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ABSTRACT

Using the lumped parameter methodology, a computer model simu-

lating the primary heat transport system (PilTS) of the Fast Flux Test

Facility (FFTF) is developed. The three primary loops are simulated by

two loops; a single and a double loop. The conservation of mass, energy

and momentum are the physical foundations of the model FATFAD (F_A,st FluxA

Test Facility Dynamics).

| To test FATFAD, three transients are initiated, (1) a ten cent
't step input of reactivity, (2) a ten cent step reactivity input plus a 50

r. *K rise in the secondary sodium temperature entering the IllX, and (3) a

251, reduction in Loop One's primary pump speed. The results show that

FATFAD inexpensively and accurately simulates the PilTS of the FFTF.
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CHAPTER 1

INTRODUCTION

The computer model FATFAD, Fast Flux Test Facility Dynamics, was

developed out of a need for accurate, inexpensive, plant transient

analyses. Implicit in this model description is the ne,cessity for keep-

ing code size to a minimum. To-accomplish this, space dependence may be

represented by suitable averaging (i.e., limiting the number of spatial

zones), and similar components are combined together, resulting in fewer-

state and algebraic cquations, thus reducing run cost. This type of

computer modeling is called lumped-parameter modeling, and is the tech-

nique used for the development of FATFAD.

Using the lumped parameter methodology, FATFAD has on the order

of 60 coupled non-linear first order ordinary differential equations
,

3 plus approximately 1000 algebraic equations. A system this size.can be

casily integrated by the DAREP simulation language, developed by Dr.<

Granino Korn and Dr. John V. Wait at The University of Arizona.
~

In Fig.1.1, a schematic of the Fast Flux Test Facility (FFTF), _

primary system, as modeled in FATFAD, is shown. There are two primary.,

| loops connecting the reactor and the intermediate heat exchanger. Loop-
.

! One is the model of a single- heat transport Lloop. Loop Two incorporates

the second and third primary heat transport systems of the actual- FFTf,

complex. Components shown on the schematic are those which make up

1*

i

. _ - _ _ _ - - - _ - _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - _ - _ _ . - _ _ _ _ _ _ _ _ _ _ _ _ - - _ - _ _ - - _ - _ _ _ _ - _ - _ . _ _ _ _ _ _ _ - _ . _ - _ - -__ .-__:_____-
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3

FATFAD. It is important to note that the IllX and pump of Loop Two are

actually two IIIX's and two pumps combined, as is the case for tha piping.

Three physical laws are used in the model development of all these

components: conservation of mass, energy, and aomentum.

Important tools which aided in the development of FATFAD weie

steady state solving routines for each major component. Often steady-

state values of variables would be unknown, and detcrmination of these

parameters was necessary. To accomplish this, state variables would be

set to their steady state values (i.e., their derivatives set equal to

zero), and the unknown term could be solved for algebraically.

All momentum equations have a friction factor term which is an

effective parameter representing overall ficw resistances (i.e. , elbows,

pipe roughness, etc.). These friction factors can be found by making

their steady state values match known design values of the other parame-
,

ters comprising the momentum equations. One method of finding these

state friction factors is by setting up dummy differential equations.

These dummy equations are actually momentum equations with the left hand

side of the equation altered. Replacing dw/dt by df/dt, where w is the

mass flow rate and f is the friction factor in question, the derivative

will approach zero as f approaches the desired steady state value.

The following chapters will deal with the development of each of

the components of the FFTF primary heat transport system, various

transient runs, and results and conclusions.

.
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CilAPTER 2

INTERMEDIATE IIEAT EXCilANGER (IllX)

In Loop One the IIIX is represented by one tube and its associated

primary and secondary sodium flows. This representation assumes that all

tubes and flow channels behave the same thermally. Total thermal response

due to the transient is accomplished by magnifying the effect of the one

tube by the number of tubes which make up the Il1X.

There are three radial regions and one axial regicn comprising

the IllX model. Primary sodium, tube wall, and secondary sodium make up

the three radial sections. Although there is only one axial region, the

option of adding more regions is built into the model.

Loop Two has an IllX which is modeled similarly to Loop One's IllX

except for one major difference: dimensions. Since this unit is actu-

ally two IllX's, the tube size must accommodate twice the flow rate of

the single IllX. To do this, the tube area is assumed to be twice the

size of its counterpart.

Energy Balance

Before proceeding directly to the energy equations for each re-

gion and deriving the resulting differential equations for temperature,

algebraic expressions for the input parameters will be determined.
,

Primary cross-sectional flow area per tube is calculated from

the equation

4

- - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



5

Area = CAXP1 = x b2- (2.1)

where a and b are shown in Fig. 2.1, and are the tube outside diameter

and equivalent radius, respectively.

Density of the primary liquid sodium can be approximated by Eq.

(2.2),

Density = ROXP11 = 16.02(59.533 - 0.008333*FAP11) (2.2)

with FAP11 being the average liquid sodium temperature in "F, on the

primary side. Since all temperatures are calculated in *K, the equiva-

lent temperature expressed in F must be determined. The constant out

front in Eq. (2.2) is the conversion factor from English to SI units.

Knowing the density and cross-sectional flow area, the liquid

sodium velocity can be calculated from the mass flow rate equation.

Velocity = VXP11 = WPD1/(ROXP11*CAXP1)*ENXP1 (2.3)

WPD1 is the mass flow rate through the primary side of the IIIX and is

calculated from the momentum equation (Ch. 4) . The number of 111X tubes

is given by ENXPl.

Next, relationships for specific heat, dynamic viscosity, thermal

conductivity, convective heat transfer coefficient, and resistance must

be determined (Additon et al., 1976).

Eq. (2.4) is the expression for specific heat of the primary

sodium (CPXP1), identical in form with the equation for specific heat of

the secondary sodium (CPXS1).
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7

Specific IIcat = CPXP1 = 4.1868E+3(0.34574 - 7.9226E-5 *

2FAP11 + 3.4086E-8 * FAP11 ) (2.4)

The factor in front is the conversion factor from English to SI units.

For the case of secondary sodium, FAP11 is replaced by FAS11. Specific

heat of the tube wall is assumed to be constant.

Thermal conductivity must be calculated for the tube wall and

liquid sodium film. From Additon et al. (1976), the wall thermal

conductivity is

~

Thermal Conductivity = TCXW11 = 1.73073(7.7388464 +

0.40721437E-2 * TXF11) (2.5)

where TXF11 is the wall temperature expressed in *F. The empirical

relationship for the sodium file thermal conductivity is given to be

Film Thermal Conductivity = TCXP11 = 1.73073(54.306 -

21.878E-2 * FAP11 + 2.0f14E-6 * FAP11 ) (2.6)
_

.

Once again, the constant in front is a conversion factor to SI units.

| A similar expression is used for the sodium thermal conductivity on the

secondary side (TCXS11). Viscosity can be determined from the following
;

equation,

tlog = 1.0203 + 397.17/RP11 - 0.4925* log (RP11)
g6

(2.7)

Taking the antilog of both sides

|

|

|

L
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Viscosity =UMXP11=1.867E-4{10.0**[1.0203+397.17/RP11-

0.4925* log (RP11)]} (2.8)

with RP11 being the average sodium temperature expressed in terms of *R,

and the constant in front being the conversion factor. When determining

the viscosity for the secondary side, replace UMXP11 and RP11 by UMXS11

and RS11, respectively.

The convective heat transfer coefficient, h , has the form

Convective lleat Transfer Coefficient = IlXPil =

(TCXPil/ Dil) *UNXP1 (2.9)

where TCXP11 is the primary sodium thermal conductivity, Dit is the hy-

draulic diameter, and UNXP1 is the Nusselt number of the primary sodium,

given by Eq. (2.10) (Additon et al., 1976).

Nusselt Number = UNXP1 = A+B(REXP11) (PRXP11) (2.10)

The constants A, B, C, and D are dependent upon the geometry of the

system, with REXP11 being the Reynolds number and PRXP11 the Prandit

number. In calculating the Reynolds number, the following relation is

used

Reynolds Number = REXP11 = ROXP11 * VXP11 * Dil/UMXP11 (2.11)

where ROXP11, VXP11, and UMXP11 are given by Eqs. (2. 3) , (2.2), and

(2.8) , respectively. The Prandit number is just

Prandit Number = PRXP11 = CPXP11*UMXP11/TCXPil (2.12)

with CPXP11 given by Eq. (2.4).

. . _ _ _ . _ ________
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Thermal resistance:of the tube wall is^

s

Wall Thermal Resistance = RWll =

In (DOT / DCT)/ (2.0*PI*TL*TC*W11) (2.13)
e

| DOT being the outside diameter, DCT the' point inside the tube wall
J

where the wall temperature (TXW) is measured, PI the value of x and-TL

the tube length. Thermal conductivity of the tube wall, TCXW11, is

given by Eq. (2.5).

Temperatures of the primary sodium, tube wall, and secondary
W

sodium are solved for by the energy conservation law. Performing the
4

energy balance on region I (Fig. 2.2),

du
gg = 6 c T); -6c T), -q (2.14)

.

where q = I~ AAT, with AT being the temperature difference between
C

,

| sodium and tube wall. Also,
.

f dU du (2.15)gg- = m 7g-
t

and|

I

du = 33-)v dT + gu \-)T
i au\ B dv (2.16)
l

Since incompressible flow is being assumed, the second term on the

right side is zero. Rewriting-the first term,

,

f jy])dT=cdr=C dT. (2.17) ,
y p

v
,

i
f

i

1

. _ , _ . , . - _ _ _ . _ _ .- . _ . _ . . . .. , - . , _ _ , _ . . - - - , - - - _ - - _ . , , _ . - , - _ ,
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11

again using the assumption of incompressible flow. Rewriting Eq. (2.15) ,

= mc (2.18)
,

and combining Eqs. (2.18) and (2.14), the result becomes

me = inc (T1-T)-h ^ (*2 e

or,

d
[WPD1 *CPXP11 * (TXP11Temperature = g (TXP11)g =

19

- TXP11 ) - UXP11*(TAVP11 - TXW11)]/WP11 (2.20)

The variables in Eq. (2.20) are TXP11 and TXP11 , the liquid sodiumg g

temperatures into and out of the IllX respectively, LXP11, the overall

heat transfer coefficient between the liquid sodium and tube wall, WP11,

the product of primary sodium mass and primary sodium specific heat, and

TAVP11 and TXN11, the average sodium temper 1ture and wall temperature

respectively. UXP11 may be expressed as

Overall lleat Transfer Coefficient = UXP11 =

[1.0/(RX11 + RW11)] *ENXT1 (2.21)

where RW11 is given by Eq. (2.13), and RX11 equals the inverse of the

product of convective heat trrnsfer coefficient (Eq. 2.9) and tube area

(PAREA).

Analysis for Region II, the IllX tube wall (Fig. 2.2), is per-

formed in a similar manner as for Reg' ion I.
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q-q, (2.22)=

There is assumed to be no axial heat flow. All three terms of 'Eq.

(2.22) are expressed in the same form as the terms in Eq. (2.14),

h=EAAT)in - AAT)out (* )me
c

or,

d
Wall Temperature = g (TXW11) = [UXP11*(TAVP11 - TXW11)

- UXS11*(TXW11 - TAVS11)]/WW11 (2.24)

UXS11 is the secondary overall heat transfer coefficient, TAVS11 the

average sodium temperature on the secondary side, and WW11 is the invcrse

of the product of tube wall mass and tube wall specific heat. Like

UXP11, the overall heat transfer coefficient for the secondary side can

be expressed as

Overall Heat Transfer Coefficient = UXS11 =

[1.0/(itXS11 + RF + RW211)]*ENXT1 (2.25)

where RW211 is given by Eq. (2.13) with one modification: the term

in(DOT /DCT) is replaced by En(DCT/DIT), DIT being the inside tube di-

ameter. RXS11 is similar to RX11 except primary terms are replaced by

their appropriate secondary counterpart. Lastly, RF is the fouling re-

sistance on the secondary side, and is assumed to be constant.

Doing the same thing for Region III (secondary sodium, Fig. 2.2),

and assuming similar expressions for dU/dt and q,

_ _ _ - - _ _ _ _ - _ - _ - _ _ - _ _ . _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _
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du
T )out +q ( . 6)T ) g - sc

|
g - se 32

i

2-T)+h AAT (2.27)me = sc (T 1 e

The secondary liquid sodium temperature is thus expressed by Eq. (2.28): ,

1

d
Secondary Sodium Temperature = g (TXS11) =

[WSD1*CXPS1 * (TXS11 -TXS11. )out in ,

+ UXS11*(TXW11 - TAVS11)]/WS11 (2.28)

Secondary mass ? low rate is given by WSD1, and WS11 is the product of

secondary sodium mass and sodium specific heat.

Determination of steady state values of IllX variables is given

in Appendix A.

-. ..

. _ _ _ _ _ _ _ - _ -
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CilAPTER 3 1

REACTOR

There are three major components making up the reactor model:

lower plenum, core, and upper plenum. For both upper and lower plenum

models, perfect mixing is assumed. As seen in-Fig. 3.1, there are five

regions making up the core: three fuel regions, one_ control region, and'

i
one region including everything else (reflector, structure material,

i etc.). In addition, there is a center pin calculation which is used to

show whether a transient is severe enough to cause localized fuel melting.

Scram conditions have also been built into the code for auto -

matica11y scraming the reactor. If certain primary and/or secondary
.

operating conditions are violated, the system will drop all the primary
'

and/or secondary control rod banks, respectively.

| Control rod positioning during operation is determined by..the
.

! flux control system, and. r actor power is determined using the prompt .
!

; jump approximation.

Lower and Upper Plenum*

: With perfect mixing of the sodium assumed, both models are

nothing more than the energy conservation law. From Fig. 3.1, the*

physical representation of both plenums are shown.

Applying the conservation of energy to the lower plenum,

Al! = Q ~O (*)
in out

14

i

_ _ _ . _ . _ __
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Figure 3.1. Schematic representation of the 5-channel core.
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4

or

m h = sh) g - sh)g (3.2)

But h=c i for incompressible fluids, so Eq. (3.2) becomes

se T) g - se T)gg (3.3)m =
p p

,

Since there are two primary inflows,1the first term on the R.ll.S. of
,

i

Eq. (3.3) is rewritten to incorporate both flows,

se T)i + sc T)2 - se T)g (3.4)m =
p p

Also, specific internal energy is a function of volume and temperature,

with its' differential expressed by
,

du = dT = dv (3.5)
v T

;-

llowever, from the assumption of incompressible flow, the second ~ term on

the R.II.S. of Eq. (3.5) is zero and C E g'u =C (derived in Chapter

|.
v

2). Therefore

= sc T)1 + se T)2 - sc T)out (*)m = me

finally,

p)out (' )- = [se T)1 + sc T)2 - se T)out *
p p p

out.

As expressed in FATFAD, Eq. (3.7) is. written

:
,

i

:
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Lower Plenum Temperature = h (TLP) = (QLOOP1 +

QLOOP2 - WRD*CPSLP*TLP)/ (RiiOLP*VOLLP*CPSLP) (3.8)

QLOOP1 and QLOOP2 represent the heat brought into the lower plenum from

loops one and two respectively. Specific heat of sodium is given by

CPSLP, mass flow rate into the core by WRD, sodium density in the lower

plenum by RIIOLP, and lower plenum volume by VOLLP.

Liquid sodium temperature in the upper plenum is derived the

same way.

1+E))out I*)= sh)in - h(6m 2

Enthalpy is the same for both exits from the upper plenum because the

temperature is assumed to be the same at both exits. Using similar

reasoning as used for the case of the lower plenum (incompressible flow),

Eq. (3.9) can be expressed in a manner similar to Eq. (3.6)

= Sc T) g - (si + 6 )c T) (3.10)me 2

or

l + $ )c T)out !" p}out (' }= [hc T)in - (A 2 p

The equivalent expression for the upper plenum is shown below,

d
Upper Plenum Outlet Temperature = g (TUPO) =

[WRD*CPOUT*T0 LIT - (WL11+WL21) *CP0lff* TUP 0]/

(Pil0UP*VOLUP*CPUPO) (3.12)

_ _ _ _ _ _ _
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Mass flow rates from the upper plenum to the os.e and two loop systems

are given t~ WL11 and WL21, respectively. Liquid sodium specific heat

and temperature at the core outlet are represented as CPOUT and TOUR,

respectively, while the same two thermodynamic properties for upper

plenum outlet are 1,iven by CPUP0 and TUPO, respectively. Finally, the

sodium density in the upper plenum is R110UP, and the upper plenum volume

is VOLUP.

Core

Temperature at the exit of the core, TOUT, is determined by an

energy balance between sodium exit temperatures from the five core

channels and the upper plenum inlet temperature, Fig. 3.1.

For five channels,

32* 33* 34 + sh)5 ( "I )9in " 3 *
1

Q = sh)out ( .14)out

du dT
remembering h=c T for incompressible flows and g = sc g (see Eq. 2.15p

through Eq. 2.18), the energy equation becomes,

= [sc T)) + se T)2 + sc T)3 + se T)4me
p

+ sc T)Sl~ 'p )out (* )

Dividing by mc )out'
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d
Core Outlet Temperature = gg- (TOUT) = (T1+T2+T3+T4+TS

1 - WRD*CPOUT* TOUT)/(R1100T*VOLC*CPOUT) (3.16)

i
i

where T1-5 are the product of flow rate, specific heat, and temperature
,

in each of the five channels, Eq. (3.17). Core volume is given by VOLC

and R1100T is the sodium density from the core exit.

i T(1-5) = WRD(1-5)* CPS (1-5)*TCS(1-5) (3.17). ,

' Channels 1-3

As mentioned earlier, three of the five channels are fuel
,

4 channels. Each of these channels are divided into three radial regions

i

j. as shown-in Fig. 3.2: fuel-gap, clad, and coolant. Relations for -

! temperature will once again be derived for each of these regions, using.

energy conservation.
,

' Following the same format as in Chapter 2, all- pertinent thermo-
i

dynamic quantities will be determined before deriving the equations for
'

fuel, clad, and coolant temperatures.
!

l 'lleat output per unit length per fuel. pin is determined in the
!

following manner.

|
,r

; QT = total power output of core
i
l n = fraction of power due to active core area
:
1 .

~

| QA = actual power produced by active core arca-
,

ENRC = number of fuel elements in core
I

'

i QP = power produced-per fuel pin
.

u - . . _ _ . , _ _ . . = _ . _ ... _ - _ . _ _ . _ . _ _ _ . . . _ - - . _ _ . _ _ . . _ - . _ . ...
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QL = power produced per unit length of fuel pin

L = active length of fuel pin4

Relation among these quantities are:
?

QA = QT*n (3.18),

-QF = QA/ENRC = QT*n/ENRC (3.19)

QL = QP/L = QT*n/(ENRC*PL) (3.20)
,

'

or

' QLP(1-3) = QT*FPC(1-3)/(ENRC*PL) (3.21)'
'

,

I where FPC=n.

Two other properties needed for the fuel are its thermal con-
!

ductivity'and specific heat. Eq. (3.22) gives an empirical relation-

' . ship for the_ thermal conductivity (Shinaishin, 1976).

, . .

3k = F(D)* .2 + 6.1256E-13*T '(3.22)g T
.. .

! where
i

j T = 273 + 5/9 (T - 32) (3.23).g

. .

F(D) = 1.079 * (3.24)1 + 0. *(1-D)
. .,

I with D being the ratio of fuel density to theoretical density. Re-
i

; writing Eq. (3.22)'as it appears in'FATFAD,
~

,

I
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Fuel Temperature Conductivity = TCCF(1-3) =

100 F(1-3)* + 6.1256E-137CF(1-3)TCF( 3 129.2

(3.25)

where TCF(1-3) are the fuel temperatures for channels 1-3, given by

Eq. (3.23), and F(1-3) are defined by Eq. (3.24), with D written as FRO.

Specific heat of the fuel is also given by an empirical re-

lationship (Shinaishin,1976) where the fuel temperature is in degrees

C.

2
C = 0.1091351924 + 7.75289753E-5*T - 6.121778E-8*Tp

+ 2.046305E-11*T3 (3.26)

Rewriting,

Fuel Specific !! cat = CPCF = 4.1868E+3*(0.1091351924

2+ 7.75289753E-5*TCF - 6.121778E-8*TCF

+ 2.046305E-11*TCF ) (3.27)3

with TCP being expressed in degrees C, and the constant in front being

the conversion factor from English to SI units.

'lhe gap between the fuel and the cladding has a convective heat

transfer coefficient expressed by Eq. (3.28) (Shinaishin, 1976),

0.1167 T - 2.36

+0.6391(ifB U* 0)h = 0.132 + GD
P

where

T =T + 273 + 0.2723* (1 + 0.08*G/D ) *q' (3.29)
g c p

.
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' B = Exp(-7.0 + 0.035*q' - 6.3*G/D ) (3.30)

and G/D is the cold gap to pellet diametral ratio expressed in percent.
p

>

Gap Convective lleat Transfer Coefficient = llCG(1-3) =

0.132 + (0.1167*TG(1-3)b - 2.36)/CGPDR + 0.6391 *
_

[B(1-3)/(1.0+B(1-3))] 1.0 E+4 -(3.31)
.

with

!

TG(1-3) = TCC(1-3) + 273.0 + 0.2723*(1.0+0.08*CGPDR) *

i QLP(1-3) (3.32)

B(1-3) = Exp(-7.0 + 0.035*QLP(1-3) - 6.3*CGPDR) (3.33)

4

TC ts the temperature of the gas in the gap,,TCC is the temperature of

the cladding, and CGPDR is G/D . Again, the constant in front is the

conversion factor from English to SI units.

Next, the cladding specific heat and thermal conductivity must

be found. The cladding material is SS-316 and both thermodynamic

properties (Goldsmith, Waterman and Hirschhorn,.1961) are expressed by

an empirical fit, found using SUPER LEAST, a least squares fitting

program. Eq. (3.34) gives the relationship for specific heat, while-
,

thermal conductivity is given by Eq. (3.35).

Cladding Specific Ileat = CPCC(1-3) = 4.1868E+3 *

j (0.14937593 1.39506964E-4*TFCC(1-3)

+ 0.2678125E-7*TFCC(1-3)2 ); (3.34)

9

't

I

,

__ _ _ _ _ . _ _ _ . _ _ _ . _ _ . _ _ _ _ . _ _ . _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ . . _ _ _ . . _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ . _ _ _ _ _ . _ _ _ _ _ _ _ _
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where TFCC is the cladding temperature expressed in degrees F and the

constant in front is the conversion factor.

Cladding Thermal Conductivity = TCCC(1-3) =

1.73073*(7.7388464 + 0.40721437E-2*TFCC(1-3)) (3.35)

with the conversion facter in front.

For liquid sodium, many of the properties are similar in form to

those found in Chapter 2, and only the variabic names are changed.

These parameters are thermal conductivity (TCCS), Eq. (2.6), average

specific heat (CPAS), Eq. (2.4), viscosity (UMCS), Eq. (2.8), density

(R110CS), Eq (2.2), Reynolds number (RECS), Eq. (2.11), and Prandit

number (PRCS), Eq. (2.12). The temperatures in each of the above

equations are also different. They are TFS for thermal conductivity,

TCSA for specific heat, TRS for viscosity, and TFS for density, with

units being the same as their counterparts in Chapter 2. The Nusselt

number for liquid sodium is given by the relation found in Eq. (3.36)

(Additon et al., 1976).

|
'

Sodium Nusselt Number = UNCS(1-3) = 4.0 + 0.16*(PC/D!lC)5

+ 0.006288*(PC/DilC)3.8*PCCS(1-3)0.86 (3.36)

where DiiC and PC are the hydraulic diameter and resulting peritacter of

the sodium channel, respectively, and

PCCS(1-3) a RECS (1-3) * PRCS (1-3) (3.37)
|

i
i

!

|

[

1

1
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The convective film heat trani er coefficient is given by *N.f

N

hg = (Nu * k)/Dh ~ 5* ) -

, . ~
,

'or
a

Convective Film lleat Transfer Cor#ficient = IICS(1-3)'=s

UNCS(1-3)*TCCS(1-3)/DilC g (3.39) *-.

'\

\
Next the sodium temperature (TCS), cladding temperature (TCC)';'E

_

e

and fuel temperature (TCF) will be derived, acing energy conservationt s .w y-. . ,

.:- -

Fig. 3.3. '4 ~ N ':' 'c ( ;
. . L

' '
.

Performing the same steps as in Chapter 2, Eqs. (2.14) through _ f ,

(2.18), the sodium temperature can be evaluated. 3 1,
~

37

AU = qin * 9in -9 (3.40)
'

out
s m, -

i ,,

With incompressibic flow Eq. (3.40) ' becomes

N1
p dt)g = q7 + se (T. -T'out) (3.41)me .-

f in p in n

* ' <,
|

or g
, w ,w

^

Sodium Temperature = 37 (TCS) = [QNA*CPAS*(TLP-TCS)]/
-

, _

&is

(CPAS*XFRSS) " (3.42) -i '

-
.

3+,

where CPAS, XMASS, and-WRDPP are the sodium average specific heat, eags,( q . ,

'

\

and mass. flow rate, per pin, for a fuel region. -QNA is the heat
'

generated per pin which reaches the sodium region. The sodium mass is s

just the sodium density (R110CS) multiplied' by sodium flow volume.
.

N

4

e
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(VOL/ENRC), where ENRC is the number of pins per region and VOL, the

total sodium flow volume of the region.

Once again applying the conservation of energy, and assuming no

axial heat flow, the equation for cladding temperature is
"

dT Rn(D /D )
~

'Y ~ s) (3.43)" *"'p dt "9 A 2k L c
cc

This can also be written

d
Cladding Temperature = gg- (TCC) = tQF-UAC*(TCC-TCSA)]/

(CM*CPCC) (3.44)

liere, CM and CPCC are the cladding mass and specific heat, respectively.

Averagc sodium temperature is given by TCSA, and UAC is the overall heat

transfer coefficient, represented by Eq. (3.45). QF is the heat reaching

the cladding from the fuel. It should be noted that TCC is an area

weighted average cladding temperature, and is evaluated at the point

where both inside and outside cladding areas are equal (see Fig. 3.2).

Overall IIcat Transfer Cot :ficient = UAC =
.-1.

ilSC*CAREA2
ALOG(DOC /DC)1.0 (3.45)2.0"rCC*Pl*PL

- -

where DC is the diameter of the cladding at whatever point TCC is

evaluated, DOC is the cladding outer diameter, and CAREA2 is the cladding

surface area.

Finally, the fuel t(mperature takes on the form given by Eq.

(3.4 6) .

_
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~

dT in(D /DIc) -f 3 g

p dt (T- - T ) ( , 6)"C "9,- 8nk L * h A * 2k nL g c
f g c c

, ,

which is rewritten in the following form

d
Fuel Temperature = pg- (TCF) = [QP-UAF*(TCP-TCC)]/(FM'CPCF)

(3.47)

Once again, fuel mass and specific heat are given by FM and CPCF, re-

spectively. Also, UAF is the overall heat transfer coe'ficient shown in

the next equation.

Overall lleat Transfer Coefficient = UAF =

_1-

8.0*PI*PL*TCCF ,llCG*CAREAl
ALOG(DC/DIC)1.0 1.0

(3.48)~

2.C*TCCC*Pl*PL
- .

where DIC is the cladding inner surface diameter, CAREAl is the surface

area of the gap space, !!CG is the gap convective heat transfer coeffi-

cient (Eq. 3.31), and TCCF is the fuel thermal conductivity (Eq. 3.25).

Channels 4 and 5
:

! Determination of sodium temperatuces in channels 4 and 5 is

approached as in channels 1 through 3. In this case, however, there is
i

| no heat generation due to fuel. Instead, a certain fractional power out-

| put was found (Westinghouse llanford Company,1975) due to each region
!

during normal operation. It is assumed that this fractional power (FPC4,

FPC5) remains censtant even daring transient operation. Knowing this,
1

| the temperature equations take on the same form as for the fuel region

|
!

|

|

|

|

|
"

. _ _ _ - - _ _ _ _ _ . _ _ _ _ - _ - _ _
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case (Eq. 3.42). The only difference is that the variables haya other

I
values; different ir. ass, specific heat, and mass flow rate.

Determination of the center pin fuel, cladding, and sodium

temperatures is done in the same manner as for the three fuel channels.

Results of this analysis are shoan below,

liot Channel Sodium Temperature = h (TCSilC) =

* {QNAllC+WRDilC* [CPASilC* (TLP-TCSilC)] }CPASil XMASilC

(3.49)

llotChannelCladdingTemperature=h(TCCilC)=

[QFliC-UAC!!C * (TCCliC-TCSAllC) ] / (CM* CPCCifC) (3.50)

llot Channel Fuel Temperaturc = (TCFilC) =

[QPilC- UAFilC* (TCFIIC-TCCilC) ] / ( FM * CPC FIIC) (3.51)

All of the above variables have the same meaning and form as the varia-

bles used fur the three fuel regions. What makes this calculation dif-

ferent, however, is the mass flow rate (WRDilC) and the heat produced by

the pin (QPilC). For the center pin, the mass flow rate is 95 percent of

that used in Region One and the heat produced per pin is 6 percent

higber than that used in Region One.

Reactor Scram

There are eight conditions built into the simulator which can

cause the reactor to scram. Four of these are primary conditions and

four are secondary conditions, as sammarized in Tables 3.1 and 3.2

(Westinghouse ILaford Company, 1975).

_--_
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Table 3.1. Primary scram conditions with setpoints.

Primary Wide Range

nuclear - high 4 1129. Full Power

Primary Wide Range

nuclear - low < 10% Full Power
i

IllX Primary Outlet

Temperature < 50"F

Reactor Coolant level < 5" below operating level

" Table 3.2. Secondary scram conditions with setpoints.

Reactor Outlet Temperature < 75'F

Low Primary Loop Flow > 60% Full Flow

^

Low Secondary Loop Flow > 55% Full Flow

liigh Primary Flow < 112% Full Flow

________ -_____ - _ _

. ..
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If a transient situation causes a setpoint condition to be

violated, that particular. scram signal will be initiated, and, with the

appropriate time response delay, the reactor will be scramed. There is
,

also a one second time delay for the control rbds to be fully inserted.
,

Each primary rod bank is worth eight dollars, and there are six

I rod banks. The secondary rod bank is worth $1.88, and there are three

secondary banks.
.

4

Kinetics ,
4

!

In this simulator the .eactor power is determined using the'

i point-reactor kinetics equations, Eqs. (3.52) and (3.53), except that
t .

' the prompt-jump approximation is assumed,
f

i-
d"( } " "(*) * A c + q(t) (3.52)

d 1 iy
1 .

|-

:
'

dC (t)y i

n(t) - A C (t) (3.53)=
11.dt

i

By normalizin the neutron power, n(t), and delayed precursor concentra-

tion, C (t), the resulting equations for power and precursor concentration
. y

become
,

N(t)=[fD(t)/(1-o/8) (3.54) '

i
1

! 1

d D.(t)-

A [N(t) - D (t)] (3.55)i "
i gd

I
'

i - i

.

!

,

'
_ _ _ _ _ - _ - _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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where

N(t) = n(t)/n(o) (3.56)

D (t) = C (t)/C (o) (3.57)i 1 g

and i runs from 1 to 6 (the number of delayed neutron groups). In the

model, Eqs. (3.54) and (3.55) take on the following form

Neutron Power = EN = BDOB/(1.0 - ROD) (3.58)

|

Precursor Concentration = -h- (CN) = AMDA*(EN-CN)(3.59)

where AMDA is the precursor half life, BDOB is the sum of the products

of each of the precursor yicids and its half life, divided by the total

delayed neutron fraction. Reactivity, ROD, is expressed in dollars and

is given by Eq. (3.60).

Reactivity = ROD = ROCRD + ROFBD + ROEXCD + ROAUTO (3.60)

when ROCRD is the reactivity worth given to the system, ROFBD is the

feedback reactivity (Eq. 3.59) (Shinaishin,1976), ROEXCD is the excess

reactivity needed at steady state to offset the negative reactivity

given the system by ROFBD, and ROAUTO is the reactivity, determined by

the flux controller, which keeps the reactor critical at the new

operating point.

Feedback Reactivity = ROFBD = [100.0* (DOPC/ BETAT) *

ALOG(TVAFR/TIR) + SODDC* (TVAS-TI) + AXEC*

(TVAF-TI) + REC *(TVAS-TI)]/100.0 (3.61)

.

. _ , _ - _ . _ _ . _ _ _ . _ _ _ _ _ . _ . _ _ . _ _ _ _ - - - - ' - - - - - '
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The symbols in Eq. (3.61) are (Project Management Corporation,1975)

DOPC = Doppler Coefficient

SODDC = Sodium density expansion coefficient (t/ * K)

AXEC = Axial expansion coefficient (t/ * K)

REC = Radial expansion coefficient (t/ * K)

BETAT = Total delayed neutron fraction

TVAFR = Averaged fuel temperature in degree R

TVAS = Volume averaged sodium temperature in degree K

TVAF = Volume averaged fuel temperature in degree K

TIR = Cold Stand-by temperature

Determination of steady state values of reactor variables is

given in Appendix B.

|

.
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CHAPTER 4

1
'

MOMENTUM AND PRESSURE EQUATIONS

|
,

1 Momcatum Equations
j

All the momentum equations in FATFAD have the same general form,

I therefore the momentum equation will be derived for a general case and

then applied to each component. For the case of a cylindrical flow

channel, Fig. 4.1, the momentum equation looks like Eq. (4.1).
I

(pi) + h (pi 7) = - VP - pg - V (4.1)

- Noting that ov=&/A, Eq. (4.1) becomes

f + f T _ (s7) = TP -- pg - TT (4.2)

Using the vector identity

i

! T- (s7) = s@T + '7Ti
!
I

j and realizing that for incompressible flow Ts = 0, Eq. . (4.2) reduces to
!

f . + { T 7 = -TP - pg - Tr - (4 . 3 ',

or

f+ T s = TV. - pT. TT (4.4)'

i

Rewriting the gradient and divergence terms

34
i

1

.
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P2-Pi - pgh'- P (4.5)+ =- pA g

the general form of the differential equation becomes,

=f - pA2
*

+P2P1 - pgh - P (4.6)g

All the terms in Eq. (4.6) except one are self explanatory; P is theg

pressure loss due to friction along the sides of the channel.

With the momentum equation as derived, mass flow rates can be

expressed for all the necessary components.

Reactor Core

Flow Rate = h (WRD) = AOL*PLP-PUP-YC*G*Ril0C

2 *

R 2+C * (1.0/RIIOLP - 1.0/Rif0C - F12*AC ) (4,7)
~

|

Since the core has five channels, there are five equations such

as Eq. (4. 7) . All the variables have the suffix 1 through 5. PLP and

R110LP are pressure and density in the lower plenum, respectively, Upper

plenum pressure is PUP, density at the outlet of the core is Rl!0C, and .

F12 is the friction term. Lastly, dC is the cross-sectional flow area,

AOL is the cross-sectional area divided by the active core length, and

YC is the height from the lower plenum inlet .to the core outlet.

1

. . . - . _ _ . . - - - .__ . - - __
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IIIX
-

.' d
Flow Rate = g (WIXP) = AOLXP* P0lfr12-PIN 13-R110XP*G*Y

2
1 R0 k' ~ ROh3 - FXPl*PAXP1 (4.8)* *

All the variables have the same meanings as in Eq. (4.7), except

that the suffix 2 pertains to the IllX inlet side and 3 to the IllX outlet

size; see Fig. 4.2. The 1 used in the suffix stands for the one loop

side, whereas the two loop side is represented by 2.

Piping
,

For each pipe section (see Fig. 4.2), there is a momentum equa-

tion having the general form given by Eq. (4.6) . Equation (4.9) models

sodium flow rate for the one loop side, but the two loop model uses the,

same equation with different piping dimensions and notation (suffix 1
;

instead of 2).
* .

Piping Flow Rate = (WL1) = AOLl* PIN 1-POUT 1-R110Ll*G*YL1

A1 R0h1 ~ R01) 1 -FWA - (4. 9)
**

"
:

Once again, all variables have the same meaning as their counterparts in

Eq. (4.7;; only the dimensions have changed. To represent each pipe,

segment, each variable has a suffix 1, 2, or 3, depanding on which seg-
.

ment is being considered (ex., WL11 is the flow rate in the first pipe

segment).

i

i

!'

i
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|
1Pressure Equations
1

To determine pressures at the various divis!ans (see Fig. 4.2), |

a system of 13 algebraic equations and 13 unknowns must be solved. The

13 algebraic equations are the right hand sides of all the momentum

equations presented in the previous section. By equating the right hand

sides, conservation of mass is assumed throughout the primary system.

Realizing that the flow rate from the core is equal to the sodium

flow out of the upper plenum, the following equality is formed.

5

[ AOL *(PLP-PUP-R110C *G*YC+T3 ) =y i 3,

i=1

2

[ AOL.3* (P1N. 3-POUT. 3-RIIOL. 3*G*YL 3+ REST. 3) (4.10)
J J J J j J

j,1

The two variables T3 and REST 3, are shorthand notation for the last
1 j

term of the momentum equation for the reactor core and piping, re-

spectively (see Eqs. 4.7 and 4.9). Knowing that the pressure into the

lower plenum is
i

Pressure Into Lower Plenum = POUT.3 = PLP+DELP.3 (4.11)
J J

1 the lower plenum pressure at the inlet to the core, PLP, can be deter-

| mined by substituting Eq. (4.11) into Eq. (4.10) and rearranging terms.

|

|

|

|

<
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PLP * 1.0 + AOL 3+A ^
= * (PIN 13-DELP13-Ril0L13**

R R
:

G*YL13 + REST 13) + A0 * (PIN 23-DELP23-Ril0L23*G*YL23j 0l R

,

^
+ REST 23) A0 * (-PUP-Ril0Cl*G*YC+T31)

A0
0R*

1

(-PUP-R110C2*G*YC+T32) - * (-PUP-R110C3*G*YC+T33)
.

^ ^
-

R * (-PUP-Ril0C4*G*YC+T34) AO R * (-PUP-R110CS*G*YC

i + T35) (4.12)

where

'

AOLR = AOL1 + AOL2 + AOL3 + AOL4 + AOLS (4.13)

! All the terms on the R.ll.S. in Eq. (4.12) are known except PIN 13-and

: PIN 23, the pressures at the inlet of the' pipe which connects the IllX to
|

the reactor for the one and two loop sides, respectively.
'

By equating the R.ll.S. of the momentum equations for, the section

of pipe between the reactor and the pump (WLil) and for the section be-
!

| tween the IllX and the reactor (WL13), an expression for PIN 13 can be

determined.
t

Pressure into Pipe Section 3 = PIN 13 = AOL11 *c AOL13
,

(PIN 11-POUTil-R110Lil*G*YL11+RESTil) + POUT 13
,'

+ R110L13*G*YL13 - REST 13 (4.14)

,

1

!

i

$

i
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In this equation, the only unknown'is POUT 11, the pressure at the exit

of the pipe connecting the reactor with the pump. The pressure at the
,

inlet of this pipe, PIN 11, is

Pressure into Pipe Section 1 = PIN 11 = PUP-DELP11 (4.1S) i

4

I
where PUP is the pressure at the core exit, determined by the sum of the

cover gas pressure and the hydrostatic pressure of the upper plenum

sodium, and DELP11 is the pressure difference due to height change be-

tween the top of the core and the upper plenum exit. The two loop

: pressure, PIN 23, has the same form.
|

A relation for POUT 11 is obtained by taking the momentum equa-

tions for the piping between the reactor and the pump, and between the,
,

pump and the IllX, and equating their right hand sides. The result is

Pressure out of Pipe Section 1 = PotH11*(1.0 +

= PIN 11-RiiOL11*G*YL11+ REST 11 - *
01

( PUMP 1 - POUT 12 - R110L12 * G *Y L12 + REST 12 ) (4.16)

In Eq. (4.16), . the only unknown is POUT 12, the pressure on the outlet

|-
i. side of the pipe connecting the pump and the IllX. PISfP1 is the pressure

,

;

drop across the pump, determined by the pump model (Boadu, 1981).

In obtaining Eq. (4.16), we also used Eq. (4.17) relating PUMP 1
t

,

t

with PIN 12, the pressure at the pipe ' inlet connecting the pump and IllX.

Pressure into Pipe Section 2 = PIN 12-POUT 11+ PUMP 1 (4.17)

-

L
i
!

. , - _ , - , . , _ . ,-_-.~.,m.- -,-. _ -, .. - . _. . _._.-. _ , , . , . , , , _ - , . , , , . . _ , _ . . _ . . _ _ _ , . , , _ , _ . - , . _ . _ , ,
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4

Once again, the unknown pressure is' determined by setting the

right hand sides of two momentum equations equal to each other and -
1

solving for the desired pressure. For POUT 12, flow rates WIllX1 and WL13

i are equated.

i

Pressure out of Pipe Section 2 = POUT 12 = AOL NXT1 *

( P I N 13 - POUT 13 - R110 L13 * G *Y L13 + REST 13)

+ PIN 13+R110XPl*G*YXP1-RESTX1 (4.18)-

,

PIN 13, the unknown in Eq. (4.18), must be solved for in a
, ,

i'
i slightly different manner. First Eq. (4.18) ' is -substituted into Eq.
1

(4.16). Then the resulting expression, Eq. (4.19), is substituted into

Eq. (4.14). Substituting,

|

| POUT 11* 1.0 + 40 2 = PIN 11 R110L11*G*YL11+ REST 11 ^ *
A

.

I
PUMP 1

AOLX .NXT1 * (PIN 13-POUT 13-R110L13*G*YL13
f. '

i

+ REST 13) - PIN 13-Rl;0XPl*G*YXPl+RESTX1-R110L12*G*YL12'

, .

+ REST 12 (4.19)
| -

!

i By performing the second substitution,. PIN 13, the inlet pressure for the

pipe connecting the IllX to the reactor, takes on the final form given by

Eq. (4. 20) . '

t

I

L
1

|
I

r

,

i
I

h

:

t

!
'-

- _ _ , _ - . . . . - . . . , . - . - --, -
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-.

1.0 + ( AOLXPl*ENXT1 * AOL13 /AOL12 )! [\ .0 + AOL12)
AOL12

PIN 13*
AOL11/ ..

, AOL11 -

AOL13 * PIN 11 - { PIN 11-R110L11*G*YL11+ REST 11 AOL12AOL11 *

)[ PUMP 1 AOLX hXT1 * (~ ~ *

- R110XPl*G*YXPl+RESTX1-R110L12*G*YL12+ REST 12] }/

^
1.0 + A - R110L11*G*YL11 + P0lJr13+R110L13*G*YL13

i

- REST 13 (4.20)

The pressure out of the pipe connecting the IllX to the reactor, P0tIr13,
,

is the only unknown. POUT 13 is given by Eq. (4.10), which is a function

of FLP, so that upon substituting Eqs. (4.20) and (4.11) into Eo. (4.12)4

an expression for PLP is obtained in which all terms are known. Per-

forming the above steps and collecting like terms, the equation for FLP

becumcs

0 PIN 11 -Pressure at Core Inlet = PLP = AOL13* *
0

(PIN 11-R110L11*G*YL11+ REST 11 -*(PUMP 1+AOLX . XT10

(DELP13+RiiOL13*G*YL13-REST 13) - R110XPl*G*YXPl+RESTX1+.Ril0L12*G*YL12 +

^
REST 12)) / (1.0 + A0 ) - R110L11*G*YL11+ REST 11 + DELP13 +

R110L13*G*YL13 -REST 13 / (1.0 + ( AOLXP 'XT1 * A )/(1.0 + A L ))~

1* PIN 21-(PIN 21-- DELP13-RiiOL13"G*YL13+ REST 13 + AOL23*
3

RiiOL21*G*YL21+ REST 21 - * (P' UMP 2 + AOLX 2 ENXT2
*

_
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(DELP23+RHOL23*G*YL23-REST 23) - R110XP2*G*YXP2+RESTX2-R110L22*G*YL22 +

f REST 22))/(1.0+ ) - RilCL21*G*YL21+ REST 21 + DELP23+R110L23*G*2

AOL22 AOL22
/ (1.0 + ( AOLXP2*ENXT2 + AOL23 ) / (1.0 + AOL22 ))j- YL23-REST 23

AOL21

h ,

- DELP23-Ril0L23*G*YL23+ REST 23 + AOLl *(PUP +R110Cl*G*YC-T31) + AOL2 *

(PUP +Ril0C2*G*YC-T32) + AOL3 * (PUP +R110C3*G*YC-T33) + AOL4 *4

h'
(PUP +R110C4*G*YC-T34) + AOL5 * (PUP +Ril0C5*G*YC-T35),

f

! ) (AOLR+AOL13+

j AOL23 - (AOL13/ (1.0 + ( AOLX XT1 + 3 )/ (1.0 + h*

(1.04 AOL11*AOL12/( AOLXPl*ENXT1*(AOL11+AOL12))) - ( AOL23 / ( 1.0 +

))) * (1.0 + AOL21*AOL22 /I F. XT2 * O .3 ) / ( .0 + LAOLX

(AOLXP2*ENXT2*(AOL21+AOL22)))
,

(4.21)

| With Eq. (4.21), the system of algebraic equations describing
|
! the pressures at various points is closed. In summary, the pressure
|

| equations incorporated in FATFAD are Eqs. (4.11) , (4.15 ) , (4.17) , (4.18),
,

(4.19) , (4.20), and (4.21) .
|

Determination of steady state values of momentum and pressure
|

variables (i.e. , mass flow rates, friction factors, 'etc.) ~is given in -
i

Appendix C.
,
.

r .,

l
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|
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CilAPTER 5

FLUX CONTROL SYSTEM

To maintain the flux at its desired operating point, a flux

control system is installed. The system is shown schematically in Fig.
,

'

5.1 (Schade, 1980), llowever, two changes had. to be made to this system

; before implementation. The first is the omission of the non-linear

control rod drive transfer function block. This is done because of the

large increase in run time that the non-lincar control rod drive mecha-,

i

nism (CRDM) causes, with no additional accuracy. Second, when no informa-
,

tion could be obtained pertaining to the type of flux controller used in

the FFTF, a proportional integral, PI, controller was assumed. Gains for

this PI controller are unknown and must be determined. This problem is

the subject of the rest of the chapter,

i

Gain Constant Determination

A schematic of the control scheme with its appropriate transfer-

functions is shown in Fig. 5.2. Determination of the gain constant for
,

the prcportional integral controller is performed using the Nichols Chart .

method (Kuo, 1975). Analysis of a control scheme by the Nichols method'

requires that there be no magnification of the desired output. For this

system, the Flux Sensor transfer function is not unity, so a transforma-
,

tion of the control scheme must be performed. A generalized representation

- of the flux control scheme in the FFTP is shown in Fig. 5.3. Ilere F(s) is

45
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Note: The non-linear CRDM willinitially not be used because of the greatlyincreased run time needed and the
many giitches which it causes on all output variables.

Figure 5.1. Block diagram for flux control system.

$
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|

|

1

i

F(t) > > Z(S) >
+>

| A -

H(S) 4-
(A)

j

F

l
F(t)+ Z(S)H(S) >

H(S) +
A-

'

(B)

Figure 5.3. Equivalent representations of the flux control system.

(a) General control system with non-unity feedback.
(b) Transformed control system to give unity feedback.
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the Laplace Transform of the desired flux, H(s) the transfer function
J

] for the Flux Sensor, and Z(s) is the product of the transfer functions
.

4 for the PI Controller, CRDM (equivalent linear), and reactor. Per-

! forming this transformation, the control system to be analyzed is shown
,

*

in Fig. 5.3.

All the differential equations describing the control scheme are

shown below (for detailed derivation, see Appendix D).
;

d
g- (U1) = U2 (5.1)

jh(U2)=PIOP-60.0*U2-1200.0*U1 (5.2)*

i

ZROD = g/ (U2)-60.0*U2+1200.0*U1- (5.3)

,

4

PIOP = CONST* ERR +WD (5.4)
!

j (WD) = ERR (5.5)

5 jh-(FLUX)=(EN-FLUX)/0.35 (5.6)

i

ERR = FEN (ROCRD) - FLUX (5.7)

G
' The variable CONST in Eq. (5.4) is the gain constant which is to be -

determined from the Nichols method. Eq. (5.4) is also the equation

which must be altered in accordance with the transformation illustrated'

in Fig. 5.3. This new equation for PIOP is

!

_ _ _ _ _ _ . . . .._.___.__.__..________.______._____.__m_ _ _ _ . _ _ _ _ _ _ _ _ . _ _ . _ _ _ _ _ _ _ _
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h (PIOP) = (El.R*CONSTiWD-PIOP)/0.35 (5.8)
,

A

The error signal, Eq. (5.7), is also altered; it becomes a function of

the desired flux only. In determining the gain, the desired flux is a

sinusoidal function. Due to difficulties edused by the control rod-

position equation, Eq. (5.3), ZROD is set equal to the proportional

: integral controller output PIOP (for the gain determination only).

'

With all necessary equations determined, several computer runs

; are made, each with a different frequency for the sinusoidally varying

desired flux. Plotted are the reactor power, ENPR, and the transformed

| desired flux, FENDPP (output from transfer block on L.II.S. of' the junc-

tion of transformed control system), against time. From each run, the

period of oscillation for ENPR and FENDPP is determined, along with the

. phase angle between them. Using Eq. (5.9), the magnitude for that fre-

quency is calculated.

Magnitude = M = 20 log 10 (5.9)F DP

.

With the results from these runs, Bode plots for magnitude and

phase are drawn, Figs. 5.4 and 5.5 respectively. Also, a plot of magni-

| tude vs. phase is produced by combining the magnitude and phase curves,

climinating the frequency. - Since the former analysis- does not include
'

' the CRDM transfer function, it must now be added.

'

; Using the Pade Approximation, the control rod drive transfer

f function can be represented as a ratio of two polynomials, .

- _ - - - - _ - _ - _ _ - _ _ _ _ - _ _ _ _ _ . _ _ _ _ - _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ - . _ _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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2 - as + b
G(s) = s (5.10)s2 + as + b

_

where a=60 and b=1200. G(s) can be written in terms of two transfer

functions (see Appendix D), with the following forms .
.

G(s)1 = 1.0/ [1+(2(1/wi)s + (s/wi)2] (5.11).
3 s_

and
'

s,

G(s)2 = 1+(2(2/W2)s + (s/W2)2 (5.12) ,

' ,,

with

G(s) = G(s)1 G(s)2 (5 13)
,

where -
s

wi = w2 = /b (natural frequency) -

"<
.

(i = awi/2b
~s

62 = -aW2/2b

From Eq. (5.11) Bode plots for magnitude and phase are determined for

|
G(s)i, G(s)2, and G(s), Figs. 5.6 and 5.7 respectively. ' Combining

l

graphs, a magnitude vs. phase plot is formed and is superimposed upon a

| similar plot for the other portion of the control schete. Fig. 5.8::, hows
,.

s

both curves for the flux control scheme with and without the CRDM,

respectively. It is the former graph which is superieposed on a Nichols

Chart for gain determination in Fig. 5.9.

The gain margin for this system is -5.75 db with a phase mar in

of 46 degrees (assuming a gain of one). Ilowever, control systems usually

operate with larger. gain and phase margins, so an adjustment is needed.
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Deciding on a gain margin of -10.0 db, a new plot is found by shifting

the existing plot down by -4.25 db on the Nichols chart. This new plot,

Fig. 5.10, has a phase margin of 70 degrees and a band width of approxi-

mately 11 112. With this shift, the gain constant for the flux control

*

scheme is calculated to.be CONST=.3162.

As a sideline, it should be mentioned that phase lag and phase
.

Icad networks can be added to control schemes to provide smaller or
-

'

Isrger band widths, respectively. In the case of this control scheme,

a phase lead ne* work could be added, sume a larger band width would be
_

desirable, llowever, this adjustment was not considered necessary for

the purposes of this study.

.

- - - - -
-
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CilAPTER 6

RESULTS AND CONCLUSION

Results

Three transients were selected to demonstrate the overall per-

formance of FATFAD in simulating responses of the FFTF. The first |

transien* consists of a ten cent reactivity step insertion. The second

transient has a ten cent reactivity step input plus a 50* K rise of the

inlet temperature to the secondary side of the IllX. Finally, the third !
! !

|- transient is a 25% reduction of the pump speed in Loop One.

Ten Cent Step Input

A ten cent step input of reactivity at t=5.0 seconds initiated

the first transient. Fig. 6.1 illurtrates the plant response over the |

i

first 200 seconds. J

Following the reactivity step, the fuel temperatures (TCF1-3) ',

~

rise to their new steady state temperatures. Which causes the cladding
i

and sodium temperatures to increase (TCC1-3 and TCSI-5, respectively).

As the sodium temperatures rise in the core channels, so does the reactor

outlet temperature (TUPO), with TXP1, the inlet temperature to the IIIX,

following suit (allowing for the transport time delay). The increase in

TXP1 is felt on the secondary side of the IllX where its outlet tempera-

ture, TXS11, begins to rise. Ilowever, not all of the added heat can be I

transported to the secondary side, thus resulting in a slight increase

60

1

- - _ _ _ _ - _ _ _ _ _ . _-.
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,

in the sodium temperature at the outlet of the IHX primary side (TXP11).

Once again allowing for the transport time delay, TLP, the lower plenum

temperature, begins to rise. Because TLP is an input to" the primary

pump control scheme the temperature increase causes the pumps to reduce

speed (ENPP) thus decreasing the flow rate. This decrease of flow is

felt instantaneously throughout the system and is illustrated ~by the

core flow rates, WRD1-5. It is this decrease in flow rate which causes

the core sodium and the cladding temperatures to begin their second

temperature rise and plateau. The reduction in total flow rate also

accounts for the leveling off the subsequent decrease in TXP11.

By the end of this run, the system has almost reached a new

operating point. It should be mentioned that since this is a symmetric

transient, both loops should behave identically, as is seen in the-

graphs. -

|
'

Ten Cent Step input Plus a 50* K Rise in the IHX
.

i Secondary Inlet Temperature
i

i - For the second transient, a 10 cent reactivity ' step input at

l seconds was accompanied by a 50 K rise in the secondary sodium inlet

temperature to the IHX, over a ten second period. Fig.16.2 illustrates

the primary heat transport system (PHTS) response to this imbalnnce -
,

i

over the first 200 seconds.

|- At t=0, TXS12 begins the 50* K, increase over a period of 10

seconds, which causes TXP11 (IHX primary sodium outlet temperature) to -

rise. During this rise in TXS12, a 10 cent step' input of reactivity'is

-initiated at t=5.0 seconds causing the fuel temperatures to rise (TCF1-3).-
i

;

i

I
(
:

.
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Following the fuel temperature rise are the cladding and sodium tempera-

tures (TCC1-3 and TCSI-5, respectively). Their initial increases are

identical to the responses they had for the 10 cent step input (first

transient case). Ilowever, soon afterwards, the cladding and sodium

temperatures depart from their expected behaviors; both temperatures

begin to increase much more rapidly inrtead of leveling off as in the

first case. The reason for this results from the temperature rise in the

lower plenum rulet temperature for Loop One, TLPl. Taking into account

the transport time delay between the Illy primary outlet and lower plenum

inlet, the lower plenum temperature (TLP) begins climbing when the

cladding and sodium temperatures begin their second increase. TLP in

turn depends upon the sodium temperatures entering the lower plenum

from the two primary loops (TLP1 and TLP2). These temperatures are in

turn inputs to the control systems of the primary pumps. When the sodium
I

entering the lower plenum from the single loop begins to show an increase

in temperature, the pump in that loop reduces its speed (ENPP), thus de-

creasing flow rate. This decrease in flow rate is fe'.c instantaneously

throughout the system, including the core flow rates (WRDI-5). It is

the reduction in flow rates through the core which causes the increase

in sodium and cladding temperatures.

Initially, when the flow is reduced in the single loop, the

double loop tries to take up the slack. This causes the IliX primary

outlet sodium temperature in the double loop (TXP21) to increase (less

time spent in the IllX) . But the flow rate is another input into the
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pump control svstem; therefore, the pump on the two loop-side reduces

speed (ENPP , causing TXP21 to level off and drop.

ca. " ripples" seen in various quantities are due to the pump

_ rollers decreasing and increasing pump speed (i.e., flow rate) inc

accordance with the sodium temperature. It is this undulation in the

sodium temperature which causes~ the power (EN) to fluctuate. Feedback

reactivity increases due to rising sodium temperature and vice versa,

causing power to oscillate with fuel temperatures following.

During this time, FUPO, the upper plenum outlet temperature,

rises. This is followed by a rise in the IHX primary sodium inlet

temperatures, TXP1 and TXP2 (allowing for the transport time delay).

It is the rise in TXP1 and TXP2 which make TXS11 and TXS21 increase,

respectively (IHX secondary outlet sodium temperature for the single

and double loop, respectively).

Backing up mornentarily, note that before TXS11 displays its

increasing trend, there is a large dip in the temperature. This dip

results from the secondary flow remaining constant while the primary

flow decreases. Less hot sodium enters the IHX per unit time, thus de-

creasing the amount of heat flow to the secondary side, and resulting in

a lower outlet temperature for-the IHX secondary side. For this reason,

- TXP11 displays a temperature-drop during the same time interval. With-
'

primary flow reduced, the sodium spends more time in the IHX, trans-

-ferring more heat than usual and thus decreasing the primary outlet

temperature from the IHX. Once this lower temperature is " felt".at the

lower plenum inlet, the pump begins to increase speed and flow rate.

i
,
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Therefore the pump speed fluctuates, as mentioned earlier, causing all

other quantities to follow.

Looking at. the behavior of all the variables plotted, it can be

seen that by the end of 200 seconds, most of the undulations have died

away, with the control systems bringing the plant to a new steady state.

25% Reduction in Loop One's Primary Pump Speed

At time t=0 a 25% coast down in the pump speed for the single . ,

loop (ENPP) takes place, with the responscs rhevn in Fig. 6.3. Flow
i

$

rates in Loop One immediately respond by slowing down, including the

flow rates through the core channels (WRD1-5). A lowering of the core
:

flow rates causes the core sodium and cladding temperatures (TCSI-5 and

TCC1-3, respectively) to increase. This in turn provides for a larger

negative reactivity feedback, causing the reactor power (EN)_ to fall
! !

sharply with fuel temperatures (TCF1-3) following.
.

l
1

Initially, after the speed reduction, the two-loop side tries to

take up the slack, with its flow rate increasing sharply. This causes
,

the IllX primary sodium outlet temperature, TXP21, to increase. The IIDC

secondary sodium outlet temperature for Loop Two (TXS21) also rises

initially because mcre hot primary sodium is entering the IllX, resulting

in more heat flow (i.e. , higher TXS21).

The opposite :s happening in Loop One; TXP11 decreases because

the flow rate drops, allowing the sodium to stay within the IllX longer

and to give up more of its energy in the form of heat transfer. Also,

TXS11 decreases since less hot sodium is entering the I:1X on the primary

.

_ . - - - - _ - _ - -_____a_.-_ _ _ _ - - - . - . _ _ _ . - . - ....____-~_-____-.--A __
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side. The secondary sodium does not gain .1s mu h energy per unit time,

in the form of heat flow as in the steady state situation.

When the reactor power deviates from its normal operat .ng con-#

dition, the flux control scheme will correct any deviation. In this

case the control system pulls out control rods until the power starts

climbing toward its original operating condition.. The power also rises

with the fuel temperatures. The sodium and cladding temperatures in

turn will . illow the rise in fuel temperatures. Ilowever, TCS4 and TCS5

have a slightly different temperature profile; the lower temperature at

the end is due to the lower plenum temperature (TLP), which has decreaseu

during the troasient.

During this time, the upper plenum sodium exit temperature (TUPO)
,

increases, which in turn causes the rise in TXP1 and TXP2 (IllX primary
,

inlet temperature for the single and double loop, respectively1 This

is felt on the secondary side by heat transfer across the IliX's with

both TXS11 and TXS21 increasing.

The undulations seen in some of the variables are due to the

control scheme for the pump in Loop Two.

Conclusion

The objective of this work was to develop a fast-running and

accurate model of the FFTF. In all three runs discussed previously, the

total execution time ranged from 150 CP seconds to approximately 160 CP

seconds. Since all runs were for 200 seconds simulation time, the code

runs faster than real time and is indeed fast.

/

_ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ .
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Although there are no comparisons on which to judge the accuracy

of the results, physical reasoning was adequate to interpret the runs.

All the components were modeled separately and tested thoroughly, and

there is no reason to doubt the results obtained.

However, it should be remembered that only the primary system

has been modeled. The secondary system is set up now to remove whatever

heat is necessary to maintain the IHX secondary sodium inlet temperature

at the normal steady state operating point. It is the lack of a model

for the secondary side (i.e. , DHX, Dump Heat Exchanger) which would

cause the results to change by any appreciable amount from the transient

responses reported here.

In summary, FATFAD has been shown to be an inexpensive, fast an1

relis91e lumped parameter model of the FFTF primary heat transport sys-

tem.

For a listing of FATFAD and a'. index of variable names with

definitiors see Appendix E.

!

I



..

k

Al>PENDIX A

IllX

As in Chapter 2 the rarameters whic:' go into the energy equation

for the IllX will be considered first. Values found here f ar transient

varying parameters are calculated for the steady state case.

Primary cross-sectional flow area per tube (Eq. 2.1):

CAXP1 = v[b -(a/2)2]2

-2b = 1.763 10 m (equivalent diameter),
-2a = 2.223 10 m (outside diameter).

Substituting,

CAXP1 = 5.883 10-2,

Sodium density (Eq. 2.2):

ROXP11 = 16.02 (59.533 .003333*FAP11)

FAP11 (average sodium temperature) = (T; -To t)/2

T. = 830.2222 *K
in

T = 686.8889 *K;

so,

FAP11 = 906.0 *F

3ROXP11 = 832.77 kg/m

91
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From CAXP1 and ROXP11, the sodium velocity through the 111X can

be found.

Sodium velocity (Eq. 2.3):

VXF'1 = WRD1/ (R0XP11*CAXPl *ENXP1)

ENXP1 = 1540 tubes

NRD1 = 737.066278 kg/sec

VXP11 = .978 m/sec

Specific heat of sodium (Eq. 2.4):

(.34574-7.9226 10-5*FAP11+3.4086 10-0CPXP1 = 4.1868 103 *

2FAP11 )

Using the value of FAP11 determined earlier,

CPXP1 = 1264.16 KJ/kg *K

Thermal conductivity for tube wall and sodium:
,

Tube wall (Eq. 2.5)

-2
TCXW11 = 1.73073 (7.7388464+.40721437 10 *TXF11),

TXF11 (tubc wall temperature in *F) = 878.01 *F

TCXW11 = 19.5818 J/sec m "K
;

Sodium (Eq. 2.6)

TCXP11 = 1.73073 (54.306-1.878 10-2*FAP11+2.0914 10-6*FAP11 )2

_
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With the steady state value for FAP11 given previously, the sodium

thermal conductivity becomes

TCXP11 = 67.5113 J/see m *K

Sodium viscosity (Eq. 2.8):

10.0[1.0203+(397.17/RP11) .49251og(@ll)]-4UMXP11 = 1.867 10

where

RP11 (average sodium temperature in *R) = FAP11+460.0

RP11 = 1366.0 *R

and

UMXP11 = 1.0914 10 N sec/m3
.

With the thermodynamic properties calculated for both tube wall

and sodium, the convective heat transfer coefficients can be deteImined.

The general form of Ii is,

Ii " "D (*)
c

where

D
Nu = A+BRe Pr (2.10)

D

and

"
Re =

p
.

C pp
Pr =

k

- _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ -
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.

h for primary (shell) side:
_

.

The Reynolds number and Prand1t number are given Ly Eqs.

(2.11) and (2.12) respectively. Also,-the constants for the Nusselt

' number are,

A = 28.16 ,.

-1IB = 3.893 10 ,.

C = D = 0.86

Substituting everything into the equation for E '
c

IIHXP11 = y [28.16+ (3.801 10-II)REXP11' PRXP11 86){

HXP11 = 5.6422 10 " J/see m
-

2 k

'

; where *

-DH (hydraulic diameter) = 3.36953 10~'

m
:
!

|

| h f r secondary (tube). side:
e

' Reynolds number and Prandit number are again_by Eqs. (2.11)

and (2.12) respectively. The constants for the Nusselt nu:dber are now,

| A = 5.0 ,
i

^

B = 0.025 ,

l.

| C = D.= 0.8

:

_ becomesand the expression ifor hg
,

i

- HXS11 = [5. 0+ ( . 025) REXS11 * 8 PRXS11 8)

! ~ .T/sec m2 ogHSX11 = 3.1919 10
i

.

. '

!-
.

5 -
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1

l

where
-2

i D (inside diameter of tube) = 1.96 10 m
|

7

i - The tube wall has a thermal resistance associated with it:

RW11 = in(DOT /DIT)/ (2.0*u*TCXW11*TL) ~

- RW11 = 2.4973 10~ sec *K/J4

where,
1

DIT = D = 1.96 10-2 ,

DOT = 2.223 10-2,
,

j This is the total resistar.:e through the wall. It is split into two
~

parts in the model, with the interior point placed where the wall tempera-
'

'

ture is determined.

!. Temperatt.res for each of the three regions (primary, wall, -

! secondary) can no i be derived for using the energy equation (see. Chapter
a

2).

Primary region (Eq. 2.20):;

d
--- (TXP11)out [WPD1*CPXP11*(TXP11. -TXP11out) -

"

=

dt in

i UXP11 * (TAVP11-TXW11) ]/WP11

! where,
,

TAVP11 (Average sodium temperature) = 758.5556 *K'

e

The steady state value-of TXP11 is 830.2222 *K and of TXP11 s
79 out

.

686.8889 K.
4

4

4

i

k
4

-- .-wn,- . - - -r, ,-,--,,-,-nn en-,- e ,, ,-,-- ~ .. - e ,-,,, ,---,,,,.-r,,,-,,---,r,,cen~-c--,--, ~,--n,. ,~-.--,..~-+,..-,,,,,-e,r- , , - - .
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Tube wall (Eq. 2.24):

h(TXW11)=[UXP11(TAVP11-TXW11)-UXS11(TXWil-TAVS11)]/WW11

where

TAVS11 (average sodium temperature on secondary side) =

711.333 *K

The overall heat transfer coefficient for the secondary side

(UXSil) contains the fouling resistance RF. This resistance takes into

account the buildup of particu' ate matter on the tube walls, and its

value is considered constant. RF had to be determined simultaneously

with the wall temperature since one is a function of the other, and

neither quantity had a known steady state value. To sustain steady state

conditions throughout the system, TXW11 and RF were found to have the
i

values,
'

TXW11 = 743.00326844 *K

RF = 1.0774167599 10 sec * K/J

Secondary region (Eq. 2.28):

1 (TXSil)in [WSD1*CPXS1(TXS11 - TXS11.in)dt
.

=
out

3

+ UXS11(TXW11-TAVS11)]/WS11

The steady state values of TXSil and TXS11 are 639.6667 *K and
in

783.0 *K, respectively.

1

_



APPENDIX B

REACTOR

Lower and Upper Plenum

With a perfect mixing model assumed for both plenums, the only

state variable which is of concern is the sodium temperature.

For the lower plenum, sodium temperature is given by Eq. (3.8).

d
g- (TLP) = (QLOOPl+QLOOP2-WRD*CPSLP*TLP)/(Ri!0LP*VOLLP*CPSLP)

WRD (total sodium flow rate) = 2211.198834 kg/sec

VOLI.P = 66.09 m3

The density (RiiOLP) and specific heat (CPSLP) are both given by the same

expressions as those used for the IllX.

QLOOP(1,2) = WL(1,2)3* CPL (1,2) *TLP(1,2)

Since all the above parameters have known steady state values, the system

of equations is closed.

TLP = 686.8889 K

also,

TLP1 = TLP2 = 686.8889 *K

WL13 = 737.066278 kg/sec

WL23 = 1474.132556 kg/sec

97
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Sodium temperature for the upper plenum is given by Eq. (3.12).

- - (TUPO) = [WRD*CPOUT* TOUT-(WL11-WL21) *CPOUT* TUP 0]/ i

(RHOUP*'iOLUP*VPUPO)

Once again, the density (RIIOUP) and specific heats (CPOUT and CPUPO) are

found using Eq. (2.2) with the appropriate temperature substitution.

3VOLUP (volume of upper plenum) = 95.09 m

The steady state value for the upper plenum temperature is

TUPO = 830.2222 *K

also,

WL11 = WL13

WL21 = WL23

Core

By using the energy corservation law, the core outlet temperature

(TOUT) can be expressed by Eq. (3.16).

(TOUT) = (T1+T2+T3+T4+TS-WRD*CPOUT* TOUT)/

(R110UT*VOLC*CPOUTT

where

VOLC = 2.519691942 m3

and where T(1-5) is given by Eq. (3.17). Knowing the sodium steady state

temperatures in all five channels (given later in this appcod;x), the

sodium steady state temperature at the core outlet becomes

__ ___-_- -_-
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TOUT = 830.2222 'K

The five sodium temperatures mentioned above are al'o determined

using the energy equation for each channel. There are also many thermo-

dynamic properties of fuel, cladding, and sodium which appear in the

temperature equations. Therefore, as in Appendix A, these thermodynamic

propectics will be considered first.

Fuel thermal conductivity (Eq. 3.25):

TCCF(1-3) = 100.0{ F(1-3) [38.24/ (TCF(1-3)+ 129.2)
~I3+ 6.1256 10 *TCF(1-3)}]

,

where

F(1-3) = 1.079[FR0/ (1+.5(1-FRO))] = 0.9387

and

FR0 = 0.9094

Fuel specific heat (Eq. 3.27):

CPCF = 4.1868 10 (0.1091351924+7.75289753 10-5*TCF3

~0*TCF +2.046305 10'II*TCF )2 3- 6.121778 10

there fore

CPCF = 648.458 KJ/kg *K

The value of CPCF for the other two fuel channels will differ since the

fuel tempelatures differ.

_ _ _ _ _ _ . _ - _ - _ .
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Gap convective heat transfer coefficient (Eq. 3.31):

!!CG(1-3) = 10 {0.132+(0.1167*TG(1-3) -2.36)/4

CGPDR+0.6391[B(1-3)/(1.0+B(1.D)]}
- .

with TG(1-3) given by Eq. (3.32) and B(1-3) by Eq. (3.33). For the

first fuel channel, in steady state,

- -3
CGPDR = 1.651 10 "/4.9149 10 = 3.359%

TG1 = 1125.5 *K

-9
B1 = 4.04 10

so,

ilCGI = 5.95 10 J/sec m2 oK4

Cladding specific heat (Eq. 3.34):

CPCC(1-3) = 4.1868 10 [0.14937593-0.39506964 10 "3
~

*TFCC(1-3)+0.2678125 10~7*TFCC(1-3)2)

For Channel 1 in steady state,

TFCCl (clad temperature in F) = 962.59 *F

therefore

CPCCI = 5.701 102 KJ/kg *K (S.S.-316)

Cladding thermal conductivity (Eq. 3.35):

TCCC(1-3) = 1.73073 (7.7388464+0.40721437 10-2*TFCC(1-3))

_ _
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In steady state,

.

TCC1 = 20.17S J/sec m2 K (S.S.-316)

It should be mentioned that since the cladding temperature and thermal

conductivity are functions of one another,' and neither were known, a

trial and error me'thod was used to obtain the steady state ' values.

. Sodium heat transfer coefficient (Eq. 3.39):

The convective film nu.* transfer coefficient for sodium is

HCS(1-3) = UNCS(1-3)*TCSS(1-3)/DHC

where UNCS is the sodium Nusselt number, given by Eq. (3.36), and DHC,

the hydraulic diameter, has the value

DHC = 4 cross-sectional flow arca/ wetted perimeter-
~3DHC = 4.106381678 10 m

HCSI~= 1.0539 107 J/sec m2 *K (steady state)

At this point,'all necessary thermodynamic quantities are

assembled and the expressions for fuel, cladding, and sodium temperatures

can be formulated. By use of energy conservation, the above three temper-

atures are given by Eqs. (3.47), (3.44), and (3.42), respectively. .The

overall heat transfer coefficients are,

Clad-Sodium (Eq. 3.45):4

UAC(1-3) = [1.0/(HCS(1-3)*CAREA2)+ALOG(DOC /DC)/
'

:

(2.0*TCCC(1-3)*PI*PL)]~I
!
t

{
1

'

t

1

, we+w,.,.--w, ,..ev',,- ,.*--+,-,.rme,y,-w_,
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In steady state,

TCCC1 = 20.0937 J/sec m "K

Using

-2CAREA2 = 1.678215171 10 m

~3
DOC (cladding outer diameter) = 5.842 10 m

-3
DC (diameter where TCC is evaluated = 5.474222066 10 m

PI = n

PL = .9144 m

we have

-3
UACI = 1.e'78 10 J/sec m *K

Fuel-Clad (Eq. 3.48):
,

UAF(1-3) = [1. 0/ ( 8. 0 * P I * P L*TCCF (1 - 3) ) + 1. 0/ (IICG ( 1 - 3) *CAREA1 )

+ ALOG(DC/DIC)/ (2.0*TCCC(1-3) *PI*PL)]~

In steady scate,

TCCF1 = 2.30578 J/sec m K

IICG1 = 5.95 10 J/sec m2 og4

using

-2CAREA1 = 1.45931754 10

DIC = 5.08 10-3 ,

we find

UAF1 = 1.4945 103 J/sec m *K
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Temperature calculations for the center pin are done in a similar

fashion as for the three fuel regions. The resulting equations have the

same form, and only the values for various parameters change; see Eqs.

(3. 4 9) , (3.50), and (3.51). Tabic B.1 lists the steady state tempera-

tures of the 5 channels and hot channel.

i

Table B.1. Steady state temperatures for 5 channel core.

Steady State Temperatures (*K)
.

Cladding Fuel Cladding Sodium

flot 1776.7583707 801.08287055 883.70062324

1 1711.0141904 789.99552822 863.1161984

2 1628.1658722 785.57202418 856.4841221

3 1397.9035084 773.31133087 838.4591702

4 --- --- 721.8784246

722.59283665 --- ---

. - _ - _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



104

Kinetics

The total reactivity, used in the prompt jump approximation (Eq.

3.56), is given by 3q. (3.58),

ROD = 20CRD+ROFBD+R0EXCD+ROAUTO

where,

ROEXCD = -ROFBD

,

with

ROFBD = [100. 0 ( DO PC/ BETAT) * tn (TVAFR/TIR) + SODDC * (TVAS-TI )

+ AXEC*(TVAF-TI)+ REC *(TVAS-TI)]/100.0

~3BETAT = 3.34991 10

DOPC = .005

SODDC = .0882 t/*K

AXEC = .0684 t/*K

REC = .378 t/*K

TI = 477.4444 *K
,

I

TIR = 860.0 *R

In steady state,

ROFBD = -2.6839411896366 dollars

ROCRD = 0.0 dollars

ROAUTO = 0.0 dollars

:i
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APPENDIX C

MOMENTUM AND PRESSURE EQUATIONS

Steady state values of terms in the momentum equations were, for

the most part, found in vaiious volumes of the FSAR for FFTF. Only one

term, the friction factor, required an alternate method for steady state

determination. The method employed involves rewriting the momentum

equation which contains the unknown friction factor, and solving the new
l
tdifferential equation that results.

To illustrate this technique, the momentum equation for the IlfX

is reproduced below.

- - (WlXP) = AOLXP* [ POUT 12-PIN 13-R110XP*G*Y+ (WIXP/PAXP1)2

2
(1.0/ ROUT 12-1.0/ROIN13-FXPl*PAXP1 ))

All the terns on the R.fl.S. of this equation have known steady state

values except FXPl. The steady state value of FXP1 is found by replacing

the actual momentum equation with a fictitious equation.

fp (FXP1) = AOLXP*[ POUR 12-PIN 13-RiiOXP*G*Y+(WIXP/PAXPI)2

2(1.0/ ROUT 12-1.0/R0lN13-FXPl*PAXP1 )] (C.1)

As can'bc seen, Eq. (C.1) looks identical to the original equation. The

only alteration comes from the L.il.S. of the momentum equation. Instead

of having d(m)/dt, d(f)/dt is substituted in its place, with f being the

105
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friction factor, FXP1 in this case. By pegging all other terms at their

steady state values and solving Eq. (C.1), the integration routine will

determine the value of the fricticn term which gives a derivative of

zero.

In the case of FXP1, the result of using this steady state solser

is

FXP1 = 281561.182617841

Below is a list of the friction factors, all of which were ob-

tained using the fictitious differential equation method.

Reactor:

F121 = 1.153853889592

F122 = 3.506702498715

F123 = 1.9966364878736

F124 = 207.89525748858

F125 = 5.6344305986404

IHX:

FXP1 = 283026.28367793 one-loop

FXP2 = 70764.297116279 two-loop

Piping:

FL11 = 0.0152114170078

| FL12 = 0.0341751154091 one-loop
|

FL13 = 0.1818751139653

i

.

|
_ _ _ _ - _ _ _ _ _ .
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FL21 = 0.00380285425196

FL22 = 0.00854377885226 two-loop

FL23 = 0.04546877849133

i

w

a
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APPENDIX D

FLUX CONTROL SYSTEM

Determination of Differential Equations of
Flux Controller

(A) CRDM (Equivalent Linear)

OUTPUT , X(s) e-0.ls
INPUT R(s)

In order to solve this the exponent must be ex,anded. This is

done using the Pad 6 approximation (for small negative argument),
6 12

s T -6sT+12 *~T s+TI22OLTTPUT

' s Tz+6sT+12
*2INPUT 2 6 12s+ s + 77

Let

a = 6/T
l2

b 17

T = 0.1 (not -0.1)

t. hen

2X(s) , s -as+b (D.1)R(s) s +as+be

or

2 2X(s)(s +as+b) = R(s)(s -as+b) (D.2)

Let X(s) have the following form,

108
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2X(s) = u(s)(s -as+b) (D.3)

Substituting Eq. (D.3) into Eq. (D.2),

2 2 2u(s)(s -ac . )(s +as+b) = R(s)(s -a.,+b) (D 4)

. reducing,
i

23(s)(s +as+b) = R(s) (D.5)

The equations which must now be solved are Eqs. (D.3) and (D.5).

Determining the appropriate differential equations,

2du dux(t) = p - a g + b[u(t)] (D.6)

r(t)=jt + a + b[u(t)] (D.7)

Letting

ui(t) = u(t), = u2(t)

we have

2 d3du _
dtT - dt

Substituting t'.ese relations back into Eqs. (D.6) and (D.7),

x(t)=h-au2 + bu2 (D.8)

where

h=r(t1 au2 - bu2 (D.9)

. _ _ _ _ _ _ _ _ _ _ - _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ - - - _ - - - _ _ _ _ ._ _ - _ _ _ _ _
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The needed equations are thus

hf=u2 (D.10)

g"y' = r(t) - au2 - bu2 (D.11)-

x(t) = f-au2+bu2 (D.12)

where Eqs. (D.10), (D.11), and (D.12) correspond to Eqs. (5.1), (5.2),

; and (5.3), respectively.

(B) Flux Sensor

Z(s) 1
,

Y(s) 1+0.35s

or

Z(s)(1+0.35s) = Y(s) (D.13)

The differential equation for Eq. (D.13) becomes,
.

d7
g{ = [y(t)-Z(t]]/0.35 (D.14)

where Eq. (D.14) corresponds to Eq. (5.6).

!
,

(C) Proportional Integrator

f
r(t) = k e(t)+k2 c(t)dt (D.15)i

.

o

Rewriting Eq. (D.15) in a more convenient form,

I
__ _-
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= k e(t) (D.16)2

r(t) = k e(t) = w(t) (D.17)i

with Eq. (D.16) given by Eq. (5.5) and Eq. (D.17) by Eq. (5.4). The

constant k2 is assumed to equal one,1 caving only ki to be determined

using the Nichols Chart method. ,

Determination of Gain (K)

Before actually determining k , the control system has to be
i

transformed into an equivalent system, but with a feedback of unity (see

Fig. 5.3). With II(s) as the Flux Sensor transfer function and Z(s) the

PI transfer function, Eq, (5.4) becorces
:

PIOP/ ERR = (K + 1/s)/(1 + 0.35s) (D.18

or

PIOP(1+0.35s) = ERR (K + 1/s) (D.19)

where the equivalent differential equation is

(PIOP)=(ERR *K+fERRdt-PIOP)/0.35 (D.20)

Sincew(t)=fEERdt, Eq. (D.20) can be written as

(PIOP) = (ERR *K+w(t)-PIOP)/0.35 (D.21)

which is Eq. (5.8).

_,
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With this transformation, the desired flux entering the summation

junction is also altered. Let FEND be the desired flux going into the
I

transfer block, and FENDP the desired flux coming out of the block. The

differential equation is then

FENDP/ FEND = 1 + 0.35s

h(FEND)=(FENP-FEND)/0.35 (D.22)

Turning to the linear CRDM transfer function, Eq. (5.10) can be

represented as a product of two othcr transfer functions each having the

form expressed by Eq. (5.11). Rewriting Eq. (5.10),

2
2)(w$/w$)[(s-as+b)/(s+as+b)]2 2G(s) = (w jg

(w!/w$)G(s);G(s)2 (D.23)=

where,

2 2G(s)1 = w /(s +as+b)

(s-as+b)/w!2G(s) 2=

Both transfer functions can be represented by Eq. (5.11) using the

following definitions,

Et = aui/2b = 0.866

(2 = -aw2/2b = -0.866

6 = 34.64wi = w2 =

Since wi equals w2, Eq. (D.23) can be written as

. _ _ _ _
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G(s) = G(s)i G(s)2 (D.24)

Before deriving the expressions for magnitude and phase angle of

G(s), it should be mentioned tha, the analysis is only good for linear

systems. Because this control scheme is nonlinear, the results obtained

from the following treatment hold for small transients about the normal

operating point only.

The magnitude, in decibels, is,

'
1 E10|G( (D.25)|G(s)|db

*

But

|G(s)|=|G(s)3 G(s)2|

therefore

1 810|G(s)3 G(s)2||G(s)|db
*

=20logio|G(s)3|+20 log 10|G(s)2|

|(s)2|db (* }|G(s)|db =|G(s)i|db +

where, using s=jw,

-20 logio{ [1-(w/wi)2)2 4C(gfgl)2}h (D.27)
2

|G(ju)i|db s

0 logg,l[1-(u/w2)2)2 +46(w/W23}b (D.28)2
|G(je)2 |db =

2

In determining a relationship for phase angle, compicx number

theory is useful. Putting G(s)1 and G(s)2 into a more useful form,

.

. _ - _ _ _ . - - - __ __.__ __ m -___ _ - - _ _ . - - - . - . _ _ - _ _ _ _ - - . _ _ . - -__- _ _ -__.__.______m- __.___l
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2G(jw) g = M [(-w +b)-jaw] (D.29)i

G(jw)2 * M ((-W2+b)-jaw) (D.30)2

with Mi and M2 being th+ resulting constants after rationalizing the

denominators of G(jw) g and G(jw)2, respectively. Inoking at only the

compicx portion of Eqs. (D.29) and (D.30), they can be rewritten in the

form

Z = x+jy = p(cose + j sine)

where p = /x2+y2 and e= tan ~I(y/x). Using a power series expansion, it

can be shown that

0
cose + j sinec =

llence

0Z=pe (D.31)

with p being the magnituda and 0 the phase angle. The re fore,

1G(je)1 = pi e (D.32)

2G(jw)2 * P2e (D.33)

Using Eq. (D.24),

i(O * 2)l (D.34)G(ju) = p p2 C
3

where 0 = O +0i 2 is the total phase angle. Alternately,>

[G(jw) = /G(jw)i + /G(jw)2 (D.35)

_ _ _ _ _ _ _ __ _
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with
. .

ei = -tan ~ C"/ 1- [ di-) (D.36)
W1

, \W1/ ,
'

. .

02 = tan- ?" / 1- di- (D.37)
W2 W2

, ,

From Eqs. (D.26) and (D.34), a plot of magnitude vs. phase is

superimposed on a similar graph for the control system without the CRDM

(Fig. 5.8). The resulting graph is placed on a Nichols chart and the

gain constant is read directly from the chart. As mentioned in Chapter

5, the gain comes out to be 0.3162.

.

;

_ . . _ _ _ .
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APPENDIX E

GLOSSARY OF VARIABLE NAMES AND FATFAD LISTING

The following is an alphabetical list of variables used in FATFAD.

All variables are in SI units unless otherwise stated. As mer._.oned in

Chapters 2 through 5, various schemes have been adopted for variable

naming. For example, the suffix 1 and 2 signifies whether that variable

is used for the one or two loop model, respectively. Other schemes are

used and explained in various chapters, therefore they will not be re-

produced here.

Immediately followis.g the glossary is a listing of FATFAD, a

DARE P input file.

|

|

i

|
l

|
i
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AC. Cnud a-aiCT IJN AL FL0s AREA IN CORE CHANNEL 1
=Jt LNL53-acCTIJNAL FLOd AREA IN CJRE CHANNEL 2
AJa Cd0ab-hcCTIuNAL FLOW AREA IN CORE CHANNEL 3
A;* LRass-ScCTIONAL Food AP5A IN CJRE CHANNEL 4
Awa C a us s-s E C TION AL FLOW AREA IN CORE CHANNcl $
AMwAA JcC AY CONST ANT FUR GROJP 1
AMsA2 OcL AY CONST ANT FOR GROJP 2
AMuna DiLAY CDNsTANT FOR GkOUP 3
AMua, JcCAY CDN2T ANT FOR GROUP 4
AMvA3 ocC AY CDNSI ANT F Dd GRJUP S

|
- AnwAo ucC AY CDN> TANT FDR GPJdP 6

AJL. AncA way10EJ BY LENGTH FOR CORE CH ANNEL 1
-J64A ARcA CividED BY LiNGTH OF PIPE SECTION 1, LOOP 1
AJLis ARLA DIVIDED BY LENGTH OF PIPE SECTION 2, LOOP 1
AJLij *RcA OIVIdcJ SY LsN.TH OF P1Pt SECTION 3, LOOP 1
AJL4 AMEL DIV10c0 SY LEN4TH FDR. CORE CHANNEL 2
40624 ARLA Div4DcD BY LENGTH OF PIPE SECTION A, LDOP 2
Auktd AkcA Diviuc0 dY LiNGTH OF PIPE SECTION 2, LODP 2
AJLc4 AncA OlVIDEU $T bcNGTH OF PIPE SECTION 3, LODP 2
AJL3 AREA DIVIDE 0 BY LENGTH FOR CORE CHANNEL 3
AG * AMEA Div10cD BY LcN.TH FOR CURE CHANNEL 4
AOLp AkEA div10cd dY LcNGTH FJR CURE CHANNEL 5
AOLXPA ARcA GAVIJc0 SY LiN.TH OF IHX TUBE, LOOP 1
AaLAP4 AREA DIv10id of LENGTH FO IHX TUBE, LOOP 2
AAc; AAAAL EAPAN510N COEFFICIENT-
ocTA4 DELAYEu NedTx0N FRACTION FOR GROUP 1
ocTA4 OcLAYiu NtdTRON FRAwi10N FOR GROUP 2
oEIAJ DELAYEs NEUTRON FRACTION FOR GROUP 3
oclA* DeLAYcJ Nc0 TRON FRA; TION FOR GROUP 4
ocTaa UcLAYeD hiUTRON FRACTION FOR GROUP 5
scTAo 0 LAYED NcVTRON FRACTION FOR GROUP 6
ocTAT TJTAL OcLAYcD NEUTRvN FRACTION
.AkcAA McAT TRAN3Ftk ARca, GAP-CLADDING INiiRFACE
Cake.g MEAT TRAN5FcR AREA, CLAD-SODIUM INTERFACE
.AAP4 AMA A-scc T. FLO. Aria, Pk1 MAR Y SIDE (LOJP ll
.AAP2 IHA X-5ECT. FL0n ARcA, PRIMARY SIDE, LOOP 2
;AAsl IHA A-hECT. FL0n ARE A, SECONDakY SIDitLOOP 1)
;AA34 INA X-ScCT. FLJh ARcA, SECONDARY SIDE, LOOP 2
JurDR CJLJ .AP Ta PELLET DIAMETRAL RATIO (st)
.M CLADJANG MAis PER PIN
CNA NJRMALIAc0 CONCcNTRATION OF 1ST DELAY GROUP
;N2 NORMALIAED JONCcNTRATION GF 2ND DELAY GRDUP
.NJ NORM AillED CONCENTR ATION OF 3RD DELAY GROUP
JN* NJiM AL A e EJ .ONCEf4TR ATION OF 4TH DELAY GROUP
.12 hsRMALI4EJ CONCENTRATION OF STH DELAY GROUP
JNo tQRMALAZEJ |uNCENTRATION OF 6TH DELAY GROUP
LNLR0u ROD d0kTH F0d COnTRDL RODS
JJNaT GAIN CGNSTANT FOR FLdA CONTR OL SYSTEM
. pas. AV. 20DIUM SPECIFIC HEAT OF CORE CHANNEL 1
.Paal Av. JDulvM 2Pc;IFIC He&T OF CORE CHANNEL 2
LPA53 Av. SJDIUM SPECIFIC HEAT OF CORE CHANNEL 3
LPAs* AV. 50DIUM 5PECIFIC HEAT OF CGRE CHANNEL 4
;#AS3 AV. >DDIUM 2Pc;IF AC HE AT OF CORE CHANNEL $a

.PA>H. Av. SQJIUM SPECIFIC HEAT IN CORE HOT CHANNEL

.PC;1 SPesIFIC HEAT OF CLAD IN CORE CHANNEL 1

.PC.c SPELIFIC HEAT OF CLAD IN C0kE CHANNEL 2

.P.;4 SP LC 4F 1. Ht A T GF CLAD IN LORE CHANNEL 3
orLLn; >PEciFAL NEAT OF CLAD IN CORE HOT CHANNEL
.PCr. SPECIFAC HEAT Dr FUEL IN CORc CHANNEL 1
C;LF4 SPECIFAC NEAT OF FUiL IN CORE CHANNEL 2
JPLF3 svECIF.; NcAT sh FUEL IN CORT CHANNEL 3
.PLFH. Specific HEAT OF rUEL IN CORE HOT CHANNEL
.PLA IHA cAIT PRIMAaY s0DIUM SPECIFIC HE AT, LOOP 1
;vti IHA cx!T PRIMARY 5001UM SPECIFIC HEAT, LOOP 2

- _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ - - - _ _ _ _ _ - - _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _
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trbwl LPPtk PLENJM INLif 20010M $PECIFIC HE AT
.Ph1 $wJauM sPcCAF1. HEAT OF CORE CHANNEL 1
;#as SJJ1Uh SPtCAFI; HEAT OF CORE CHANNEL 2
.Paa suDlum 2PECarl; dt AT OF CORE CHANNEL 3
.P24 30DIV' 4PdCIF 44 HE AT OF CORE CH ANNE L 4
.Ps3 sud! 2PcC Afl0 Ht AT OF CORE CHANNEL S
.Patr LO. < v6ENUM adDIUM SPcCIFIC HE AT
6PLPJ un PLENUM JuTLET 500 lum $PECIFIC HEAT
.PAk64 4HA PRir*RY 20DIUM 2PECIFIC HEAT, LGOP 1
.#Arca AH1 PRIhARY auD10M SPECIFIC HEAT, LOOP 2
;#Aar. lHA ScCONDARY >LDlun SPECIFIC HEATe LOOP 1

PtaZA la aiCONDARY aOJiuM $PECIFIC HE AT, LOOP 2.

.PAe1 2Pcw!FIC HEAT Dr IHA TOBL
waFA LROS5-5ECTIONAL Flue AREA PER FUEL ELsMENT
s inA Tode 01AMETtR
w6 CLAUDING u1AMETER WHERE TEMP. IS FOUND
s;T 4Ha Tubi OlAMETea wHERi WALL TEMP. 15 ME ASURED
.cLP14 UPPER PLENsM Pdcasudi DIFFERENCE, LOJP 1
scLPAJ LJetd PLENo1 PRt5$udt DIFFERLNCE, Loup 1
wiLP21 uPPcR P6ENuM PRE 5audi DIFFERENCE, LOOP 2
siLP23 L0 sed PLtNUM PRtSauRE DIFFiRENCE, LOOP 2
gd NYJRAULIC DIAMiTER PtR TUBE CELL IN IHX
uds NYLMAVLIC 01AMcTkR OF SuDIUM CHANNLL PER PIN
wlC C6ADJ1h6 INSIDi OlAMETER
641 4MX TudE AN51DE DIAMETER
sul CLADDING 00T510c 01AMETER
sJF; wCPPLtR CucFFICliNT
sai AHA TUBE Juialui 01AHETER
cN NORMALIZE 0 FLdt
cNn.A hdMBen UF FJEL PINS IN CORE CHANNEL 1
cNn;d hsMotR uf FUEL PINS IN CORE CHANNEL 2
cNRL3 NJheik UF FUEL PIN 5 IN CORE CHANNEL 3
cNn;* huMocR CF CJNTROL PINS IN CORE CHANNEL 4
cNRia hanbcd DF Pld5 IN CORT CHANNEL $
cNA1. NJMetx 0F INA Tv8E5 IN LOOP 1
cdAT2 UMocR OF IHX TuoES IN LOGP 2
tan enRad SIGdAL FOR THe FLUX CONTROL SYSTEM ;
c124 F41;IIJN FACTOR FOA CORE CHANNEL 1
rici FAICTION FACTOR Fan CORE CHANNEL 2
r443 FRILTION FACTOR fur CORT CHANNEL 3
r14* FAICTION FACTOR FOR CORi CHANNEL 4
fad > P44CT40N Fn: TOR FOR CORE CHANNEL S
PAPAA Av. PRIMART 50DIUM TEMP.( F) IN IH1, LOOP 1
rAF41 Av. PAIMARY SUDiuM TEMP. IN IHK, LOOP 2
FAaAA AV. hcCONJARY SuGIUM TiMP.( F) IN IHX, LOOP 1
EAsca As. acCUNDANY SuDIUM TcMP. IN IHX, LOCP 2

,

r6Al rdlCTION FACTJ4 FOR PIPE SECTION 1, LOOP 1 l

rLA2 rRALT40N FACTOR FOR FIPs SECTION 2, LOOP 1
i rLla FR4; TION FA; TOR FJR PIPE SEC TION 3, LOOP 1

r624 FRACT40N FACTun FaR PIPE SECTION 1, LOOP 2
eLis FRICTION F AC TOR FCR PIPE SECTION 2, LOOP 2
roda FalCTION FACTOR FOR PIPE SECTION 3, LOOP 2
r6ux NORMALItE0 Flux
rn FJts MAas PER PIN
rPCI FRACTIONAL Pewin JUTPJT IN CORE CHANNEL 1
FPLt FNA;TIONaL vustR QUTPUT IN CORE CHANNEL 2
69.4 FxAC140NAL Pumin JuTPoi IN CORE CHAhNEL 3
rvL% FAACTIONAL PO=cR JuTeJT Ih CORE CHANNEL 4
FPLa FAACT40NAL PumER OUTPUT IN CORi CHANNEL $
-Nw FUEL utN5ITY Divt060 dY THEORETICAL DENSITY

v1 CJRc 50Lium VOLunc FRACTION FOR CORE CHANNEL 1
-ds LJAc suDIUM VJLunE FRACTION FOR CORE CHANNEL 2 .

*iJ (JRC awDluN VULUME FRA;TIOh FOR CURE CHANNEL 3
-v* Cuke addIuM VOLUMc FRS TION FOR COME CHANNEL 4
-V: CJac aG;10M WJLbos FRACTION FOR CORE CHANNEL $
-(ta rJc6 63.une rnACTION FOR CORE CHANNEL 1

_ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - -
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F (F 4 ruck VD6UMt FRACTION FJR CORE CHANNEL 2
r dr3 rwe6 vCLUEM FRALTIUN FOR LORE CHANNEL 3
rdRUA rRACTAJN OF TOTAL FLOW THROUGH CORE CHANNEL 1
eenLZ FRACTION GF TOTAL FLOW THROUGH CORE CHANNE L 2
renuJ fnAcilch JF TOTAL Flow THROUGH CORE CHANNEL 3
Fenw* fnA. TION OF T3fAL F60W TNROUGH CORE CHANNEL 4
renLa rNACTION OF TOTAL FL0d THROUGH CORE CHANNEL 5
ear 4 rRICT4QN FACTJR FOR IHK TudE IN LOOF 1
FAvc EDICT 40N FACTJR FOR IHA TudE IN LOOP 2

ACCtLikATIUM OUE TO GRAVITYe
H;e6 FJEL GAP HEAT TRANSFER COEFF. OF CORi CHANNEL 1
nCb4 FwiL GAP McAT TRANSFiR CDEFF. OF CORE CHANNEL 2
n ba edLL 4AP HE AT inANSFtR CDEFF. OF CORE CHANNEL 3
nCGnc GAP HEA1 TRA1hfE4 CJEFF. IN CORE HDT CHANNfL
H.24 suDioM HEAT TRANSFck C0EFF. IN CORE CHANNEL 1
NCs2 >JDIUM NcAT TRANSFER CJEFF. IN CORE CHANWEL 2
n;54 53010M NEAT TRAN> fir C0hFF. IN CORE CHANNEL 3
dCSHL sJuauM HEAT TRAN5FER CJEFF. OF CORN HOT CHANNEL
HAPAA 4HA PRIMARY $001un HEAT TRANSFER COEFF., LOOP 1
narci Ina PRIMARY SJDadM HEAT TRANSFER CDEFF., LOOP 2
Mxhal IHA skCJNUARY HtAT TRANSFER COEFF., LOOP 1
nas24 IHA SECONDARY NA HEAT TRANSFER COEFF., LOOP 2
P PcRIMETek Or AN IHX TUdE
rAL11 A-stCT10NAL FLJW ARcA 0F PIPE SECTION 1, LOOP 1
rAL44 A-scCT40NAL FLJs ARcA 0F PIPE SECTION 2, LOOP 1
#AL13 A-5cCT10NAL FLOW ARcA 0F PIPE SECTION 3, LOOP 1
PAL 4A A-acCTIONAL FL0m AREA 0F PIPt SECTION 1, LOOP 2
PAL 42 A-stCTA0nAL Flab AREA 0F PIPE SECTION 2, LQQP 2
VAL 23 A-SECTIONAL Flus AREA 0F PIPE SECTION 3, LOOP 2
PARcA NEAT TkANSFER AREA 0F AN IHX TUCE
v4AP4 IHA TU6c ARIA, PRIMAR: SIDE IN LOOP 1
vaAP2 IHA TU6c AREA, PRIMARY SIDE IN LOOP 2
rCC5A ,.~010M PECLET NbHdEM IN CORE CHANNEL 1
vCLs4 50.IvM PcC6fi NUMBER IN CORE CHANNEL 2
PCC53 $0ulvM PECLET NUMeER I .4 CORE CHANNEL 3
PJ;aHJ SODIUM PECLET NUMdER OF CORE HDT CHANNEL
rGu UPPER P6tNUM COVEP GAS PRESSURE
#cAPA4 4H4 Pd1 MARY SODIUM PECLET NUMBER, LOOP i
rc Aves IHA PRIMART 30310M PECLET NUMBER, LOOP 2
riA2]A IHA scCJNWARY 2LO10M PECLET NUMBER, Loup 1
#t15.A IHA Sic 0NOARY $001UM PECLET NUMBER, LOOP 2
PIN 11 FResacke AT PIPE $nCTIJN 1 INLET, LOOP 1
r1N12 inc5synt AT 4.tLcT OF PIPE SECTION 2, LOOP 1
PIN 4J Fat 53uxE .T INL61 UF PIPE SECTION 3, LOOP 1
PIN 44 #dtsbunt AT PIPE SECTION 1 INLET, LOOP 2
#1N44 PRthsvRE AT 4NLtT OF PIPE SECTION 2, LOOP 2
#1N43 PxtahuRe AT INLLT OF PIPE SECTION 3, LOOP Z
9409 PROPORTIONAL ANikGRALL DJTPUT SIGNAL
PL ACTIVE FUEL PIN LENGTH
#6L41 LENGTH OF PIPE SiCTION 1 IN LOOP 1
rLL14 6cNGin uF PIPt 5ECTION 2 IN LOOP 1
r L 6. 3 LcNGin DF PIPE SECTION 3 IN LOOP 1
FLL2A LEN Tn JF PAPE 5ECTION 1 IN LOOP 2
rLL42 LENGTH uF PIPE SECTION 2 IN LJ0P 2
rLL23 LcNbin OF PIPE ScCTION 3 IN LOOP 2
rLP L3ecR PLENUM PREa5URE

| PJuTA4 PnE25vac AT Ex!T OF PIPS SEC TION 1, LOOP 1
rJUTA2 Patsaude AT EXIT OF PIPE SECTiON 2, LOJP 1
20v14a Pdc 2Sune AT PIPt SECTION 3 Ex1T, LOOP 1
-uwf24 encasuRE AT EAIT JF PIPE SECTION 1, LOOP 2
#JUTeg Fdca20kg AT hx!T JF PIPE SECTION 2, LOOP 2
SuuT43 FRc5buRt AT PIPc 2ECTION 3 EAIT, LOOP 2
enChi SUuaun PnANDLT NondER IN CORT CHANNEL 1
entsc 23D4dM PkANJLT NUMdER IN CORi CHANNEL 2
sR;h3 aJG.uM PRAN36T NundcR IN CORE CHANNEL 4
entsH; 23LIJM PR ANsLT NJMosR JF C3RE HOT CH ANNEL
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# RAP 4A AHA PalMARY 30 alum PRANDLT NUMBER, LOOP 1
v4APgA AHA PRIMAkt 20JIUM PR ANJL T NUMB E R, LOOP 2
rnAh.A 4HA scCJND Ad v 20DIUM Pd ANDLT MJMBE R, LOOP 1
entacA IHA aECONDanT 3031VM PRANDLT NUMBER, LOOP 2
vue uvPc4 PLENU9 PRi$ SORE
4 FJetR Pn0JUCc3 IN CJai CHAN4EL }

.4 eu.tk PN00JCED IN CLAE CHANNEL 2
JJ POscM Pk0uuCs0 AN CURE CHANNEL 3
w* PJacn Pk000Cc0 IN suAE CHANNEL 4
.3 Funen Pn0svCtu IN Cudt CHANNEL S
.F. HiAT (LCs ni ACH ANG CL AD Or CLRE CH ANNEL A
JFc NtAT Flue RtACHING CLAD OF CORc CHANNEL 2
wra ncAT Flue REA;Hin. CLAD OF CORT CHANNEL 3
JrnC NcAT FLO kc4CHING 6 LAD OF CORE HOT CHANNEL
.HLI P0mi k Px0DUCEU IN CORE CHAN1EL 1
QLa PV cd Pn00uCed Ptk PIN LENGTH IN CORE CHANNEL 1
wLs Pd ik PauJU.cD PER PIN LENGTH IN CORE CHANNEL 2
4La ra.ca Pn00aCt0 ped PIN LENGTn IN CORE CHANNEL 3
.6MC FJ ek Pn000CED PER PIN LENGTH, CORE HOT CHANNEL
.LLuPA nEAI PL0m ENisklN4 LudER PLcNUM FRDM LOOP 1
JLuuP4 NcAT rL0m cNicRING 60mER PLENU9 FROM LOOP 2
JL e1 $ Ant A5 QL4
JLFs sAMc As w64
. ra SAnc as QL3
dLPn; pascR PRODUCco PsR PIN LENGTH, CORE HOT CHANNEL
.nA6 NcA1 r60h RcACHANG 20DIUM IN CORE 6HANNtl 1
JN Ac McAT fLJa AtACHING $Ju1UM IN CJRE CHANNEL 2
.NAJ McAT rL0m AtACHING 20DIUM IN CORE CHANNEL 3
.NA, HEAT FLDh RE ACHING 3vDIUM IN CORE CHANNkL 4 I

JNAs HEAT rL0w MEACHING 30DIUM IN CJRE CH ANitil 3
.NAnL HEAT F6ue MLACHING SODIUM IN CORE NOT LHANNEL
QP4 70nen PnODV;ED PtR PIN IN C0ki CHANNEL 1
.92 rGaid PnDDuwc0 PtR PIN IN CORE CHANNEL 2
.Pa FJacR PkOJuCED PiR PIN IN CORE CHANNEL-3
.en; P0nck Pn0DeCiD IN CORK HDT CHANNEL
wT UviMAllNG PowsR
.Tui RATcd THEMMAL P0eER DUTPUT
n.. RAJ&us GF PIPE bcCTION 1 IN LOOP 1
A.6 nA0ldL JF PIPS hiCTION 2 IN LDJP 1
413 EAuluk 0F PAPE SECTAON 3 IN LOOP 1

-

s2A mADlua CF PIPE sECTibN 1 IN LOOP 2
s22 RALlos GF FAPc SiCTION 2 IN LOOP 2
n24 RAul05 0F PAPE hECT10N 3 IN LOOP 2
a C 41 1HtRMAL Rc51 STANCE OF CLAD IN CORE CHANNil 1
n.Ac THcRMAL RLSISTANCt OF CLAD IN CORE CHANNEL 2
sC.3 TnenMAL ktslSTANCt JF CLAu IN CORE CHANNEL 3
nCANC LLAs THtAMAL REdisTANCE OF CORE HDT CHANNEL
nCc. THedMAL kt51 STANCE uF CLAD IN CORE CHANNEL 1
nC2e THcRMAL AEtiaiANCE JF CLAD IN CORE CHANNEL 2

' sCea THedMAL hisl5TANCE JF CLAD IN CORT CHANNEL 3
e nCiMC L A, ThewMA6 Real5TANCE OF CORi HOT CHANNEL

*iL kADIAL '. A P AN 510N 60cFFICIENT
as;hA .00ivM MiTN3LU4 NdMaiR IN CORi CHANNEL 1
sc.h2 SOulun ktYNJLJs NUMdER IN CORE CHANNEL 4
nc.33 3591uM kcTa3LLs NUMdER IN CORE CHANNEL 3

| aEL5H. >Jw.uM diVND.02 NdMoiR OF CORE HOT 6HANNil
! acxela 14A palMakY 2OJ10.1 dsVNOLUS NUMBER, LJ0P 1
} scarga IHA PdiMAkt 50DAUM difNOLDS NUMBER, LOOP 2
i <sAa1. lHA scLONDARY 40u104 REYNOLDS NUMoER, LOOP 1

dcasc. IHA SELbNDAnf 50DIUM REYNOLD2 NUMBEk, LOOP 2
RF pav61Nu EkaI>TANCc FOR IHX TUBE
Pr. eHisMAL kc51sTANCc 0F FUEL IN CORE CHANNEL.A

( Pic IHcWMAL kcalsTANCE OF FUEL IN CORE LHANNEL 2
|>

EFa 1HERMAL Acal> TAN:t OF FUit IN CORE CHANNEL 3
Pin. Fut. IncRMAL dEh157ANCi 0F CORT H3T CHAdNEL
F, G a THkdMAL Asal5TANCi 0F GAP IN CJRE CnANNEL 1

1
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nJ2 TdtAMAL RE515TANCs JF wAP IN CORE CHANNEL 2
nGa THcRMAL RESI5TANCi UF GAP Id CONE CHANNEL 3
AwMC 9AP THtRMAL Rc 515T ANCE OF CORE HOT CH ANNil
nH C1 UsNSITY OF SODIUM IN CJRE CHANNEL 1
RHuCs DENaITY OF s0DIUM IN CORE CHANNEL 2
nHuCJ DchSITY DF SODIUM IN CJAE CHANNEL 3
AMs;* uchsATY wi sUDIUM IN CJRE CHANNEL 4
AHuss Uch5ITY uF 500Aun Ih CORE CHAN4EL 5
MHwLs1 AV. slDAUM D6N>ITY OF CORE CHANNEL 1
nHUC22 ud. suGIUM JsNSITY 3F CJRE CHANNEL 2
MHw.sa Av. sJuibM DtNalTT JF CORE CHANNEL 3
dHwHL DENalTY UF SQQIUM IN CORE HOT CHANNEL
ndLL11 DEmaITY OF 20DIUM IN PAPE SECTION 1, LJ0P 1
nHOLAs Och>ITY LF SODIUM IN PIPE SECTION 2, LOOP 1
RHGLia DcNSITY CF 300lbM IN PIPE SiCTION 3, LOOP 1
kHwLca DtNSITY OF 20010M IN PIPE SECTION As LOOP 2
RHDL24 OcNsITY LF 50DIbn Ir PIPE SEC TION 2, LOOP 2
dHutca den >ITY OF SODIUM IN PIPE SECTION 3, LOOP 2
RHwLP OtNslif uf adDIUn IN THE L0 DEA PLENUM
AHJMAA MaAIMUM REACTidATY OF CONTROL SUNDLE
RHuuP din 51TY OF $0DIuM AT UPPER PLENUM OUTLET
xdust DENSITY OF SODIUM AT UPPER PLENUM INLET
ndwxPa 500 lum OtNSITY IN IH1e LOOP 1
MHJAPd >J01UM ukNSITY AN INX, LOOP 2
ROAJTJ Ri AC TIVITY F AOM FLUX CONTRdL SYSTEM
n0CAO CJNiduL ROD RtACTIVITY
nJJ TOTAL MEAT 1v!TY
nJc1Cu ECCENTRAC CONTA0L A00 REACTIVITY
=0Fou FEtDeACK REACTIVITY IN DOLLARS
du1=AA sJDAun DENSITY AT PIPE SECTION 1 INLET, LOOP 1
nJ. mat 13JIOM OcN>ITY AT PIPS SECTION 2 INLtT, LOOP 1
Rolaaa SODtUM DENSATY AT PIPE SECTION 3 INLET, LOOP 1
RJAact SODIUM DEN 5ITY AT PIPE >EC TION 1 INLET, LOOP 2

n01144 suGIUM JcNSITY AT PIPE SECTION 2 INLife LOOP 2
nJIa4a 200lun DtNSITY AT PIPE SECTION 3 INLET, LOUP 2
nJsAH; S091uM DEN >ITY OF CORE HOT CHANNEL
nJu(AA suulun uENalTY AT PIPS SECTION 1 Exlie LOOP 1
naviat sdDIUM DENSITY AT PIPt SECTIC1 2 EXIT, LOOP 1
dJu1Aa sdDawM OtNSITY AT PIPS SECTION 3 EAITs LOOP 1
asuist >JJIUM DENSITY AT PIPE SEsTION A EAIT, LOOP 2
dauigd $dDIUM DENS 1TY AT PIPE SECTION 2 EXIT, LOJP 2
dowTea sdDIUn DENSITY AT PIPE SECTION 3 EXIT, LOOP 2
AuAr.A IdA PRAMAdf 50DIun DENSITY, LOOP 1
RJAP4A ida PRIMAAY add 1JM OiNsITY, LOOP 2

nJA5Aa IHA sECONDadY sGDIUM DENSITY, LOOP 4
RuA22. IHA acCONDAAY 20J1dM DENSITY, LLGP 2
MPl. Av. Pd1 MARY S0010M TE MP. ( R) 14 ? Hue LUJP 1
APs. A4. PRIMARY 5JJIUM TcMP. IN IHK, LQwP 2
424 THERMAL ncSI5TANCE Of SODIUM IN CDAE SHANNEL 1
ds41 Av. SECONDAAY iOO4UM TEMP.t R) IN IHK, LOOP 1
ma4 T H t A M A L' RESISTANCc 0F SODIUM IN CORf CHANNEL 2
RacA AW. $.CuNDARY 2GJIJN ftMP. IN IHz, LOOP 2
naa THERMAL RESISTANCE OF SODidM IN CORE CHANNEL 3
nhe, s30lun THEAMAL RiSI5TANCE OF CORE HOT CHANhEL
x.AA IHA Tudt .ALL THERMAL RESISTANCES L0uP 1
nddA IHA TuSt WALL THedMAL RsSISTANCE, LDOP 2
k.41A 1HA Tu6t WALL THERMAL RESISTANCE, LOOP 1
dess. IdA Tu8E dALL THcRMAL RESISTANCE, LOOP 2
AAla idX PRIMARY 50JIUM THEAMAL RESISTANCE, LOJP 1
AX2A IHX PRIMAAY >JJiuM IHidMAL RESISTANCE, LOOP 2
dxs.. Idx sic 0h0AAY 20DIUM THERMAL RESISTANCE, LOOP 1
RAsca IdX S CUNOAAY aODIUM THERMAL RESISTANCE, LOOP 2
d4F40J ROJ .Onin FOR SAF TY AJDS
4AncA INA CELL dcAT inANSFEd AREA ON SECGhDARY alDE
sJusC >JDIUM DEN 5aTY C0iFFICIENT
TAutP. idAN570RT TIMi udLAY FJd LJdER PLINUM. LOOP 1

_. -. . . _ . . ~ - . . - . , - . ,- - , . - .
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TALLPt TdANSPJnT IIMc wcLaf FOR LOWEN PLENUM, .00P 2
TavPAA TNAN) PORT TIME DELAf FJR PUMP, LOOP 1
TAUPda TdANSPORT TIME 04 L AY FOR PUMP, LOOP 2
TAuAPA TdANatudi TAMc DiL AY FOR IHX, LJ09 1
TAuAP4 inANaP0dT TaMt del A Y FOR IHA, LOOP 2
T Avt A A Av. sublum TEMP. IN PIPE SECTION 1, LOOP 1inv614 Av. 2001uM TcMP. AN PIPE sECTION 1. LOOP 2TAvola Av. auDIUM TEMP. IN PIPE SECTION 3, LOOP 1
IAv64. Av. 20~ lum TtMP.,1N PIPE SECTION 2. Loup 1
IAvLs4 AV. ab01uM TcMP. IN PIPE SECTION 2, LOOP 2
TAvL2s Av. 20DAUM TiMP. IN PIPE SECTION 3. LJ0P 2
TA671. AV. PRIMARY aJDIUM TEMP. IN IHK, LOOP A
I4,rg. Av. PalMAKf 3JDIUM TEMP. IN IHX, LOOP 2
IAvhAA Av acCuNUARr 50DIuN TEMP. IN INX, LOOP 1
TAvat. Av. scCuN0AkY a0010M TcMP. IN IH1, LOOP 2
TAWAr. AW. SODIUM TEMP. IN THE IH A, LOOP 1
T4v4P4 Av. 2001oM TcMP. IN THE IHX, LOOP 2
4661 CLADDING TEMPENATuRE FJR CORE CHANNE L 1
1CCc LL ADDINa TkMPER ATURE FJR CORT CHANNEL 2
TC6a LLADDIN. TEMPE R ATURE FOR CORE CHANNEL 3
iCL;4 THekMAL CONJu;T1gITY DF CLAD IN CORT CHANNEL 1
ICLLs THenMAL CJmudCTIVITY DF CLAD IN CORE CHANNEL 2
TCL.a THiRMAL CONDJCTIv1TY OF CLAD IN CORE CHANNEL 3
TCCwH. CLAJ THcRMAL CONJOCTIVITY IN CORE HOT CHANNEL
ICCF. THERMAL CJa0uCTIVITY OF FUEL IN CURE CHANNEL 1
TCCFs THekMAL CONDJCTIVITY OF FUEL IN CORE CHANNEL 2
TCCFs THedMAL C0100CTiv!TY OF FUEL IN CORE CHANNEL 3

1TCLeM; Fuct THcRMAL CON 00CTIVITY IN CORK HDT CHANNtl '

TCLMw CLAD 0ING TEMPENATuni IN CORE HOT CHANNEL
ICCal sJDluM THENMAL CONDUCTIVITY OF CORE CHANNEL 1
TC;5e 200Zum THERMAL CONDUCTIVITY OF CORE CHANNEL 2
TC.53 aJutuM TMckMA6 CO4DUCTIVITY OF CJRE CHANNEL 3
IL 2HC SQLluM THEdMAL CON 0JCTIVITY OF CORE HDT CHANNEL
TCFA FJet isMPcRATunt FOR CORE CHANNEL 1
TCie roc 6 TiMPkRATunt FOR CORE CHANNEL 2
TCr3 FJtL TEMPERATURE FOR CORE CHANNE L 3
TCFH. Fust TEMPcARATURc IN CORE HOT CHANNEL
TC2A 50Diun TtMPERATURE IN CORL CHANNEL 1
TC s2 auGAUM TcMPtnATU4c IN C0Ki CHANNEL 2
ILa3 aJulun TEMPERATURE AN COAE CHANNEL 3
aC2, 20DauM TEPPcRATudE IN CORE CHANNEL 4 I

TCS$ aGuauM TtMPedATURd IN CDRL CHANNEL S
TCsal av. 20DILM TEMPERATURE OF CORE CHANNEL 1
TCSA4 Av. SuDIJM TiMPtRATURc 0F CORE CHANNEL 2
IC)A3 av. LvClun TEMPERATURE OF CORc CHANNEL 3

.

|TC)Ag Av. 30Dlum itMPcRATURE OF CORc CHANNcl 4 !TCsA> Av. SODIUM TEMPERATURc 0F CORE CHANNEL S
ICSAH; Av. aQJium TEMPtRATURE IN CORE HOT CHANNEL
TCSHC SJDIUM TEMPedATbdi IN CORE Hui CHANNEL i

,

sLA/1. IHA PRIMAdY $001UM THERFAL CONDUCTIv!TY, LOOP 1
ICAv2A 1HA PRIMARY s0DIUM THERMAL CONDUCTIVITY, LOOP 2
ICAS14 IHK aEC3NDARY SUJIUM THERMAL CONDUCT., LOOP 1
TCASc. IHK atCChdARY NA THcRMAL CONDUCTIVITY, LOOP 2
TC x w Ai IHA TJoE w&LL THERMAL CONDdCTIVITY, LOOP 1
TCx.ca INA Tuok MALL THE RM AL C ONDOC TIVI TY, LOOP 2 ;TJLAYa TIME DiLAY FOR IST SCRAM 111TIATOR

1Tw6AYe Tinc DcL AY FOR 2ND SCRAM INITIATOR
iutAfs T.M6 OcLAY fur 3nD SCR/.M INITIATOR
TJLA*= TIMc DELAY FOR 4TH SCRAM INITIATOR
TuLA TIME DcLAY FOR 37H SCRAM INITIATOR
IJLAYo TInc DcL AY FOR oTH SCRAM INITIATOR
IJLAY7 TIMs DcLAY FOR 7TH SCRAM INITIATOR
TJLAfc TAMc wiLAY FJR BTH SCRAM INITIAT0n
TFCA FJct TcMF.( C) UF CORE CHANNEt 1
TFL2 rakt TcMP.4 Ca wF CORE CHANNEL 2
TFCs FJEL TcMP.( Cl CF CORE CHANNEi 3

I
:

i

I



123

TFCLI LLADDIN, TiMP.( F) 0F CORE CHANNEL 1
TFL;2 CLAD 0lNw TkMP.( F) 0F CORL CHANNEL 2
IFLCH. LLAD TEMP.4 F) IN CORE HOT CHANNEL
TFF1 Ful; icMP.( F) DF CORE CHANNEL 1
TFFc rdct itMP.( F) 0F CORc CHANNEL 2
Trfs FutL TEMP.( F) WF CURf CHANNEL 3
TFrCJ CLADDING TEMP.( F) 0F CORE CHANNEL 3
TFPA IHA PRIMARY sJJ1UM INLET TEMP.( F) IN LOOP 1
TF P. A Idx PkIMARY S0310M TEMP.( F) IN LOOP 1
TFPc PRIMARY 20DluM AHX INLET TEMP.( F), LOJP 2
IFPc1 INX PRAMART suJ1JM TEMP.( C), LOOP 2

IF5A AV. swDIUM TEMP.( F) JF CORE CHANNEL 1
TF511 AHA stCuNDady SdDIUM TEMP.I Flo LOOP 1
TFsis AHA atCwhDAdf 2001UM DJTLET TEMF.( F) IN LOOP 1
TFst Av. 5dDIUM TiMP.( F) 0F CORE CHANNEL 2
TFs21 IHA : CONDARY SODIUM TEMP.( F), LOOP 2
TF5ct .Hz INLET INTERMc01 ATE SODIUM TEMP.( F). LOOP 2
IFas AV. SUDIUM TEMP.( F) 0F CORE CHANNEL 3
TFaHC Av. SODIUM TEMP.( F) 0F CORE H3T CHANNEL
Ts4 FJtL wAP TcMP. Or Cuki C H A NN EL 1
I42 FUEL wAP TEMP. GF CORE CHANNEL 2
T63 FJcl GAP TsMP. OF CORE CHANNEL 3
TGHC 4AP TcMP. IN CORE HOT CHANNEL
TI COLD 2TANO-dY TkMPEdATURE
il=91 suDaun TEMP. ENTERING PUMP, LOOP 1
11NP2 add!un IEMP. ENTERING PUMPS LOOP 2
TIk Cu6J STAND-of TEMPEkATUREt R)
16 11x Tune LcN6TN
(6P LumER P6ENun 23D10M TEMPERATURt
46PA 5JJ1Un TEMP. ENicRINJ LOWcR PLENUM, LOOP 1
TLPc SJDIUM TcMP. ENTERING LOWER PLENUMe LOOP 2
TUP 1 SODluM TEMP. cAITING PJMP IN LOOP 1
TOPZ SJDlun TEMP. EXITING PUMP IN LOOP 2
IOui 50Dlun TEMPcRATURt LcAVING THE CORE
TAPA IHK PklMARY SODIUM INLET TEMP.( RI IN LOOP 1
TRPlA AHA PRIMARY 20DIUM TEMP.( R) IN LOOP 1
TRP2 PRIMART adDadM AMX INLET TEMP.( R), LOJP 2

1RP24 IHK PklMARY s0DIUM TEMP.( R), LOOP 2
TRSA mV. s0DIUM TEMP.( R) 0F CORE CHANNEL 1
idaAA IHA acCONJARY SODIUM TEMP.( k), LOOP 1
TR$44 IHz SECONDARY SODIUM OUTLET TEMP.( R) IN LOOP 1
Td5c AV. s0010M TiMP.4 R) JF CORT CHANNEL 2
TRadA IHA ScCDNDARY s0DIUM TEMP.( R), LOOF 2
Idsc2 1HA AntiT INTEkMcDIATE SODIUM TEMP.( d), LOOP 2
Idss AV. 50DluM TEMP.( R) DF CORE CHANNEL 3
TRSH: AV. SODILM TEMP.4 R) 0F CORE HJT CHANNEL
lavhAH LPPkR PLENun 509AuM HEIGHT TRIP POINT
80F0 UPPiR PLENUM $J0109 OUTLET TEMPsRATURE
TVAF VJLuMc AVEn&GcD FJEL TEMPERATURE
TVAFn VJLunc aveRAGeo FucL TEMPEdATUREt F1
TVA> VJLUMs AvERAst0 200109 TEMPERATURE
TArAA IHA Tuot WALL TEMP.( F), LODS 1
TAF41 IHK Tu6E MALL TEMP.( F), LOOP 2
(IPA AH1 INLei P41 MARY SODIUM TEr*. IN LOOP 1
(APAA AHX PRAMARY SODIUM OUTLiT TEMP. FOR LOOP 1
TAP 2 IHA PRIMARY 50DAUM INLET TEMP., LOOP 2
Txeca InX PRIMAdY 50010M OUTLET TEMP. FOR LOOP 2
TAsl INA ANLsT SE6JNuARY SODIUM TEMP. IN LOOP 1
lx541 ScCJNDARY 5JDIUM TiMP. AT IH1 INLET IN LOOP 1
Ix524 INTcRMcDIATc 20010M TEMP. AT IHX EXIT (LOOP 2)
aAstt ANA 5sC0hJARY 3LDIUM ANLET TEMP., LOOP 2
lx AA AHX TUBE WALL TEMPEAATURE IN LOOP 1
IAndA IHK Tiet WALL TEMPtRATURE IN LOOP 2
si CONTRU6 VARIAdLt SIGNAL FOR ROD MOVEMENT
w2 CuNix]L VAkAAdLe SIbNA6 FOR ROD MJYEMiNT
wALA wVERALL CLAD-NA HEAT TRANS. COEFF.. CORE CH. 1

. _ . - - _ - - _ _ _ _ - _ _ - _ _ _ _ _



_ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _

|

|

124 '

.A.2 witMALL CLAJ-NA HEAT TRANS. COEFF., CORE CH. 2
IwA63 OviRALL CLAD-NA HEAT TRANS. COEFF., CORE CH. 3 '

cACn OvenALL CLAD-NA HEAT TRAN). CDEFF., CORE HOT CH.
var. GtE4ALL FUEL HjAT TRANi. 00EFF., CORT CH. 1
uAF4 LvtkALL F0cL HEAT TRANS. C0iFF., CONE CH. 2
uAr3 udskALL FUt6 Ht AT TR ANS. COEFF., CORE CH. 3
uAFn; uv&RALL FUEL-CLAD HEAT TRAN5. COEFF. HDT CORE CH
untA TuTAL OVEnALL HenT TR ANS. COEFF., CORT CH. 1
v4T2 TJTAL DvtRALL HEAT TRANS. COEFF., CORE ;H. 2
wats TJTAL OVtRAL6 HE AT TR A15. COEFF ., CORE CH. 3
v3CsA Av. suulun WIsCOSITY OF CORE CHANNEL 1
uni >2 Av. 2004un VIs:LSITY OF CORE CHANNEL 2
UM;23 AW. auDIUM V1500aITY OF CORE CHANNEL 3
wMLSH; subiuM V15CJh1TY UF CORE HOT CHANNEL
uMAPA4 IHa PRIMARY S0JIUM VISCOSITY, LOOP 1
uMarsi IHx PnIMARY 5031UM VISCOSITY, LOOP 2

|SMA31. lHA acCuNOARY aLDIUM VISCOSITY, LOOP 1
i

uMAs46 aHR scCUNDARY abDIUM VI5COSITY, LOOP 2
v4La4 $004cm NUSsiti NUMBER IN CdRE CHANNEL 1
um.s4 S0DIUM NuS$tLT NUM6ER IN CORE CHANNEL 2
uNLas aJL.uM NuSasLT NUMBER IN CJRE CHANNEL 3
UN;)H; SuG4uM HuSSELT NUMBtR JF CJRE HOT CHANNEL
L1XhAA INX siCONJARY 3GDIJM NUSSELT NUMBER, LOOP 1

i

uNXsti INA 4ECuNDant 50DIUM NUSSELT NUMBER, LOOP 2 |
uPNAN UPPER PLNUM 20Jlum HilGHT
uAPAA anX PRIMARY OVtRALL HEAT TRANSFER CUEFF., LOOP 1
uAr2A IHA PRIMARY OVERALL HEAT TRANSFER COEFF., LOOP 2
unsAA INA atCJN0ARY QWhRALL HEAT TRANSFER C0tFF LOOP 1
UAacA AHK siCONUART JviRALL HEAT TRANSFER COEFF LOOP 2
v;aA SODIUM VELJCITY PER PIN IN CORE CHANNEL 1
VC54 suD4UM vLLw;ITY PER PIN IN CORE CHANNtL 2
.Caa 2004un VELJCITY PER PIN IN CORE CHANNEL 3
vCsHC suGAUM VELOCITY OF CORc HGT CHANNEL
v0L1 SJDAUM vbLUMc IN CORE CHANNEL 1
kJi2 adLium VCLUMc IN CORE CHANNEL 2
vJ63 adDlun vJLUNi IN CORE CHAN4EL 3 |

s

VOL4 sdJIOM V0cuMt IN CORE CHANNEL 4
vd63 20DIun VOLUME IN LDRE CHANNEL $
.0L; TJTAL sunt >UDeuM VOLUMi |
v0Ln; s0uavM VOLUMc IN CORE HOT CHANNEL

|WJLLP 60ack PLENUM VJLUME
806PA 90LUME uF PUMP IN LOOP 1
vdLPs '0Lunc 0F PJMP IN LOOP 2v
voti TOTAL SDDIUM CORE VOLUME
60LLP UPPER PLfNUM VdLUME
vXPA1 IHA PRIMARY 40ulOM VELOCITY, LOOP '

WAP61 AHA PRIMARY SODIUM VELOCITY, LOOP 2
WXSA1 IHA SECONLARY SODIUM VELOCITY, LOOP 1
WXsc4 IHX SECONDARY 20DIUM VELOCITY, LOOP 2
.J ANicGdAL uf enROR SIGN AL FOR Flux CONTROLLER

,.IAPA PRIMARY FLO. RATE THROUGH INX IN LOOP 1 I

mIAP4 PRIMARY FLO. RATE THROUGH IHX IN LOOP 2
dLA SODIUM Flaw RATE FOR LJ0P DNE
.L44 F60. RATE THkavuH PAPE SECTION 1, LOOP 1
.L12 Flue RATE THRwusH PAPE SECTION 2, LOOP 1
mL.s P6Cd RATE THROUGH PIPE SECTION 3, LOOP 1
.tiA FLud RATE IH40VGH PIPE StCTION 1, LOOP 2 i

642 Fic RATE THROUGH PIPE SEC TION 2, LOJP 2 lWLi3 -flu. RATE THRDuGH PIPE SECTION 3, LOOP 2
.PL1 PRIMAkY FLOW RATt THRJJGH IHX IN LOOP 1
.904 PRI9AnY FLO. RATt THRad H IHK, LOOP 2
.R0 TuTA6 200105 FLOW RATE
edwl aJJavn FL0m RATc IN CORE CHANNEL 1
. Rue 500ioM FL0d RATE IN CORE CHANNil 2
.nwa suuluM FL0d RAit IN CORD JHANNEL 3
.Ru4 50L.JM FLOW RATt IN CORE CHANNEL 4

. . . . . . ,. . - . . . . . . _ . .
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.Rui aJLauM FLs. RATE IN LORE CHANNEL 5
.ROF FRACTIuN OF TOTAL PRIMAkY FLOW
.Run. sOwacM FLdu 4ATL IN CORT n0T CHANNEL
.RDPPA hwDIUM FLud RATE PER PIN IN CORE CHANNil 1
.RwPPc aJutwM FLuw RATc PER PIN IN CORE CHANNEL 2
.RLPP3 h0J1UM Flow RATE PER PIN IN CORE CHANNEL 3
.NarP* aussum FL0s RATE PER PIN IN CORE CHANNEL 4
.RuPPs 20DluM FLbd RAik PER PIN IN CORE CHANNEL 5

501 acCONDARY FLOW RATE THdQU4H IHE IN LOOP 1
.502 sc6whdANY FLOW RATE THROUGH IHX, LOOP 2
.sur PRALTidN GF TJTAL SEC3NOARY FLOW
wAP. 20Diun FLOW R ATc -PE R IH1 TUBE IN LOOP 1
.1s4 IHA ScCuhDARY $001UM FLOW RATE IN LOOP 1
.A.s MAha OF IHA TUB:
AMA5H; 30JavM MA5s IN CORE HOT CH ANNil
AMAsat duulun MA55 PER UNIT CELL FOR CORE CHANNEL 1
AMA$24 adulVM MAS) PER UNIT CELL FOR 40RE CHANNEL 2
AMassa suoIUM Mass Ped UNIT CEL6 FOR CORE CHANNEL 3
AMAsa, sdDir:; M Ash PER UNIT Ci?.L FOR CORE CHANNEL 4
AMAs$s auJ10M MA55 PcR UNIT CEL FOR CORE CHANNil $
ANA551 hUMdek 0F FucL ASSEMBLIES IN CORE CHANNil 1
ANAsse NJMdEk 0F Fuct A5sEMBLIES IM CORE CHANNEL 2
ANAas4 NJNdiR Gr FJct A3sEMBLIES IN CORE CHANNEL 3
ANA53, NJM6cR OF CONin0L ASSEMBLIES IN CORE CHANNEL 4
Am.25s hundtR OF AsafMdLis5 IN CURE CHANNEL 5
ANPrAt NUMocR OF Plh$ PE N A$$iMBLY IN CORE CHANNEL 1
AhrPA4 Nudock uF Plha PER ASSEMBLY IN CORE CHANNEL 2
ANerAs hem $ca CF PINS PER ASSEM6LY IN CORE CHANNEL 3
AmPPA, NJMocR OF PIN 5 PER A55EM8LY IN CCRE CHANNEL 4
ANPvAs NJMdEx 0F PIN 5 PER ASSEMBLY IN CORE CHANNEL 5
f; ACT4de CORE HcIGHT
vtA4 MclGHT ABOVc 60sER PLENUM INLET FOR PLL11
ILA4 HilGHT A60vE LJusM PLENUM INLET FOR PLL12
Voi3 HEIGHT AbOVE L0wiR PLtNUM INLET FOR PLL13
YLc4 niluMT ABOVE L0wiR PLENUM INLET FOR PLL21
f6c2 HeleHT Ao0VE LuwEN PLENUM INLET F0k PLL22
YL23 ncIGHT ABJVc LumER PLENUM INLET FOR PLL23
fur MclGHT vF UPPED PLENU1s FROM CORE Exli
# API AHA nelGHT Aduvc LOWER PLENUM INLET, LOOP 1
YAP 2 AnX HilbHT A80tE lader PLENUM INLET, LOOP 2
(MAA MAAIMuM CONTROL ROD JITHORAWL DISTANCE

I

__m _ . _ _ _ _
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DI3 PLAY TCSA

INX FOR THE FFTF(ONE AXIAL REGION) I
l

ALL PARAMETERS USED HERE HAWE THE SAME MEANING AS THOSE USED FOR |

THE TWO IHX M00tL. THE ONLY CHANGE COMES IN REPLACING THE SUFFIX 2
WITH 1 TO SHow THAT THIS MdDEL IS FOR ONE IHX WHILE THE 2 SIGNIFIES
TWJ IHX3.

PRJCED TXPl=ENTXP1,DTTXP1,TXP11,STXPleT
IF(ENTXPl.EQ.0.01 TXPl=PDELAY(TOP 1,TAUXP1,3,7XP11)
If(ENIXPA.EQ.4..AND.T.EQ.0.0; TXPl=POELAY(TOP 1,TAUXP1,3,TXP1Il
IF(ENTXPi.kQ.1..AND.T.NE.O.0) TXPl=TXP1I+DTTXP1
A F I ENT X P1. EQ .2. . AN O. T .LE .) T X P 1) TXPl=TXP11+0TTXPl*T
cNJPRO

PnJCsJ TX512=sNTXbl,DTTXS1,TXS11,STX51,T
IF(tNIX$1.tQ.0.0) TXS14=TXS11
IF(ENTX51.Ed.1..AND.T.EQ.0.01 TXS12=TX51I
IF(hNTX51.EQ.1..AND.T.NE.u.01 TXS12=TX511+DTTXS1 1
IF(ENTX51.EQ.2..ANO.T.LE.STXst) TX512=TXS11+DTTX51*T I

dNJPR0

|

PRJCc0 =Pu1=ENmPD1,DTWPD1,sL12L,T,5WPD1 l
I 4F(ENdPD1.EQ.C.0) hPDA=WL12L j

IF(tNdPO1.EQ.1.AND.T.EQ.0.) WPD1=WL12L
IF(kNdPul.kQ.1.AND.T.NE.O.) WPD1=WL12L*(1.*DTWPD1/100 01
AF(ENd701.EG.2.0.AND.T.LE.sdPD4) WPD1=WL12L*(1.+DTWPDi*T/100.0) ;

'
CN3 PRO

AnJCcJ shD1=EdwSD1,DTmSD1,WSD11,T,5WSD1 |

AF(ENdhD1.EQ.0.0) WsDi=WhD1I
It(ENdSD1.EQ.1.AND.T.EQ.0.) WSD1=WSD1I
IF(ENdSD1.E4.1.AND.I.NE.O.) WhDi=WSCII*(1.+0TWSD1/100 0)

| IF ( tN d SD1. E Q. 2 0. ANU. T.L E .b s SD13 WsDi=WSD11*(1.+DTWSD1*T/100.0)
ENJPkJ

P AR AMs TERS NEEDED FOR THE CALCULATION OF HXP1S(CONVEC TIVE HE AT
TRadSFed CstFFICIENT ScTucEN THE PRIMARY SODIUM AND THE TUSE WALL.

| RsPEAT 1
| IAdPAS=(TXP15+TXP15(-1)l/2.J

I
,

;

!

|

1 |
1 1
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f 5 P1 S= ( T XP15-2 7 3.U16(9.0/ S.Ol +J2.0
# AP A S=( TFPle+ TFP L S t- All/ 2.0
T 4Pl *= T F P IS +460.0
4/1S=(TRPAS+TRP1st-lil/2.0
ROXP1S=16.02*(29.533 .00833*FAP1SI
vXPIS=wPDA/(ROXP1S*(CAXPl*(ENXT1-ENTU8ill)
CPXP1S=4.1668E+03*(.14574-7.9226E-05*FAP1S+3 4086E-08*(FAP1S**21)
TC APIS = 1.73073* ( 34.306-1 878E-02* F APIS + 2 0914 E-06* ( F APIS * * 2 3 )
wM XP A S =4 13 4E-0** (10.0** (1.0203 +( 39 7.17/ RP 1SI .4925 * ALOG10( kPls i ll
REXP AS=(RdRP1S*VXP1S*DHl/(UMXP1S)
P R X P 1 S = ( C P X P IS* UM RP 1 S I / ( TC X P 15 )
PtXPIS=RhXP1S*(PRXPls)
H X P A S= H1( P EX P 15, T C X P 15, R E X Pl s , P R X P l s, P s DHI

ENJREP

THg PRIMARY SODIUM TkMPERTURE DISTRI6UTION IS GIVEN 8Y TXPls.

REPEAT 1
UXP1S=(1.0/(RX1S+Rh1Sil*(tNXT1-ENTUB13
411S=1.0/(Pr*1S*PAREA)
d w A S = AL OG( D cT /0C T l / (2.0 *PI* Ti* TC X d1SI
dPAS=(WXPS*(CPXP1 Sal *(ENXT1-ENTU8il
DTXPIS=(WPD1*CPXPIS*(TXP15(-11-TXP1SI-UXPIS*(TAVP15-TXW1Sil/(WP15)
TXP15.=(DTXPls)
cN3 REP

P Ad AMETcd5 NEEDED FOR THE CALCULATION OF UKS15(CONVECTIVE HEAT
TdANSFER COEFFICIENT BETWEEN THE TUSC WALL AND THE SECONDARY S001UM.

nEPEAT 1
fxFIS=(TAwlt-273.0l*().u/5.0l*32.0
TAdSIS=(TXSist+11+TRS1SI/2,a
(FS1S=(TXs15-213.Ol*(9.0/S.Ol+32.0
F Ail S = ( T F S IS +TF S 15 ( +131/ 2. 0
(R51S=TFS15+400.0
dalS=(TRSAS+TdsAst+113/2.0
ddKS45=le.02*(59.533 .008J3*FA1153
WASIS=ws01/(ROX51S*CAKS13
JPX51S=4.1808E+03*(.J4574-7.9226E-0S*FASIS+3,40e24-08*(FASIS**21)
(C X s1S = 1. 7 30 7 3* ( 5 4. 306-1.8 7 SE-02* F ASI S +2.0 914 E-G L* ( F ASIS * * 2 31
TC X W A S = 1. 7 3 07 3* ( 7. 7 3 88 4 0 * + . 40 7214 3 7 E-0 2 * T X F151
uM Xh1S =4.13 4E-04* (10.0* * (1.0203+( 397.17/ RS1SI .4 925 * ALOG10(R S 15111
RcKSASat'OX51S*VXS1S*Dl/(UnXSist
PdXsaS=( 'X51S*UMX51SI/(TCX51SI
PEXs1S=REASIS*(PRXSIS)
UNXSIS=5.0+.023*(PEXs1S**.ol
nASAS=(TCX515/Di*(UNXSlS)
RXs1S=1.0/(HXh1S*SAREA)
uX51S=(1.0/(RKs15+RF+Rs2151)*ENXT1
Rm21S=ALOG(DCi/DITl/(2.Q*PI*TCXWIS*TL)
RFS=((ENXT1/UX51SI-RXS15-RW21sl
EMJRtP

=HEdc RF IS THE FJULING RESISTANCE JN THE SECONDARY SIDE.

Tne icCJ10ARY s0DIUM itMPkRATURE DISTRIBUTION IS GIVE N 8 Y TX515..

dEPEAT 1
wS1S=ImXS$*(CPX51Sil=EMXT1
J T X 51S = ( = SD1* C P X 51 S * ( T X 51S t + A l-T X 51 S l +u x 51S * ( T X W 15-T AV S 1S i l / ( WS 15 )
TXs15.=(DTX51SI
ENDRtP

THc Tu8c WALL TEMPERATURE DISTRIBUTION IS GIVEN BY TX=15.

scPEAf 1

'
-- _ _ _ _ _ _ _ _ _ _ _
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welsathXhs*(CPXms))*ENET1
G T X hls = U A P A S*( T AV P15-TX W1 S I / w w15-UR S1 S * ( TX W 15-T AV S1 SI/ ( WW 1S )
TXd15.=(DTXWAS)
cNDRcP

INX FOR THe FFTF(ONE AXIAL REGIONI
FFTF2 IS A LUMPED PARAMETER MODEL OF TWO OF THE THREE IHXS FOR
THE FFTr. ALL PARAMETsRS ARE CALCULATED ON A PER TU8E BASIS.
MASS FLJW R ATES AND TOTAL HE AT TRANSFER COEFFICIENTS ARE THEN
MULTIPLIED by THe APPROPRIATE NUMdER OF TUBES (ENIT2) TO SIMUL ATE
THe NUMsER OF OEsIRED IMX5.

ENTAP2,0TTAP2,STXP2,AND T ARE SWITCH VARI ABLES USED FOR SIMULATING
TidPERATURE TRANSliNTS (IN THIS CASE INLET TEMPER ATURE TR AN51ENTS ON
IHc PRIMARY SIDE OF THE IHXI. TXP2I IS THE P RIM ARY, STEADY STATE,
INLET TiMPtRATURE OF THE IHX. TXP2 Is THE NEW INLET TEMPERATURE DUE
10 A TRANSIENT.

PROCED TXP2=ENTAP2,DTTXP2,TXP2I,STXP2,T
IF(ENTXP2.EQ.0.0) TXP2=PDELAYlTOP2,TAUXP2,4,TXP213
IF ( E N T X P2. i Q.1. . AND . T. E Q.0. 01 TXP2=PDELAYtTOP2,TAUXP2,4,TXP2Il
A F ( E N T XP s . E Q .1. . AN D . T.N E .0. 01 TXP2=TXP2I*DTTXP2
IF(ENTXP2.EQ.2..AND.T.LE.STXP23 TXP2=TXP21+0TTXP2*T
cNJPRJ

tNTA52,JTTXS2,STXs2, AND T ARE SWITCH V ARI ABLES USED FOR SIMULATING
TenedRATURE TRANSIENTS (IN THIS CASE INLET TEMPERATURE TRANSIENTS ON
Tdi SECONDARY SIED OF THE IHXI. TXS2I IS THE SECONDARY, STEADY
S TATE INLET TEMPERATURE OF THE IHX. TXS2 IS THE NEW INLET
TcMPERATURE DUE TO A TRANSIENT.

PkJCEO T X 5 22 = c N T X S 2, D T iX S 2, T X S21, ST X S 2, T I

IF(ENTA52.EQ.0.0) TXS22 = T X S 21
AF(ENTXS2.EQ.1. 4ND.T.EQ.0.0) TXS22=TXS2I
IF ( E N T E S 2. E G.1. . AND . T.N E . O .01 TES22=TXS2I+DTTXS2
Ir(ENTXS2.EQ.2..AND.T.LE.4TXS2) TX522=TXS21+DTTXS2*T
ENDPR0

tN=PJ2, DiaPD2,5W?O2, AND T ARE SWITCH VARIABLES USED FOR SIMULATING
MAa5 FLOW RATE TRANSIENTS (ON THE PRIMARY SIDE OF THE IHXI. WPDTI
IS THE PRIMARY, STEADY STATi, MASS FLOW RATE OF THE IHX. WPD2 11
THc NEW MASS FLOW RATE DUE TO A TRANSIENT.

PRJLED m P D2 = EN W P D2,D T=P D2, w L 22L , T ,5 W P D2
IF(ENdPD4.EQ.0.0) WPD2=wL22L,

| Ir(ENdPD2.EQ.1.AND.T.EQ.0.) WPDZaWL22L
} Ir(ENaPD2.EQ.1.AND.T.NE.D.) wP02=wL22L*(1.+DTWPD2/100.01
'

a F ( t Nw PD2. E Q.2.0. AND. T.L E . 5 dP D2 3 UPD2=WL22L*(1.+DTWPD2*T/100.01
CNDPRO

|
ENas02, DTaSD2, $dSD2,AND T ARE SdITCH VARIABLES USED FOR SIMULATING
MAS FLDu RATt TRANSIENTS (DN THE SECONDARY SIDE OF THE IHXI. WSD2I
13 THE scCONDARYe STEA3Y 4 Tait, MASS FLOW RATE OF THE IHX. w$D2 IS
THE NEd aA25 FL0m RATE DJE TO A TRANSIENT.

dR0Cc0 sSD2=ENkSD2,DTWsD2,wSD21,T,5WSD2
If i kN w SDZ .E Q. G. 0 3 msD2=WSDZI
IFIENdS02.EQ.1.AND.T.EJ.D.) wSD2=WSD2I
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IF(ENdSD2.Ed.1.AND.T.NE.0.3 WSD2=WSD2I*(1.+DTWSD2/100.03
a F i c N W SD 2. Ec.2.0. A ND . T.L E . S W SD2 3 W SD 2 = W SD 21 * ( 1. + D T W SD 2 * T /100.0 )
LNJPRJ

PARAMETERS NEtDtD FOR THE CALCULATION OF HXP25(CONVECTIVE HEAT
TdANSFed'C0cFFICIkNT BETWitN THE PRIMARY SODIUM AND THE JUBE WALL.

TAvP2 AVERAGE SUDIUM TEMPERATURE (K) FOR EACH REGION.
TFv2 : INLET SODIUM YtMPERATURE (F) FOR EACH REGION.
FAP2 : AWARAGE SODIUM TEMPiRATURE (F) FOR EACH REGION.
TRP2 : INLET 20DIUM TEMPERATURE (R) FOR EACH REGION.
WP2 : AWED AGE SODIUM TEMPERATURE (R) FOR EACH REGILN.
ROAP2s SODIUM DENSITY FOR EACH REGION.
WAP2 s 40DIum vELUCITY FOR EACH REGION.
CPAP2 SODIUM SPECIFIC HEAT FOR EACH REGION.
TC AP2 s SODIUM THERMAL CONDUCTIVITY FOR EACH REGION.
UMAP2 SODIUM VISCOSITY FOR E ACH REGION.
REAP 2s 40DIun REYN0LDS NUM8ER FOR EACH REGION.
PkAP2s SODIUM PPANDTL NUM8ER FOR EACH REGION.
PE492: SODIUM PECLET NUMBER FOR EACH RhGION.
Hart a SODIUM UNIT HEAT TRANSFER COEDDICIENT FOR EACH REGION.

REPEAT 1
TAdP25=(TAP 25+ TAP 2A(-133/2.0
TFP25=(TAP 25-273.Cl*(9.U/5.Ol+32.0
F AP2 5=( TFP2 5+ TF P25(-13 3 /2.0
T RP2 5. IF P 2 5 +460.0
RP2Ss(TRP45+TRP25(-181/2.0
n0KP25=1o.02*(29.533 .00833*FAP2=1
d AP2 5= W PD2 / (ROXF 2 5* (C AXP2 * ( EN XT1-E N TUB 2 l li
CPAP25=4 16cdE+03*(.34S74-7.9226E-0$*FAP25+3.4086E-08*(FAP25**23)
TC XP2 5 =1 73 073* (34 306-1 6 7d E-02* F AP2 5 +2.0 914 E-06* ( F AP2 5* * 2 3 3
untP25=4,134E-U4*(10.0**(1 020J+(397 17/RP253 .492S*ALOG10(RP25333
dhtP25=(RGAP25*VAP25*DHl/(UMAP253
PRAP25=(CPAP25*UMXP253/(TCAP25)
PtXP25=REXP45*(PRKP251
H AP2 5=N2( PE APZ 5,TC AP2 5,RE XP2 5,PRXP2 5,P,DH)
cNJREP

THE PRIMARY SODIUM TEMPERTURE DISTRIBUTION IS GIVEN 8Y TXP25.

UAP2 abOIUM OVLRALL HEAT TRANSFER COEFFICIENT FOR EACH REGION
svD10M MASH TIMh5 SPELIFIC HEAT FOR EACH REGION.

dEPEAT 1
UXP25=(1 0/(AA25+dW253)*(ENAT2-ENTUB23
dA25=1.0/(HAP 25*PAREA)
tw25=ALOG(00T/DCTl/(2.0*Pl*TL*TCXW253
WP25=(WKPS*(CPXP2533*(ENXT2-ENTU823
OTAP25=(=PD2*CPAP25*(TEP25(-11-TXP253-UXP25*(TAVP25-TXm2511/(kP25)
T XP2 5. = (O T A P2 5)
cNJREP

PAdAMeitd5 NEEDEU F0k THE CALCULATION OF UXS25(CONVECTIVE HEAT
TnANSFER CoiFFICIENT BETwEEN THE TUdE WALL AND THE STCONDARY SOCIUM.

THE dELJe PARAMETiRS MAWE THE SAME MEANING AS THEIR PRIMARY
CUJNTERPARTS, EXCcPT THE$t ARE FOR THE SECONDARY SIDE OF THE INX.
uNA24 IS THE 20DIuM .1uSSELT NUMBER, AND RXS2 IS THE RESISTANCE F3R
cACH REJION ON THE SECONDARf SADE. 3 IS THE I.D. OF EACH TUBE.

4EPkAT 1
TAvs25=(TA525(+13+TXs253/2.0
I Fi2 5= ( Tx52 5-273.O l * (9.U/ 3.0l * 32. 0
TAF2)=4 tam 25-i?3.Ol*(9.0/5.DI+32.0
FA525=(1Fs25+TFS25(+131/2.c

_ _ _ - - _ _ . _ _ _ _ _ _ _ - _ _ _ _ _ _ _ - _ _ _ . _ - - _ _ _ _ _ . _ _ _ _ _ _ _ _ - _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ - - _ _ _ _ - - _ _ - _ - - . _ _ _ - - _ - - - _ _ _ - _ - _ _ _ _ _ _ - _ _ _ _ . _ - - _ _ . _ _ _ _ _ _ _ - - - -



130
TR>25=TF52S+960.0
k525=(Tkh2S+TR525t*181/2.0
RO A3 25 =16.02* (>9.$ 3 3 .00 8 3 3*F A52 51
#A525=wSD2/tdOX325*CAX52)
CPab26=4 186dE*03*(.J4574-7.9226E-0S*FA52S*3.4086E-08*(FA525**2il
TC A52 5 =1. 73 0F 3* ( S4. 306-1.67 8 E-02* F A52 S + 2.0914 E-06* ( F A52 5* *2 3 )
IC Aw2 8 =1. 730 F3* ( 7 7388464+.40721437E-02* TX F2S I
UM45 25 = 4 13 4E-0** (10.0 ** (1.020 3+( 39 7.17/R5 2 SI .4925 * ALOG10(Ri? H i l
DEA 525=(R0x525*VA525*01/(UMx5251
PR 452 5 = (C P X b2 5*UM A52SI / ( TC X52 5)

I PEA 525=REA525*(PRX5251
UNA$25=S.0+.0ZS*(PExh2S**.8)
HA52S=(TCA525tDa*(UNX5251
d A52 5= 1.0/ ( H A 52 8 * 5 arc Al
UA525=(1.0/(RA525*RF+RW22Sil*ENET2
d u22 S= ALLG(DC T/Da Ti t (2.0*PI* TCxW25 * TL )

kNedE AF Is ins FOULING Rc51 STANCE ON THE SECONDARY SIDE.

THE 5tCONDARY SODIUM TEMPEdATURE DISTRIBUTION 15 GIVEN 8Y TX525..

=22 8 SODIUM Mash TIMES SPECIFIC HE AT FOR EACH REGION ON SECONDARY
>IDE.

dtPEAT 1
e525=(mX55*(CPXs2Sil*ENKT2
JTA525=(mSD2*LPX525*(TA525(+13-Tx52Sl*U1525*(TxW25-TAV52Sil/(b5251
IX525.=(DTX525)
cHJRcP

T He TUdc WALL TEMPERATURE DISTRIBUTION 15 GIVEN BY TXh25.

med a TuSE sALL MASS TIMES ITS SPECIFIC HEAT FOR EACH REGION.

RtPEAT 1
=m2S=(maws *(CPKWSal*ENET2
DTAW25=UAP25*(TAvP25-TKw2SI/WW25-UX525*(TxW21-TAVS2SI/(WW25)
TXJ2 5. =(Dia 2 Si
LNDRtP

THis 15 A S CHANNEL REACTOR MODEL OF THE FFTF.

***************************5CRAM CONDITION5************* *************

PROCEJ R OC R 0 = T R OD,0 L T RUC ,5 ROC , T XP 111, T X P 11, T X P11, TU PO, W R D F e
S 5JF,T5PNAM,T,UPNAH,CNLR00,5AFROD,5 CRAM 1,5 CRAM 2,5 CRAM 3,5 CRAM 4,
55JAAM),50 RAM 6,5 CRAM 7,5 GRAM 8,TOLAY1,TDLAY2,TOLAY3,TDLAY4,TOLAYS,
&TDLAYb,TOLAY7,TDLAT6 DT

PMIMAdY SCnA4 C0:4ITIO45

I AF(T.20.0.01 FLUA=1 0
IF(5 CRAMS.E0.0.0.0R.5 CRAMS.tQ.0 0.0R.5 CRAM 7.E0.0.0.0R.5 CRAM 8.EQ.1

I 60.03 GO TO 21
1 Ir( F Lux.GE .1.12. ANO.RL DONE ) GO TO 1
,
' IF(SCRAM 1.E0.0.03 GO TO 2

IF (F Lux.L E. 10. AND.R LDON E ) GO TO 3;

| IF ($ Cd AM 2.EG.O.0 3 GO TO 4
IF(TXP11.GE. TAP 111*283.0.AND.RLDONE) GO TO $

i IF(SCdAM3.co.0.0) GO TO o
AF(UPNAH.LL.T3PNAn.ANJ.ALJONil GO TO 7

| IF(S Cd AM4. E Q .0.0 3 GL TO 6

aECONJARY SCRAM ;DNDIT10%5

I

|
|

|

|

I

k
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41 CONTI4 4
4F(TUPO.GE. TAP 11+296.89.AND.RLDONE) GO TO 9
IF(5Cdans.ic.0.03 GO TO 10
4F(WADF.GE.1 12.ANu.RLDONel GO TO 11
IF(5CAAM6.EQ.0.03 GO TO 12
aF(WAGF.Lt. 60.AND.RLDONE) GO TO 13
IF(SCRAMT.EQ.0.03 GO TJ 14
IF(WsJF.LL..SS.AND.RLDONEl GO TO 15
IF(SCAAno.FQ.0 01 40 TO 16

IF(T.3E.TRODI cNROC=1.0
AF(tNddC.EQ.Q.01 ROCRD=u.0
IF(ENROC.EQ.1 0.AND.T.EQ.0.03 dOCRD=0.0
IF(ENRCC.EQ.1.0.AND.T.NE.0.01 ROCRD=DLTROC/100.0
IF(ENdQC.tQ.2.0.AND.T.LE.aROC) ROCRDe(DLTROC*Tl/100.0
TNis={
MDCRDI=ROCRD
.J T O $ 0

1 5CAAma=0.0
4 T5CRA4=TNkk+0T+TOLAY1

GJ TO 17
3 5CdAM2=0.0
* T5 CRAM =TNEW+DT+TOLAY2

wJ TO 17
2 3CAAM3=0.y
o T5 CRAM =TNth+0T*TDLAY3

GO TO A7
7 SCdAM4=0.0
6 T2C R AM * THE m +0 T+ T DL AY4
17 If(T.LT.TSCRAM) GO TO So

IF(T.GT.T5 CRAM +1 03 GO TO lo
<0CRD=ROCRDI-(T-TSCRAMietGNLRODe6.03
uJ TO So

ad 40CRD=ROCRDI-LN6 ROD *6.0
.0 TO SO

9 5CAAM2=0.0
1J T5 CRAM =TNEhtDT+TDLAYS

wu TJ 19
11 aCRAM6=0.u
12 TaCRAM=TNEW+0T+TDLAYo

v0 TJ 19
A3 SCdAM7=0.0
14 T2 CRAM =TNEm+0T+TDLAY7

wo TO A9
AS 5CRAMg=L.0
40 TSCR AM = TNtw *DT+TDL AY6
19 A F( T.L T.T ac d AM) GO TO S0

4F;T.GT.T5 CRAM +1.03 GO T3 20
ROCRD=ROCADI-(T-T5CAAMi*(SAFAOD*3.0)
40 TO 20

20 AuCRD=ROCnDI-sAFR09*3.J
So su1TINUE

ENDPdJ

sdJF= WAD /(WP011+mPD2Il
d>DF=(whDA+wSD21/(WSD11+W502Il
TsPNAd= YUP-(5.0/12.0)

eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee
acPtAT 3
3s=0TeFPC5
JPS=G5iLNnCS

1

, . - - __ _ ,. , . . . - ,
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ats.QPs/Pt
JLPS=QLt#100.0
th0 REP

J4=GT0TeFPC4*EN
JS=QT3T*FPCS*EN
JNA4*J4/ENRC4
JNAS=J$/kNRCS

Ji=QT3T*tN

WOLT=v3L1+v0L2+v0L3+v0L4+VOL5

4kPEAT S
Fv5*VJLS/v0LT
ch0 REP

4EPtAT o
CNS.*AMDAS*(iN-CNS)
ENDRiP

eD=dETAl*CN1+6 ETA 2*CN2+ BETA 3*CN3+8 ETA 4*CN4+8ETAS*CN5+8 ETA 6*CN6
dJJ8=dC/8 ETAT

40Fa=100.G*(DOPC/dtTAT)*ALOG(ABS (TVAFR/TIRII+5000C+(TVAS-TII+EXC
CAC=AAEC*(TVAF-TII+ REC *(TVA5-TI)
ADF8D=ROFo/AQQ.0
TVAFR=((TVAF-273.03/1.8)+492.0
I v A4 =TC S A*F vi+ TC a2*F V2+TCS3*F V3*TC S4*Fv4+TC 55*F V5
Tiar = TCFi* F VF1+T CF2* FVF2+TC F 3*FVF 3
nuJ=R3CRD+ROFo0+ROEXCD+ROAUTO

e...eeeeeeeeeeeeeeeeeeso..eeeeee.......ooeeeeeeeeeeeeeeeeeeeeeee......,
***********o************ FLUX CONTROL SYSTEM ***********o**************
eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees

w1J=V4
J1.=U10 -

J20=Ps0P-ob.coud-1200.0*01
ut.au2J
ZdJD=(U D-00.u*U2+1200.0*U1)*.0254

2 ROD =P10P
P 10PQ = ( n R R *C ON2 T + m D-P ID * ) / . 3 5
PIO#.=PIOPD

PIOP=C0hSTeERR+wD
eDJ=h4d
=D.=WDD

|FENDv=Fih0+.32*FENDD
FcNJD= AAswePl*LOS( W*Ple T)
E4R=FENDF

FLUXD=(EN-FLuxa/.33 i

FLVA.=FLUXD
| rcND= FEN (ROCRD)
| cR4= FEND-FLUX

| rtN0=1.0+AAeSINie*PI*T)

f vr.0Cid RO AU T0= NdOM A X, Z A OD, ZM* Is PI , T SC R AM
IF(T.cQ.0.0; TSCRAM=1000 ;,

| IF(T.GE.T5 CRAM) GO 70 111
'

ADAJ TJa RHJM AXet ROJt Z M Ax o (1.0-(1.0/ ( 2.0* P I) ) * S IN (2.0* P I* Z R 00/ Z M A X) )
GU TO 114

111 ADAUTd=G.0
114 CONI 1NUE

cNDPRJ

e e e e e e ee e ss e ee e e e e e.e oo e s e e e e e e e e o o o o o e s s e s e e e o s ee s s e e o s s e e e e e e e ee ee e os

i
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PROCED EN=800 bet
eMedDJo/(1 0-dDDI
AFli.EQ.0.03 EN=1 0
ENDPRO
tN1=Et-1.9
casen9-1 0

dtPEAT S
TC51'J=(1 0/(CPASS*AMA55sil*(QNAS+dRDPPS*DELT5)
OELTS=CPA55*(TLP-TCas)
AMAS$5=RHuCS*(WOLS/ENRCSI
TLSS.=TCSSD
cN] die

4tPtAT S
mRD50=AOL&*((PLP-PUPI-fC*G*RHOC5+T3sl
T 3 n = ( d R DS / AC 5 ) * *4* ( 1.0/ RHOLP-1.0/ RHOC 5-F 12 5* AC S * *2 3
add 5.=aROSD
tN0dEP

eRJTH=WRDA+'dD2+wRD3+wdD4+hRDS.

AhPtAT $
.RJL5=5ATAMidRDs,1.0E-03,1.0E+30)
cNDRiP

dEPEAT $
r =4 0 &= u sD S/ wRD
cNJREP
Fm40=FWROA+fdR02+FmRD3+FwAD4+FeRDS

dEPdAT 3
=L A SD= AOL 4 5 * ( ( PIN 15-POU T1S I-RHN 15 *G* f L15+R E ST151
RtST14=(wL15d/ PAL 15)**2*(1 0/RD.A15-1 0/900T15-FL1S* PAL 15**23
mLLS.=wL150
cNDREP

PRIMARY AND INTERMEDIATs LOOPS MOMENTUM EQUATIONS

T

PnJCED ACOM, ALPH A,R Niw AL, ALN5d, END,
& WNEd,8VT,BVD, DAD,8ANedVN,8VR,BAR, BAT,
6 ddT,HWD,HAD, HAM,HVN,HVR,HAR, HAT,TFRIC,THYDeHOPP
5 =T, kNPPseL11,RHOTP4,RH3fPR,TRATEDeHRAT,ENFPR,WL1101,WL11R
CALL PUMP (ENPPewL11,RHOTP4,RHOTPR,TRATED,HRAT,ENPPR,WL11D1,

a WL114,ALPHAeRNtnAL,ALNEW END,
& w1tdeeWT,8W0ebADesAN,8VN,8VRedAR, BAT,
5 MdT,HVD,HAD,HAN,HVheHWR,H AR,H A T,TFRIC, THf D, HOP P,Te XCOMI

c1DPRO
P JM P 1.HJP P * RD IN12 * 9.dDo* C O R E 1
CAENPP=(9.3493/AIPPle(TRQPP-THYD-TFRICI
stPP.=DENPP

F41.tA4Y PUMP HEAD AT DEh! RED VALUE

PRJCED XCOND,DLPHA.DNEwAL,DLNed,DEND,
6 DaNiwe8VTDedVDD,BADDadAND,4WNDe8VRD,BARDeBATO,
a Nd TDe HVCD,HADD,HANDeHWND,HV AD,HARD,HATDe TFRICD,THf DDesiOP PD
s = T e s.t P P D1, w L 1101, R HO T P 4, R H O T P R , T R A T E D , HR A T , E h P P R e d L 11 D1, w L11 R
CALL PUMP (ENPPD1,wL1101,dHOTP4.RH3TPR,TR47EDeHRAT,ENPPa wt1101,e

n W6A14,DLPHA,0NewAL,DLNEW,DiND,
6 DQNEd,BVfD,8vDsseADD,8AND,dWN0,dWRD,8ARDeBATD,

s

_ _ _ _ .
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5 MviDe nvDDa n A00,n ANDe HvNDe NVRDeH ARD,H ATD.TFRICD. THYDDsHOPPD, T
seXCDMJ)

E,tJPRJ

PRIMART PUMP SPEED CONTRDLLER

TR AM.a t l./ TTR1)* t TLP TRIM)
ETAl=TR10-TRIM
ti411.=ETR1

WPSAG=WL11D1+AETR1*ttTRA+ETR11/TETRI)

PR1 MARY POMP FLOW 5.P. thWWPa)

PROCE0 EbP5=5dWP$ahPSACsWP$MCsWPSM
iFtheePS.EW.O.9) EmP$=wPSAC-WP5M
IFifesP5.NE.O.0) EwP5=WP$MC-WPSM
cN3PAQ l

W P 5M.a t l . / T uP S )* t WL.\ A-wP S A )

cmp 51.=EwP5

cNPPDJ=ENPPD1+AEw?L*tEWPS+tWPSI/TEWPS)

PRJCid kNPPAC=ENPP00,ENPPMX
IH ENPP00.LE.O.0) ENPPAC=0.0
IFtENPP00.GT.0.0.AND.ENPPDD.LE.ENPPMX) ENPPAC=ENPPDD
IFIENePDO.GT.rNPPMK) kNPPAC=ENPPMX
tN3?EJ

PRIMARY PLMP SPEC 0 5.P. ($wiNPP)

PRJCE3 EtNPP=$wENPP,EMPPMCeENPPACeENPP,TSCRAM
IFIT.EQ.0.0) TLCRAM=2000 0
IFtT.GE.T5 CRAM) $WENPP=1.0
IFtSetNPP.EQ.0.0) EENPP=ENPPAC-ENPP
If ts diNPP.NL.O.0) EENPP=ENPPMC-ENPP
tNDPRJ

,

'

ENPPI.=E4NPP
ctNPPC=EENPP*ENPPI/TEENPP

iTRQP=ATRQPoktNPPL

TdQPD=THYDD+TFRICD

IRQPOJ=TRQPD+ETRQP J

PNJCED TRQPAC=TRQPDDeiRQPMA
IFITRQPDO.LE.G.0) TAQPAC=0.0
IFlikJPCD.GT.0.0.AND.TdQP00.LE.TRQPMI) TRQPAC=TRQPOD

IF I T4wP DD. 4E.TR QPMX ) TRWPAC=TRWPMX

| cNJPRJ

#RAMARY PUMP TORQUc 2.P. ($WTRQP)

| Pd3Cc0 TRQPP=5eTRQP,TRQPAC,TRQPMCeT5 CRAM
I IFli.EG.O.0) T5 CRAM =2000.0 1

IFtSwiRQP.EQ.0.0) TRQPP=TAJPAC,

l ??thwiRQP.NE.O.0) TRQPP=TRQPMC
IFli.Gt.iSCHAM) TROPP=0.0
ENOPRJ

!

| PkOCEO DtNPP.iNWPsDRENPP
i IF8ENeP.EQ.0.0) DENPP=DRENPP
|

|

,
*

!
|

}
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IF(EN4P.NE.O.03 DENPP=0 0
cNOPRO

dtPEAT 3
m L2 50= AOL2 6* ((P AN2 4-POJT25 3-RHOL2 5* G* VL2 5*JE ST2 $1
d E S T2 5 = t w L2 $8t P AL2 51 * *2 * t l.0 / R0!N2 5-1.0 / ROU T2 S-F L2 5 *P AL 2 5 * *2 )
WL2Sc=wL2&D
tNJRcP

P h 3C E 0 m L A16, m L 12 8, WL 13 8, E LO S S la w L 11, W L 12, W L13, F WL 11, F W L12,
6 FWL1J,ENwL1,3TWL1
AF icNdL1.EQ.0.J a w0 TO 100
IFIEheL1.E0 1 0.ANu.T.LT.hTmLilGJ TO 100
IF (cNn L 1.E Q.1 0. AND. T.GE.iT wLilGO TO 200

100 eL118=mLIA
=L128=wLA2
d6138=uL13
cLOSSl=0.0
GJ TO J00

2do eL118=wL11*(1 0-Frt.11
WL125=wL12*ta.0-FWL12)

'

WL138==L13*tl.0-FwL13)
ELJSSA= tut 11*FsL11+=L12*FWL12+eL13*FWL138*tT-STWLil

430 CumTI.4uE
iNOPRJ

PRD;ED hL21be=L228,hL238,ELJSS2=WL21,u.22ndL23,FWL21,FWL22,
i S FWL23,ENWL2,SThL2

IF(ENdL2.EW.O.0lGD TO 400
IF I E Nd L 2. E 0.1.0. AND . T.L T . s T WL2,GO T O 400
IF(ENmL2.tQ.3.0.AND.T.Gs.STwL21GO TO S00

400 =i218=mL21
dL228==L24
eL23s==LcJ
cL0s52=0.s
.0 TG ocv

200 46218=uL21*tA.0-FwL21)
wL228=WL22*ti.0-FWL22)
WL23d=WL23*(1.0-Fut233
E LJ s s2 = t w L 21* F dL 21+ w L 22 * F WL 2 2 + WL 2 3 * F w L2 3 3 * ( T-S T W L 2 )

609 G01TINUE
cNDPR0 a

f

PRJCEO MCOM2, ALPHA 2,RNEWA2,ALNEW2,END2e
6 GNE W2, dvT4,8vD2,8 AD2,8 AN2,o VN2,BVR2, B AR2, B AT2,
5 edT2;HVD2,nAD2,HAN2,HWN2,MVAR,HAR2, HAT 2,TFRIC2,THYD2,HOPP2
5 *T, EhPP4,dL21,RHOTP4,RHOTPR,TRATE2.6 RAT,ENPPR,WL2102,WL21R

CALL P UMP ( tNP P2, WL 21, AHOTP 4, AHOTP R ,T R ATE 2, HR AT, EN P P R, W L2102,
6 WL21R, ALPHA 2,RNEWA2,ALNEw2,END2,
a QN6v2ndVT2,8b04,8AD2, SAN 2,8VN2,BVR2,BAR2, BAT 2,
* N d T 2, HVD2, H AD2,HAN2,HVN2,HVR2,H AR2,H AT2, TF R IC 2, TH702, HOP P2, T
5,ACOM23
ENDPRO
Pv M P 2 = HO P P 2 * RO IN 2 2 * 9.o06 * C O R E 2
DAEN2P =(9.$493/ AI2Pl*( TRQFP-THfD2-TF AIC2)
E1PP2.= DEN 2P

PROCED XCUMD2,DLPHa2,0NEWA2,OLNEW2,DEND2,
s DJNc 2,eviD2,dvDD2ndADD2, BAND 2,BVND2,BVRD2, BARD 2,8ATD2,
5 HvTD2,HVuD2,H ADD 2, HAND 2,HVND2,HV RD2,H ARD2,H A TD2, TFRID2,THYDD2,
4HOPPD2,=T,EhPPs2,WL21D2,RHOTP4,RHOTPR,TRATE2,HRATecNPPR,WL2102,
adL21R
CALL PUMP (ENPP02,dL2102,RHOTP4,RHOTPR,TRATE2,HRAT,ENPPRewL2102,

s wL2 A A,DLPH A2,0NE w A2,DLNE d2, DEN 02,

w w .e-~ g . - --e
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6 DJNEw2,8vfD2edvDO2ndA002e3AND2eBVN02.svt02,tARD2,$ATD2,
& HWT04eNv0DeeHADD2eHAN02eHvN02,HWRD2,HARD2eHATD2eTFRID2eTHYDD2e
SHDPP02eTeACDMD43
thDPRJ

INTERMkDIATE PUMP SPEED CDMTROLLER

TR2M.=(1./TTR23*(TLP2-TR2MI
kT42=TRZD-TE2M
ETd21.=ETR2
se5AC=wL2AD2+AETR2*(ETR2+ETR21tTETR2B

PROCED E ws 5= 5 w d25, W25NC e s25 AC
IF(Swe25.co.0.01 Eh25=w25AC-W25M
AF(5We25.NE.O.0) Ew25=W25MC-W25M
ENDPRJ
=25M.=(1<tia253*(wL21-W25M)

Ew251.=EW25
ENdPFJokNPPDZ+AEw25*(Ew25+Eh251/TEW251

PRJCE0 tN2 PAG =EN2PD0eENPPMX
IF(kN2PDD.LE.O.0) Eh2 PAC =0.0
AF(ENsPDO.GT.0.0.AND.EN2PDD.LE.EMPPMXI EN2 PAC =EN2PDD

IF(kN2PDD.GT.ENPPMXI EN2 PAC =ENPPMX
iNOPRJ

exJCtD Eih29=5htN2 PEEN 2PMC,EN2PACeENPP2eTSCRAM
arti.co.0.vl TaCRAMe2000.0
1ptf.GE.75CRAMI SWEN2P=1 0
IF(SWEN2P.tG.O.01 EiNZP=EN2 PAC-EMPP2
IF(hacN2P.hE.0.0a EEN2Peth2PMC-EMPP2
ENDPRJ

PROCED ENPPD1 ENPPD2=TSCRAM
IF(T.sQ.0.01 TsCRAM*2000 00
cNPPDi=1000.47
cNPPD2=1066.47
(F(T.Gt.T5CRAMI ENPPDi=81.64
a F ( T . G E .T S C R A;;l ENPPD2=81.e4

;

iNOPRJ

ENLPl.*EkN2P
CEN2PC=EEM2P+Eh2P1/TEiNZP

ETdw2=aTR02*iEN2PC

(RJ20=THYDD2+TFRIDZ

| TR3dDJ=TRQ20+ETAG2

PROCED TxQ24C=TdQ2DD.TRQ2MX
1p(TRJ200.LE.0.03 TRQ2AC=0 0
I F( T dJ 200.G'! .0.0. AND. T dQ 2DD. LE .TRQ2MX ) TRQ2AC=TRQ200

|

IF(TRJ2Du.GT.TRQ2MX) TRQ2AC.TRQ2MX'

aNDPRS

PRJCEJ TRQ2P=3WTAQ2,TaQ2*AceTR32MC,TSCRAM
|

|

[

!
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IF(T.cQ.Q.05 TSCRAM=2000.0
AF($sTRd2.EQ.O.01 TRQ2P=TRQ2AC
IF(SWTRQ2.NE.G.01 TRu2P=TRQ2MC
IF(T.GE.TSCRAM) TRQ2P=0.0
ENJPn]

PRJCtD din 2P=ENW2,DREN2P
IF(ENd2.Eu.0.0) DEN 2P=0REN2P
IF(tNd3.NE.O.0) DEN 2P=0.0
tNDPRJ

RiPEAT 2
PIN 52= POUT 51+ PUMP 5
P OJT 51 = ( P IN 51+ SUM 51-C 5* ( PUNP 5-P OU T 52+ SUM 52 ) l / ( 1. 0+C S )
v00 T 52 = 5 5 * ( PIN 5 4-POU T 53 +S UM 5 3 ) + PIN 5 3-SUM X S
PIN 13=(05*(PIN 51-A005+ SUM 511+ POUT 53-SUM 53)* PARTS /AOL53
ADJ 5 = ( PIN 51+ SUM 51-C 5 * ( P UMP S-5 5* (-P OUT 53 + SUM 5 3 ) + AD5 i l / ( 1.0 +C S I
A0 5 = SUMX 5 + S UM 52

As= AOL 5 2/( ACL XP5*ENXT5 3
T 5 = AJL 52/ mCL 53
C5=AOL52tAOL51
05 = AOL S1/ AOL5 3
i s= AOL 53 / AOL 51
Ge=A0653/AOLR
5 5= AOL 53/ ( AOLXPS*ENXT 5 3

PART5= AOL5 3/(1 0+( A5+Y$ 3 /(1 0+C 531
PIcC E5 =1 0 + AOL 51* AOL52/ ( AdLXP'5* EN X T S* ( AOL51+ AOL 5213

GiNOM5= PARTS * PIECES
suiX5=-RHu2PS*G* YAP 5+RESTX5

ENJREP

REPcAT 3

S UM15 =-RHO L 15 * G * Y L 15 + R E S il s
>UM2f=-RHOL25*G*YL25+ REST 25

cN3R2P

ddM E R= Q U E E kl+QUE E R2 +Q U E E R 3,QU E E R 4 +Q UE ER S

PLP = ( AGLl4 * ( 8 01* ( PIN 11-( PIN 11* SUMll-Cl* ( PUMPl+ $1 * (D ELP13-SUM 13 3 +
SsudXI+)UM62 31/ (1.0+ Cll +sunl Al + DEL P13-SUM 131/ (1 0+( A1+ Y l; / (1. 0+C 111
5-De L P13 +S UM 13 ) + AOL2 3 * ( ( 02* ( PIN 21-( P IN 21 + SUM 21-C2* ( P UMP 2+ S 2 *
a(DJLP2J-SuMiJi+5UMX2+SJM2231/(1.0+C23+ SUM 211+0ELP23-SUM 23)
Si( A.0+( A2 +Y 21/ (1.0+ C211-DE LP2 3 +3UM2 3 3 +8U1E R 3 / ( AOLR+ AOL13 +
SAJL23-DENOM1-DENOMZ)

AOLR=AOL1+ALL2+AOL3+AJL4+AOLS

RsPEAT $
JUEER5=AOL5*(PUP +YC*G*RHOC5-T35)
iNORiP

s A3 = w613+ m L 23

_ .-, . . _ _ . _ - ,
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REPEAT 4
WIAP50=AOLXP5*((POUT 52-PIN 534-RH0XPS*G8VtPS+RESTX51
ht3T15=(W1hP5/PAXP53**2*(1.0/ ROUT 52-1 0/R0!N53-PXPS*(PAXPS**23)
elAP5.=WIXP50
e1XPL5=5ATAM(WI1P5,1 0E-0J,1 0c+303
elHXS=W11P5*(ENXT1-ENTU85)
thJREP

4EPEAT S
T5=wROL5'LPs5*TC55
ENJREP

TUP 00=(uRO*CP00T* TOUT-twL11+WL211*CPOUT* TUP 03/RVC
RvC=RHOUP*VOLUP*CPUPO
TUPO.= TUP 00
T0diu=(T1+T4+T3+T4+?)-dRO*CP00T* TOUT 3/(RHOUT*VOLC*CPOUTI
TJUT.=T00TD

TLPO=tQLOOPl+QLOOPd-WRO*CPSLPoTLPl/(RHOLP*VOLLP*CPSLP) |

TLP.=TLP0

4LJ0Pl=sL13L*CPLl*TLP1
J 00P4=bL23L* CPL 2*TLP2

LPL1=CP(TXP11,1)
CPL 4=CP(TAP 21,1) ;
CPJP0=CP(TUPO,1) ,

JPOUT=CP(TOUT,1)
;P4LP=CP(TLP,1)
REPEAT 5
CP55=CP(Tchs,1)
CPA55=CP(TCSAS,1)
TCSAl=(TCh5+TLPl/2 0
ENOREP

PUP =UPNAH*bodHJUP+PCG
PLPl= PUP +T.241E05

dtPEAT 2
TA/L51=(TUPO+T1HP51/2 0
TA/L52=(TOP >+TXP5)/2 0

,

TA/L13=(TAP 51+TLP51/2.0'

TA/XP5=(TXPs+TXP511/2 0
,

ENOREP
i

l AEPEAT $
RHJC5=dHONA(TC35)
cN)Rc7

{

dtPEAT 2
A MQ A P 6 = ( R 00 T 5 4 + R u lh 5 21/ 2. 0
en0RtP

P RJC EO RHOL *, RHOUT , RHOUP ,RHQL 61, RHOL12, RHOL 13, R HOL21, RHOL 22,
S R H JL 2 J , RG IN ll , R O IN 14, RO I N 13,40U T 11, R O U T 12, R O U T 13, R 0 ! N 21,
EdO(N24,R0iN23, ROUT 21,RJUT22, ROUT 23,RH0XP1,RH0XP2=T

AHJLPaxHOMA(TLP)
4HJUTadHONA(TOJTl
AHJJ'adHONA(TUPO)
AnJL11=RHONA(TAVL111

|

!
l

1
t

-
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AHJL12=RHONA(TAVL12)
nHJL13=RHONA(TAVL13)
RHOL21=RHuNA(TAVL21)
ANJL42=kHONA(TAVL22)
RHJL23=RH0hA(TAVL23)
RCINil=RHONA(TUPO)
ROIN12=RHONA(TOP 1)
40lN13=RHONA(TXP11)
dQJT11=RHONA(TINP1)
RJJT12=RHJNA(TXPA)
40UT13=RHuNA(TLP)4.
A0!N21=RHONA(TUPC.
AulN22=Rh0NA(TCP2)
ROIN43=RHONA(TAP 213
duJT41=RHUNA(TINP2)
nOUT22=RHONA(TAP 2)
R0uT23=RHONA(TLP2)
dH0XPl=RHONA(TAVXP1)
4HJKPg=RHJNA(TAVAP2)
cetJPRJ

REPEAT 2
T 07 5 0 = ( = L 51/ ( RHO A P S * V OL P S ) ) * ( TIN P S-TO P S )
TUPS.= TOP 50
sN0 REP

RtPEAT 3
PAL 15=PI*(R15**2)
PAL 25=Pl*(R25**2)
AOL15= PAL 15/PLL15
AOL45= PAL 25/PLL25
iNJRcP

PINAl= POP-DELP11
PIN 21= pup-OtLP21

90sT13=PLP+0ELP13
70uT23=PLP+0ELP23

dEPEAT 3
TF5 5=( T CS A S-2 73.0) * ( 9.0/ $.0) + 32 0
Tk25=TF55+460.0
TCCSs=1.73073*(54 306-1 878E-02*TFSS+2.0914E-06*(TFS5**23)

dHOCSS=16.02*(S9.b33 .00833*TF55)
uMCSS=4.134E-04*(10.0**(1 0203+(397.17/TRSS) .4925*ALOG10(TRSSI))
cNJREP

AEPEAT 3
TFF5=(TCF5-273.0)*(9.J/3.0)+37
TF C 5 =( T F F S-32.0) * ( 3.0/ 9. 0 )

CPCF&=CP(TCFS,2)

TCCF5=100.0*(FS*(36.24/(TCF5+129.2)+0.1256E-13*(TCFS**333)
F5=1 079*(FhJ/(1 0+.$*(1 0-FR03))
dNOREP

4tPEAI 3
TFCC5=(TCC5-273 0)*(9.J/S.0)+32.0
T CC C 5 = 1.130 73 * ( 7. 7 3 8 e4o4 + . 40 7214 3 7 E-0 2 * T F C C S )

CPCC5=CP(TCCS,3)

_ , _ - . . _ , . , . . _ _ _ . . . _ _ __ __ ,, __ __. _ , _ _ _ . _ . . , . , . . _ __ _ , . .
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tNDRtf

REPEAT 3
TG 5 = TC C 5+ . 2 72 3* ( 1. 0 +. 08* C GP D k l * QL P 5
85=EAP(-7 0+.035*QLPS-6 3*CGPDR)
HC 5 = .13 2 + ( .4107* S Q R T ( T G 5 3 -2. 3 61/ C GP DR + .6 3 91* ( 8 5/ ( 1. 0+ B S I )
NC 5=(1.0E+u4*HC5)
tNOREP

REPEAT 3
wF5=uAF5*(TCFS-TCCS)
.NAS=JAC5*(TCC5-TCSAS)

J TCC 5= 41 0/ (CM*LPCC SI)*(QF 5-UAC S* ( TCC 5-TCS ASI )
TCC5.=(OTCCS)
TC5=(JP5/UACS)+TCSAS
vAC5=1.0/(RC25+R$5)
RC25=ALOGt00C/DC)/(2.0*TCCC5*PI*PL)
Rs5=1.0/(HCS6*CAREA2)
cNJRtP

REPEAT 3
U A I 5 = 1. 0 / ( ( 1. 0/ v AF 5 ) + (1.0 / U AC S ) )
tN3 REP
nEPEAT 3
oT C F 5 = (1.0/ (F M* CP C F 51 ) * ( Q P 5-U AF S* ( TC F S-T CC S I )
ICFS.=(DTCFS)
TF5=(3P5/UATS)+TCSAS
UAPS=1 0/(RF5+Rws+kC15)
RF5=1.0/te.0*Pl*PL*TCCF5)
dG6=1.0/(HCGS*CAREA1)
RC15 = AL OG(uC / DIC 1/ (2.0* TCCC 5+ Pl* PL )
EHJREP

MEPEAT 5
cNRC5=XNAS$5*XNPPAS
dRJPP5=hRDLS/LNRC5 |
cNOR EP
REPtAl 3
VC3 5 =dH OPP 5 / (RHOCS5 *CSF A)
R tC S S= ( RHOCs so vC S 5 *DHC 1/ ( UMC S S)
P RC5 5= (CP AS $*uMC s s) /( TCCS S)
PCC S 5=(R ECS 5*PRC5 5)
uNC S S = 4.0 + .16 * ( (PC / DHC ) * * 3 ) + . 04 62 8 8 * ( ( P C /DHC ) * * 3. d ) * PC C S 5 * * . 8 6,

i HC a 5=( UNC 3 5* TCCS S) /0HC
ENJREP

;

TLP r =PD E L A Y ( T AP 11, T AuLP1,1, T L1)
=LA3L=5ATAMidL13,1.0E-03,1.0E+30)
T AvlPi= (R OXP Al*4.27331/ sL13L

TLP2 =P DE L A Y ( T AP21, T AuL P2,2, T L2)
eL23L=sATAM(WL23,1.0E-03,1.0E+30)
TAdLP2=(RdxP21*2.0*4.2733)/wL23L i

! !

II4Pl=PDEL AY t TOPO,T AvPil,5,T INP11)
=L11L=SATAM(dL11,1.0E-03,1.0E+30)
T AUPit = (ROUT 11*16.0 7441/ wL11L

|

| f 1N P 2 = P OE L A Y ( tup O, T A UP 21,6, T IN P 21 )
! =L21L=SATAM(dL21,1 02-03,1.Os+30)

1

( T AUP 2 A = (R uuT11*2.0*lo.07441/ m L21L '

,

!

I

L

|
| :

|
|

i

|

i
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mLA2L=5ATAM(wL12,1.0E-03,1.0E+303
TAJAPl=(RHOL12*1.72631/WL12L
dLZ2LehAftn(WL22,1 0E-03,1.0E+30)
TAVAP2=(RHOL22*2.0*1 72631/WL22L

THE FOLL0wIhG EQUATIONS art USED IN THE CALCULATION OF THE HOT
CHANNEL FUEL, CLADDING, AND SODIUM TEMPERATURES.

JHJT=JT*FPC1
WPHC=(QHDT/ENRC1)*1.06
wLHC=QPHC/PL
QL7HC=QLHC/100.0

QNANC=UACHC8(TCCHC-TCSAHCl
TC2HCDe(1 0/(CPASHC*IMASHC)l*(QNAHC+WRDHC*(CPASHC+(TLP-TC5HCall
KM A S HC = R H0 HC * VQL HC
v0LHLav0L1/ENRC1

( TC2HL.=TC5HC0

WROHC=WRDPPl*.95
TCSAHC=(TC5HC+TLPl/2.0
.PA5HC=CP(TCSAHC,1)
CPCCHC=CP(TCCHCs3)
CPCFHC=CP(TCFHCs2)
RHJHC=RHONA(TC5 hcl

TCCFHC=A00.0*(FHC*(38.24/(TCFHC+129.2)+6.1256E-13*(TCFHC**333)
FHC=1.079*(FRO /(1.0+.5*(1.C-FRull);

TFCC HC = ( TCCHC-2 73.ul *1.o+ 32 0
TCCCHC=1.73073*(7.73se464+.40721437E-02*TFCCHCl

IGHC = T CCHC + .2723* (1 0*.08' C GPORl* QLPHC
dHC=EXPE-7.0+.035*GLPHC-6.3*CGPORI
HCHC = .13 2 + ( .1167* SQ R T ( T GHC l-2. 3 6 3 / C GP OR + .6 3 91* ( BHC/ ( 1.0 + 8 HC l 3
HCGHC=1.0E+04*HCHC

VC5HC=wRDHC/(ROSANC*CSFAI
dEC5HC=(ROSAHC*VCsHC*DHCl/UMCSHC
P RCsHC =(CP ASHC *UMC 5HC 3 / TCC5HC
P C C S HC = R c C 5 HC * P R C SHC

wNCSHC=4.0+.16*(IPC/DHCl**53+.006288*((PC/DHC)**3.81*PCCSHC**.86
HLS HC = ( UN C b HC * T C CS N C l / 0HC

TF2HC=(TCSANC-273.01*1.6+32.0
Td3HC=TFSHC+460.0
TC C $ dC = 1. 73 0 73* ( 5 4.306-1. 8 7 8 E-02* T F SHC + 2.0 914 E-0 6* ( TF SHC * * 21 )
ROSAHC=16.02*(59.533 .00833*TFSHCl
an=A0.0**(1.0203+-1397 17/TRSHCl .4925*ALOG10(TRSHCal
wMC$nC=4.134E-04*UM'

J F1C =J AF HC * ( TCF HC-TCCHC l

TCCHC0= (4.0/ (CM*CPCCHC a l* (GFHC-UACHC 4 ( TCCHC-TC S AHC a l
ICCHC.=TCCHC0
JACHLat.0/(RC2HC+RSMC)
dC2HC=ALOGt00C/DCl/(2.0*TCCCHC*Pl*PL)
A3HC=A.0/(HCSHC*CAREA23

TLFHC0=(1.G/(FM*CPCFHCal*(Q/HC-UAFHC*(TCFHC-TCCHC))
TGFHC.=TCFHCD
UAFHC=A.0/(RFHC+RGHC+RC1 hcl
RFHC=1 0/(4.0*Pl*PL*TCCFHCl
AGHC=1.0/(HCGHC*CAREAll
dC1HC=ALOG(DC/JaCl/(2.0*TCCCHC*Pl*PL)
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,

Ins F0LLOWING sECTION CALCULATES THE TOTAL SODIUM r' ASS IN i i

THE PRIMARY SIDE OF FFTF AT ALL TIMES. 8Y KEEPING FR ACK OF *
'

THis M455 PIPE GREAKS WILL SE POSSIBLE TO MODEL AND TW:
2DJIUM NtIGHT IN THE UPPER PLENUM WILL BE KEPT TRACK OF.
AL20, THIS SktTION CALCULATES THE SODIUM UPPER PLENUM HEIGM?.

MEPE/.T 3
cNAr.ls=ENAVIS*RHOL15
tNCRtP

4EPEAT 3
ENAM25=ENAV25*RHOL2s
ENDREP

ENAXM1=ENAVX1*RH0XP1
ENAXM2=ENAVX2*RH0XP2
tNPPM1=ENVPPl*ROIN12
cNPPM2=ENVPP2*ROIN22
cNAVM1=ENAVViedHOL13+ENAHW1*RHOL11
ENAVM2=ENAVV2*RHOL23+ENAHV2*RHOL21
ENALPM=ENAVLP*RHOLP

ENACn=VOLl*RHOC1+VOL2*RHOC2+VOL3*RHOC3+VOL4*RHOC4+VOLS*RHOCS
tNAMAS=TNAMAS-ENMLOS
ENMLOS=ELOSSl+ELOSS2
sPNAMV=95.09-ENMLOS/RHOUP

JP4AH=UPNAMV/(PI*UPRADo*2)

>T0dE *RD1,hR02,W?d8,wS94,WRD5,WRD,WL11,WL12,hL13,WL21,
5 d 62 2, d L 23, P IN 11, P G J T L1, P I N 12, P OU T 12, P I N 13, P 00T13, P I N 21,
S P OJ T 21, P IN22, PGJ T 22, P I N2 3, P O UT23, P L P , P U P, TC S 1, TC S 2, TC S 3,
5 TC 3 4, TC S S , T C S HC , TC C HC , 7C F HC , TC C1, TC C 2, T C C 3, TC F 1, TC F 2, TC F 3,
SWIXP1,w1AP2,TLP,TUPD, ROD,TXP11,TXP21,TXS11,TXS21 EN,ENN,
59U1P1, PUMP 2,HOPP2,ENPP2,TRQPP,TRQ2P,HOPP,ENPP, ERR,PIOP,2 ROD, J

sfLUX,J1,U2,RJAUT0,dD,TXS11,TXS21,TXP1,TXP2,FWRD,FWRDI,FWRD2,
efedD3,FhR04,FWRDS,TXS12,TXS22

sF

F U4 C TION H2(PEXP2,TCXP2,REXP2,PRXP2,P,DH)
IF(PEXP2.LT.00.0) GO TO 10
1F( P EXP2.GE .6 0.0. AND.P E X P2.L E.500.0 3 GO TO 20
IF(PRAP2.GT.200.0) GO TO 30

A0 H2=( TCX P2/ DH)* ( 3.31+4 2 9* ( P/ DH 3 + . 8 8 8* (P / DH)** 2)
dETURN

20 RE2=ALOG10(REXP2)
JNKPP2=-2 79+3.97*(P/DH3+1.025*((P/DH)**2)+3.12*RE2 .265*(RE2**2)
/2=EXP(-6.4612+.94182*AL0G(REXP2)+1.3*ALOG(1.38/IP/DH)))
PSI 2=A.0-1.o2/(PRXP2*(V2**1.4)) i

IF(fs12.LT.1.0E AG) PSI 2=1 0E-10
X2=.0155*(PS12**.o6)
dd=6.a6+(P/DH)*(3.A26*1.1d4*(P/DHI)
UnXP2=W2+X2*(PEXP2**.d6)
IF(UNXPP2.LT.UNXP2) ONXP2=uNXPP2
H2=(TCXP2/DH)*JNKP2
dETUR4

40 W2=EXP(-6.4612+.94182*ALOGtRtXP2)+1.3*ALOG(1 3/(P/DH)))
PSI 2=1.0 A.o2/(PAXP2*(V28*1 4))
IF(PSI 2.LT.1.0E-10) PSI 2=1 0E-10
A2=.J135*(P512**.86)
m2=o.66+tP/ud)*(3.126*1.184*(P/DH))
uMAP2=w2+12*(PtXP2**.o6)
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H2=(TCAP2/DHa*VNKP2
RETURN
cND

$F

FUNCTIdN H A ( P EXP 1, T C AP I, RE XP 1, P RX P 1, P , DH)
A F ( PE A P1. L T .6 0. 0) GO TO 10

3 IFIPEXPl.GE.60.0.AND.PcxPl.Li.500 03 GO TO 20
AF(PEXPl.GT.500.03 Gu TG 30

Au Ha(TCXPl#DH)*(3.31+4.29*(P/DH)+.Sd8*(P/DHi**21
dETURN

20 Rt1=ALOG10(RE'P1)
JNKPPl=-2.79+3.97*(P/DH3+1 025*((P/DHi**2)+3.12*REl .265*(RE1**2)
V 1 = c K P (-6. 4 612 * . 94182 * A L O G ( R E X P i l + i . 3 * A L OG i l . 3 8 / ( P / D H 3 ) )
#5I1=A.0-1.82/(PRXPl*(Vl**1.43)
IF(P311.LT.1 0E-10) PSI 1=1 0E-10
K1=.0155*(PSI 1**.861
m1=0.co+(P/DH)*(3.126+1.id4*(P/DH))
UNAPl=Wi+X1*(PEXPl**.863
IF(UNEPPl.LT.bMXP1) UNEPl=UNXPP1
H1=(TCXP1/DH3*UNKP1
RcTudN

3J v1=EXP(-o.4612+.94182*ALOGtREXP1)+1 3*ALOG(1 3/(P/DH13)
Ps11=A.0-A.82/(PRKPl*(Vl**1.4)I
I F ( P S 11. L T .,1. 0 E-10 ) PS11=1 0E-10
x1=.0155*(PSI 1**.86)
.1=6.o6+(P/DH3*(3 126+1 184*(P/DH))
UNAPl=W1+Al*(PEXPl**.86)
H1=(ICKP1/DHI*UNKP1
RcTURN
ENO

nF
FUNCTION CP(TK,X)
TF=(TK-273.0)*1.8+32.0
IF(A.EQ.1 03 GO TO 10
AF(X.EO.2.03 GO TO 20
IF(1.EQ.3.03 GO TO 30

60 JP=4.ad686+03*(.34574 .79226E-04*TF+.34086E-07*(TF**21)
AEIuR4

to TC=(TF-32.0)*(5.0/9.0)
cpl =4.1866E+03*(.1091351924+7.75289753E-05*TC)
C P2 = 4.1866 E +0 3* (-6.121778 E-Od* ( TC * * 2) +2.0 4 6 305 E-11* ( TC * * 3 3 )
CP= cpl +CP2

AcTUR1
30 CP=4.1868E+03*(.14937593 .3950o964E-04*TF+.2678125E-07*(TF**2))

RtTUR1
END

su8R3UTINi PUMP (ENPPedPS, RHO,RHOR,TRATED,HRAT,ENPPR,WPSDeWPSR
A , ALPHA,RNEWAL,ALNEW,END,
2 WNtWe dVT,8VD,d AD,B AN,8vN,8VR,8 AR,8 AT,
3 NfT,HVD, MAD,HANeHVN,HVR,HAR, HAT,TFRIC,THYD,HOPP,TeXCOM)

D AT A COHWN,ClHVN,C2HWN,C3HVN,C4HVN,C 5HVN,COHvR,C1HVR,C2HVR,
AC3HvR,C4HWR,C5HVA,CGHAR,C1HAR,C2HAR,C3HAR,C4HAR,C5HAR/-0 55392
4 .0.85376,0.62906,-3.7106,7.0593,-3 4776,-0 55392,0.66362,
3-0.036081,-0.93928,-0.373al,0.0,0.62307,0.14665,-4 1896
4,-2.4d28,0.8973,0.0/

DATA CCH AT,C1H AT,C2 HAT,C3HA T,C4H AT,C 5H AT,COHAN,C1H AN,C2H AN
1,C3HA1,C4HAN,C5HAN,C0HAD C1HAD,C2HADeC3HADeC4HADeC5HAD/0.62307
4,0.20178,-0.30242,0.76603,-0.48077,0.19231,1.264041,0 061907
3, .17327,-0.57294,0.033762,0.3865,1.264041,0 061907,-0 17327
4,-0 5T29*,0.033762,0 3665/

QATA COHWD,CANVD,C2HVD,C3HWDeC4HWD C5HVD,COHVT,C1HVT,C2HVT,
AC 3H V T, C 4HV T , C 5H v i, C 08 VT, C 18 vi, C 28 V T , C 3 8 V T, C 4B vT , C S B v T/
2J.68211,0.4396A,0.68459,-0 24701,0.63156 -0.20833,0.68211,
3-0. 4 613 2, u . 92 5 92,-0. 4 3 0 6,0. 5 0 8 4 5, -0.2 2 4 3 6,0. e6 5 8,-0. 60 816

|

- _ _ - _ _ _ _ _ _ _ _ _ _ _ - _ -
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4e3.1497,-4.3o47,10.4160s-4.0064/

JATA C0bv0,CroVDeC2BVDeC38vD,C48VD,CSBVDeCOSADeC18ADeC28AD,
A CJd AO,C 4B AO,C5d AO,C 0d ANe C18 AN,C28 AN e C3 6 ANa C 48 ANe C58 AN/
2 0 0 6 58,0. 2 8 4 3 7,-0.22 3 4 8,0. 4 S 0 8 3 e -0. 70 5 8 6,0. 215 62,0. 4 47 8 41,
3 0.50o5,0.59043,-u.c4055 -0.025531,0.11531,0.447841,0.5065,
4 0.59043e-0.64055,-0.0255J1,0.11531/

tD AT A C08vN,C16VN,C2BvN C38VN,C48VN,C58VNeC08VR,C18VR C28VR,
AC?JVReC48VR,0$dVR/-G.37111,
so.41741,3.6b11,-7.6752,7.0695,-2.2917,-0 3711,2.3716,-0.56147
3,0.0,0.0,0.0/
OATA COBAR,C18AR,C28AReC36AR,C48AR,C5dAReC08AT,C18AT C28AT,

I C3d A Te C 4d A T, C5a A T/-0.68 4,2.0342,-0. 95 4 77,-0.4 2286,0. 0. 0.0,
2-0.684o8,1.6493,0.96871,-o.9653,12.045,-4.7546/
OATA C0FRICeC1FRIC,C2FRID/0.012,0.023,0.0/
DATA AOF R IC, A1F RI C , A2FRI C / 0.117,-6. 9 7,0. 0 /
DATA 80FdIC,8AFRIC,62FRIC/0.0,14.77,0.0/
ALPHA =ENPP/ENPPR
Q1EmothPS/RH01/(WP5R/RHOR)

wRITEtoe2001)(ENPP ENPPR,WPS,WPSR, RHO,RHOR) ]
!40wl FJNMATi1HO,*ENPP,ENPPRedPS,WPSR, RHO,RHOR*,6F10.2)
1

d1Es4L=QNEh/ ALPHA
ALNEe=ALPNA/QNEw

ACOM=ALNEW
ddITS(6,2CJ2)(ALPHA,QNEW,MNEWAL,ALNEW,XCOM)

2JU2 FORMAT (1HO,* ALPHA,QNEseRNEwAleALNEweXCOM*,5F10.2)
IF(ALNEw.GT.1.0) XCOM=RNtWAL
IF(RNEWAL.GT.1.0) ICOMeALNEW

ALPHA 2= ALPHA * ALPHA
QNte2=GNtm*QNLW ]
RNEWA2=RNtuAL*RNEsAL
RNteA3=RNEwA2*RNEmAL
R4tW49=RNEhAa*RNEWA6
RicdA5=kNinA48RNEmAL
ALNE=2=ALNEm*ALNEW
ALNc43=mLNEW2*ALNEW
ALNtd4=ALNkd3*ALNFW
ALNEWD=ALNEW4*ALNEw
IF(ALPHA.GT.O.0117) GO TO 200
IF(ALPHA.LE.O.0117.AND. ALPHA.GT.O.005) GO TO 210
IF(ALPHA.Gt.0.0.AND. ALPHA.LE.O.005) GO TO 220
IF ( ALPH A.L T.O.0 3 GO TO 230

00 TFkIC=TRATED*(C0FRIC + CAFRIC* ALPHA + C2FRIC* ALPHA * ALPHA)
GO TO 221

10 TFRIC=TRATE0*(ACFRIC + A1FRIC* ALPHA + A2FRIC* ALPHA * ALPHA)
GJ TJ 221

20 TFR IC = TR A T c0 *( 80F RIC+ 61FRIC * ALPHA + 82 FRIC * AL PH A * AL PH A)
GO TO 24A

[ 30 TFRIC =-TR ATcD* (C 0F RIC +C1FRIC* ALPH A+C2FRIr * ALPH A* ALPH A)

11 C0$TINUE
IF(T.LE.O.0) END=1.C
AF(AL1ce.to.l.03 GO TO 231
IF ( ( AL N E W . L T .1.0. AN D. ALN E w . GT .O .0 3 . AN D . ( EN D. E Q .1.0. 0 R . E N D . EO .2.0.0

54.cND.cQ.d.01) GO TG 231
AF((ALNEw.LT.0.0.AND.ALMEs.6E.(-1.01).4ND.(END.EO.1.0.0R.END.EJ.3.

5. 0R . E.4 D . E Q . 2. 01 ) GO TO 438
IF ( ( RN E w AL .L T .0.0. AND. ANE s AL.GT . (-1.01) . AN O. ( END .EQ .2.0.OR.END.E Q.
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s*.0.04.END.EG.3.oll GO TO 237
1F((RNEWAL.GE.0.0.AND.ANEWAL.LT.1 03.AND.(END.EQ.3.0.OR.END.EQ.S.O

S.J4.END.EQ.4.Oli GD TO 236
4F((ALNEW.LT.1.0.AND.ALNEW.GT.0 0).AND.(END.EQ.6.0.OR.END.EQ.4.0.

SdR.END.EQ.S.Oli GO TO 235
IF ( ( ALN E W .L T. 0.0. AND. AL NE W.GE . (-1 0l l . AND. ( END. EQ.5 0.DR. END.E Q .j 5 7.0. 04. EN D . EQ .6.0 l l GO TO 234
IP((RNEhAL.LT.0.0.AND.RNcWAL.GT.(-1.Oll.AND.(END.EQ.8.0.DR.END.

$tQ.0 0.0R.EhD.EQ.7.Oli GO TO 233
A F ( ( RN c h AL . GE .0. 0. AND . A N E W AL .L T .1 01. AN D. ( EN D. E Q .1. 0.0 R . EN D.E Q .

ST.O.04.END.kQ.d.Oli GJ TO 232
231 HVN=CQHVN+LAHWN*ALNEW+C2HVN*ALNEW2+C3HVN*ALNEW3+C4HVN*ALNEW4+

Ss3HVN*ALNcWS
HOPP=HRAT*HVHeQNEW2
dVN=C00th+C16VN*A(NEW+C28V4*ALNEW2+C38VN*ALNEW3+C48VN*ALNEW4+

SCSdVN*ALNEWS
THfD=TRAftD*dVN*QNEW2
H Vd= 0.0
eVA=0.0
cNJa1 0
GO TJ 240

43o HVR=C3HVR+C1HVR*ALNEW+C2HVd'ALNEW2+C3HVR*ALNEW3+C4HVR*ALNEW4+
563HVR*ALNEW3

HOPP=HNAT*HVR*JNEW2
oVR=CJ8bR+C4dVR*ALNEW+C2BVR*ALNEW2+C38VR*ALNEW3+C48VR*ALNEW4+

SCodVA*ALNcWS
THfD.TRATE0*d*C..nor'
HVN=0.9
dVN=0.0
cNJ=2.0
60 TO 248

c37 HAA=COHAR*C1hAR*ANEhAL+C2HA5*RNEWA2+C3HAR*RNEWA3+C4HAR*RNEWA4+
AC3HARenNcWAS

HuPP=HRAT*HAN* ALPHA 2
dAR=CJSAR+C1dAR*RNEWAL+C2dAR*RNEWA2+C3dAR*RNEWA3+C4BAR*RNEWA4+

sC38AR*RNEmA3
THfD=TRAftD*SAR* ALPHA 2
ENJ=3 0
JJ TO 24o

236 HA T =CJH AT +C1H AT*RNEW AL+C2HA T*RNEW A2+C 3H AT* RNEW A3+C4 HAT *RNEW A4 +
5.) HAT *RNEWAS

HOPP =HA AT*H AT* ALPH A2
o AT=CJd AT +C1d AT*RNEh AL+C28 AT*RNEW AZ+C38 AT*RNEW A3+C48AT *RNEW A4+

SCJSATodNtWAS
THf0=TnATtD*dAT* ALPHA 2
cND=4.0

GJ TO 2*e
23$ HVi=CONVT+C1HVT*ALNkW+C2HVT*ALMEW2+C3HVT*ALNEW3+C4HVT*ALNEW4+

4C3HV T* ALNt.WS
HOPP=HRAT*HVT*QNEW2
d dT= CJoVT +C 1dVT * ALNEW+C2 8VT* ALNEW2+C 38V T *4LNE W3 +C4 8V T* ALNE W4+

SCSSW T* ALNtWS
THfD=TRaitD*8VT*QNEW2
cND=$.0
dJ TO 248

234 H4J=CJHVD+C1HVD*ALNEW+C2HVD*ALNEW2+C3HVD*ALNEW3+C4HVD*ALNEW4+
5J3HVD*ALNEW3

HO#P =H A AT *HVD*QNE W2
e VJ = C3 8VD+ C 18 vD * ALNE W +C2 8 v D* ALNE W 2 +C 3 8VD * AL NE W3 + C 4 8V D* A LN E W4+

SCSdVD*ALNEh5
THfD=TRATED*eVD*QNEW2
END=6.0
.0 TJ 246

c33 HAJaCJHAD+C.HAD*RNEWAL+C2HAD*RNEWA2+C3HAD*RNEWA3+C4HAD*RNEWA4+
SC2H AD*eNt e A)

HOPP=HRAT*HAD* ALPHA 2

!
l
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oA0=C3aAD+C16A0*RNEuAL+C2 DAD *RNEWA2+C38&D*RNEWA3+C48AD*RNEWA4+
SCDdAD*RNEWA3

THfD=TRATcD*8AD* ALPHA 2
tN 0= 7. 0
wu TO 246

c32 NA1=C0HAN+C1HAN*RNEWAL+C2HAN*RNEWA2+C3HAN*RNEWA3+C4HAN*RNEWA4+
SJ5HAN*RNEuAS

HJP P ed R AT * H AN * ALP H A2
oAN=C0 DAN +C18AN*RNEWAL+CZ8AN*RNEWA2+C38AN*RNEWA3+C48AN*RNEWA4+

SC5 DAN *RNkhAS
THfD=TRATLD*8AN* ALPHA 2
END*6.0
GO TO 246

2*8 CONTINUk
RETURN
EMD

af

FUNCTION MHONA(T)
RHJNA=919 536 .07415*T
RETudd
tND

ST1
Fhi , 5

0.0, 1.0000
,

.050, 1.0283

.100, 1.0568
150, 1.0857
.600, 1.1148

cNC
TMAX=200.J, DTMIN=1.0E-08, EMAX=1.0E-05
NPOINT=20A, SYt9)=22, DTMAA=.03
QTJT=3.98298E+08, FPC1=.432375, FPC2=.23877
FPC3=.22308, FPC4=.00642, FPC5=.039325
TCS1=so3.1461989, TCS2=656 4841221, TCS3=838.4591702
TCS4=721.e764246, TCSS=722.5928366, TLP=686.8889
T CS HC = 8 8 3. 7 00 62 3 24, TCCHC=801.08287055, TCFHC=1776.7583707
=R01=774.oS4985, WRD2=444.49272, WRD3=589.12924
mR34=27.736177, VOL1=.44d6296212, WRD5=344.985818
VOL2=.2691777727, VOL3=.4187209796, V O L4 = . 4 0 316 3 5 68
VOL5=.980, TOUT =830.222, VOLUP=95.09
PCG=1.03E+05, YUP =16 0*12.0*2.54/100.0
G=9.ol, AC1=.1296, AC:=.07776
AC3=.14090, AC4=.02734, AC5=.00432
AJL1=.03543, AOL2=.021258, AOL3=.033068
AOL5=1.lo1E-03
mL1=737.066278, AOL4=7.5306E-03
YC=.9144*4.0, NLJ0P=2.0, WLN=WL1
VOLLP=66.09, TXP11=680.8889, TXP21=TXP11
TLA=TXPla, TL2=TXP21, WL2=NLOOP*WLN
TUPO=d30.222, V0LC=2.519691942
TC51=1711.0191904,, TCF2=1b28.1656722, TCF3=1397.9035084
TCC1=789.99522626, CAREAl=1.45931754E-02, CAREA2=1 678215171F=02
fkJ=.9u94, TCC2=785.32702418, TCC3=773.31133087
Pl=ACJSt A.0), CSFA=A,gg4129494E-05
CGPDR=3.339, FM=.170870725, CM=4.798E-02
OIC=5.08t-03, DJC=5.842E-03, DC=5.474222066E-03
dcTAl=8.531E-05, BETA 2=7 169E-04, BET A3 =6.2 66 E-0 4
dETA4=1.212E-03, 8ETAS=5.352E-04, BETA $al.739E-C4
dETAT=4.3*991E-03, AMDAl=.013, AMDA2=.0314
AMJA3=.132, AMDA4=.345, AMDAS=1 37
AMJAb=a.75, DOPC= .005, 5000C= .0882
AXEC= .0664, REC = .378, TI=477.4444
TIdado0.0, PCG=1 03E*05
TdOD=$.000, DLTROC=10.0, SROC=3.0+ TROD
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I4
PL*.9144, R0EXCD=2.6839411890366
XNASSi=30.u, XNAS$2=18.0, XNAS$3=28.0
XNAS$*=9.0, XNASSD=1 0
XNPPAl=217.0, XNPPA2=XNPPA1, XNPPA3=XNPPA1
PL=A.833318428c-02, XNFP44=61 0, XNPPA5=1.0
uHC=4.1Co38A678E w3
CN1=1 0, CN2=1 0, CN3=1 0
LN4=1.0, CN3=1 0, CN6=1.0
FVFla.39), FVF2=.237.. FvF3=.368
ENAV11=16.09, ENAV12=1.73, ENAV13=4.28
ENvPPl=13.88, ENAVX1=14.16, ENAVVi=1.47
ENAV21=ENAV11*2.0, tNAV22=ENAV12+2.0, ENAV23=ENAV13*2.0
kNWPP2=iNVPPA*2.0, cNAVX2=ENAVX1*2.0, ENAVV2=ENAVVl*2.0
cNAVLP=66.09e ENAVUP=95.09, TNAMAS=2 603670823E+05
cNAHVA=2.32, ENANV2=FNAHVl*2.0, UPRAD=2.4913

FmL11=0.0, FWL12=0.00, FWL13=0.0
Fai21=0.0, F WL22 =0.00, FWL23=0 0
F121=1.1538538d9592, F122a3.5067024987150, F123=1 9966364878736
FA21=1.15*320245412, F122=3.5001196915866, F123=1.9974432344055
F12*=207.b9325748856,FA25=5 6344305986404
F124=207.979254187A2,F125=S.6367832417284

' FA24 207.97925418712,F125=5.8253o18530609
0H=3.J6953E-02, P=.10se57, WPD11o737.066278
PARcA=.2835e59656, TXP1I=830.2222

' d XP l =2. 6 3 3, ENXT1=1540.0
TX511 763.0, T X S 11 = 6 39. 666 7, D=1 96E-02
FNTXbA=2.0, DTTX51=5.0, STXSl=10.0
es011=732.8656434. SAREA=.2517810563
TXd11=743.0032684*, TFPl=1035.0, TRPL =1495.0
TFS12=692.0, TRSA2=1152.0
dXSl=A.02, RF=1 077'e167599E-04
CPXm1=4.30$E+02, WXW1=2.822
CAXSA=.4546405601, CAXPl=5.893376E-04
JCT =2.092629838E-02, 00T=2.223E-02, DIT=1.96E-02
TL=4.uS9
ENdSD1=0.0, DThhDia 5.0, SWSD1=5.0

I eP021=147*.132574
TXP2I=o30.2222
cNXT2=4080.0
TXS21=7e3.0, TXS21=639.6667, TXP11I=666.8889
=SJ2I=440).7316868
YXdd1=743.00326a44, TFP2=1035.0, TRP2=1495.0
TF S22=o92.0, TRS22=1152 0
CAXS2=.9292931o02, CAXP2=1.1766752E-03
ENdSD2=0.0, DTW50Z= 5.0, >WSD2=5.0
R11=.34605, R12=.19365, R13=.19365
n21=.o92A, R22=.3873, R23=.3873
PLLIA=44.1, PLL12=18.75, PLL13 36.97
PLL2A=44.1, PLL22=18.75, PLL23=36.97
YL11=-1 6, YL12=0.8, YL13=-2.7
fL21=-1.6, YL22=6.8, YL23=-2 7
TOPl=630.2224, WIXPl=.478614466, WIXP2=WIXPl*2.0

| tup 2=830.2222, DELF11=8 213E+03, DELP21=8.213E+0)
D E L P 14 = 1 4 99 7 3E +0 5, DELP23=1 49973E+05, wL11=WL1
dLA2=dL11, mL13=uL11, WL 21 = d L 2
dL22=WL21, eL23=WL21
VOLPl=13.o67, VOLP2=2.0*13 867
TI1P11=830.2222, TINP21=830.2222
ENPl=J.0, DLPl=-5.0, SPl=10.0
E1P 2 =J.0, DLP2=-5.0, SP2 10.0
dNp;6=0.0, JLPCG=IO.0, S P C G =10. 0
ENTU8A=0.0, ENTJ82=0.0
dNdL1=0.L, afaL1=0.0

I ENmL2=0.6, SidL2=2.0
! AutXp1=1.43tE-04, YXPl=-6.8, PAXPl=5.883E-04
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SCRAML=1.0, SCRAM 2=1.0e SCRAM 3=1 0
SCRAM 4=1.g, SCRAM 5=1.0, SCRAM 6=1.0
SCRAMT=1.0, SCRAM 8=1.0
TOLAY1=.11, TDLAY2=.175. TDLAY3=2.1
TDLAV4=.60, TOLAYS=2.1. TDLAY6=.50
TDLAYT=.50, TDLAY8=.50
LNLROJeb.00, SAFROD=1 88
AOLXP2=5.744E-04, VAP2=-6.8, PAXP2=2 3532E-03
FENPP=1.0, PIOP=0.0, U1=0.0
U2=0.V. AA=.010, Wo.05
2 MAX =.9144, RHOMAX=8.0, CONST=.3162
ZMAX =.9144, RH0 MAX =8.0, CONST=10 0
FLUX =A.0
70uT11=1.4272E+05, PIH12=1.176dE+06, POUT 12=1 1011E+06
PINA3=A.0942E+06, POUT 21= POUT 11, PIN 22= PIN 12
POJT22= POUT 12, PIN 23= PIN 13 *

PLPau.68147E+05
FL11=.0152414170076, FL12=.0341751154091, FL13=.1618751139653
FL21=.00360282425196, FL22=.00854377885226, FL23=.04546877849133
FxPl=2a3026.28367793, FxP2=70764 297116279
FXPl=297699.634016493, FXP2=74474.9085041233
F XP l = 2 8 4 5 61.182 617 8 41, FXP2=70382.5694576646
FFiN1=.118722036744235, FFEN2=.0296772513867912
TTR1=2.0, TtTR1=1G.0
AtwPS=2.0, TR1D=686.889, TR1=686.889
TRAM = Trio, HRAT=153.31, TRATED=26927.
tNPPR=11:0, WL11Di=wL11, WLllR=WL1101

WPSM=WLIA, CORE 1=0.e3e8599, CORE 2= CORE 1
kHJTP,=837.97504, R'iO T P R = R HO T P 4, AETR1=5.0 I
dNPP=1066.47, D E N D = 1. 0, END=1.0
ENPFMX=1110, TRQP%X=37107.591, TEENPP=10.0
TwPS=0.5, TE=PS=10,0. ATRQP=25.0

ENPP2=108d.47, AETR2=10.0, TR2=TR1
JcND2=1 0, END2=1.0, TTR2=TTR1
TRATE2=TRATED*2.0, WL2102=WL1101*2.0, AIPP=1180.0
=L21R=WLIAR*2.0, W2SM=WPSM*2.0, A12P=AIPP*2.0
AEd2S=1.0, TEu25=TEdPS, Td25=TWPS

T4QZ=ATRQP*2.0, T R Q2nX = 79 0P M X * 2. 0, TEEN 2P=TEENPP
TR20=Talu, TR2M=TR20. TETR2=10.0
INPPMC=81 6%
ENPPMC=816.32
SwsNPP=0.0

tND
RtACTOR

TcK, iN,ENN, ROD
l

TEK, TC21,TC52,TC53,TCS4,TC55
Tin, TCC1,TCC2,TCC3
TEK, TL F 1, TC F 2, T CF 3,t N
Tin, TCSHC,TCCHC,TCFHC
TdK, TLP, TJPO,P L P, PUP
TEK, W R J 1, d R a2, u R 0 3, W R D * , m R D S
ten, F mR D 1.F .RD 2,F WRD 3.F WRD4,F WRD S F WRD

(UMPS
ten, thPP,ENPP2,TRQPP,TRQ2P
Tin, HuPP.H0PP2,9 UMP 1, PUMP 2

IHA
Tin, TKP1,TXP112 TAP 2, TAP 21
ten, Tx512,TXS11,Tx522,TK324
TdM, WIAP1,mIAP2,=RD

PIPIN4
Ten, WLA1,dL12,mL13 |ten, mL21,dL22,wL23

|
Ts4, PI411,P0uT11, PIN 12,90VT12, PIN 13, POUT 13

|ten, PI.42 A, P0u T21, PIN 22, POUT 22, PIN 2 4, POUT 2 3
l

FLUX CONTROLiRS
|

! |

|
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..

Isr, cRR,PIOP,2R00, FLUX
TEk, J1,w2,RUAvices0

REACTOR
LIST, EN,ENNamuD
LIST, TC s 1, TC 5 2, T C S J , T C S 4, TC S S
LIST, TCC1,TCC2,TCCJ
LIST, TC F 1, T C F 2, TC F 3
LIaTe-TCSHC,TCCHC,TCFHC
LIST, TLP,TUPC,PLP,9UP
LIST, WRD1,WR04,WR03,WRD4,WR05
LIS T, FdRD1,F h A02,F w AD3,F WR04,F WRO S,F WRD

PUMP 5
LIST, kNPP,6NPP2,TRQPP,TRQ2P
LIST, HOPP,HOPP2,9 UMP 1, PUMP 2

IHX
LIST. TXP 1, T Xr 11, T XP 2, T X P 2 A
LIST, itsAI,TXs11,TX521,TXS21
LIST, WIXP1,WIXPseWR0

PIPING
LIsi, rL11, sL12,uL13
LIST, W.ZA,sL22,wL23

!.
LIST, PIN 1A, POUT 11, PIN 12, POUT 12, PIN 13, POUT 13

; 61s T, PIN 21, POUT 2 A, PIN 22, POUT 22, PIN 23, POUT 23
rLUX CJN T RO LE RS

LIST, iRR,PIOP,2kdD, FLUX
List, UA,U2,RD AUTun dD
cNL

!

|
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