substituted into Eq. (4.18) to
obtain the rod cladding temperatures. If a detailed rod model is used, the fuel temperatures are also
back-calculated, using Eq. (4.21), as described in the solutlon of the fuel rod energy equation 1n
Section 4.2.2.

For problems with several nodes and significant heat transfer in the radial direction, the energy
solution may take hundreds of iterations to converge. To speed up the convergence rate, energy
rebalancing is performed on both the fluid and slab matrix equations.

4.2.2 Fuel Rod Energy Solution

To expedite the energy solution, the rod surface temperature is described as a function of fluid
temperature in the form

= Kl K2 K3 Hsurf Tﬂuld

The constants K,, K,, and K; are generated by performing an LU decomposition on the fuel
rod finite-volume equations. If radiative heat transfer is not considered, the constants are generated
only once. If it is considered, the cladding temperature of a particular rod is dependent on the tem-
peratures of other rods, and the rod equations are solved iteratively using the fluid and slab tempera-
ture distribution from the previous fluid temperature iteration. When the constants K, K,, and K,
have been determined, the above expression for cladding temperature is substituted into the fluid
energy equation (Eq. [2.24]) before solving the fluid and slab energy equations.

c]ad

In order to perform the decomposition, the fuel rod finite-volume equations (Egs. [2.27]
through [2.30]) are cast into a tridiagonal matrix of the form shown in Eq. (4.21). Here a rod model
with one cladding node and four fuel nodes is used in the following example:

(A, A, 0 0| (T, (Y, |

A21 A22 A23 0 0 T2 Y2

0 A, Ay, Ay, 0| {T, =4{ Y, } (4.21)
0 0 A, A, Ayl |T, Y,

0 0 0 Ay Ayl T Y s +f(Tp) |
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The elements are ordered in a manner that allows storage of the coefficients in a 3 x 5 array. -
The subscripts in Eq. (4-21) are the index values of the storage array in COBRA-SFES rather than the

matrix indices.

The terms in the coefficient matrix A are defined in Table 4.3 and the terms in the source
vector + are defined in Table 4.4, If the coolant temperature distribution T; were known, Eq. (4.21)
could be solved directly for the rod temperature distribution. However, since T is unknown, matrix
A is factored into an upper and lower triangular matrix, B and C, respectively, as shown in
Eq. (4.22). As in Eq. (4.21). the subscripts in Eq. (4.22) represent storage locations rather than

matrix indices.

> |

[T e N =)

F By B
CyBi CyBp+By
CB = 0 C31B21
0
0

o] [B, B, 0 0 0]
0|0 B, B, 0 0
0/ 10 0 By By, 0 (4.22)
o/ |lo o o B, B,
1]]o 0o o o By
0 0 0
B 0 -0
= (4.23)
Cy B,y By By, 0 :
CyBy Cy By, By B,
0 CsiBayy CsByp* By |

By inspection, the terms of the stored A matrix can be defined in terms of the B and

C matrices as

Ap
Ap
Ap
A42
Asz

= By

= CZIBIZ + By
=GBy, + By
= CyBy, + By
= Gy By + By
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Tab]e 4.3. Definitions of Coefficients in the A Matrix

Element Definition
Al: (pcp){ d\.md d2 k. + 4ArNekf
At 4Ns AN, f 7;2((11 +d,)
Aj ‘ d, .
AN, f
Ay and A; d, .
ANy f
c2 (pc) d, - d, k. 4ArN k
f ! : o (di + d1+1) + _2___&
At 4N, ArNg n¥(d,+d,+1)
A, and A, d.,, )
AN, |
Ay dy
— kf
AN,
A .2
P (oc,) [ die - 4% L O dagH, AN,
, | At 4N, AN, £7 No  n%(dg,+d)
A, and Ag _ dfuelH
Ng
A 2
% (PC D ctag {Getas = (Do = 2tipag) . deoH, . 9 aaHsurr
At No Ng N,
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+
2
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Using elementary matrix algebra, an algebralc expressxon relating T, and
Taia can be determined, as
let AT =
and Y = CZ
then CBT =Y
CBT = CZ
thus BT =2Z
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Table 4.4. Definitions of Terms in the Y Matrix

Definition
n i 2 2
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)At f } 4Ne Ne void
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2 n,m-1 n,m+1
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g X 4N,
ArNgk o T )
I A S— +
: 2 c,m+1 cm-1
. _ _ (g~ toad)
f(Tf) (dS Hsurf Tﬂuid)

Since B is upper triangular, only Z must be found to solve for T. The elements of B and C
are given as follows:

C, = Ay/By

By =A, - By = Ay/Cy
B, = A - Bp = Ay v
Gy = Ay/By Ca = Ay/By
B;, = Ap - G;B22 ' By = Ay - CyBy,
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Since vy = CZ, Z can be evaluated in terms of C and Y as

Z, =Y,

Z, = Y5 - 2,Cy

Zy = Y; - 2,6

Z, =Y, - Z,Cy

Zs - Yy - 2,C + (T

Since BT = Z. the expression for the clad temperature 1s determined as

In more general terms of N fuel nodes, this is

_ YN?] " ZN CN+1.+ drod Hsurf T

fluid
N+1 BN +1 : B

N+l

This is equivalent to the cladding temperature expression

Tclad = KI * KZ + K3 Hsurf Tﬂuid

This decomposition allows the cladding and fuel temperatures to be expressed as functions of
fluid temperature. If there is no heat transfer by thermal radiation or by circumferential conduction,
and if there is no rod-to-rod contact, then the rod solution is complete. However, if any of these
effects are present, a change in temperature results in a change in terms of the source matrix Y,
which requires iteration on the rod temperatures. When the constants K,, K,, and K; have been
determined, the expression for cladding temperature is substituted into the fluid energy equation
before solving the fluid and slab energy equations.
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5.0 Boundafy Conditions

The COBRA-SFS code has great flexibility in the manner in which boundary conditions may be
applied to a given problem. This reflects the wide range of possible applications of the code, and the
complex geometries and heat transfer systems that it can be used to analyze. This flexibility,
although necessary and desirable, places something of a burden on the user, however. The user must
make logical and consistent selections in the boundary condition input, or risk falling prey to the
merciless “gigo” law of computer programming; that is, “garbage in; garbage out.” This section
presents an overview of the boundary condition specification options in the code, and explains how
they can be used to model different sorts of problems. It is highly recommended that the user study
this section carefully before attempting to set up any problems for COBRA-SFS analysis.

The boundary conditions for the code fall rather neatly into two classes: flow boundary
conditions and thermal boundary conditions. The distinction between the two types becomes a bit
blurred, however, when the optional plenum model is used. The plenum regions (top or bottom or
both) provide a boundary on the flow, and also on the heat transfer to the environment beyond the
boundary of the system as represented in the COBRA-SFS input model. The following subsections
present these two types of boundary conditions separately, and also discuss in some detail how they
interact and how they can be used in conjunction with one another: Section 5.1 discusses the fluid
flow boundary condition options. Section 5.2 presents the thermal boundary condition options,
including the optional plenum model. Transient forcing functions, by means of which the various
boundary conditions can be varied over time, are described in Section 5.3.

5.1 Fluid Flow Boundary Conditions

& COBRA-SFS derives from the COBRA family of subchannel codes, and in these codes,
boundary condition specification is a relatively straightforward affair. They were designed to model
flow in a fuel assembly or reactor core. Their main purpose is to determine what enters at the bottom
and exits at the top of the core. The side boundary is assumed impermeable, isothermal, and
generally ignorable. The boundary conditions are specified with a uniform exit pressure seen by all
subchannels, and either a specified inlet flow (in which case the code calculates the resulting inlet
pressure), or a specified inlet pressure (in which case the code determines the required inlet flow).
This happy state of affairs can still be modeled using COBRA-SFS, but in general it is not adequate
for typical applications of the code, even neglecting for the moment the added complication of the top
and bottom plenum model option.

COBRA-SFS still operates under the assumption that the channels all see a uniform exit
pressure. The user has considerable flexibility, however, in specifying what happens at the inlet.
Basically, there are two options, which can be summarized as follows:

1.  The total inlet mass flow is spec1ﬁed and the code calculates the resulting inlet pressure
dlstrlbutlon
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2. The inlet pressure is specified (by specifying the exit pressure and the desired pressure drop),
and the code calculates the resulting inlet flow. .

The first option is basically the same option as in the original COBRA code, but as
implemented in COBRA-SFS, the user has considerable flexibility in specifying the distribution of the
inlet flow. These variations are discussed in Section 5.1.1. The variations on the specified pressure
drop option are discussed in Section 5.1.2. '

5.1.1 Inlet Mass Flow Rate Boundary Condition Options

The user has the option of specifying different boundary conditions for different assemblies.
Whether a given assembly will be treated with an inlet flow or a pressure drop boundary condition is
determined by user input for each assembly (with input variable ITDPA(NASS) on CHAN.6 (see
Section 6.2.3). When specifying the inlet mass flow rate as a boundary condition for a given ’
assembly, the user enters the global average inlet mass flux (in Mlbm/hr-ft?, input variable GIN on
line OPER.2; refer to Section 6.2.11). This must be the overall average inlet mass flux for all
channels in all assemblies with flow boundary conditions, and is assumed to be the sum of all
subchannel flows divided by the sum of their inlet flow areas.

In order to specify how this global average mass flux is distributed among the subchannels,
however, the user has the following four different options:

1. GIN is the average inlet mass flux, and local subchannel inlet flows are calculated based on the
subchannel inlet area (specified by IG=0 on OPER.1).

2. GIN is the average inlet mass flux, but the user will specify by input the relative fraction of
flow for each assembly. Within each assembly, the local subchannel flow will be calculated on
the basis of the subchannel areas, assuming a uniform mass flux over the assembly inlet
(specified by IG=2 on OPER.1).

3. GIN is the average inlet mass flux, but the user will specify by input the relative fraction of
flow in each subchannel, for specified assemblies (specified by IG=3 on OPER.1).

4.  GIN is the average inlet mass flux, but the user will specify by input the relative fraction of
flow to each assembly, and within specified assemblies will also specify the fraction of flow in
each subchannel (specified by IG=4 on OPER.1).

It should be noted that these options do not really represent different boundary conditions.
They are simply variations on the inlet flow boundary condition, which allow the user some control
over the inlet flow distribution.

Another variation on the inlet flow boundary condition option can be obtained by requiring the

code to calculate the appropriate inlet flow distribution that will give a uniform mass flux in all
subchannels of the assembly. This is obtained by specifying IDTPA(NASS)=2, and defining the
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~ desired uniform mass flux in GIN, on OPER.2. The code will use the values specified for the total
system pressure drop DPS to obtain a first guess at the inlet pressure, but will then solve for inlet
pressure values that give the desired uniform mass flux in the channels by adding DPS to the exit-
pressure PREF, (DPS and PREF are specified by input on OPER.2; see Section 6.2.11).

The user also has the option of specifying the total inlet flow rate, using input variable
FTOTAL on OPER.2. The code will calculate the required inlet pressure for each channel to
produce a uniform pressure drop across all channels at the specified total flow rate, FTOTAL. When
this option is used, all assemblies must have the same boundary condition option, for obvious reasons.
It is specified by setting ITDPA(NASS)=3 on CHAN.6 for all assemblies, or setting ITDP=3 on
OPER.1 (NOTE: this option has been tested only with FTOTAL =0.0; see Sections 6.2.3 and
6.2.11). '

In addition to the above, there is one more flow boundary condition option that represents
something of a departure from the standard assumption of a specified inlet flow and calculated exit
flow. The user may specify a zero flow boundary condition at the top and bottom of the assembly
(This is accomplished by setting ITDPA(NASS) to 4 on CHAN.6 for that assembly; see Section
6.2.3). This option allows modeling of a sealed enclosure in which there are no plena at top or
bottom. A number of electrically heated test sections simulating spent fuel rod arrays are of this
configuration. Obviously, the uniform exit pressure assumption cannot be strictly adhered to in
applying this boundary condition, or the problem would be over-specified. In this option, the
specified exit pressure is used as the reference pressure for the fluid properties calculations, but the
actual exit pressure seen by a given channel is whatever is required to give zero flow across the
boundary. '

5.1.2 Inlet Pressure Boundary Condition Options

The options to specify an inlet pressure in COBRA-SFS are implemented in terms of specifying
a pressure drop for an assembly or group of assemblies. These are the options for a uniform pressure
drop and the optional network model, which are described in detail below, in Sections 5.1.2.1 and
5.1.2.2, respectively. '

5.1.2.1 Uniform Pressure Drop Boundary Option

The inlet pressure boundary condition option in COBRA-SFS is implemented as a specified
uniform pressure drop (which is specified in variable DPS on OPER.2; see Section 6.2.11). This
boundary condition can be applied to the entire problem, or to selected assemblies within the
problem, by specifying input variable ITDPA(NASS) = 1 on CHAN.6. 1t will be applied to all
assemblies if ITDP=1 on OPER.1. When this boundary condition is selected for an assembly, the
inlet pressure for each subchannel is defined as ,

P, = PREF + DPS

Note that the reference pressure PREF and total pressure drop DPS are specified by input on -
OPER.2.
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When this option is used, the inlet flow for each subchannel in the assembly is calculated by
the code. The value specified in GIN is used to determine the first guess’ at the inlet flow rate, but
the final converged value will in general be different.

5.1.2.2 Network Model

The specified total pressure drop boundary condition is generally applied uniform]y to all
channels. However, for some unusual modeling situations in which the COBRA code is applied to a
reactor core, it may be desirable to allow the code to calculate the flow distribution between
assemblies based on the orificing and assembly arrangement. The network model was developed for
the COBRA code to model the pressure losses above and below the channel region in the Fast Flux
Test Facility. This model has been retained in COBRA-SFS, and could be used to model a storage
cask system, if it were configured as arrays of parallel assemblies with plena above and below.
However, the code has not been validated for such an application.

In most cases, it would probably be more efficient to use the plenum model in COBRA-SFS,
rather than the network model. If the plenum model is used, the network model is superfluous.
However, the network model is available in the code, and could be used if the user wished to
undertake an appropriate validation effort. When the network model is used, a single pressure drop is
specified (which may vary as a function of time), and the subchannel flow rates are adjusted so that
the pressure drop through each flow path matches the specified uniform pressure drop (DPS on
OPER.2).

Figure 5.1 is a schematic description of the network model for a three-assembly problem with
a bypass channel. The conservation equations described in the previous section are solved only for .
the region containing the three assemblies, as noted in Figure 5.1. This region represents the
assemblies, consisting of rods and subchannels, where flow resistance is determined by wall friction
factors and local form loss coefficients. The gravitational head is also accounted for in this region.
Along the additional portions of the flow paths, a reduced momentum equation is solved, which takes
into account only the flow resistance due to friction and form losses and the gravitational head. No
inertia terms are included, and it is assumed that the transport time through the network model is
essentially zero.

In the example described by Figure 5.1, the resistances marked R ,; and R,oyr are the flow
resistances associated with the assembly inlet orifices and the outlet hardware (handling socket, etc.),
respectively. The loss coefficients can be made dependent on Reynolds number by means of input
option selections. A gravitational pressure drop can also be modeled by supplying head lengths at the
inlet and outlet. (These are noted as H, in Figure 5.1.) The assembly inlet gravitational head is
calculated using the inlet temperature to define the density. The outlet gravitational head is calculated
using the mixed mean assembly outlet temperature to determine the density.

The assembly group dynamic loss coefficients, Rgyy and Reoyr, represent the flow resistances
from a common plenum to the assembly group plena or to the downcomer region. The group
dynamic loss coefficients are assumed to be independent of Reynolds number. Here too, gravitational
losses may be modeled by supplying head lengths. One additional term, Ry, may be used to represent
the dynamic loss coefficient for flow from the inlet nozzle to the common plenum.
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Figure 5.1. Schematic Description of the Network Model for Pressure Drop Through
the Reactor Vessel :

For most problems, the actual loss coefficients for each of these resistances will not be known,
but the flow and corresponding pressure drop across each resistance should be available. The
effective loss coefficients may then be calculated as

APg
R = —
2

m

For R, which may be dependent on Reynolds number, it is necessary to supply a wetted perimeter so
the Reynolds number can be calculated from the flow rate. The wetted perimeter need not have any
physical significance, but should be chosen so that the correct loss is obtained for a given flow rate
when using the specified resistance versus Reynolds number curve.

5.2 Thermal Boundary Conditions
In addition to the fluid boundary conditions described above, the COBRA-SFS code also

contains options for defining heat transfer boundary conditions. In many applications, there is
significant heat loss radially out the sides of the canister or cask being modeled, and often out the top
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and bottom of the structure, as well. The assumption of adiabatic boundaries for heat transfer is
generally not adequate for spent fuel cask analysis. The user must be able to specify heat transfer
boundaries on the sides, top, and bottom. The manner in which this capability is implemented in
COBRA-SFS is described in Section 5.2.1 for the side boundary.

Top and bottom boundary conditions must be specified when a shipping cask or multi-assembly
storage container has a lower or upper plenum within which the coolant mixes due to natural
circulation. The physical structures of the cask above and below the fuel assemblies can also provide
important heat transfer paths to the environment, in addition to the heat lost radially out the sides or
transported by the working fluid. There also may be heat loading on the cask from the environment,
due to solar insolation, external fires, etc. The top and bottom structures are modeled in COBRA-
SFS using the plenum model. Boundary conditions for the plenum regions can be specified for the
axial and radial directions in both plena. The expressions for heat transfer used in these boundary
conditions can include conduction, thermal radiation, and natural convection, or a combination of all
three. It is also possible to specify heat sources by defining local heat fluxes at the boundary. The
thermal boundary conditions for the plenum regions are described in Section 5.2.2.

5.2.1 Side Thermal Boundary Conditions

) The default in the code is to assume that there are no side thermal boundary conditions. The
outside boundary at each axial level is considered as adiabatic. The user has the option, however, of
specifying a heat transfer boundary on the outermost wall node at each axial level. This is done by
defining a one-dimensional thermal connection, or series of connections from the node to some
boundary temperature,-that will permit heat transfer radially from the node. The user specifies a
boundary temperature for the connection, along with a set of empirical coefficients for a heat flux
correlation of the form '

T*-T. * :
"o_ _ _ i i+l
Q" = G, - TP - T, U= (.1)
—_— -10
€. €.

i 1+]

The empirical coefficients, C,, C,, and C; are specified by input for each connection type. If the
effect of radiative heat transfer is to be included, the surface emissivities must also be specified. The
outermost boundary temperatures are also specified by input, and the user has the option of defining
variations in the boundary temperatures, both axially and circumferentially. The expression in Eq.
(5.1) allows for modeling of heat transfer modes that are not linear in temperature (such as natural
convection, which is expressed in terms of a Grashof or Rayleigh number).

The user has a great deal of flexibility in specifying the side thermal boundary nodes, and the
input has been made as general as possible to permit modeling of a wide range of cask and canister
geometries. Examples of how this option can be used are illustrated by the validation calculations
presented in Section 7.0. These examples include the relatively straightforward case of a single
assembly with a specified temperature on the outside of the test section wall, as well as the more

5.6




complicated case of large multi-assembly storage casks with complex heat transfer paths through
support baskets, shielding, insulation layers and cask shell structures. The user would be well-
advised to study these examples carefully before attempting to set up the input to specify the thermal
boundary conditions for a new application of the code.

Heat transfer through the specified side boundary connections is calculated as part of the
energy solution. ' At each axial level, the temperatures in the boundary regions are estimated using
slab temperatures from the previous iteration, before the rod, fluid, and slab energy equations are
solved. The one-dimensional series of equations for each boundary connection are solved iteratively
for a radial temperature distribution in the boundary region. After the boundary solution has
converged, a linear composite resistance is constructed to represent the total connection between the
outermost slab node and the specified boundary temperature. This resistance and the boundary
temperature are then implemented in the solid structure energy equation (Eq. [2.31]). After all
boundary resistances at an axial level have been computed, the energy equations for that level are
'solved. The iteration proceeds in this manner until convergence is achieved, or until the user-
specified iteration limit is reached.

5.2.2 Plenum Boundary Conditions

In an ordinary COBRA subchannel model, the axial flow can convect fluid energy out the top
of the assembly, but it is assumed that there is no axial transport by conduction from slab and rod
nodes at the top boundary. If flow reverses at the exit, it is assumed that the incoming fluid is drawn
from an essentially infinite reservoir above the channel exit, at an enthalpy and pressure defined by
input. Similar assumptions are made for the inlet conditions. There is no conduction heat loss out
the bottom, and the inlet flow enthalpy is defined by input. But in many applications the storage
canister or cask is in some way sealed at the top and bottom. It may have an open plenum at the top
and bottom, where the flow streams from different channels or assemblies can communicate with each
other, providing flow paths for natural circulation. In addition, there may be structures that can
conduct heat from the flow channels and internal structure nodes through the end caps to the
surrounding environment.

In COBRA-SFS, these top and bottom structures can be represented using the plenum model.
The user can model both the top and bottom plenum, or the bottom plenum only, or the top plenum
only. When both top and bottom plenum are modeled, the channel inlet conditions and outlet flow
are calculated in the code as required to satisfy overall mass conservation in the system and any
specified assembly pressure drop boundary conditions. When only the bottom plenum is modeled,
with no top plenum, the channel outlet conditions are determined from the flow calculated for the
uniform exit pressure specified in the input. When only the top plenum is modeled, without a bottom
plenum, the channel inlet flow is specified according to the selected boundary condition option, as
discussed in Section 5.1. The outlet conditions are calculated to satisfy mass continuity at the exit,
and for heat conduction through the end cap to the ambient boundary temperature.

Specific examples of COBRA-SFS models of shipping/storage casks are presented in Section
7.0 as part of the validation of Cycle 2. In order to properly represent the heat transfer paths through
the plena in these cask designs, the models are quite detailed, but the basic idea is relatively simple.
This is illustrated by the ’typical’ cask model shown in Figure 5.2. This model consists of an upper
plenum, a channel region, and a lower plenum, with natural circulation paths established through the
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channel region between the plena. The plenum model represents the fluid with a single node. It is
assumed that the flow entering the plenum mixes instantaneously and completely. The resulting
pressure and mixed temperature provides the fluid transport properties for flow from the plenum into
the channels, as required to complete the natural circulation loop shown in Figure 5.3.

The plenum model assumes a one-dimensional node for the fluid, but the conduction heat
transfer paths in the plenum regions can be radially and axially nonuniform. It is possible to include
heat losses through the sides of the plenum region, as well as through the top or bottom. Fluid enters
the top plenum as positive flow at the channel exit, and enters the lower plenum as negative flow at
the channel inlet. Because the flow is assumed to mix completely and instantaneously in each
plenum, positive flow into the channels from the lower plenum convects the mixed enthalpy into the
channels, and negative flow into the channels from the upper plenum convects the mixed enthalpy of
that plenum. The plenum mixture temperature is also the temperature that is used to determine the
rate of heat loss to the environment through the top and sides of the plenum region, through the axial
and radial conduction regions specified by user input.

The conduction heat transfer from the fluid in each plenum is modeled using one-dimensional
thermal connections in the axial and radial directions. These are defined by input using the relation in
Eq. (5.1), and may consist of a series of regions, with each region having a different expression for
heat transfer (see the input instructions for group BDRY, in Section 6.2.10). Different boundary
temperatures may also be specified for the radial and axial directions. In addition, conduction heat
transfer paths through each plenum region can be modeled with thermal connections to solid structure
- nodes of the channel region in the axial level adjacent to the plenum. These connections represent
axial heat transfer from the cask body, or heat transfer from the basket to the bottom or top of the
cask. Radial and axial conduction paths through the plena can have different boundary temperatures,
to appropriately represent the external environment seen by the cask. For example, a cask sitting on
a solid surface would probably see different temperatures on the bottom and sides of the lower
plenum.

As with the side boundary specification, this option for the top and bottom plenum has been
designed to permit the user great flexibility in modeling these structures. Examples of plenum models
are included in some of the validation cases presented in Section 7.0, and the user should studythese
closely before setting up the input to describe a specific application.

The fluid enthalpies and flow rates entering the plenum, and the temperatures of the solid
structure nodes connected to the plenum, are computed in the energy solution for the axial level
adjacent to the plenum. These values are then held fixed while the plenum equations are solved. The
resulting plenum structure temperatures and plenum fluid enthalpy are then used to define the
boundary conditions for the next iteration of the rod, fluid and slab energy solution.

If a detailed representation of the flow field in the plenum is required, however, this one-
dimensional plenum model is not appropriate, since it represents the fluid in the plenum with a single
temperature and pressure. An alternative to the plenum model is simply to extend the region modeled
by the channels to include the plenum. This is illustrated in Figure 5.4, in which the one-dimensional
plenum region of the example in Figure 5.3 is represented with four channels and five axial levels.
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Figure 5.2. Simple Illustration of a COBRA-SFS Cask Model
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Figure 5.3. Example of COBRA-SFS Plenum Model

The necessary zero-flow boundary at each channel inlet (for the lower plenum), and at each
channel outlet (for the upper plenum), is obtained with the boundary conditions specification in group
OPER (the value of ITDP is specified as 4; see Section 6.2.11). If the plenum region is an open
reservoir, the option for fluid-fluid shear can be used for the lateral flow connections between
channels. This makes it possible to properly account for momentum losses in the open region of the
plenum when it is modeled with several channels.

5.3 Transient Forcing Functions

The conservation equations in the COBRA-SFS code include the time-dependent terms, and are
therefore applicable to transient analysis. The numerical solution method in the code is fully implicit
in time, and has no time-step size limitation for stability. However, the constitutive models in the
code for flow and heat transfer (described in Section 3.0) are based almost exclusively on steady-state
data and on models that were derived assuming steady conditions. The code has not been
validated for transient applications. If a user wishes to apply the code to transient analysis, it is
recommended that appropriate validation be performed for the constitutive models that will be
employed in the calculation, to verify their applicability to the problem.
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Figure 5.4. Example of Channels Used to Model a Plenum in COBRA-SFS

This caveat notwithstanding, the COBRA-SFS code can simulate transients in which the iniet
enthalpy, total heat generation rate, system pressure, or inlet flow rate vary as a function of time.
The transient forcing functions on these boundary conditions are implemented in the code by readmg
input tables of time versus relative (or actual) value for each parameter to be varied. Linear
interpolation is used to obtain the current forcing function value at a time step between specxﬁed table
entries. The value of parameter P at time t is computed as

P(t) = F(H)P(o0)

where F(t) is the factor interpolated from the input transient table at time t and P(o) is the steady-state
value of parameter P. Alternatively, the actual value of the parameter may be used in the table, so
that

P = F()
where F(t) is the value interpolated from the table at time t.
The factors entered in the forcing functions tables apply to any of the input options available
for the given parameter. For example, the inlet enthalpy forcing function table applies to average

inlet enthalpy, average inlet temperature, or to individual channel inlet enthalpy or temperature,
depending on the input option selected. "
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Flow forcing functions may be used with any inlet flow option, including the uniform inlet
pressure gradient option. Alternatively, a forcing function may be specified for the uniform pressure
drop option. If the pressure drop is specified, a flow forcing function becomes the pressure drop

. forcing function and the inlet flows are computed in response to the pressure boundary condition.
For obvious reasons, the forcing functions on flow cannot be applied when the total flow, zero flow,
or plenum boundary condition options are used.
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6.0 User Manual

This section is intended to serve as the basic user’s manual for COBRA-SFS, Cycle 2. It
contains guidance for the user concerning the important parameters to consider in developing an input
~ model for the code, and a summary of validated applications. A listing of all documented applica-
tions of the code is also provided. This user guidance is presented in Section 6.1. The input instruc-
tions for the Cycle 2 version of the code are presented in Section 6.2. The auxiliary code RADGEN,
used to generate view factor input for the radiative heat transfer model, is described in Section 6.3.
This section includes the input instructions for RADGEN.

6.1 User Guidance on Code Applications

The COBRA code uses the subchannel modeling approach, and was originally designed for
thermal-hydraulic analysis of reactor fuel bundles. Subsequent generations of the code retained this
modeling philosophy, but have been tailored to specific applications.. The COBRA-SFS code is
designed to analyze multi-assembly spent fuel storage systems, such as shipping casks and storage
canisters. The subchannel modeling approach is intrinsically fiexible, and as a result the code is not
tailored to a specific cask geometry. It has been applied to a wide variety of cask and canister
designs, and has successfully accommodated a wide range of geometric configurations.

The flexibility of the subchannel modeling approach and the deliberate generality of the input
structure in the code, however, require that the user know what he is about in setting up the input
model for a given analysis. The validation test cases for Cycle 2 (see Section 7.0) serve as examples
of how the code can be applied to various problems, from single assembly test sections to multiple
assembly shipping/storage casks. In addition to these handy examples, Section 6.1.1 discusses cask
modeling optimization, and illustrates some of the main considerations in setting up a cask model.

A summary of all previously published reports on COBRA-SFS applications is given in Section 6.1.2.
Guidance on how to deal with a calculation in which the code fails is presented in Section 6.1.3.

6.1.1 COBRA-SFS Cask Model Optimization

A detailed study of COBRA-SFS modeling optimization has been published elsewhere (Rector
and Michener 1989). This section summarizes the results and recommendations of that study, and
presents parts of the discussion that might be of interest to a new user of the code. In general, the
modeling flexibility and extensive capabilities of the code often tempt the inexperienced user into
setting up a more complicated and detailed model than is actually required for the application. By
developing a basic understanding of the modeling features in the code, the user can learn to construct
a model that will give the best results for the least effort, both in setup time and computation time.

The accuracy of an analysis with a COBRA-SFS model of a spent fuel storage system is highly
dependent on noding distribution and the number and locations of temperature points in the system.
Although the code can handle very large problems consisting of hundreds of channels, rods, and axial
levels, there is a practical upper limit on model size, generally dictated by computer memory require-
ments. Also, the larger the problem, the longer it will take to set up and verify the input and the
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longer it will take to run; these are constraints in both time and memory costs. Experience has shown
that the resolution afforded by detailed rod-and-subchannel modeling is not always necessary for an . ,
accurate representation of the flow and temperature field in a fuel assembly. Acceptable results can,
in many cases, be obtained with much coarser representations of the assembly geometry (Rector et al.
1986).

There are basically two areas in model development where the user has significant choices that
affect computational efficiency. These are in the geometry modeling for assembly, channel, slab, and
axial nodalization, and in the optimization of the numerical solution. The follbwing subsections
discuss the considerations and trade-offs to be made in model optimization for these two areas.

6.1.1.1 Cask Model Optimization: Geometry Considerations-

The accuracy of the results depends on having enough nodes to adequately resolve the problem,
but cost and memory requirements increase in direct proportion to the number of nodes. Therefore,
the objective of model optimization as far as the geometry is concerned is to obtain the desired level
of accuracy with the minimum number of nodes. There are basically two ways to reduce problem
size: 1) reduce the actual problem to be solved by modeling only a section of symmetry rather than
the whole system, and 2) select the noding such that a given node represents the largest possible
region that can be characterized with a single temperature (or in the case of a fluid node, a single
temperature, velocity, and pressure).

A COBRA-SFS cask model is constructed by dividing the cask into a set of finite volumes or
nodes, consisting of assemblies which are made up of channels to represent the fluid flow paths and
rods to represent the fuel. The channels are bounded by slabs that represent the solid material of the
cask, such as assembly canisters, support baskets, shielding layers, and inner and outer structural
shells. Most cask designs can be described as basically consisting of a large right circular cylinder
containing an array of baskets to hold spent fuel assemblies or the fuel rods from disassembled
bundles. The number of nodes required for adequate resolution of the system is highly problem
dependent, but in many cases one may take advantage of inherent symmetries in the cross-section to
reduce the volume of system that must be represented.

There are three conditions that must be satisfied for symmetry in the model. The geometry
must be symmetric, the decay heat generation must be the same in geometrically symmetric regions,
and the boundary conditions must be the same on geometrically symmetric regions. Geometric
symmetry is readily verified by inspection of a cross-sectional diagram of the system. Figure 6.1
shows a diagram of the TN24P cask, which has geometric symmetry on four different axes.
Examples of noding patterns that take advantage of this symmetry are shown for a half-section of the
cask in Figure 6.2, and for an eighth-section in Figure 6.3. All other things being equal, the eighth-
section model would give the same results as a full cask model for one-eighth the number of nodes.
Alternatively, a more detailed model could be constructed for the one-eighth section using the same
number of nodes as would be required for a coarser full cask model.

6.2




Neutron Shield

Cooling Fin

Cask Wall

Trunnion

Basket -

TC Lance
Guide Tube

$9505005.5

Figure 6.1. TN24P Cask Cross Section

Symmetry in the distribution of the decay heat generation rates throughout the cask is usually
more problematical than geometric symmetry. In general, the fuel loading will not be symmetric, but
it will probably be done with an eye to making it as uniform as possible in order to minimize hot
spots in the heat loading of the cask. If the distribution is relatively uniform, it can be treated as if it
were symmetric, and an average heat generation rate used for assemblies in the same relative position
in each of the sections of symmetry. A more conservative approach would be to use the heat genera-
tion rate of the hottest of the assemblies in the same relative position at each location in the selected
section of symmetry.

In general, the external boundary conditions on a cask can be treated as symmetric, especially
if the cask is simply sitting alone in a relatively benign environment. The resistance to thermal
conduction around the circumference of the cask will usually be significantly less than the resistance
to the ambient temperature. If local boundary conditions are imposed on the exterior of the cask,
however, such as a fire or exposure to the sun on one side only, this assumed symmetry can be
destroyed. Even with a uniform ambient temperature, the boundary conditions may not be symme-
trical if the cask is horizontal rather than vertical. Contact with the ground or other supporting
structures can significantly affect the boundary conditions, and must be considered when determining
the appropriate section of symmetry to represent the cask in the COBRA-SFS model.

Once an appropriate section of symmetry has been selected for the model, the detail required

for resolution of the flow field and temperatures within the assemblies and cask structure must be
determined. = The level of detail needed in the model depends on the type of information to be
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Figure 6.2. TN24P One-Half Section of Symmetry Cask Model
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Figure 6.3. TN24P One-Eighth Section of Symmetry Cask Model

obtained from the analysis. Typically, the user wants to determine the peak clad temperature, and
often the radial and axial distributions of temperature. To obtain an accurate peak clad temperature,
it is usually necessary to model the hot assembly in detail, as illustrated in Figure 6.4 for a half-

section of a full bundle. :

For regions where the temperature is likely to be lower because of lower heat generation rates,
it may be sufficient to model the assembly using lumped rods and channels, as illustrated in
. Figure 6.5. This sort'of lumped noding may give adequate answers for peak clad temperatures even
in the hot assembly, if the decay heat generation rates are relatively uniform. Sensitivity studies are
advisable for very large models, to determine the minimum level of detail that will still give accept-
able results. In general, so long as the assembly noding is sufficient to provide reasonably correct
-average channel flows and temperatures to the plena, an accurate modeling of the resistances to radial
heat flow in the slab noding is more important in obtaining accurate radial temperature profiles than is

excessive detail in the assembly noding.
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Figure 6.4. Rod-and-Subchannel Model for Fuel Assembly, (Half-Section of Symmetry)

The importance of accurate representation of the conduction paths requires that sufficient slab
nodes be included in the model. Heat transfer between slab nodes is modeled by assuming a constant
heat flux between node points, which implies a linear temperature gradient over that length, if the
nodes have the same thermal conductivity. If the heat flux or temperature gradient in a region is
relatively constant, then a single node-to-node connection may be sufficient, but in general the slab
noding must be detailed enough to resolve any significant non-uniformity in the temperature gradient
through the material. The thermal properties of the material being modeled are the best guide to
determining the appropriate slab noding resolution, but in some cases sensitivity studies may be useful
as well.
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Figure 6.5. Lumped Rod and Channel Model for Fuel Assembly

6.1.1.2 Cask Model Optimization: Solution Parameters

The calculation time required for the numerical solution can be affected by several user-
specified parameters. The most important of these are the acceleration parameters for the rod and
slab energy equations and the axial rebalancing of the fluid energy solution. The COBRA-SFS
numerical solution spends about 80% of the total calculation time in the energy solution, so even a
small change in the rate of convergence of this part of the solution can have a significant impact on
the overall cost of the simulation.

The acceleration parameters are applied to calculational variables as

X" =aX"+ (1.0-a)X"!

where
X = calculational variable
o = acceleration factor, (input)
n = current iteration number.

The fluid and solid structure energy équations, which are solved simultaneously for all nodes at
each axial level, use acceleration factors ACCELH and ACCELW (both defined on CALC.2). The
default value for these two acceleration factors is 1.2, and for most problems this is a reasonable
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value. However, the optimum value can be as high as 1.5 to 1.6, and may decrease the computation
time by as much as 20%. For very large cask models, or if a large number- of simulations will be
run with a given model, it may be wise to run a few sensitivity cases to determine an optimum value
for these factors.

The rod energy equation is solved for all nodes at an axial level, with the new fluid enthalpies
and slab temperatures held fixed. If the rods are not thermally coupled, either by direct contact
conductance or radiative heat transfer, the solution of the rod energy equation requires only one
iteration, and the value of the rod solution acceleration factor is irrelevant. If the rods are coupled
primarily by contact conductance, the rod energy solution may converge faster if the solution is
accelerated by specifying a value for ACCROD that is greater than 1.0. If the rods are coupled by
radiative heat transfer, however, it may be necessary to damp the solution because of the highly non-
linear T* terms. N

Experience has shown that the value of ACCROD should probably be less than 0.8 for most
problems with radiative heat transfer, and it might need to be as low as 0.5 or 0.4 for stability, in
some cases. It is recommended that a conservatively low value be selected for ACCROD. The solu-
tion computation time does not seem to be readily decreased by adjustments to this parameter but if it
is too large, the solution can become unstable.

. Axial rebalancing is done to accelerate the axial propagation of thermal disturbances in the flow
field. It is sometimes useful in speeding up convergence, but since axial transport of energy is not
generally a dominant heat transfer mechanism in cask thermal-hydraulics, the effect of such accelera-
tion on overall convergence is often very minor. The default value of 1.0 for ACCAX is usually
sufficient, and the factor has very little effect on convergence rates for most problems.

6.1.2 Summary of Applications of COBRA-SFS

The basic conservation equations in COBRA-SFS are applicable to any thermal-hydraulic
problem that can be adequately described using the assumptions of the subchannel modeling philos-
ophy. The constitutive relations required to achieve closure of the equation set, however, are for the
most part far less general, and usually have a limited range of applicability. As a result, the question
of whether or not COBRA-SFS can be used to analyze a particular problem is one that should be
approached with some caution. As a general rule, the code should not be applied without first
ascertaining its suitability for the analysis by appropriate data comparisons.

The COBRA-SFS code has been extensively validated for application to single assembly anal-
ysis, by means of data comparisons with electrically heated test sections. Compared to shipping casks
and storage canisters, these are relatively simple geometries, and as such provide a check on the basic
solution method and the formulation of the conservation equations in the code. The code’s ability to
accurately predict temperature distributions for these tests shows that the conservation equations are in
the proper form in the code, and that they correctly model the physical processes of heat transfer and
momentum exchange. Documentation of this validation work includes the reports listed in Table 6.1.
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Table 6.1. Single-Assembly Validation of the COBRA-SFS Code

ID number

Date Title
PNL-6049; Vol. 111 1986 COBRA-SFS: A Thermal-Hydraulic Analysis
Computer Code; Vol. III: Validation Assessments
EPRI-NP-3764 1984 Theérmal-Hydraulic Analysis of Consohdated Spent
PWR Fuel Rods ‘
PNL-5781 1986 COBRA-SFS Predictions of Single-Assembly Spent F
Fuel Heat Transfer Data
EPRI-NP-4593 1986 Comparisons of COBRA-SFS Calculations to Data

from Electrically Heated Test Sections Simulating
Unconsolidated and Consolidated BWR Spent Fuel

Validation of multi-assembly casks and storage systems is rather more difficult than simulation
of single-assembly tests. Due to the greater complexity of the geometry, and the sheer number of
nodes that must be included, the possibility of compensating errors is vastly increased. As part of the
code validation for multi-assembly applications, COBRA-SFS has been used to obtain pre-test predic-
tions for a number of cask test programs, such as the CASTOR-V/21, the TN24P, the Westmghouse

MC-10, and the VSC-17 casks.

~ These calculations were made essentially ’blind’, in that in many cases the COBRA-SFS runs
were made before the tests were conducted. In most cases, discrepancies between the pre-test predic-
tions produced by the code, and the actual test results could be traced to deviations of the experimen-
tal design or procedure from the test plan. When the code input was modified to make the model
more representative of the actual test conditions, the predictions were generally in excellent agreement
with the data. Table 6.2 lists the documentation of the multi-assembly validation work performed on
COBRA-SFS Cycle 1, and on various subsequent interim developmental versions of the code.

As a result of the validation work that has been performed with COBRA-SFS, the code can be
applied with confidence to analyses of unconsolidated or consolidated rod arrays, in single assembly
canisters or multi-assembly storage casks, oriented vertically or horizontally, with gas or vacuum
back-fill. Boundary conditions describing external conditions can be defined on the top, bottom and
sides of the system, including source terms due to external heating.

Capabilities exist in the code to model heat transfer due to forced or free convection, conduc-
tion, and thermal radiation in unconsolidated and consolidated spent fuel rods in single assemblies or
casks. The code can also model the effects of inlet and outlet plena, the structures of the cask walls
and support structures, and the external environment. The user is assured of a reasonable expectation
that the code will be able to calculate such problems successfully, but the worth of those results can
only be judged in light of the results of an appropriate validation of the code for such an application.
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Table 6.2. Multi-Assembly Validation of COBRA-SFS Code

ID number Date Title
PNL-5917 _ 1986 CASTOR-V/21 PWR Spent Fuel Storage Cask
EPRI-NP-4887 : Performance Testing and Analyses
PNL-6054 1986 TN-24P PWR Spent-Fuel Storage Cask: Testing and
EPRI-NP-5128 Analyses
PNL-6631 1989 Testing and Analyses of the TN24P PWR Spent Fuel
EPRI-NP-6191 Dry Storage Cask Loaded with Consolidated Fuel
PNL-5777, Vol. II 1986 | BWR Spent Fuel Storage Cask Performance Test,

Vol. II: Pre- and Post-Test Decay Heat, Heat
Transfer, and Shielding Analyses

PNL-5974 _ 1986 CASTOR-1C Spent Fuel Storage Cask Decay Heat,
Heat Transfer, and Shielding Analysis

PNL-5802 1986 COBRA-SFS Thermal-Hydraulic Analysis of the
CASTOR-1C and REA 2023 BWR Storage Casks
Containing Consolidated Spent Fuel

PNL-7839 1992 Performance Testing and Analyses of the VSC-17
EPRI-TP-100305 Ventilated Concrete Cask

6.1.3 What To Do When the Code Fails

It may be humbling to have to admit it, but it is usually the user’s own fault when the code
fails. The COBRA-SFS code has seen a great deal of use in a wide variety of applications. Most of
the more obvious bugs and errors have been worked out of the code. When it fails in a particular
calculation, the problem can usually be traced to something incorrect in the input (e.g., inadvertent
errors in the input values, misapplication of particular models, or inappropriate boundary conditions).
Therefore, the first step in investigating any problem with the code’s performance should be a cold-

- eyed, relentless scrutiny of the input file.

Numerous examples of code applications are presented in Section 7.0 with the validation test
cases. Most of the models in the code are exercised in one way or another in these problems. In
addition, the input instructions in Section 6.2 give detailed explanations of the form and usage of each
input line in the code. Where necessary, interrelationships between different parts of the input stream
are pointed out, and any incompatibilities are noted. There is also some internal checking for errors
within the code. But because the input is so extremely flexible, there is a definite limit to how
effective this can be. The code checks for violations of the dimension parameter specifications, and
for inconsistencies in the view factor input for radiative heat transfer. Some checking is done on the
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specification of the channel and slab node interconnections, to make certain that the input conventions
have not been violated. But the code has no means of divining what the geometry should look like,
as compared to how the input describes it.

If careful examination of the input uncovers no obvious errors, incompatible modeling specifi-
cations, or inappropriate boundary conditions, the next step is to see how far the solution behavior
managed to get before failing. The flow and heat transfer problems solved by the code are generally
quite complex, and in many cases highly nonlinear. There are two basic ways the solution can get
into trouble: 1) by driving toward a solution far outside the expected reasonable range of the answer,
or 2) by being unable to converge on an answer even after many iterations. If there are no input
errors, the underlying cause of the failure is similar in both cases; non-linearities in the problem are
interfering with the orderly procession of the solution toward convergence. How to deal with the
matter, however, is slightly different in each case, as described below.

6.1.3.1 Code Fails with a Cryptic Error Message

The error message is "some variable is not being interpolated properly by subroutine curve.”
In most cases, the variable is the fluid enthalpy, and the problem is not with the interpolation algo-
rithm in the code, as the message seems to imply. The interpolation algorithm is probably working
fine; the message simply means that the variable has exceeded the range of the properties table for the
fluid, as specified in input group PROP (see Section 6.2.2). The user should first check the input to
determine if the specified range of the table is large enough to accommodate the full range of condi-
tions expected in the problem. If the range seems a little narrow, it might be a good idea to add a
line or two to the properties table and try running the case again.

If the problem occurs on the very first iteration, there is only a slight possibility that increasing
the range of the fluid properties table will take care of matters and let the iteration proceed to a
proper solution. For a problem with a specified pressure drop boundary condition (with or without
the plenum model), this error message on the first iteration might simply mean that the initial condi-
tions are a very bad guess. If the value specified in GIN on OPER.2 for the flow rate is significantly
less than the final value, unrealistically high fluid temperatures may be calculated in the first itera-
tion. In such a case, it may help to increase the specified flow rate to a value closer to the expected
- final value. -

- If, however, the problem occurs after a number of iterations, the trouble is probably more
serious, and may indicate an instability in the solution of either the conductive or radiative heat
transfer energy exchange. The thermal connections between different slab nodes, and between the
slab nodes and the fluid, are implicit within a given axial level. They are connected only semi-
implicitly for radiative heat transfer within a given axial level, and for conduction to the axial levels
above and below a given level. The heat transfer solution for a case in which slab nodes have strong
semi-implicit thermal connections, in comparison to their implicit connections, may experience an
instability.

This instability can be diagnosed by running the case again with the maximum number of
iterations set to one less than the value at which the code printed the error message. The resulting
output for a slab node that is experiencing this instability will show a saw-tooth temperature profile in
the axial direction. The problem can usually be dealt with by specifying some degree of damping for
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the solution of the slab node or nodes that exhibit the sawtooth pattern. This is accomplished by
specifying a slab damping factor with the variable SLDAMP on CALC.2, then identifying the slab
node(s) to be damped, using the input on lines CALC.5 and CALC.6.

The error message may also appear after some number of iterations if there are improperly
specified radiative or conductive thermal connections between nodes in the problem. This sort of
error has the net effect of creating or destroying energy in the model, so that in some node the
enthalpy or temperature may be increasing or decreasing unnaturally with every iteration. The
problem is due to an input error of some kind, but it may be rather difficult to find the node that is in
error for a case with a large number of nodes and complex interconnections. One relatively s1mple
way to check for this possibility is to perform an isothermal test case.

To run an isothermal case, the power generation rate is set to zero and all boundary tempera-
tures are set to some uniform value. If all thermal connections have been specified properly, the
temperature of all fluid, rod and slab nodes should be at exactly the boundary value. If they are not,
the region with the largest discrepancy should be examined to determine the source of the problem.
If an isothermal case is not sufficient to uncover the problem, selective removal of different radiative
heat transfer groups, slab connections, or plenum connections may also be of help in isolating the
problem. :

6.1.3.2 Code Fails to Converge within the Specified Number of Iterations

The first and most obvious question to ask is how many iterations should be sufficient to
achieve convergence. The default of 20 iterations in the code is a hold-over from the halcyon days of
reactor core thermal-hydraulic analysis, in which it was not uncommon for the code to be able to
converge in less than a dozen iterations, even for very complex problems. The applications to cask
analysis generally involve much more challenging problems, and it is not unusual for several hundred
iterations to be required to achieve convergence. However, more than 300 iterations is getting a bit
excessive, and more than 500 is a signal that the code is probably working too hard. More than a
thousand iterations is definitely too many, and something probably should be done to find out what is
wrong.

In such a case, the user should examine carefully the iteration summary produced at the head
of the output of results. It lists the main solution errors against which the convergence criteria are
tested, in the following format.

peak clad ' error
iteration  sweep Total flow pressure total fluid rod
no. no. temp (F) level rod assm. (Ibm/s) drop (psi) energy flow energy  energy
1 1 381.9 12 13 4 0.338E+01 -0.2353495 -2.3474 56.2054 0.0035 0.0002
2 382.6 1 13 - 4 -2.0857 56.2054 0.0233 0.000!
2 1 4496 9 13 4 0.253E+01 0.0054958 -1.0128 3.0014  0.0780 0.0038
2 474.4 9 13 4 ' -0.8751 3.0014 0.1611 0.0007
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This example shows the first two iterations for a calculation that took 214 iterations to
converge (see Section 7.3.2, PSN concrete cask with nitrogen back-fill). In examining the conver-
gence behavior of a given case, the significant items of interest in the iteration summary are the four
error terms, which are tested against the convergence criteria specified by the user in the input for
group CALC, on line CALC.2. The total energy error is tested against the input variable QERROR.
~ The flow error is tested against the input variable FERROR. The fluid energy error is tested against
the input variable HERROR. The fluid continuity solution is also tested against the input variable
WERRY during the inner iteration, but no information is printed on this in the iteration summary (see
Section 6.2.12, input group CALC, line CALC.2 for a complete discussion of this input).

In general, these error terms should show a monotonically decreasing trend. If the errors are
oscillating (i.e., jumping between nearly the same values over the course of two or three iterations),
the behavior may be due to the stability problem described above. Strong semi-implicit coupling
. along with relatively weak implicit coupling between nodes for the heat transfer solution may not be
severe enough in some cases to cause the code to actually fail. It can, however, result in very slow
rates of convergence, or oscillation of the solution about an asymptote that may or may not be
approaching the correct solution. In such a case, the problem can be diagnosed in the same way as
described above, and much the same action needs to be taken to fix the problem. That is, by looking
at the output for saw-tooth patterns in the axial temperature proﬁles and damping any nodes that
exhibit such behavior.

If the total energy error is not oscillating, but appears to be stuck on some value that does not
change from iteration to iteration, the problem may be improperly specified thermal connections.
This sort of input error can cause the code to fail, as noted above in Section 6.1.3.1, if the resulting
energy error is large enough. But alternatively, it may simply create a source of energy error that
cannot be iterated away. The problem can usually be diagnosed using the same procedures as
outlined above, starting with running an isothermal case to determine the existence of an energy
source or sink somewhere in the problem.

If the error summary shows steadily decreasing values, but they are going down at an irrita-
tingly slow rate, there are a number of possible causes of the problem and different actions to be
taken. Some of the more likely possibilities are discussed below with suggestions for appropriate
action.

If the problem is starting with an initial guess that is too far from the final solution, it may take
an abnormally long time to reach convergence. In such a case, the best thing to do is to start with a
better initial guess, as defined with the operating conditions in group OPER on line OPER.2. If the
case uses a uniform pressure drop boundary condition for a specified total fiow (with or without the
plenum model), it may be helpful to start with an initial specified flow rate (entered as GIN on
OPER.2) that is closer to the expected final value. It may also be helpful to adjust the initial enthalpy
(entered as HIN on OPER.2).

Another possible cause of a slow convergence rate is that the specified damping factors on
CALC.2 are too conservative for a particular case. These can be reduced or eliminated by appro-
priate changes in the input for CALC.2. If the damping is not needed, the code will almost always
converge more rapidly without the damping factors. However, removing the damping factors could
in some cases cause the code to fail due to instabilities, as described above. As disastrous as this
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result might seem to the user, it is actually a useful improvement over very slow convergence rates.
If the failure is due to instabilities of the type described above, the user will be motivated to search
out the specific nodes that are hindering convergence. Appropriate damping factors can then be
applied specifically to the troublesome nodes, using the damping factor input variable SLDAMP on
CALC.2 and identifying the specific nodes to be damped on CALC.5 and CALC.6. This allows
damping to be applied where it is needed, without unnecessarily impacting the global convergence
rate for the problem. '

The optional axial energy rebalancing can sometimes result in a dramatic improvement in the
convergence rate. This feature is specified by setting the variable ACCAX to a non-zero value on
CALC.2. Axial energy rebalancing consists of performing a one-dimensional energy solution for the
system every three iterations, and using the results to make a global -adjustment in all nodes at all
axial levels. In many cases this will propagate changes through the system much more rapidly than
the node-by-node solution, and can result in much faster convergence. It can, however, destabilize
the solution, and so should not be used unless it can be shown to be a definite help. The results of
the axial rebalancing calculation can be seen directly by setting the variable IPREP on OUTP.1 in
group OUTP. However, this yields a very large amount of output even for problems of moderate
size, and probably would not be useful except for debugging purposes.

One last option to consider if the code fails to converge is to examine the values selected for
the convergence criteria. If they are unnecessarily stringent, they could be forcing the code to
calculate many iterations with no real change in the solution. A quick and easy check to determine if
the code is doing more iterations than it really needs is to look at the peak clad temperature in the
iteration summary. If it is not changing between iterations, this indicates that no substantial changes
are occurring in the solution. In such a case, the additional iterations are probably a waste of time,
and it would be appropriate to relax the convergence criteria slightly.

The appropriateness of relaxed convergence criteria can be evaluated by comparing the results
obtained with different values for the convergence criteria. If more relaxed convergence criteria yield
essentially the same results as the same case with tighter convergence criteria, and does so in fewer
iterations, then the relaxed convergence criteria are probably appropriate for the problem. Some
degree of judgement is required from the user to determine what constitutes the appropriate standard
of convergence for a given application. In general, it is sufficient for a calculated answer to be
approximately as accurate as the measured value with which it is validated.

6.2 Input Instructions for COBRA-SFS

The input instructions for COBRA-SFS are provided in this section. The code input is listed
line by line, with the definition of each input variable. Each set of instructions is preceded by an
explanatory paragraph. However, users unfamiliar with COBRA-SFS should refer to Section 6.1 for
a discussion of the modeling capabilities and limitations of the code, and the list of references docu-
menting the various applications and validation calculations performed with the code. These reports
are intended in part to provide guidance and examples for the code user in developing new input files
and applications.
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COBRA-SFS .input is organized into groups identified by unique four-character flags. The
groups are defined by function and reflect a generalized logical approach to setting up input for a
problem. COBRA-SFS input falls into the following five basic categories:

.the physical properties of the solid materials and working fluid
the flow channel geometry and solid node structure

the constitutive models for the flow and heat transfer solutions |
the boundary conditions

solution control parameters and output options.

SRR R

The various input groups under these five categories are listed below. Note that many of the
input groups are optional.

Case Control Data

Problem identification and initialization
Thermodynamic and Material Properties

Group PROP - Fluid and Solid Materiél Properties
Geometry Description

Group CHAN - Flow Field Geometry

Group VARY - Geometry Variations (optional)

- Group RODS - Fuel Rod Geometry (optional)
Group SLAB - Solid Structure Geometry (optional)
Group RADG - Thermal Radiation Exchange Factors (optional)

Constitutive Models

Group HEAT - Heat Transfer Correlations
Group DRAG - Friction Factors and Pressure Loss Coefficients

Boundary Conditions

Group BDRY - Thermal Boundary Conditions (optional)
Group OPER - Operating Conditions

Code Control

Group CALC - Calculational Parameters
Group OUTP - Output Options

The information required to initiate a COBRA-SFS calculation is described in Section 6.2.1.

The fluid and solid material properties are read in group PROP, which is described in Section 6.2.2.
Note that input group PROP is not optional; properties of the fluid must be supplied in all cases.
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The geometry of the problem is described in group CHAN, which is a required input group,
and in optional groups VARY, RODS, SLAB, and RADG. The flow field geometry, described in .
input group CHAN, defines the flow regions within the problem. This input group is described in

Section 6.2.3. Group VARY can be used to describe variations of flow channel areas and connec-

tions with respect to axial location. This optional input group is described in Section 6.2.4.

The fuel rod geometry input in group RODS is required only if there are heat generating rods -
in the problem. The input for this group is described in Section 6.2.5. Section 6.2.6 describes the
input for optional group SLAB, which is used to describe heat-conducting solid structures in the
system. When thermal radiation is modeled, the geometric viewfactor information in group RADG is
required input. This group is described in Section 6.2.7. :

The constitutive models required by the energy and flow field solutions are described in groups
HEAT and DRAG, respectively. The input for group HEAT, described in Section 6.2.8, specifies,
the heat transfer correlations used in the energy equations. The input for group DRAG, described in
Section 6.2.9, specifies the friction factor correlations and pressure loss coefficients used in the
momentum equations.

The boundary conditions for the problem are described in groups BDRY and OPER. The input
for group BDRY, described in Section 6.2.10, defines the thermal boundary conditions applied to the
problem. The input for group OPER, described in Section 6.2.11, defines the boundary operating
conditions for the flow solution and the transient forcing functions.

The parameters controlling various functions of the code are read in groups CALC and OUTP.
The input for group CALC, described in Section 6.2.12, defines the calculational parameters con-
trolling the numerical solution procedure. The input for group OUTP, described in Section 6.2.13,
defines the parameters controlling the various output options.

Input is terminated by entering ENDD for the group flag. This signals the code to stop looking
for additional input groups. , ‘

The new user would be well advised to read through the input instructions entirely before
attempting to set up the input for a particular problem. It is important for the user to have a reason-
ably complete picture of the overall structure of the COBRA-SFS input, as it will give order to the
large array of options available.

The general format of the input instructions is to give a complete description of all variables in
each line of input, including the format for reading the data. Some input lines are repeated, and some
groups of lines are repeated in sequence as a set. These repetitive patterns are noted in the instruc-
tions, both in the format for the line and in the descriptive text accompanying the input. In many
instances, later input will depend on values specified in earlier input lines. These flags are noted on
the input line, with a reference to the line on which the flag was defined. For example, the variable
defining the number of channels in an assembly, NCHANA, is read on input line CHAN.S. In all
subsequent instructions that refer to NCHANA, the origin of this flag is denoted by specifying the
variable as NCHANA[CHAN.5].
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6.2.1 Problem Initiation Input

Input records COBRA.1 and COBRA .4 are required at the beginning of every COBRA-SFS
input file. COBRA.1 defines the execution time allotted for the problem, and offers the user the
opportunity to restart a previously executed problem from the TAPES restart dump. The case title is
specified on COBRA.4. This title is printed on the output file, and serves as the case identifier, for
easy reference. The date and time of the calculation are also written to the output file along with the
title. If the restart option is flagged, COBRA.2 must also be read, to define the restarted calculation.

COBRA.1 MAXT,IECHO

FORMATQ2IS)
Columns Variable Description
1-5 MAXT CPU time limit (sec.) for problem execution. For restart cases,
enter MAXT as a negative number (ABS(MAXT) will be used to
define the time limit).
(NOTE: The value entered for MAXT cannot supersede any
execution time limit specified in the job control language in a
batch submittal. The user must ascertain that any such time
limits are compatible with the input value of MAXT.)
6-10 IECHO Flag for printout of input file;

= (Q; the input file will be printed on the
output file (default).

1; the input file will not be printed on
the output file.

COBRA.2 NJUMP,NAIT,NTT,TTT Read only if MAXT < 0 on COBRA.1
FORMAT(415,F5.0)

Columns Variable Description
1-5 NJUMP Restart option flag;

= 1; continue calculation from a previous steady
state or transient solution; new input may
be read in to define a new case, with the
previous calculation as the first guess.

il

2; not a restart; print output information from
a previous calculation on tape8.




6-10 NA Number of iterations for restarted case;

- for a stéady-state calculation, number of
additional iterations.

- for a transient calculation, number of
iterations per time step
(NOTE: If new input is read for group CALC, the value
for NA will be superseded by the new value for NTRIES
on CALC.3.)

11-15 IT Flag to define type of restart:

= 0; restart and continue the previous solution;
- continue iterating in a steady-state case
- continue time steps in a transient case

= 1, restart a steady-state case and initiate a
transient 7
(NOTE: Input to define the transient must be specified by
new input for group CALC. Forcing functions may be
specified in group OPER, either with new input or in the
original input file.)

16-20 NTT Number of transient time steps for the restarted calculation.

21-25 TTT Total transient time (seconds) for the restarted calculation.

All cases, including a restart case, must have a title, which is read on line COBRA.3. This is an
alphanumeric identifier that will be printed on each page of the output file, along with the date and
time of the run.

COBRA.3 J1(TEXT(),I=1,17)

FORMAT(5X,15,17A4)
Columns Variable Description
1-5 ' ] Blank
6-10 1 - flag for option controlling output of input data;

< 1; print all processed input data from the current input file.

= 10; print all processed input data from the
current input file, then stop execution.

11-78 TEXT(I) Title for problem identification, for label printed at top of each
page in the output file (maximum of 68 characters).
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When doing a restart calculation, (i.e., NJUMP=1), the user has the opportunity to modify the
input by specifying new data for the input groups PROP, VARY, RADG, HEAT, DRAG, BDRY,
OPER, and OUTP. The problem geometry, however, which is specified in groups CHAN, RODS,
and SLAB, cannot be changed on a restart. Changes in these groups constitute a whole new problem,
and a restart is neither useful nor appropriate. After all modified groups have been entered, or if no
changes or modifications are needed in the input on a restart, the user must enter the ENDD group
flag to terminate the search for new input for the restart.

COBRA.4 AGROUP Read only if NJUMP > 0

FORMAT(A4)
Columns Variable Description

14 AGROUP Enter ENDD, to signal end of input stream for this restart case.

6.2.2 Group PROP--Fluid and Material Properties |

This group is used to define thermodynamic and heat transfer properties for the fluid and solid
materials included in the problem. Properties can be specified for only two different fluids, but any
number of solid material properties can be specified in a problem. Properties for fluids are defined .
on PROP.2 and PROP.3; solid material properties are defined on PROP.4. At least one fluid must be
specified to define the coolant, but properties for solid materials are optional.

PROP.1 AGROUP,NPROP,NSPROP
FORMAT(A4,1X,2I5)

Columns Variable Description
14 AGROUP Enter PROP.
6-10 NPROP Number of elements in fluid properties table.

Enter 0 to use option for two sets of fluid properties. (The
number of elements for each table will be specified on PROP.2.)

11-15 NSPROP Number of solid materials for which properties will be entered on
PROP.3.

Fluid Properties

If the coolant is a liquid, properties are entered as saturated liquid values for the pressure
PLIQ(D). If the coolant is a gas, properties are entered for temperatures at the system pressure (which
is specified on OPER.2), and variable PLIQ(I) is not used. Fluid properties for at least two reference
temperatures are required to allow interpolation.

Different fluids can be specified for different parts of a given case. When this option is used, .
NPROP[PROP.1] is set equal to zero, and the number of elements for each of the two fluid properties
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tables is defined on PROP.2. PROP.2 and PROP.3 are read twice in sequence to specify two sets of
fluid properties. If NPROP[PROP.1] is greater than zero, only one fluid properties table will be
supplied, and PROP.2 is not read. The value of NPROP is automatically assigned to NFPROP(1),
and only one fluid property table is read on PROP.3.

PROP.2

Columns
1-5

Columns
1-10
11-20
21-30
3140
41-50
51-60
61-70

71-80

NFPROP(®J),FNAME(J)

FORMAT (I5)

Variable
NFPROP()

FNAME(Q)

Read only if NPROP[PROP.1] = 0

Description
Number of fluid property table elements to be read on PROP.3 for
the Jth table.

blank

alphanumeric identifier for the Jth fluid
properties table

(PLIQ(LJ), TEMLIQ(LJ),HLIQ(,J),CONLIQ(,J),CPLIQ(]),
VLIQ(L,J), VISLIQ(LJ),BLIQ(J),I= 1, NFPROP(J))
FORMAT(S8E10.5) -

Variable
PLIQ(,J)
TEMLIQ(J)
HLIQ(,))
CONLIQ(J)
CPLIQ(LJ)
VLIQQ,J)
VISLIQ(LJ)

BLIQ(,J)

Description
Saturation pressure for liquid coolant (psia).
(Note: PLIQ) is not used when coolant is a gas.)

Temperature (°F)._

Enthalpy (Btu/Ibm).

Thermal conductivity (Btu/h-ft-°F).
Specific heat (Btu/lbm-°F).
Specific volume (ft*/Ibm).
Viscoéity (Ibm/ft-h).

Coefficient of Thermal expansion (/°F)

*** If NPROP[PROP.1} > 0, PROP.3 is read NPROP times. ***
**x If NPROP[PROP.1} = 0, PROP.3 is read NPROP(J) times. ***
*¥* PROP.2 and PROP.3 are read twice in sequence if NPROP[PROP.1] = (Q ***
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Solid Material Properties

Solid material properties are specified for NSPROP[PROP.1] materials. This input is optional,
and is read only if NSPROP on PROP.1 is greater than zero. Properties are assumed constant for all
temperatures. The material type number is used to identify the material properties of the various
solid structure nodes input in groups SLAB and BDRY. Material property types must be numbered
sequentially from 1 to NSPROP.

PROP.4 (IMAT(I), ANAME(I),CPSOL(I),RHOSOL(I),CONO(),CON1(I), CON2(I) CON3(D),
NQVT(I),I=1,NSPROP[PROP.1])
Read only if NSPROP > 0 on PROP.1
FORMAT (15,A5,6E10.0,15)

Columns Variable Description

1-5 IMAT(I) Solid material type identification number.

6-10 ANAME() Solid material name (for user convenience).

11-20 CPSOL(I) Specific heat (Btu/lbm-°F) (for transient calculations).
21-30 RHOSOL(D) Density (Ibm/ft®) (for transient calculations).

3140 CONO(D) Coefficients of an expression for solid thermal

41-50 CONI1() conductivity (Btu/h-fi-°F) that has the form:

51-60 CON2(D) ‘

61-70 CON3(D)

k = CONO(I) + CONI(D*T + CON2(I)*T?> + CON3(I)*T*
where T is the temperature in °R.

71-75 NQVT() Transient heating rate forcing function. Corresponds to profiles
: read in OPER.14 and 15.

*%% PROP.4 is read NSPROP[PROP.1] times. ***

' 6.2.3 Group CHAN--Flow Field Geometry

This group is read to define the flow field geometry. The basis of the problem geometry is
subchannel modeling, in which the flow field is represented as an array of channels that can commun-
icate laterally by crossflow. For convenience in modeling fuel bundles and casks, the channels are
grouped into assemblies; a group of channels that can communicate laterally comprise an assembly.
Channels of one assembly cannot communicate by crossflow with the channels of other assemblies.
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Axial Geometry '
@

The axial geometry of the channel region is defined by the axial length, Z, entered on
CHAN.23 and the number of axial nodes, NDX, entered on CHAN.1. All channels in all assemblies
have the same axial length, and the same axial noding. The default in the code is a uniform axial
node size, which is calculated as DX = Z/NDX. The user has the option, however, of specifying
axial nodes of varying sizes, by setting NAZONE on CHAN.1 and reading in a variable axial node
size table on CHAN 4. '

CHAN.1 AGROUP,NASSEM,NDX,NAZONE,ISHEAR,NSHEAR,NANGLT
FORMAT(A4,1X,6I5)

Columns Variable Description
14 AGROUP Enter CHAN.

6-10 NASSEM Nﬁmber of assemblies.

11-15 NDX | Number of axial nodes.

16-20 NAZONE Flag for variable axial node sizes;

= 0; uniform axial nodes (default).

> 0; number of regions in variable axial node
size table (read on CHAN.4).

21-25 ISHEAR Flag for fluid shear stress
(NOTE: used only when modehng plenum regions with
multiple channels);

= (); fluid shear stress not considered.

i

1; fluid shear stress included.

26-30 NSHEAR Number of pairs of gaps that are connected by fluid-fluid shear in
the lateral direction.

31-35 NANGLT Number of lateral control volume orientation angles (read on
' CHAN.2 below)
(NOTE: this input is needed for the fluid-fluid shear option,
but it is also used to define the direction of the gravity vector
for lateral momentum transport in a horizontal or tilted
geometries.)
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CHAN.2 (ANGLE(I),I=1,NANGLT(CHAN.1))
. Read only if NANGLT[CHAN.1] > 0
FORMAT (8¢10.5)

Columns Variable Description

1-10 ANGLE() Orientation angle for lateral flow, in degrees from
11-20 vertical; to be assigned to specific gaps on

etc. CHAN.9. '

(NOTE: this input is used only if fluid-fluid shear is included in the model (i.e., ISHEAR=1 -
on CAN.1), or if modeling lateral gravity terms in a horizontal or tilted geometry.)

CHAN.3 Z,THETA

FORMAT(2F10.5)
Columns Variable Description
1-10 Z Axial length of the channel region (in.).
11-20 THETA Channel orientation, in degrees from vertical (Default is 0.0.

Used to calculate gravity term in the momentum equation).

CHAN.4 (NSTEPS(I),VDX(I),I=1,NAZONE) Read only if NAZONE > 0 on CAN.1
FORMAT(8(15,E5.0))

. Columns _Variable Description
1-5, NSTEPS(I) Number of nodes in zone I. (Note: the total number
11-15, of nodes, £ NSTEP(), must be equal to NDX,
etc. specified on CAN.1.)
6-10, VDXO) Axial node length (in.) in zone I. (Note: the sum
16-20, ' of all nodes must be equal to Z on CHAN.2.)
etc.

**x* up to four pairs of NSTEPS,VDX data may be entered per record. ****
*xxk If NAZONE is greater than 4, CHAN 4 is read repeatedly until ****
**%* all NAZONE pairs of data have been specified. ****

Assembly Geometry Description

The input lines CHAN.S through CHAN.7 are read in sequence as a set NASSEM[CHAN.1}
times, once for each assembly in the problem. All channels are identified in this manner, assembly
by assembly. An assembly may contain any number of channels. The assembly number and the
assembly type number are read on CHAN.S5. Each assembly must have a unique number (1 through
NASSEM), but different assemblies can have the same assembly type number, if they have the same
geometry. An assembly type is defined by the number of channels and their interconnections, as
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specified by input on CHAN.7. It is necessary to enter the geometry data for an assembly type only
once, with the CHAN.7 input for the first assembly of that type. For subsequent assemblies of that
type, the value entered for ITYPA on CHAN.S is recognized as a previously defined type, and
CHAN.7 is not read. The geometry input for any subsequent assembly of the same type is automati-
cally copied into the appropriate arrays.

The flow and heat transfer correlations to be used must be defined separately for each assem-
bly, however. This information is supplied on CHAN.6, along with the index of the axial heat gen—
eration profile table (if the assembly contains heated rods).

CHAN.S NASS,ITYPA,NCHANA, INTAPE, IFREE, TMNCVL(NASS)
FORMAT415,E5.0)

Columns Variable Description

1-5 NASS Assembly number.

6-10 ITYPA Assembly type number (corresponding to a channel geometry
description entered on CHAN.7).

11-15 NCHANA Number of channels in assembly NASS.

16-20 INTAPE Flag for 1/O unit source of the channel geometry input on

CHAN.6 for assembly NASS:
= 0; read from the input file (default).
=-N; read from IO unit N.

21-25 IFREE Flag for specifying wall shear boundary condition option for
assembly NASS:

= 0; wall shear specified by friction factor
correlation (default).

= 1; laminar zero-slip wall boundary condition.
NOTE: this option is used only when modeling large
open plenum regions where fluid-fluid shear must be
taken into account.)

26-30 TMNCVL(NASS) Factor to adjust transverse momentum control volume length in
assembly NASS so that the length is defined as Ly, =
£,/TMNCVL(NASS) in the calculation of the turbulent crossflow,
w’. (Default for TMNCVL(NASS) is 0.0, so that L, = 1.0 for
w.)
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CHAN.6 NAFLX(NASS),NFLMC(NASS),NHFVT(NASS),NPFVT(NASS),MDFLT,
NFASS(NASS),ITDPA(NASS)
FORMAT(715)

Columns Variable Description
1-5 NAFLX(NASS) Identification number of the axial heat flux profile table [specified
on OPER.16 and OPER.17] for assembly NASS (default is 1).

6-10 NFLMC(NASS) Identification number of the heat transfer coefficient correlation
[specified on HEAT.2] for assembly NASS (default is 1).

(NOTE: If NTHEAT > 0 on HEAT.1, this is also the
identification number of the heat transfer coefficient
correlation for lateral flow in assembly NASS. IF
NFHEAT > 0 on HEAT.1, this is also the identification
number of the heat transfer coefficient correlation for
free convection in assembly NASS.)

11-15 NHFVT(NASS) Identification number of the heat generation versus time forcing
function [specified on OPER.13 and OPER.14] to use in assembly
NASS durmﬁ a transient (default is O; initial value is used '
throughout the transient.)

16-20 NPFVT(NASS)  Identification number of the pressure drop or flow versus time
forcing function [specified on OPER.11 and OPER.12] for
assemlg)ly NASS (default is O; initial value is used throughout the
transient). :

21-25 MDFLT Identification number for the friction factor correlation(s)
[specified on DRAG.2 for axial flow and optionally on DRAG.13
for lateral flow], to be used in assembly NASS (default is 1).
(NOTE: This value can be superseded in a given channel by
specifying a non-zero value for N on CHAN.7 for an individual
channel of this assembly type.)

26-30 NFASS(NASS)  Identification number of the fluid properties table [specified on
PROP.3] for assembly NASS. (Default is table 1.)

31-35 ITDPA(NASS) glzgs é‘or flow or pressure drop boundary condition for assembly

= 0; specified flow boundary condition.
= 1; uniform pressure drop (specified in OPER).

= 2; pressure drop resulting in uniform inlet .
mass flux.

= 3; uniform pressure dro;;_ calculated for total
mass flow rate (FTOTAL on OPER.2).

= 4; zero flow at both top and bottom
boundaries.

(NOTE: ITDPA(NASS) is needed only if-different assemblies
have different boundary conditions. If all assemblies see the
same boundary condition, ITDPA(NASS) may be entered as 0
for each assembly, and the appropriate boundary condition
option is then specified with variable ITDP on OPER.1 for all
assemblies.) .
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CHAN.7 (N,LLAC,PW,PH,(NANGLE(K),LC(K),GAPS(K),DIST(K),K=1,4),
: =1 NCHANA[CHAN 5D

Read only for a new value of assembly type in ITYPA[CHAN.5].
FORMAT((1,14,3E5.3,4(11,14,2E5.2))

Columns Variable Description
1 N ~ Index number of friction factor correlation to be applied to
channel I; must correspond to a correlation entered on DRAG.2.
Default is MDFLT, entered on CHAN.6, for all channels in the
assembly. :
(NOTE: if the option for lateral friction factor correlations is
used, N also must correspond to the index number of a lateral
friction factor correlation entered on DRAG.13. See group
DRAG input instructions.)

2-5 I Channel identification number (must be entered sequentially, 1
through NCHANA[CHAN.5])).

6-10 AC Channel nominal area (in.?).

11-15 PW _ Channel nominal wetted perimeter (in.).

16-20 PH Channel nominal heated perimeter (in.).

21, NANGLE(K) Identification number of a lateral control

36, volume orientation angle read on CHAN.2.

51, (NOTE: this input is optional, and is needed

66 only when the option for fluid-fluid shear or

gravity forces in the transverse direction
are modeled; see Section 6.1.2.)

22-25 - LC(K) Identification number of adjacent channel for the

37-40, : : Lth connection to channel I, where LC(K) > 1

52-55, (each connection should be identified only once, as

67-70 a connection from the lower-numbered channel to the hlgher-
numbered channel).

26-30, GAPS(K) Width of flow connection between channel I and

41-45, channel LC(K), (in.).

56'60,

71-75

31-35, DIST(K) - Transverse control volume length (in.) between

46-50, channel I and channel LC(K).

61-65, (NOTE: This input is optional. It defines the transverse length

76-80 of the momentum cell and also the conduction length in the

transverse direction. A default value for this distance can be
defined for all flow connections by specifying the variable SL
on CHAN.8. If this option is used, DIST(K) can be entered as
Z€ro.)

*** CHAN.7 is read NCHANA[CHAN.5] times for a given assembly type. ***
*** CHAN.S through CHAN.7 are read sequentially NASSEM[CHAN.1] times. ***
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Lateral Flow Connection Parameters

All lateral flow connections between the channels within each assembly are defined in the input
on CHAN.7. The flow solution for these connections requires an empirical term to define the cross-
flow resistance (refer to the description of the lateral momentum equation in Section 2.3.3). For
analysis of rod bundle arrays using subchannel modeling, a single number is usually sufficient to
characterize all lateral connections. This input is read on CHAN.8. The user also has the option of
specifying different loss coefficients for different gaps, as appropriate to model problems in which the
lateral control volumes are not all essentially identical. This input is supplied in group DRAG.
However, a value still must be entered for KIJ(1) on CHAN.8, for use in gaps where the lateral
resistance is not defined in subsequent input. Even if lateral resistance values will be defined for all
gaps in subsequent input, CHAN.8 must be read in. The code cannot look ahead in the input stream
to see whether or not this input will be required.

A value must also be entered for the width-to-length ratio SL, to be used to define the centroid
Iength for any gap that is not specified with a non-zero value for DIST(K) on CHAN.7. If all gaps
have a non-zero DIST(K) value specified, SL is not used, and therefore can be entered as zero.

The index numbers of pairs of gaps that exchange momentum due to fluid-fluid shear must be
identified by input on CHAN.9, if this option has been specified by input on CHAN.1. The user
must understand the gap numbering convention in COBRA-SFS in order to correctly define this input.
- The gaps are numbered automatically in the code, in the order in which they are specified by input on
CHAN.7. For example, in an array of subchannels such as that shown in Figure 6.4 for a fuel
assembly, the input for CHAN.7 for subchannels 1 through 6 is as follows;

NANGLE LC  NANGLE LC
N I AC PW PH { | GAPSDIST! i GAPS DIST
123456789012345678901234567890123456789012345678901234567890123456789012345
0 1.0663.5750.16570 2.1984 .4860

2.30041.226.66290  3.1410 4860 4.1984 .563
3.0885.6630.66300 5.1410 .5630 :
4.30041.226.66290 5.1410 4860 7.1984 .563
5.17701.3261.3260 6.1410 .5630 8.1410 .563
6.0768.7115.49720°  9.0790 .5630

o O O O ©
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By the COBRA-SFS gap number convention, the gaps are automatically numbered as follows: ‘
This pattern is continued until all subchannels have been identified by input on CHAN.7.
CHAN. 7 line subchannel II subchanne] JJ - gap number -
1 1 2 1
2 2 3
2 4 3
3 3 5 4
4 4 5 5
4 7 6
5 5 6 7
5 8 8
6 6 9 9

CHAN.8 KIJ(1),SL,FTM
FORMAT(3ES.0)

Columns Variable Description
1-5 K11(1) Nominal flow resistance in lateral connections between channels
(default is 0.5).

6-10 SL Width-to-length ratio for transverse momentum control volume. ‘
’ (NOTE: This is used only for gaps where DIST(K) is entered
as zero on CHAN.7 default is 0.5).

11-15 FTM Factor for turbulent mixing of momentum and energy (default is
' 0.0).

CHAN.9  (IIKL),JJJ(L),L=1,NSHEAR[CHAN.1])
Read only if NSHEAR > 0
FORMAT (12I5)

- Columns Variable Description
1-5, IH(L) Identification numbers of one gap in a pair that
11-15 are connected by lateral fluid shear.
etc. (NOTE: refer to Section 6.1.2 for an explanation

- of the gap numbering convention in the code.)

6-10, JIIL) Identification numbers of the other gap in a pair
16-20 ‘ that are connected by lateral fluid shear.
etc.

***xx Up to six pairs of II1,JJJ channel numbers may be entered per record. ****
**+x* If NSHEAR is greater than six, repeat this line until all NSHEAR ***x*
**** pairs of data have been specified. ****
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6.2.4 Group VARY--Geometry Variations

This group is used to specify axial variations in channel flow area and lateral flow connection
width. It is optional. If this group is not used, all channel areas and lateral flow connection widths
are assumed constant over the entire axial length.

VARY.1 AGROUP,NAFACT,NAXL,NARAMP ,NGAPS,NGXL
FORMAT(A4,1X,5I5)

Columns Variable Description

1-4 AGROUP Enter VARY.

6-10 NAFACT Number of channels with area variations.

11-15 NAXL Number of axial locations for channel area variations.

(NOTE: All area variation tables use the same table of axial
locations.)

16-20 NARAMP Number of iterations for gradual insertion of area variations into
the calculation (default is 1).

21-25 NGAPS Number of lateral flow connectlons for which the width varies
axially.
26-30 NGXL Number of axial locations for lateral flow connection width
variations.
(NOTE: All gap width variation tables use the same axial
locations.)
Channel Area Variations

The channel area variations are read only if NAFACT and NAXL on VARY.1 are both greater
than zero. The channel area variations are specified on VARY .2 through VARY .4. VARY.2 is read
once to define the axial locations of the area variations, then the input lines VARY.3 and VARY 4
are read sequentially, NAFACT times, to define the area variations and the channels affected. Line
VARY.3 is read to specify the assembly number and index number of a channel in the assembly that
has area variations, then VARY .4 is read to define the table of area variation factors in that channel,
at the locations defined by input on VARY.2.
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VARY.2 (AXL{J),J=1,NAXL[VARY.1]) Read only if NFACT > 0 and
NAXL > 0 on VARY.1 :
FORMAT(12F5.3)

Columns Variable Description

1-5, AXL() Relative axial location (x/L) of the Jth channel
6-10, area variation. :

etc.

VARY.3 NASS,I Read only if NAFACT > 0 and NAXL > 0 on VARY.1

FORMAT(2IS)
Columns Variable Description
1-5 NASS Identification number of assembly containing channel I.
6-10 I _ Identification number of channel in assembly NASS for which area

variations are being specified.

VARY.4 (AFACT(L,)),J=1NAXL[VARY.1]) Read only if NAFACT > 0 and
NAXL > 0on VARY.1
FORMAT(12F5.3)

Columns Variable Description

1-5, AFACT(L,)) Channel area variation factor (A;/AC;) for the Lth
6-10 area variation table at axial level AXL(J), as

etc. defined on VARY.2.

(NOTE: Area variation factor tables are numbered
sequentially, in the order they are read in on VARY 4.
Index L of AFACT is 1 to NAFACT.)

*** VARY.3 and VARY .4 are read sequentially NAFACT[VARY.1] times. ***

Lateral Flow Connection Width Variations

The flow connection width variations specified on VARY.5 through VARY.7 are read only if
NGAPS and NGXL on VARY.1 are both greater than zero. This input follows the same pattern used
in defining the channel area variations. VARY.5 is read once to define the axial locations where gap
width variations occur. Then VARY.6 and VARY.7 are read sequentially NGAPS times. VARY.6
is read to define the assembly number and the index number of a gap that has varying width. Then
VARY.7 is read to define the table of width variation factors for that gap.
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VARY.5 GAPXL(J),J=1,NGXL[VARY.1]) Read only if NGXL > 0 and
NGAPS > 0 on VARY.1
FORMAT(12F5.3)

Columns Variable Description

1-5, GAPXL®D) _Relative axial location (x/L) of the Jth gap width
6-10, variation.

etc.

VARY.6 NASS,K Read only if NGXL > 0 and NGAPS > 0 on VARY.1

FORMAT(2I5)
Columns Variable Description
1-5 NASS Identification number of assembly containing lateral flow
connection K.
6-10 K Identification number of gap with width variation.

VARY.7 (GFACT(L,}),J=1,NGXL[CHAN.1]) Read only if NGXL > O and .
NGAPS > 0 on VARY.1
FORMAT(12F5.3)

Columns Variable ; Description

1-5, GFACT(L,)) Flow connection width variation factor

6-10, - (GAP,;/GAPS,) for the Lth variation table at axial
etc. level GAPXL(J), as specified on VARY .S5.

(NOTE: Gap width variation tables are numbered sequentially
in the order in which they are read on VARY.7. Index L of
GFACT(L,J) is 1 to NGAPS.)

*** VARY.6 and VARY.7 are read sequentially NGAPS[VARY.1] times. ***

6.2.5 Group RODS--Fuel Rod Geometry

This group is read to define the geometry and material properties for the fuel rods that are
contained in the assemblies defined in group CHAN. If a given problem does not contain fuel rods or
heater rods simulating fuel rods, the input for this group is not needed. The fuel rod model is defined
by the value specified for variable NC on RODS.1. If NC=0, there is no fuel rod model; the heat
flux at the surface of the fuel rods is treated as a boundary condition in the calculation. In such a
case, radiative heat transfer cannot be included in the solution. If NC=1, the conduction solution is
performed for the rod cladding only. This provides a rod wall surface temperature for the heat trans-
fer calculation. If NC >4, the conduction equation is solved within the fuel rod for internal node
temperatures, as well as the cladding surface temperature. Radiative heat transfer can also be con-
sidered if NC is greater than zero on RODS.1.
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The rod geometry input must be specified for each assembly, even if a given assembly does not
contain fuel rods. A rod configuration type is specified for each assembly; assemblies that do not '
contain any rods are given a configuration type of zero. A nonzero configuration type is defined by

the number of rods in the assembly, the nominal rod diameter, radial power distribution, fuel type,

and channel connections for heat transfer.

RODS.1 AGROUP,NC,NFUELT,NQAX,NRODTP,NTHETA,NRCON,NSCON
FORMAT(A4,1X,715)

Columns Variable : Description
14 AGROUP Enter RODS.
6-10 NC flag for fuel model option;

= (; no ‘fuel model.

= 1; only the rod cladding is modeled
(NOTE: . this option consider all modes of surface heat
transfer, but not internal fuel conduction. It is
applicable to steady state calculations only.)

> 4; fuel model with (NC-1) finite-difference
nodes in the fuel, and one node in the cladding.
(NOTE: this option considers all modes of surface heat
transfer, plus internal fuel conduction. It can be used in
steady state calculations, if needed, and is required for
transient calculations.)

11-15 NFUELT Number of fuel types for which thermal properties are to be
specified on RODS 4.

(NOTE: this parameter is not used if NC = 0. )
16-20 NQAX Flag for temperature dependent fuel properties;

= 0; constant fuel properties. |

= 1; temperature-dependent fuel propertles for
fuel type 1 only.
(NOTE: this option is avallable only if NC > 4).

21-25 NRODTP Number of tables of axial fuel type variations. (Apphcable only if

NC > 4.)
26-30 NTHETA Number of circumferential nodes in a fuel rod (default is 1).

(WARNING: the viewfactors input in group RADG must be
consistent with this input variable.)

31-35 NRCON ~ Number of rod-to-rod thermal connections for conduction heat
transfer.
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36-40

CAUTION:

assemblies.

NSCON Number of rod-to-slab thermal connections for conduction heat
transfer.

The options for multiple circumferential nodes in the fuel rods and rod-to-rod or rod-

to-wall contact for thermal conduction are still under development and need additional
validation. The feature is included in this release, but is not recommended for general
application in Cycle 2.)

Rod Configuration Description

A rod configuration type is defined by the number of rods it contains, the nominal rod dia-
meter, the radial power distribution, and the connections for heat transfer between the rods and
channels in an assembly. Each assembly described in group CHAN must be assigned a rod config-
uration type on RODS.2. If an assembly contains no fuel rods, the rod configuration type must be
specified as zero. The rod configuration description for a given non-zero type is entered on RODS.3.
For efficiency, a rod configuration description is entered only once. The rod geometry arrays for
subsequent assemblies with the same rod type are automatically filled with the appropriate input. The
rod configuration description input is read one assembly at a time for all NASSEM[CHAN.1]

RODS.2 NOA,ITYPA,NORODS,INTAPE

FORMAT(4IS)
Columns _Variable Description
1-5 NOA Assembly number; (Note: must be entered sequentially, 1 through
. NASSEM[CHAN.1].) ' '

6-10 ITYPA Rod configuration type number for assembly NOA.
(NOTE: if there are no rods in assembly NOA, ITYPA must be
entered as zero.) v

11-15 NORODS Number of rods in configuration type ITYPA.
(NOTE: if ITYPA is zero, NORODS must be zero.)

16-20 INTAPE 1/0 unit number from which the rod input for rod configuration

type ITYPA is to be read (default is the input file).




RODS.3 (N,I,.DIA(I), RADIAL(I),(LR(I,L),PHI(I,L),L=1,6),I1=1,NORODS[RODS.2})
Read only if NORODS > 0 on RODS.2.
FORMAT(1X,11,13,2E5.2,6(I5,E5.2))

Columns Variable Description
1-2 N Rod material properties flag;
if NRODTP = 0 on RODS.1,
N is identification number of fuel material type for rod I,
as defined by input on RODS .4 (default is N=1).

if NRODTP > 0 on RODS.1,
N is identification number of a table of axially varying
fuel type for rod I, as defined on RODS.7 and RODS.8.

3-5 1 Rod identification number. (NOTE: must be entered in sequence,
from 1 to NORODS[RODS.2].)

6-10 DIA() Rod outside diameter (in.).

“11-15 RADIAL(D) ~ Radial heat generation factor for rod I, normalized to the average
.rod heat generation rate.

16-20, LR(,L) Identification number of the Lth channel connected

26-30 to rod I (up to 6 channels can be connected to

etc. rod I). :

21-25, PHI(,L) | Fraction of the perimeter of rod I connected to
31-35, adjacent channel LR(I,L). (Note: multiple rods can
etc. , be modeled by one average rod of diameter DR(I) by

specifying PHI = X, where X is the number of rods
being modeled by rod 1.)

*** RODS.3 is read NORODS times for each new rod configuration type. ***
*** RODS.2 and (optionally) RODS.3 are read sequentially as an input ***
*** set NASSEM[CHAN.1] times. ***

Fuel Material Properties

Fuel material properties must be entered if a rod model is used (i.e., NC > 0 on RODS.1).
The fuel material properties are defined by fuel type, and are numbered sequentially in the order they
are read in on RODS 4. If the rod model is used, at least one fuel type must be specified using the
input on RODS.4. If the axial fuel type variations option has been ﬂagged (i.e., NRODTP > O on
RODS.1), at least two fuel types must be defined.
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RODS.4

Columns
1-5

6-10
11-15
16-20

2125
26-30
31-35
36-40

41-45
46-50

31-55

56-60

61-70

(KFUEL(I),CFUEL(I),RFUEL(I), DFUEL(I),KCLAD(I), CCLAD(I),RCLAD(I),
TCLAD(I),HGAP(I), DROD(I), GEOMF(I), DFUELI(I), QVOID(),
I=1,NFUELT[RODS.1])

Read only if NFUELT > 0 on RODS.1

FORMAT(12E5.0,E10.0)

Variable
KFUEL(®)

CFUEL()
RFUEL(I)
DFUEL(])
KCLAD()
CCLAD()
RCLAD(I)
TCLAD(I)
HGAP(I)

DROD(I)

GEOME(I)

DFUELKI)

QVOID()

Description
Thermal conductivity (Btu/h-ft-°F) of fuel type I.

Specific heat (Btu/Ibm-°F) of fuel type I.

Density (Ibm/ft®) of fuel type I.

Pellet diameter (in.) for fuel type I.

Cladding thermal conductivity (Btu/h-ft-°F) for fuel type 1.
Cladding specific heat (Btu/lb-°F) for fuel type I.

Cladding density (Ibm/ft®) for fuel type L.

Cladding thickness (in.) for fuel type I.‘

Fuel-clad gap conductance coefficient (Btu/h-ft*>-°F) for fuel
type L.

- Outside diameter of the fuel rod, inqluding the cladding (in.), for

fuel type I.

Fuel rod geometry flag;

0; solid cylindrical fuel rod with internal
heat generation.

= 1; annular cylindrical fuel rod with internal
heat generation.

= 2; annular cylindriéal fuel rod with a heat
flux boundary condition on the inner fuel
surface.

Inner diameter (in.) of an annular fuel rod of fuel type I (used
only if GEOMF(®I) > 0).

Heat generation rate (Btu/sec-ft’) in the central void of an annular
fuel rod of type I (used only if GEOMF() = 1).

*** RODS .4 is read NFUELT[RODS. 1] times. ***
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Temperature-Dependent Fuel Properties
The user has the option of specifying temperature-dependent material properties for fuel type 1,

qusing the input on RODS.5 and RODS.6. This option is selected by setting NQAX-to 1 on RODS.1.
However, all other fuel types will still have material properties that are constant for all temperatures.

RODS.5 NTNODE Read only if NQAX = 1 on RODS.1

FORMAT(IS)
Columns Variable Description
1-5 NTNODE Number of entries in the temperature-dependent material

properties table for fuel type 1.

RODS.6 (TVARY(I),VARYK(D),VARYCP(I), VARYR(I),I=1,NTNODE[RODS.5])
Read only if NQAX = 1 on RODS.1
FORMAT(12E5.0)

Columns Variable Description

1-5, TVARY(]) Temperature (°F).

21-25,

41-45

6-10, VARYK() Thermal conductivity (Btu/h-ft-°F) of fuel type 1
26-30, _ at temperature TVARY(I).

46-50

11-15, VARYCP() Specific heat (Btu/lb-°F) of fuel type 1 at
31-35, TVARY(J).

51-55

16-20, VARYR() Density (Ib/ft®) of fuel type 1 at TVARY(]).
36-40, ‘

56-60

The temperature-varying material properties must be entered as a monotonically increasing
table, with TVARY(1) the lowest temperature in the table, and TVARY(NTNODE) the highest
temperature.

Axial Fuel Variation

This input is optional, and is read only if NRODTP is greater than zero on RODS.1. It allows
the user to account for axial variations in materials using the fuel types defined by input on RODS.4.
The fuel types are assigned to axial ranges in tables of axial location versus fuel type, using the input
lines RODS.7 and RODS.8. The entries must be monotonically increasing on axial location. The
tables are numbered 1 through NRODTP, in the order they are entered on RODS.7 and RODS.8.
When this option is used, the value specified for N on RODS.3 for each rod must correspond to the
index of the table containing the appropriate fuel types, as entered on RODS.7 and RODS.8.
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RODS.7 KNZ Read only if NRODTP > 0 on RODS.1

FORMAT(S)
Columns Variable Description
1-5 KNZ Number of axial zones in the Ith table of axial distance versus fuel

type, where I is from 1 to NRODTP[RODS.1].

RODS.8 ((ZEND(I,K)',IZTYP( 1IK),K= 1,KNZ[RODS.7]),I= 1,NRODTP[RODS.1}])
Read only if NRODTP > 0 on RODS.1.
FORMAT(6(E5.0,15))

Columns Variable . Description

1-5, : ZEND(,K) Relative axial location (x/L) of the end of the

11-15, Kth fuel zone of the Ith axially varying fuel type table.

etc.

6-10, IZTYP(,K) Index of material type (from the order of entry on

16-20, RODS.4), in fuel zone ending at ZEND(I,K) in the Ith etc.

table of axial distance versus fuel type.
*** RODS.7 and RODS.8 are read in sequence, NRODTP times. ***

Rod-to-Rod Thermal Connections

This input is optional, and is read only if NRCON[RODS.1] is greater than zero. It is used to
specify heat transfer paths due to direct connection between rods. It is assumed that the contact
conductance and geometry factor are the same for all rods in contact with each other. This input is
entered on RODS.9. The specific rods that are in contact with other rods must be identified on
RODS.10. This input is read for all NRCON[RODS.1] rods. Up to 6 rods may be in contact with a
given rod. All rods in contact with a given rod must identified; there is not automatic reciprocity in
this input. -

CAUTION: This option is still under development, and needs additional validation and
verification. It is not recommended for general use. If it is absolutely necessary
for a specific problem, the user is advised to perform appropriate validation by
comparison to experimental data, to evaluate the reliability and accuracy of the
code predictions for the conditions. ’
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RODS.9 RCON,RRDIM  Read only if NRCON > 0 on RODS.1
FORMAT(2E10.5)

Columns Variable ' Descrmiion , '
1-10 RCON Contact resistance between rods, (h-ft- o F/Btu).
11-20 RRDIM Geometry factor of thermal connections for rod-to-rod contact,

defined as the ratio of one-half the cladding node thickness over
the perimeter of the rod circumferential node. That is,

L rcLap
RRDIM =
T drod

NTHETA

RODS.10 NTH,NRR(NTH),(NCLAD(NTH,I),I=1,6) Read only if NRCON[RODS.1] > 0

FORMAT(8IS)
Columns Variable Description
1-5 NTH Index number of connection for rod-to-rod contact reesistance
(from 1 to NRCON).
6-10 ~ NRR(NTH) Index number of the NTH rod in contact with other rods.
11-15, | NCLAD(NTH,I) Index numbers of the NTHETA rods that are in
16-20, contact with rod NRR_(NTH).
21-25, :
26-30,
31-35,
36-40

**%% RODS.10 is read NRCON[RODS. 1} times. ****

Rod-to-Slab Thermal Connections

This input is optional, and is read only if NSCON[RODS.1] is greater than zero. It is used to
specify heat transfer paths due to direct contact between rods and structures modeled with slabs.

***CAUTION: - As with the rod-to-rod contact conductance, this option is still under development,
and needs additional validation and verification. It should be used only when
absolutely necessary to model special problems. In such cases, the user is advised
to perform appropriate validation by comparison to experimental data, to evaluate
the reliability and accuracy of the code predictions for the conditions.
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RODS.11 WCON,WRDIM  Read only if NSCON > 0 on RODS.1
" FORMAT(2E10.5)

Columns Variable ‘ Description
1-10 . WCON Contact resistance between rods and walls, (h-ft-°F/Btu)
11-20 WRDIM Geometry factor of thermal connections for rod-to-wall contact,

defined as the ratio of one-half the wall surface node thickness
over the perimeter of the wall mode.

RODS.12 NTH,NRW(NTH),(NWALL(NTH,I),I=1,6) Read only if NSCON[RODS.1] > 0

FORMAT(8IS)
Columns Variable : Description
1-5 NTH Index number of connection for rod-to-wall contact resistance
(from 1 to NSCON).
6-10 - NRW(NTH) Index number of the NTH wall node in contact with rod(s).
11-15, NWALL(NTH,I) Index numbers of the rods that are in contact with
16-20, wall node NRW(NTH). '
21-25, ’
26-30,
31-35,
36-40

**+% RODS.12 is read NSCON[RODS.1] times. ****

6.2.6 Group SLAB--Solid Structure Geometry

This group defines the geometry, material properties, and heat transfer connections for the
solid structures that comprise a cask or other physical system being analyzed. It can be used to
model such things as the basket that holds the assemblies, the various shells comprising the cask
body, and other internal structures of the cask. Conduction heat transfer is modeled within and
between slab nodes, and slab nodes can also exchange energy with the fluid by conduction and
convection. Radiative heat transfer with the fuel rods and with other slab nodes can also be modeled.

Solid structure nodes can have thermal connections to the fluid in the channels, and to other
solid structure nodes. Slab nodes may have connections only to other solid nodes, or only to
channels, or to both solid nodes and channels, depending on the geometry of the system. This input
is extremely flexible, allowing the user to model almost any reasonable geometry configuration.

A number of examples of the use of this input are illustrated in Section 7.0.

The user must specify the total number of slab nodes with the value for NWK on SLAB.I.

The thermal connections to the fluid or other slab nodes are indexed by type, where a type is defined
by the effective thermal resistance of the connection. The number of types of solid-to-solid
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