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I. INTRODUCTION 

This report'describes an IBM-650'computer program, SN5001, for the calculation of steady- 
state thermal condltions In the fuel plates and coolant of an instrumented multl-fuel-plate 
subassembly. The program is appl/cable for subcooled or bulk boiling coolant condltions 
and surface conditions of heoting, local boiling, and fllm bolllng, and can be used for data 
reduction or design. .The report lncludes the derivation and a list of the heat conduction 

' 

ond coolant entholpy equations and a descrlptlon of the code sufficient for its use. .  

. 
SN5001- AN IBM-650 CODE FOR STEADY-STATE 
THERMAL EVALUATION OF AN INSTRUMENTED 

MULTI-FUEL-PLATE SUBASSEMBLY 

E. Arbtin* and R. B. Westphal* 

An IBM-650 code has been written to perform 

steady-state thermal analyses of an instrumented 

multi-fuel-plate subassembly. The code can be used 

to analyze test data or predict thermal conditions 

in subassemblies in the design stage. 

The code was written for the purpose of obtain- 

ing accurate steady-state fuel-plate temperatures, 

heat fluxes, coolant thermal conditions, and the 

normalized axial neutron distribution in the sub- 

assemblies from in-pile data. The heat split that 

occurs in the fuel plates, and the unequal heat fluxes 

on each side of a coolant channel (resulting from un- 

equal fuel-plate loadings and coolant temperatures 

in the channels adjacent to the fuelplates) preclude 

an accurate, simple hand analysis and necessitate 

a digital computer analysis. The steady-state con- 

ditions described by the code include subcooled and 

bulk boiling coolant conditions,, and heating, local 

boiling, and film boiling surface conditions. Sub- 

routines were written to calculate surface tempera- 

tures for film boiling and for use in subassembly 

design using the axial neutron shape as  input data 

instead of center plate measured temperatures. 

.. ~- 

*Naval Reactors, Facility, Idaho Falls, Idaho. 

. 

The subassembly analyzed is  a three-fuel- 

plate, four-coolant channel core subdivision, de- 

signed for insertion in a water-moderated and 

water-cooled, pressurized, nuclear power reactor 

(see Fig. 1). The two end (outside) fuel plates a r e  

clad with non-fuel-bearing material. The center fuel 

plate is composed of two externally-clad,heat gen- 

erating sections, separated by a non-generating 

section in which thermocouples a re  imbedded. . 

Typical operatilig times have varied frbm 

approximately 15 to 20 minutes for non-boilingruns 

to runs with local boiling, for a 20-slab problem . 

solving for either the axial neutron flux'shape o r  

the middle plates center temperature. 

11. CALCULATIONAL PROCEDURE 

A. Terminolow and Assumptions 

Definitions and Svmbols 

A is  the average cross-section area of the 
Fu 2 flow channel (kt ). 

2 As is  the heat transfer area (ft ). 

BOLC is  the code word that describes the heat 

transfer conditions on each surface. 

\ 

1 
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F i g .  1 Axial Section o f  TypicalInstrumentedMult i fueISubass~mbly.  

4 

D 'is the coolant channel equivalent diameter e 
L is the t ~ t a l  fuel length of the subassembly (ft). 

i.-.> ' 
N is the number of slabs. Y 

FAi is the axial neutron flux factor in a given 

slab and is defined as the ratio of the average P is the coolant channel power output @tu/hr). 

axial neutron flux in a given slab tothe average 

axial neutron flux over the length of the sub- Q is the total heat rate @tu/hr) of the sub- 

uuuumbly mei t  (c l i~~~c~~slu~Jt?us) .  assembly. 

F L ~  is the loading factor in a given slab and T is the temperature el?). 
fuel plate, defined as  the ratio of the loca1,fuel 

density divided by the subassembly average fuel T* is the local boiling or  film boiling surface 

rlensi~ty (dimensionlooo) ; tempeiiaiire (%') . 
- 

F R ~  is the radial neutron flux factor and is T is the average coolant ternpers.hlr~! in  a slab 

defined as the ratio of the average radial neutron channel @). 
- flux at each of the fuel locations to the average 

radial neutron flux. in the entire subassembly Ts is the, local boiling surface temperature used 

.(dimensionless). . ' in the nnde test: 0.02%. 

2 Gu is the coolant mass velocity (lb/hr-ft ). ' X is the location of the zero temperature 

gradient in a fuel section measured from the 

H is enthalpy of the bulk coolant @tu/lb). left-hand edge of the fuel (ft). 



'm is the total volume of the fuel (ft3). HU is the difference in enthalpy of the outlet 

and inlet  coolant of a given channel @tu/lb) . 
a, b, c, d, e, f, g, j, l , m , n ,  a n d r a r e f u e l  

and clad dimensions (ft). (See Fig. 2.) x is the slab height (ft). 

al is the constant in the Dittus-Boelter coef- p is the absolute viscosity of the coolant (Ib/ 

ficient of heat transfer formula. hr-ft). a 

c is the specific heat of the coolant at constant 
P 

pressure (Btu/lb-OF). 

h is the coefficient of heat transfer - .  @tu/hr- 

ft2-OF). 

k is 'the thermal conductivity of the'clad and fuel 

material @tub-ft2-OF-ft). 

2 q is heat flux (Btu/hr-ft ). 

- 
ql" is the average heat generation rate in the 

2 subassembly @tu/hr-ft ). 

qir is the uniform heat generation rate in the 
3 u'th fuel section in the i'th slab @tu/hr-ft ). 

A is the grouping of water properties used in 

the Dittus-Boelter . equation @tu/%') (l/lb) O w 8  

(l/ft-hr)O.*. 

E is a tolerance placed on the location-of the 

maximum temperature in fuel section B or  C 

(ft). Used in code as  1 x ft. 

Subscripts 

A, B, C, .and D designate the four fuel plates, 

respectively (see Fig.2). . 

c designates the coolant channel. 

I designates the inlet. 

t is the thickness dimension (ft). i designates a particular slab. 

w is the width dimension (ft). m designates the fuel. 

Fig. 2 Slda V1.r of $~borr.mbly Showlng Nom~t~claturr 
- .  



' 0 designates the outlet. 

tc  designates the center fuel-plate thermocouple 

temperature (see Fig. 2). 

u designates a particular coolant channel or  fuel 

section in a slab. 

8) The Dittus-Boelter heat transfer film coef- 

ficient formula is. correct in the subcooled 

nonboiling region, and is constant over 

small temperature changes. 

T ~ U S ,  ( D ~ G )  0-8,(cpu r*4 
k h = a l  - k - De. 

and Arabic numerals refer to locations in the sub-. 

assembly (see Fig. 2). h = a  G0.8 0 -  2 
1 De A ,  

Assumptions Used 
where h = k 0.6 (3Ye4 

The following assumptions were used in derv- 9) The thermal condi~ctivities of olad and fuel 

ing the heat conduction and coolant enthalpy materials a re  equal and independent of 

equations and the methods of solution: temperature. 

1) Only one-dimensional heat flow, perpendic- 

ular to the heat transfer surface, can occur. 
. . 

2) Uniform heat. generation rate, q i i  in Btu/ 
3 hr-ft , within each given fuel section of a 

given slab. 

3) All of the heat output of the subaasembly is 

generated in the fuel sections. This assump- 

tion specifies that there is no heat genera- 

tion in clad material or  water. 

4) The subassembly boundaries a re  adiabatic. 

5) The axial neutron flux factor F is depend- 
Ai 

ent on axial location and independent of 

radial location in the subassembly. 

6 )  The radial neutron flux factor FR,u , 
cotletant for a given fuel plate. 

7) The local boiling surface temperature is a 

constant and holds until departure frnm 

nucleate boiling (Dm) occurs, and is 

independent of coolant quality and pressure. 

It is found by the Jens-Lottes formula 

(Ref 1). 

10) The specific heat of water is constant over 

small temperature changes. 

11). The split fir.el' sectiono of the canter fuel 

plate are  the same width at any axial 

location. 

12) The average volumetric heat iens.r.at.inlr 

rate is the summation of the product of 

.coolant entllalpy rise in the channels, the 

coolant mass flowrato, and the cliulel-flow 

area divided by the 1ul;al volume of the heat 

generation material. Thus, 

- 
9"' = channel % GU AFu. 

vm 
1 

13) The local volumetric heat generation rate is 

the product of the average volumetric heat 

generation rate, the loading factor, and the 

axial m d  radial neutron flux factors. Thus, 

B. General Method 

The axial length of the subassenlbly is divided 

into not more than 99 slabs of equal or  unequal 



length for calculational purposes. Calculations pro- . Determination of F 

ceed from the inlet slab consecutively to the exit 
Ai 

slab. The procedure uses as input data: values of the 

I , constant a in the Dittus-Boelter equation, thermo- 
1 

1 A set of equations (Sections IIIand IV) has been couple temperature Ttc, FR values for each fuel 

derived that completely describes the heat genera- plate, thermal conductivity, mass velocities in each 
r. 

tion, heat transfer, and average bulk coolant condi- channel, and the average subassembly heat genera- 
4 tions in a. slab of the subassembly (i to i + l tion rate. 

in Figs. 1 and 2). These equations are written as a 

function of the dimensions, fuel-plate volumetric 

heat generation rate, coolant channel mass veloci- 

ties, the thick plate center temperature, and individ- 

ual plate boundary conditions, i.e., water tempera- 

ture and film coefficient or surface temperature. 

The equations were programmed to allow the most 

flexible use of the code. The calculationis made by 

solving the set of four simultaneous equations, that 

describe the thermal conditions in the coolant 

channels and fuel plates in a given slab, for the 

proper boundary conditions. Then, the next s 1 a b . i ~  

indexed, using as inlet coolant conditions the exit 

conditions of the previous slab. 

The  FA^ in each slab is determined bythe fol- 

lowing procedure: 

1) Assuming nonboiling conditions on all heat - 
transfer surfaces, calculate the location 

(Xuys) of the maximum temperatures in each 

fuel plate [Eqs (la)* and (13a) for the out- 

side fuel plates, A and D, and Eqs (5a) 

and (7a) for the center fuel plate, assuming 

the maximum temperature of the center 

plate is in the B fuel section]. 

. ..? .: - 
2) Check the location of the maximum temper- 

,.. . . 
ature in the center plate to seejif k:,agrees 

with the assumptions. ,. . .. 

The method of calculation, as coded, -permits 3) If step 2 does not agree with step 1, then 

the evaluation of either the normalized axial neutron repeat step 1, k i n g  Eqs (9a) . a n i  . .  ( l la)  

flux factor FA or  the center-plate ceiiter tempera- in placc of Eqs pa) and (7a), ? ? ~ i l m i n ~  ..a the 

ture Ttc for each slab, by finding the solution to the maximum temperature of the center . . plate is , , -. 
set of simultaneous equations. in the C fuel section with no local :fioiling. 

(See Section 111-C.) If surfaces are  under- ' 

going local boiling, use thel appropriate 
It is conoidored necessary and ~dvantageous In equations. 

analyzing test data to solve for an axial neutron 

flux shape. FA for each test'run, because neutron 
4) If step 2 does agree with step 1, go to 

flux measurements are generally not made for all 
step 5. 

test runs, and because the flux measuringlocations 

are such that they do not "see" all of the neutron 5) Compare al l  heat transfer surface tempera- 
depression in fuel plate sections that contain higher tures with the local boiling surface tem- 
fuel loadings. perature. (For ease in calculations, an 

average local boiling surface temperature 

C. Calculational Procedure for a Slahwhen Coolant according to coolant pressure is used for 

Is Subcooled or Bulk Boiling and the.  Heat comparison.) 

Transfer Surfaces Are in the Heating or Local - - -~ 

Boiling Region - *See Sections 111 and IV for the listing of equations. 



6) If step 5 indicates that all of the heat.trans- 

fer surface temperatures are below the 

local boiling surface temperature, calculate 

and store the items listed in step 15 for that 

slab and repeat step 1 for the next slab. 
, 

7) If step 5 indicates that one or more'heat 

transfer surfaces are local boiling, solve 

for the Xu's, using the appropriate boundary 

condition equations of Section 111-C. 

8) Repeat steps 2 through 5, as applicable. 

9) If step 5 indicates that no additional heat 

transfer surfaces are local boiling, compute 

and store the items listed in step 15, and 

repeat step 1 for the next slab. 

10) If step 5 indicates that additional heat trans- 

fer surfaces rire local boiling, solve for the 

Xu's, using the appropriate boundary con- 

dition equations. 

11) Repeat step, 8. 

12) Repeat step 9, if appropriate. 

13) Repeat step 10, if appropriate. 

14) When the computation for all slabs has been 

completed, as determined by comparingthe 

slab number to the total number of slabs in 

the subassembly, compute F' for the 
Aave 

subassembly. 

. 15) The following information for each slab will 

)tr recorded for filrthcr use (determination 

of departure from nucleate.boiling heat flux, 

pressure drop, etc.): the location of the 

maximum temperature in each .fuel plate, 

average and exit coolant temperature and 

enthalpy in each channel, fuel plate surface 

temperatures, and average heat flux on each 

heat t r w h  surface. 

Determination of Ttc 
i 

The procedure. is to solve for the slab condi- 

tions listed in steps 14'and 15 above by the method 

outlined in steps 1 to 13, using  FA^ as input to the 

code instead of Ttci, in addition to the other inputs 

listed. 

D. Calculational Procedure for a Slab When One 

Heat Transfer Surface of the Center Plate Is 

Film Boiling 

The film boiling heat transfer surface tempera- 

ture T& on the left-hand surface of the center fuel 
plate (T8 of Fig. 2) is found hy solving the two 

equations (6a) and (8a), or (10a) and (12a) that de- 

scribe the center plate simultaneously (see Section 

TTT-C). This calculation can be made for any slab 

in which film boiling . is  known or suspected. A 

special routine is required for this calculation. 

(See Section VI-D.) 

 FA^ must be known for this calculation, in 

addition to the other input values listed in Section 

11-C. The opposite surface (T15 of Fig. 2) is 

assumed to bc undergoing local boiling. 

The procedure for caloulsting FAi (occ Section 

11-C) iu uocd up to  the slab 111 whlu11 fllm boiling 

is known or suspected; then a separate routine 

is used to solve for T* for that slab upon coded 
8i 

signal. Succeeding slabs may or may not use the 

procedure for film boiling surface temperature 

onloulntion. 

III. DERIVATION AND LIST OF HEAT CONDUC- 

TION EQUATIONS 

Equations were developed fqr each of the four 

fuel plates (A, B, C, and D of Figs. 1 and 2) that 

determined the location of the maximum tempera- 

tures in a fuel plate as a funct'ion of known or 

assumed conditions, i.e., water temperature and 

film coefficient or. surface temperature, And the 



- 
heat generation rate. For the center split-meat Then, temperatures and plate surface heat fluxes 

plate, an additional boundary condition - the plate can be found as  a function of q" , the boundary 

center temperature, was used. conditions, and XA a s  follows: 

d 2 ~  The one-dimensional -Poisson equation ,-- 
dx2 - 

q"' - - , was used in calculating the temperature k qxl  x~~ 9x1 xAa 

'3 distribution across the heat generating material 
2 .  T4 = + + T2 (3d) 

(meat); and the LaPlace equation, d = 0, was . 2k k 
dx2 

used ln calculating the temperature distribution s2 = ~ 2 '  xA (34  
I across the non-heat generating material (clad). 

(See Ref 3.) -' 

I 
l 

Because of the similarity of the equations, 
! The method of derivation for the A and D fuel 

o d y  two sample derivations are  presented, one plates is aimilar; only t h e  letter and number desig- 
for the two end and One for the center nations a re  different. Equations (1) through (4) 

plate. The s~mbols and in Section =I-C of this report completely desci.ibe 
numbering scheme used in the derivations are  all Of the bound&y conditions for fuel 
shown in Fig. 2. 

' plates A and D. 

A. Sample Heat Conduction Equations for the End 

Plates (A or Dl. 

For the boundary conditions T1 and T: at 

the local boiling temperature), the equations from 

the maximum metal temperature T4 to T1 and T$ 

are  

and 
n 

By solving each equation for T4 and then setting 

the resultant equations equal to each other, the 

location of the maximum metal temperature XA is 

found to be 
n 

*The equation numbers given are  fromthe Tabulation 

of Heat Conduction Eq~ktionrr, Sentinn 111-C. 

B. Sample Heat Conduction Equation for the Center 

Fuel Plate 

The equations derived for the center fuelplate 

utilize the three boundary conditions: coolant tem- 

perature and film coefficient - or  surface tempera- 

ture on each side of the plate, and the plate center 

temperature Ttc. Separate se ts  of equations, Eqs 

(5) through (8) and Eqs (9) through (l2), a re  derived 

for the two possible locations of the maximum metal 

temperatures, plate B or  C, respectively. The 

procedure will be to assume that the maximum 

metal temperature is in one fuel section (assume B) 

and then solve for Xg, the locationof the maximum 

temperature. If the. solution for is in an 

impossible location (0 < < e), then the set  of 

equations for the maximum metal temperature 

location in the other fuel section (C) will be used 

for that slab calculation. 

- 
One example for the boundary conditions of T p .  

h8, Ttcy and T* (Fig. 2) and the assumed location 15 
of the maximum metal temperature, TlO, in plate 

B IF3 @?en,  he heat IrluwIer eyiatio,ls are 



C. Tabulation of Heat Conduction Equations 
- q g l  X 

T10 - T7 = - + B 
I 

2k k h8 T2 and T6 in Forced convectiont 

Solving each equation for T10 and setting the 
s + 1 

resultant equations equal to each other, the location 1 k2 + + ')(la) 

of the maximum metal temperature is found in 
h6 

- 
terms of TtC, T7, and qg' . Thus, 

1'1 x 
T2 = - - (lb) 

Ttc - T,[ 
XB =. + 

qx' (bmXA) - 
T = 6 . + T7 (lc) 

h6 

Solving from Ttc to T15 gives 

and 

XB = -  + \ ' + e .  (8a) 
T2 in Nucleate Boiling and T6 in Forced Con- 

vection 

Then, temperatures and plate surface heat 

fluxes can be found as  afunctionofthe heat genera- 

tion rates, the boundary conditions, and Xg as 

follows : 

Equations (5) to (12) of Section 111-C completely 

describe al l  possible boundary conditions for the 

center fuel plate. 'see Fig. 2 ' 



T2 in Forced Convection and T6 in Nucleate 

Boiling 

q2 , sX1 .X A ( 3 4  

q6 = sX' @ - xA) (3f 

T2 and T6 in Nucleate Boiling 

T8 in Forced Convection (Hot Spot in B) 

where O < %  5 e 

To in Nucleate Boiling (Hot Spot in B) 

where 0 < XB.I  e . 

* T8 = T8 (6b) 



TiF( in Forced Convection (Hot Spot in B) T, in Forced Convection (Hot Spot in C) 

where 0 I XC < j 

where o < xb:S e 

T15 in Nucleate Boiling (Hot Spot in. B) 

T15 in Nucleate Boiling (Hot Spot in C) 

where 0 I XC < j 

where C < XB I e 

q15 = qE1 O' -Xc) (loel 

T, in Forced Convection (Hot Spot in C) 



6 

where 0 I XC < j T17 in Nucleate Boiling and TZl 'in Forced 

convection 

T8 in Nucleate Boiling (Hot . Spot . in C) 

where 0 I XC i: j 

T17 and Tal in Forced Convection 

st;' (n-xD) - 
T21 - hLp + T22 ( 1 3 ~ )  

c t r  x 
'17 = 'D D (i3e) 

t r c  x 
qD D +. 96' xDm 

.Tlg = 
2k k 

+ T17 (14d) 

T,, in Forced Convection and T,, in 

Nucleate Boiling 
* - 

Tal - Ti6 -- 

c t r  X 2 
qD D + 

qG1 XDm 
T19 = 

2k k 
+ T17 



. T17 and Tal in Nucleate Boiling where 
H. is the change in enthalpy in a given slab i 

l U  

and channel u. 
XD ' + 

Qiu is the total heat rate into channelu in slab . .  

i and is equal to C qiu 

/ 

qiu is the heat flux into the channel u in slab i 

( 1 6 ~ )  from fuel plate u in slab i. 

11, x2 
'JD D + 

qE1 XDm ASiu is the heat transfer area of fuelplate u in 
T19'= 

k 
+ T1r, (16d) 

2k slab i and is equal to (wmi) (xi). (See Fig. 3.) 

IV; DERIVATION AND LIST OF  COOLANT. 

ENTHALPY EQUATIONS 

The change ;n enthalpy of the coolant in a 

channel and slab is directly proportional to the 

heat input from the fuel plates. and is inversely 

proportional to the coolant flowrate in the channel. 

Thus, 

GU is  the coolant mass velocity in channel u. 

ABiu is the coolant flow area in channel u in - 
slab i and is equal to (wCiU) (tciu). (See Fig. 3.) 

C q i u  Asiu 
Then, HiU = 

G A 
Fiu 

The enthalpy at the downstream edge of slab i, 

ohannel u, is AH. + 11. 
1 ,u 1 ,u 

CHANNEL I I 

Flg. 3 Partlal Top Vlew of Subarrembly Showing Channel and Fuel Plate Nomenclature 



/ 
The average enthalpy in slab i, channel u, is then 

It is necessary to have the 'average enthalpy 

equations converted to average temperature equa- 

tions for use with the heat conduction equations in 

the subcooled region. s his is accomplished' by. 

dividing the enthalpy ' r i se  by the 'specific heat of 

water and converting the inlet enthalpy to tempera- 

ture by formula. Because the specific heat .does 

not vary .greatly over .small AT'S, the C corres- 
P 

ponding to  HI^^ will be used; therefore, 

Combining terms, . 

The following equations describe the average 

water temperature in a given slab i for each channel 

u as  a function of. dimensions, water properties, 

channel mass velocities, and fuel plate heat fluxes. 

Channel 1 

Channel 7 

O e 5  Axi (qi6 WmiA + qi8 WmiB) 
- -  + T 

c ' G W  t Ii ,7 
Pi7 Ci7 'i7 

(18) 

Channel 16 
.. . 

Note that in. Eqs (18) and (19), it is assumed 

that the widths (wmiB and wmiC) are equal. 

V. METHOD OF COMBINING THE EQUATIONS 

The equations listed in Sections I11 and IV are  

reduced to four general equations by substituting 

the coolant equations of Section IV into the equations 

of Section LII. These substitutions give the following 

matrix equation for each slab: 

In this equation, .the S constants are functions of 

dimensions, ma& velocities, film coefficients, 

thermal conductivity, fuel loading factors, radial 

neutron flux factors, and boundary temperature 

conditions; and the makimum temperature is located 

iq fuel section B or  C in the center fuel plate. The 

solution is found by the Crout reduction method. 

Vf. DESCRIPTION OF CUUE 

The code was developed using IBM-650 

Symbolic Optimal . Assembly Program (SOAP 11) 

and Soap Interpretive Routine (SIR). The use of 

the floating point operation was the reason for the 

use of SIR. Typical operating times have varied 

from 15 to 20 minutes for nonboiling runs to runs 

with local boiling for a 20-slab problem, solving 

for either the FA's or  Ttc9s. The machine shows 

a "9" stop when the final .slab is  processed and 

the subassembly computations are  completed. A 

simplified flow chart is presented in Fig. 4. 



READ SUBASSEMBLY' 

DEPENDENT DATA 

READ SLAB DATA A - 

Flg .  4 Slmpllfiqd F low Chort 

C -  

! 

\ 
ASSUME LOCATION OF MAX. M E A T  TEMP 

B OR C FUEL PLATE 

1 
ASSUME SURFACE BOILING CONDITIONS 

- 

1 
- 

SOLVE FOR XA, x ~ / ~ .  XD, FA 

- 1 . 
CHECK ON LOCATION OF MAX. T E M P  ASSUMPTION 

B OR C FUEL PLATE 

NOT AGREED, AND BOTH 
ASSUMPTIONS TRIED 

NOT AGREED 

' 

AGREED 

t 

NOT AOREED 

NO ALL  SLABS COMPUTED 

YES 

r I 

CHECK BOILING CONDITIONS 

FOR AGREEMENT WITH 

ASSUMPTIONS 

/ 

AGREED 

t 
I 1 

n n v p l ~ ~ ~  P L ~ I J '  

COMPUTATIONS 

1 - - 



A. Code Input 

Table I 'shows the input format. The sub- 

assembly dependent data card group precedes the 

slab dependent data input. For example, if a 20- 

slab. analysis is being run, there will be 21 

subgroups in the entire data deck for that run. 

Columns 1-5 of the first word on data cards may 

be used for run number identification of the data 

cards. All actual operating data entries are  in 

floating point notation. For example, entering k - 
(thermal conductivity) in word 4 of card 1: 

k. Floating point k. 

08.1 5081000000 

T* Floating point T* 

642.000 5264200000 

Entries on ca?d 10: N and Run No., a re  not 

in floating point notation. N denotes the number 

of slabs used in the analysis. For a 20-slab 

problem, N would be entered as 0000000020, the 

decimal point being at the right. The ' ~ u n  No. on 

card 10 is entered as XXXXX00000; XMW( are  

the digits' used for run number identification to 

be punchcd on the output of the code. The lnst five 

digits must be punched as 00000. Thisportionof the 

Run No. numbers the slab output with the slab 

number. The code modifies 00000 serially as the 

analysis proceeds slab-by-slab. 

Input data cards must be punched as indicated 

in Table I, with the ioad hub punch in column 1 

and the appropriate sign for input variables incol- 

umns 10, 20, 30, 40, 50, 60, 70, and 80, a s  

necessary. It is not necessary to punch zeros in 

word spaces where no input is indicated. An 

example of input listing i s  shown in Table 1. 

.B. Code Output 

Table II displays the output format. Word 1 

cor~taiils the rtm identification number and slab 

number. Word 1 is the output resulting from Word 

3 of the data input card'of the subagsembly dependent 

data goup. As indicated in Table II,' nine cards 
. . .  
make up'the data output per slab, with a tenth card 

after the final slab to release the calculated average 

normalized neutron flux power for each of the four 

channels, and the average volumetric heat genera- 

tion rate of the subassembly. 

Word 2 of all data output' denotes the drum 

location from which the results are  punched out. 

One exception is  the ninth card of slab data where 

a series of nines is punched. Word 2 in the extra 

card (loth), at the end of 'the final slab, is the FA. 

All data output ,(computations) are  in floating 

point notation. The' eighth word of card 8 on each 

slab output is labeled BOLC. This is the code word 

that describes the surface conditions .under which 

the final calculations for that slab were performed. ,, . , . . . 
A BOLC appearing a s  8888880000 denotes no boiling 

on heat transfer surfaces 2, 6, 8, 15, 17, and 21, 

respectively. A BOLC appearing as 8899880000 . 

denotes ,local boiling on surface Nos. 8 agd 15. 

The first six digits from left to right of BOLC 

designate the surfaces in question. An eight signifies 

no boiling and nine signifies local boiling. on the 

surface. In the case of surface 8 film boiling, 9 will . , . 
be displayed in the 8-surface location. 

- 

~ a t a  output gives no direct code word for quick 

location of maximum fuel temperature inthe B o r  C 

plate, when computing FA with Ttc input. However, 

when the Ttc subroutine is used for FA input, 

giving calculations bf maximum meat temperature, 

the Ttc calculation will be tagged with a negative 

sign when the maximum temperature is in the C 

plate. When Tto is  computed, it is produced in the 

seventh word of the ninth card of each slab output. 

When Ttc is input data for the PA calculation, i t  

is listed in the eighth word of the ninth card on 

each slab output. F*, whether it is input data or  

oi~tpnt . data, . will appear only inword . . 7 of the eighth 

card of slab output. 



TABLE I 

DATA INPUT 

Subassembly Data 

Card . + W o r d 1  

1 Run No., 04016 

2 Run No., 04074 

3 Run No., 04114 

4 Run No., 04154 

5 RunNo.,04194 

6 Run No., 01234 

7 Bun No., 04275 

8 Run No., 04324 

A D . C D (where T = A + BH + C H ~  + D H ~ )  

A B C D HI (where h = A + 'BT + C T ~  + . D T ~ )  ' 

9 Run No., 0436-6 T* T* - T* T* T* T* 

10 Run No.# 04883 N Run No. E 

11 Transfer Card 

Slab Data (10 Cards .Per Slab) 

1 Run No., 04516 Ax Ttct 
W " ~  w " ~  W " ~  w " ~  

P ~ u n  No., 04577 b c d e f g j 

3 Run No., 04644 9 'm n r 

4 Run No., 04684 F L ~  F L ~  F~~ FT..D 

5 Run No., 04724 

6 Run No., 04764 tcl 
' ~ 7  t ~ 1 6  k33 

7 Run No., 04804- wcl Wc7 W 
C16 wc22 

8 Run No., 04841 FA 

9 Run No., 07141 a 

10 Transfer llwrd 

t Ttc will be 0000000000 when computing Ttc. 

The following two pages of this report show . C. Computer Operation 

actual IBM-704 input and output data sheets for a 
The console settings are as follows: 

s'ample problem. Only the first two slabs are  listed 

with the final slab of a 20-slab problem. Storage entry 70 1951 9999 



f 

SAMPLE PROBLEM DATA INPUT 

0100004016 3810303571. 5035504050 508100~1000' 5264'198000 5790000000 '~4821000000 '  "0000000000 'LOAD' 
0100004074 5010000ij00 ?,OJ0UC(SOQO . .  5 0 1 0 0 0 ~ 0 0 ~  , 501900Q00U ci000009000 . . Oi)~~0~0~00~,~~000000000'0 ,., . LOAD- 

.-0100004114 ' 561460.000.0~ ' ~ 5 6 1 1 ' 8 i ~ ~ ~ 0  '5613370000 5.614910000 00000006'00 0600000000 0000000000 LOAD ' 

..0100004154 524100.0000 52410CU000. .5241000000 5241000000 C)OO9000000 0000000000 .0000000000~~.~ .LOAD. 
0100004194 5077029200- 48561.10000 4612056110- 4287499520 1)00'3000U00" 0000000000 0000000000' LOAD. 

.U100004234 5212325Utl l .  4935.110253 . 4715251490 ,44135605.28- i)i~0O'ii00b00 ~ , ' U O O U ~ O O O U O  .0000000000 - ,  LOAD 
0100004275 50204f4250 4787490600- 4 5 2 0 6 9 ~ 2 8 0  42149615200- 5241000~00 '  ~ 0 0 ~ 0 0 0 0 0 0 '  , 0000000000 ' LOAD . 
0100004324 54854'10000 54721CU000 5ri79500000 .54868.50'0,00 0000000000 3000000000 , ' C O O O O O O O ~ ~ . ~  LOAD. -. 

,0100004366 .  5264200000 5 2 6 4 2 ~ 6 0 0 0  5264200000 5264200000 5 2 6 4 2 0 0 ~ 0 0  5264200000' 0000000000 L O A D .  
209000/4883 -. . 00000'00020 2 0 0 9 2 ~ 0 0 0 ~ ~ ~ , ~ 4 3 1 0 0 0 0 0 0 0  000C)04000? .3000000000, ~ ~ 0 0 0 0 0 0 0 0 0 0 ~ ~ ~ ~ ~  00000000~00 LOAD,. 

~0100104516 4882542000 . 00000C:0000 , 4914395833 ' 4914645833 49146458'33 4914354167 0000000000 ' LOAD 
Dl00104577 4750000LJ00 4712-500003 , 4 7 1 2 5 0 0 0 0 ~ .  , 475000,0000 ,. 4 7 6 2 5 0 0 ~ 0 0  4762500000 47500000Q0 : ' LOAD - .  -. 
0100104644 4712500006 4712500000 4750000000 '4712500000 0b00000000~ 0000000000~ UOOOOOOOOO LOAD 
0100104684 5012279000 4975776000 4975776000,,,5012369000 ~ 0 0 0 ~ 0 0 0 0 0  ,0000000000,  ODO0OO0,OO~O , LOAD ' 

01001U4724 5 0 ~ 3 7 0 0 ~ 0 0  5 0 2 4 0 ~ 0 0 ~  5024000000 .5023880000 ' i; j000.(~000u0~ ~ 3 0 0 0 0 0 0 0 0  0000000000 LOAD 
- OlOOl(i4764 477004166'7 ,4765166667 , 4765625000, 4760333333. Od,OO(j,00000 ,000,0000000, , , 0 ~ 0 ~ 0 0 0 0 0 0 ~  LOAD ; 

0100104804. 4915337500 4915337500 4915295833 4915400000 0 ~ 0 0 0 0 0 0 0 0  0000000000 0000000000 LOAD 
0100104841 4981995400. .... . . . . . . . . . . . . .  LOAD.. 
0100107141 4712500uOii 0 ~ ~ ~ 0 0 ~ ~ 0 0  . 0bc)6000i)0 0u00-Gb06bli ' u o d L k 0 0 b l i ~ '  Uijb06b0000 ~ ' 0 0 C h ~ ~ ~ 0 0 0 '  'LOAD 

.0000109990 -. . . ..... - .... - - .... - . . . . . . . . .  . . . . . . . - . . .  - . . . . . . . . . . . . . . . .  - . 
0100204516 4932117000 000006000i) ""4914395833 4914645833 ' 49'14645833-“4914354167 LOAD' .: 

... . .. . - 0100204577 ,4750000000 4712500000 ,471250Og00 4750000000 476250000.0 476250000.0., 4750000000 LOAD 
0100204644 4712500000 4712500000 4750000000 4712500000 LOAD 

.0100204684 5 0 1 2 2 7 9 0 0 ~  ' 4 9 7 5 7 7 6 0 0 ~  , 4975.776000. 5012369000. . , .  . . . . . . . . . . . .  LOAD 
0100204724 5023700000 '5024i)40000 5024OOi)c)OO 5023880000 LOAD ' 

.0100204764 4770041667 4765166667,. 4765625000, 4.?9@333333, , . , ,  . . . . . . . . . . . . .  . . . . . .  LOAD 
0100204804 4915337500 4915337500 4915295833 "4915400000 'LOAD 

.- 01002JI4841 4982400000 . . .  . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . .  LOAD. ' 
0100267141 4712500000 LOAD 

.0000209990 . . . . . . . . . . . . . .  . . . . . . . . . .  , - . .  



SPMPLE PROBLEM DATA OUTPUT 

9700001  OOC0000500 4775835238 4749615349 0000000000 - 472 4529770 5243093376 5 2 4 3 3 4 3 5 3 L  I 

2009200001 0050000506 5243219160 5243092549 5249056492 5249757275 5251496931 5250833047 
2009200001 'OC!:OO00512 5249269845 5248872421 5256402599 5256115442 5264275813 0000000000 
2u0920u001 OOi10300518 5523410326 5521896641 5522390307 55737487 . .  

4 1  5577744679 5578174870 
2UU920OCCl 00500100524 5241177355 5241504568 5241451460 5241175558 5339256540 5333616060 
2U09200001 uG*I~0000533 53336160bC 5337004578 5337004578 5340223627 5010895723 5010895723 

009200CO C1:!OOOD5 501089.5723 50  9 7 7  5 1 4  7 9 5 
:0(19200UO: !0a0~605226 5243011987 52:::1:98: 5 ! t e 9 ; :  9  t9:::9:::: 
2309200001 00 i19999999 5241088679 5241252284 5241225730 5 2 4 1 0 8 7 7 i 9  5264109331 0000000000 
2009200602 0060C0050U 4726356354 4749561661 UUOOG00000 - 47740813E9 5243 498942 5744367514 
2U09200002 005~00005G6 5244227315 5243493195 5249604175 525074'7758 5252621051 5251860783 
2Uu9230302 00C0000512 523U176315 5249396029 5257212643 52568687e7 5265439863 0000000000 

, 2009200002  0050000518 5524000376 5521530155 ' 5527089416  5573374855 5527851413 5528344067 
2009200002 OOC0000524 5241884858 5243457736 5243203683 5241874181 5339311154 5333744821 

1 2 0 0 9 2 3 0 0 0 2  0 0 ~ 0 0 0 0 5 3 0  5333744821 5337131308 5337131308 5340276985 5010911173 5010938668 
2009200002 00Q0000536 501U9342YO 5010911319 5811U51103 5 7 6 8 1 9 8 4 i O  5768198400 5811132100-  
2009200002 00C80000542 5243174734 5243474733 5243426064 52431730E2 4982400000 8888880000 
200920U002 0059999999 5241531108 5242481152 5242327571 5241524834  5265249130 0000000000 

- 

2009230020 0000030500 4747287491 4749470340 4416763000 4658806841 5252406789 5263021652 
200921J002.3 0000030506 ' 5261374667 5252274814'  5256226135 5263273088 5264200000 5263883800 
2009230020 0000030512 5261870694-  5255781158 5263431539 5262256292 5268820868 0000000000 
2009230023 OOU0030518 5516147684 5392626483 5420228488 5515176245 5510052064 5510232827 
2009230023 OOU0030524 5251629741 5266166410 5263506914 5251470353 5342278663 5336838965 
2009200020 0000030530 5336838965 5340782645 5340782645 5343282245 5011842061 501674425'5 
'2009200020 OOOOC130536 5015479693  ?5011818653 5811051100 ,5765758500 5765535300 5811132100 
2009200020 0000090542 5252368903 5262997063 5261348619 5252239254 4930900000 8898880000 
2009200020 0099939999 5251584876 5266125236 5 2 6 3 4 6 6 5 6 1 '  52514283Z5 5268737476 0000000000 
2009200020 4999999977 551667192? 552910-6463 5539205162 5516428287 5 7 9 0 2 f 2 0 9 0  Q000000000 

I 

J 



Programqed - Run loading of the subassembly dependent data and first  
slab input data. Slab computations and slab data 

Half cycle Run read-in follow @ti1 completion of the &alysis. 

Control 

Display 

Run 

Distributor 

For succeeding runs .of a series, the program- 

deck need not be reloaded. The next complete data 

'deck (subassembly dependent + slab' data) is placed 

in the card reader., The next steps a re  to enter 

Overflow stop 0150 in the address selection, press the computer 
reset key, and press the program start key. 

Error . SOP 
Control panel' (533 Input-Output Unit) 

The program deck is punched to loah (self 

loading) with IBM subroutine 1.2002. On the initial The control panel for the 533 input-output unit 

run of a series of runs, the data deck is stacked - S h ~ ~ l d  be wired as  follows: 

immediately behind the program deck. (See Fig. 5) 

The program will load and follow automatically in 1) Load hub is  wired out of column .l. 

TABLE 11 

DATA OUTPUT* 

. , .  
.. Slab Data , . 

.i. . .. 

Card - Word 1 + Word 2 *Word 3 *Word 4 *Word 5 *Word 6 *Word 7 *Word 8*- ,:; . , 

X 
- & 

1 1-8 9-10 0000000500 X* . ' ..". 
'.?) . Run No. Slab No. X~ C X~ T1 T7 

2 0000000506 T16 T22 T2 T~ T8 T15 ., . \ ? .  :. 

7 0000000536 C C 
PIG p22 

8 0000000542 T TI? T116 T F~ BOLC 
I1 I22 

Subassembly Data (10th Card) 

Ttc output Ttc input 

I - 
1-8 9-10 - 1 1 1  

. F~ '1 calc '7 calc '16 calc '22 calc cglc T input tc 
Run No. No. of 

last 
slab 

*Slab data output consists of 9 cards per slab. 
Additional card (subassembly data) with the last slab. 



2) Eight ten-digit words input from READ C. The thermocouple Ttc input of the run mustbe 

3) Punch eight ten-digit words from PUNCH C. 

4) Read and punch signs over units. 

D. Code Subroutines 

Ttc Computation Subroutine - The code is 

constructed basically for FA computation with Ttc 

(thick plate center temperature) input. For Ttc 

computation with FA input, a subroutine deck 

insertion is required for the basic program deck. 

This deck is iriserted immediately before the final 

13 cards of the main program deck. 

Film Boiling Subroutine - This is inserted 

tagged for each slab to designate the slab or  slabs 

where film boiling will occur. This is accomplished 

by punching an "8'' in the units position of each 

Ttc input for the slabs where film boilingwill occur. 

All Ttc inputs for the other slabs must be punched 

with a "9" in the units position. For instance, a 

Ttc input of 5287686588 denotes film boiling in the 

slab, while 5287686589 would denote no film 

boiling. 

This subroutine is used when computing FA 

with Ttc input only. On slabs where film boiling 

occurs, FA must be input in the regular manner 

(refer to Table I). 

immediately before the final 13 cards of t'he main APPENDD( A: A NOTE ON THE ASSUMPTION OF 
+ program deck. When a condition of film boiling is OF VARLABLES 

known or  assumed to exist in a test run, the routine 

will solve' for the actual temperature associated The assumption was made in the analysis, for 

with T$. calculational purposes, that the axial and radial 

- 
N. LAST SLAB DATA 
I 
I 
I 
I 
I 
I 
I 
I 
I 

- PROORAM DECK 

3. SECOWD SLAB DATA I 1 2. F IRST SLAB DATA 

Flg. 5 Cord Loodlng for Inltlal Run 



neutron fluxes were separable, i.e., the axial 

neutron flux was the same for each fuel plate at 

any elevation, and the radial neutron factor was 

a constant in a given fuel plate but could be different 
' for different fuel plates. Also, the assumption was 

made that the local volumetric heat generation rate 

could be expressed as  

q"' = q"' F F F . 
Liu Ai Ru 

Integrating both sides of this equation with 

respect to the differential volume gives the total 

heat output as 

Dividing both sides of the equation by the total 

volume of the meat V and taking the average 
m' 

volumetric heat generation rate outside of the 

integral sign gives 

Reducing the equation gives 

It is apparent that this equation agrees with 

the assumption of separability of variables if the - 

local product of the factors is equal to one, or  

if the integration over the volume equals the total 

volume. Where the variables are  assumed separable 

and each variable has an average of one, a s  used 

in this analysis, complete compliance with the given 

equation would be rare. Therefore, whenaproblem 

is calculated and the loading and neutron factors 

each has an average of one, deviation can be ex- 

pected between the input and output average volu- 

metric heat generation rate. Inspection of several 

sets of data indicates that this deviation has a 

maximum of three-tenths of a percent and is, 

therefore, quite small when compared to the known 

accuracy of most data. 
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