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An /EM-704 therma I  t r a n s  i e n t  ana I  ys i s  c o d e ,  d e s i g n a t e d  FOOZO, 
has been deve loped  t o  reduce  t r a n s i e n t  t e s t  d a t a  f o r  a  s i n g l e ,  
v e r t i c a l ,  r e c t a n g u l a r  c o o l a n t  c h a n n e l .  Modes o f  h e a t  t r a n s f e r  
t o  w a t e r  a t  ZOO0 p s i a  cove red  by t h i s  code i n c l u d e :  ( 1 )  f o r c e d  
c o n v e c t i o n  ( t u r b u l e n t  f l o w ) ,  ( 2 )  n u c l e a t e  b o i l i n g ,  ( 3 )  d e p a r t u r e  
f r om n u c l e a t e  b o i l i n g ,  ( 4 )  p a r t i a l  f i l n  b o i l i n g ,  and ( 5 )  f i l m  
b o i l i n g .  The code w i  I  I  accommodate a  p l a t e  mesh, and a s s o c i a t e d  
heat  g e n e r a t i o n  w e i g h t i n g  f a c t o r s ,  o f  a  maximum o f  5 0  a x i a l  and 
10 rad  i a  I  nodes. 

FOOZO-AN IBM-704 THERMAL TRANSIENT ANALYSIS CODE 

J. B. Callaghan and J. S. Williams, J r .  

SUMIVIARY 

An IBM-704 digital computer code has been developed to reduce thermal transient test data. 

The code is available for use under the Bettis Fortran code number FOO2O. 

The code numerically solves the partial differential plate equation 

and the fluid equations 

and 

for a single, vertical, rectangular coolant channel model. 

FOOZO can include the following modes of heat transfer fur a typical analysis: 

1) Forced col~vection (turbulent flnw) 

2) Nucleate boiling 

3) Departure from nucleate boiling 

4) Partial film boiling 

5) Filli~ hniling 



The boundary conditions for  surface heat transfer were derived from empirical steady state cor -  

relations for  water at 2000 psia pressure. 
i ' 

The input forcing functions a re :  

Wol 
1) wil = l+b7' (instantaneous inlet flow), 

2) hil = hol + CT' (instantaneous inlet enthalpy), 

and 
- .  - 2 

3) Ii = lo t d7I + a e ( ~ ' )  (instantaneous average current). 

F o r  reactor  application, the heat generation can be expressed in te rms  of Ti. 

The output includes plate temperatures a t  selected axial and radial nodes and water conditions 

a t  selected axial nodes.   he over-all  pressure drop is also an output. FOOZO will accommodate a 

plate mesh, and associated heat generation weighting factors,  of a maximum of 50 axial and 10 
. ,  

radial nodes. 

The code has shown satisfactory oolution otabilily fur lyplcal reactor loss-of-cnnlant-flow 

accident test  cases. &her types of reactor  accidents have not been simulated with FOOZO. 

INTRODUCTION 

As early a s  1956; the status of pressurized water reactor design indicated the need for experi- 

n ~ e n t a l  ir~formation ori transient tests  t,o evaluate any difference between steady state and transient 

departure from nucleate boiling (hereinafter referred to a s  DNB) and pressure drop. For  some 

reactors ,  the limiting thei-ma1 design condition may occdr during a transient such a s  a loss-of- 

coolant flow accident. 'Aside f rom the considerable effo;t required to develop a test  apparatus : . .: 
capable of measuring transient conditions, a parallel effvrt was necessary to establish a suitable 

I' . . . . . .  . 
method of analyzing the forthcoming data. . .  % 

The transient arlalysis of the thermal and hydraulic itlteraction between a solid heat source and 

a fluid heat sink is difficult because the interface boundar,~ conditions a r e  a function of the solid 

surface temperature and/or the local fluid enthalpy. For  pressurized water reactor application, the 

problem is further  complicated if the analysis must include a challge of phase of the coolant. T'p 
data, no sufficiently general, c1osed:form aolution has i een  fo~ind for  the equations .gover~ling such 

a system. However, .the arhrent of modcrn high speed computing equipment has.made.practica1 the. 
, , 

solutioll of problems of this type by numerical approximation methods. 

It was decided that the analysis of the test data would attempt to describe the system with 

imposed forcing functions (to he determined from the testing) of inlet. flow, inlet enthalpy, and 

average test  section heat generation as a function of t i~ne .  The Caiculated element and fluid responses 

would then be compared with corresponding meas11 rrtd quantitieo oh t~ ined  fro111 lhe tests.  Exisling 

analytical methods, s&ch a s  dynamic analog simulation (Ref . l )  and digital codes (Ref12), could not . . 
be utilized for  this analysis. FOOZO, a s  described in thc'fallowilly sections, was formulated to solve 

this problem. 

PROBLEM MODEL 

FOOZO uses  the equations and boundary conditiolrs given in this section a s  the problem model. 
. a .  

Obvious limitations a r e  presented a s  a conclusion to the section. 

Differentla1 Equations 

The governing equations for the physical model of a single, vertical, rectangular coolant . 
channel (Fig. 1) have been derived and a r e  set  forth below: 



Plate Heat Audit 

Fluid- Enthalpy 

Fluid Continuity 

Fluid Pressure  Drop 

The treatment of W, p, and h, in Eqs (2), (3), and (4) assumes a single spatial dimensional (z) 

variation.; This assumption is necessary because of the lack of a good multi-spatial-dimension 

model. Further,  the transient tes t  apparatus was designed to measure only coolant and wall temper-  

a tures  in the axial direction. Equation (2) resul ts  f rom the additional assumption that a P / %  is 

negligible. This assumption simplifies the calculation procedure by uncoupling the thermodynamic 

and dynamic equations. 

Equation (1) i s  the standard one-dimensional Fourier  conduction equation for  constant Pm, Cpm. 

and Km. This equation is used in FOO2O to compute the plate temperature profile in the plate 

thickness direction (x  direction of Fig. 1) at. discrete axial (z) locations. Preliminary studies of the 

solution of the more rigorous plate equation 

indicated that the small e r r o r  involved in using Eq (1) at any fixed axial location did not warrant the 

increased code complexity necessary to use Eq (5). 

Finite Difference Representation 

The original reduction of the differential equations to finlte difference form suitable for digital 

solution was performed by Dr. N. R. Amundson of the University of Minnesota. With minor modi- 

fication, the FOO2O fluid equations a r e  a s  originally reduced. The plate equations have undergone 

considerable evolution to insure solution stability for  all conditions of heat t ransfer  considered by 

the code. The F O O Z O  representation of Eqs (1)-(4) is given below. (The derivation of these equations 

is given in Appendix 11. ) 

plate Conduction Eauations 

The plate conduction equations involve three variables: a time instant, i; an axial location, j; 

and a radial node, k. The physical model is shown in Fig. 2. .The equations a r e  a s  follows. [The  

m (meld) subscript has becn dropped f o r  simplicity. ] 

th 
1) For  internal (K ) node (2 5 K 5 x - 1) 

1 
q!!' A 7  

+ 1Jk 
t T i - l , j k t T i - l , j . k + l ]  1Jk - 3 

t h 2) For  last  (X ) node ( 3  L x  210 )  



" h 

3) For  thermocouple (TC) node . . I 1 
: . . .. 

4) F o r  f i r s t  ( lSt)  node 

a) Forced convection and nucleate boiling: 

b) DNB, partial film boiling, and film boiling: 

T .  131 = x T. l j  - T~~~ - T ~ ~ ~ . .  . T.. ~ J X  

I 

5) For  surface, s ,  node 

a) Forced convection: 

b) Local boiling; 
. : - 

Tijs = Tscrit  
'(12) 

C) DNB, partial' film boiling, and film boiling: 

T . .  = T.  + T... 
LJS 1-1, js 1 ~ 1  - Ti- l ,  jl 

6 )  Average plate temperature 

a) Forced convection and nucleate boiling: 

? ' - 1 T.. =-LT.. + Tij Z. . . . . .  T.. ] 
1J X 131 I F  

b) DNB, partial film boiling, and film boiling: 

7) Fourier  modulus & node equations 

Fluid Equations 

The following fluid equations include the time variable, i ,  and the axial location, j, (2 < j < 50). 

The physical model is shown in Fig. 3. 

1) Enthalpy . 

The t e rm "a" in Eq (17) is a fluid heat pickup correction term to allow various flow-flux models 

to be used. The following model will be used for  Hettis test data reduction. Figure 4a shows a 

Bettis test  specimen cross-section. Approximately 9570 of the total heapgeneration occurs in the 

region 6Y. It is assumed that the one-dimensional equations (1) -(4) a r e  valid in this region. 

Figure 4b shows the code representation of the test  specimen; Because the outside periphery of the 



F i g .  I  Yodel  f o r  D e r i v a t i o n  o f  C i f f e r e n t i a l  
Equa t i ons  

F i g .  2 ( R i g h t )  One-Dimensional  P l a t e  Representa-  
t i o n  a t  A x i a l  Node j and Time i  

SURFACE 

FLUID 

! ? ?  J - I  . . .  j j t l  £-I . £ . PC FLOW 

PLATE 7 
~ / g  3 One-Cimens iona I  F l u i d  

Rep resen ta t i on  a t  Time i  

TEST SPECIMEN F0020 REPRESENTATION 
CROSS SECTION AT A X I A L  NODE j 

( 0 )  (b) 

F i g .  4 Test  Model and FOOZO Represen ta t i on  

specimen is insulated, 100% of the heat generated is assumed to enter the water. Fo r  the complete ... 

fluid mixing model, which is consistent with Bettis steady-state DNB data reduction, the flow area. 

AF, equals UL, and the flux a rea  equals 6L. The transient flux and coolant heat pickup a re  approxi- , 

mated by: 

a) reducing the over-all measured generation.to 95% a s  input in Eq (23); 

b) accounting for the end channel heat pickup by making "a" in Eq (17) equal to 110. 95. 

Physically, this is equivalent to the assumption that the ratio of end channel flux to generating width 

channel flux is the same in the transient a s  in the steady state. 

The no-fluid mixing model, such a s  might be used for reactor design purposes, would use 

a = 1.00 and AF = 6L with the correspondir~g generation that occurs in plate width 6 .  

2) Continuity 

A A Z  F W.. = Wij-l -- 
1J AT [ ~ i ~ - l  - p i - ~ ,  j-1 

I 

3) Pressure drop (positive AP denotes a decrease in pressure from inlet to point j) 

a) Frictional pressure drop: 



b) Time acceleration pressure drop: 
...? 

* ' * .  ' . .  . ' . .. .. 1.' 
1 j Az . . .  . . ., 

- w . .  ] -.. - . , - (20)  A P ~ . .  ' 144AEgA7 q=2 I 7 [WiV - W i - l *  q t W i ~ - l  
l-.l.I.qk?l ; - , ~ , J ~ ~ ~ ~ 7 , ~ ~ , ~  1J . . . * . .  :.: - ..,>.i..,' 

. ... . 
c) Spatial acchcrat ion pressure  drop: 

d) Elevation pressure drop: 

e) Total pressure drop: 

Iriput Forcing Functions 

The code requires the following input forcing functions: 

1) Instantaneous inlet flow: 

2) Instantaneous inlet enthalpy: 

hil = hol + C T '  

3) Instantaneous average current: 
- - 
I. = I + d-rl + e(7') 2 
1 0  

The average current is related to the average heat generation rate  by the equation 

The individual node generation rate  is expressed a s  

- 1 s t  - -111 F F q i j k m q i  j k ' . . (28) 

The representation assumes a spatially separable generation profile independeqt of time. The Fk 

term allows nongenerating and generating radial region (such a s  fuel and clad in reactors) calcu- 

lation, and the F .  te rm accommodates a nonuniform axial generation profile. 
3 

The constants b, C ,  d, and e of Eqs (24)-(26) a.re experimentally determined"fgr each tect, 

Boundary Conditions and Assumptions 

The following boundary conditions and assumptions a r e  imposed on the code solution. 

1) General: The: solution will proceed from a known steady state condition existing immediately 

prior  to the s ta r t  of the transient. 

2) Plate: ., . 

a)  The plate quantities pm, Cpm, Km, and p E .  ?re represented at' all, nodes by the same 

values; i. e . ,  they a r e  not expressed a s  a function of temperature. 



b) The plate heat flow in the axial direction is negligible. 

C) The surface represented by the TC node in Fig. 2 is adiabatic. 

d) The instantaneous generation rate  i s  known for all t imes at each node. 

3) Fluid 

a) The fluid within the flow area, AF, at any axial location is represented by a single con- 
. . 

dition; no radial variation of properties exist. 

b) The channel fluid inlet flow and enthalpy a r e  known for all times. 

C) The coolant i s  water at a system pressure of 2000 psia. (With minor modification, the 

pressure dependent code constants can be changed. ) 

d) The system base pressure variation with time, a ~ / a 7 ,  is negligible. 

4) Plate-fluid interface heat flux: The heat flux a t  the plate-fluid interface will be a s  shown in 

Fig. 5. This figure identifies five regions of heat t ransfer ,  a s  follows: 

a )  Forced convection (Region A, Fig. 5): This 

heat transfer mechanism occurs when 

T. .  13s < Tscrit '  At 2000 psia, Tscri; has a weak 

flux dependency which ,is neglected in FOO2O. 

The approximate value of Tscrit, is determined 

from the Jens and Lottes (Ref 4) correlation 

for  the anticipated average flux existing for the 

particular problem. For  this region, 

where H . .  is derived from the Diltus-Daeltcr 
1J 

TEMPERATURE A - FORCED CONVECTION (Ref 5) relationship 

PROGRESSION FOR A LOSS - NUCLEATE 

C - DEPARTURE FROM 0 8 0.4 
OF PUMPING POWER NNu = 0.023 NRL 

NUCLEATE BOILING 
N ~ r  (31) 

ACCIDENT 
D - PARTIAL F I L M  BOILING where all fluid properties a r e  based on bulk 
E - FILM BOILING 

temperature. This is expressed a s  follows: 
F i g .  5 Heat Trans f e r  Poundary Cond I t i on  

Reprssenta t iur! f o r  FOOZO 
-0.2 

Hij = F . .  [ -+ ] O S 8  rDH] 
2 *F.. = 466.48010 + 3.1162878 h.. - 0.0023830320 (h..) (for h..  (600) 

(33) 

1J 11 1J 1J 

F . .  = 584.0 + 1.49 h. .  (for h..  > 600) 
4 1J 1J 

b) Nucleate boiling (Region B, Fig. 5): Nucleate boiling begins when T. = Tscrit a s  1J s 
approximated by Eq (29) and the flux is less  than the DNB flux. For  this heat transfer 
region, 

* The constants for  the empirical data curve f i ts  were obtained from digital computer correlation 
.r.outines. The basic infu~.ll~ation used in thcac routines was nnt known to 8 decimal places. How- 
ever, because FOO2O has an 8 place numerical format, the curve fits were not rounded off. 



. . . . .  . . . .  . 

X , . , . .,. ' . '  . . . . 
PC y 

qij = 1 (q:& AX) - L [ T ~ ~ ,  AT ; . :., . , 

k=l 

which is a rearrangement of Eq  (15). 

C) DNB and partial film boiling (Regions C and D, Fig. 5): These modes of heat transfer 

exist when Tscrit < Tijs < Tkrit. The temperature at which pure film boiling begins, 

Tbrit, is an input parameter.  Referring to Fig. 5, the burnout reg& C is generated 

by cutting the region D plane a t  the flux equal, to the burnout correlation (a-a in Fig. 5). 

This correlation is the upper flux limit of the nucleate boiling region B. 

The flux for  region C (DNB) is determined from Bettis correlations (Ref 6). The code 

representation' is 

-" (-0.0024 2 . 1 ~ ~ )  
$;0.5[&] [eo J ] (for Gij 1 1 . 6  x 10 6 ) 

t '  

and. 

. . T'hus, . i n  region C, the flux lcvel, $, is not a fu~iction of Ts. 

The flux for region D (partial film boiling) i s  determined from Mine Safety Appliance 

Research data (Ref 7). The data were limited in range in the hZ dimension (enthalpy) of 

Fig.' 5.' Therefore,' the functional form suggested by these data was utilized, but the 

constants a r e  retained a s  input information. The flux for region D is 

< T.. < T' . the 4 .. is found by computing 9 from either Eq (36) OF (37) When Tscrit  13 cr&tD J A  
and f rom Eq (38) and taking the lower of the two values. 

i J  

: . As shown in Fig. 5, the transition from n i ~ c l e ~ t e  boiling (rogion B) to partial I11111 lrulllng 

( reg iu~i  D) is discontjnumis in flux level with thia model. Tliiv results f~0ii.l the model 

statement t h a t  th.9 DNB lino, &-a, repretielits llds L~~alisition, WMle the flux at wall 
. . 

temperatures greater  than Tscrit is the minimum value of the correlations for  regions 

C and D. .The location of this discontinuity cannot be defined for  al l  cases because of 

. :  . the effect of the various parameters  on the DNB flux. However, preliminary n jns  have 

indicated that temperature excursions during the Bettis out-of-pile transient tests  pass 

thGough the B-C-D region without any flux discontinuity. Figure 5 iridicatek a typical 

wall ttrilperature excursion' through the B-C-D region. 

d) Pure  film boiling (region E. Fig. 5): Pure d l m  boiling oocuro when T..  
1j.s LT6rit.  IL is 

: 
probable that TLrit is higher than the wall tern.peraturos currently nnti.elpa.ted ill 

. , pressurized water reactor application. However, region E is included fo r  completeness. 
This region, like regions C and D, is not well defined. The functional form, suggested 

from quenching tests  (Ref 8) a t  atmospheric pressure, is 

where C and D a r e  input information. 

- One further degree. of freedom is provided in the representation of the heat flux boundary 

' cohdition. The,constants defining line a-a'and region C of Fig. 5 a r e  fixed i n  the.code. . . 



However, i t  is possible to establish indirectly new constants f o r  E q s  (36) and (37) by the 

DNB time input value. The code compares  the  actual  su r face  flux with the DNB flux given 

by Eqs  (36) and (37) (line a -a  of Fig. 5). It a l s o  compares  the input DNB t ime value with 

the elapsed t ransient  time. If DNB, a s  established by E q s  (36) and (37), h a s  not been 

reached a t  a t rans ient  t ime equal to th is  input DNB time, the constants of these  equations 

will be computed to adjust line a-a  and region C s o  that DNB occurs  a t  th is  input DNB 

time a t  the channel outlet node, z. If DNB has  occur red  a t  the end channel when the 

elapsed t ime equals the input DNB time, no adjustment will be made to  the equations. 

This  fea ture  allows use  of an additional piece of t e s t  information-the t ime  to DNB, a s  

indicated by thermocouple t r aces .  However, i t s  pract ica l  use  may be  l imited to uniform 

axial  generation cases .  

5) Fr ic t ional  p r e s s u r e  drop: The frict ion fac to r  variation is included i n  E q  (19) by use  of the 

f .  . / p .  .. With minor  modification, the following F O O Z O  representa t ion is the  s a m e  a s  that in 
1.l 1.l 

Ref 9: 

a) Bulk boiling (h.. 1.l > hsat) : 

where 

-0.21 37270 
fisosat = 0.21 081 60 NRe (for  NRe < , 

s a t  s a t  

= 0.1143700 N -0.1606080 
f iso  , ( for  NRe 

s a t  Resat s a t  

Thc sl through a5 i n  E q s  (46) and (47) are fuilctions of X.. and a r e  presented i n  the curve 
1.l 

fi t  section. 

b) No bulk boiling (hij 5 hsat): 

f . . /p . .  11 1j = 'isoij (f /f iso)i j /"i j  (48) 

where 

'isoij -O. 21 37270 ( for  N~~ < o ~ . )  , = 0.2108160 NRe (49) 

-0.1606080 
f iso . .  = 0.1143700 NRe (for N~~ 2 1 05) , (50) 

1J 

and 



(1) F o r  ATf < ATJkL (no nucleate boiling): 

(where 

-  AT^&^ = Tscr i t  ' Tijw ( 2), 

and , . 
. . 

a T f  = 0. 766 @../H..) . 
1.l 1.l I - (53) 

( f / f .  ) .  . = 1 - 0. 0025 ATf 
IS0 1.l 

(54) 

(f/f. ) . .  = 0. 85 .. 
IS0 1J . . 

(55) 

F o r  no nucleate boiling, (f/fiso)ij is the maximum value a s  calculated f r o m  Eqs  (54) 

o r  (55). 

(2) F o r  ATf > ATJkL (nucleate boiling): 

F o r  nucleate boiling, (f/fiso)ij is the maliimum value as calculated f r o m  Eqs  (56) 

o r  (57). 

Curve Fits 

The following property representat ions  fo r  water a t  2000 psia a r e  used in FOO2O (Refs 10-12). 

1) Tempera tu re  

2 T. .  = -60.977250 + 1.4437033 h.. - 0.00059984467 (h..) (for hij < hs,) 
1.l w 1.l 4 

(58) 

Tijw = Tsat (for hij ) hsat) , (59) 

YBat = 635,711 (6U) 

illsat = 671. 7 (61) 

2) Density 

2 
p . .  = 59.804439 t 0. 005334730 h. .  - 0.000053630137 (h  ) (for hij < hsat) =J ,IJ i j  

(62). 

1 pij = (0.000349806 hij - 0.0209265)- (for hij >h,&) (63) 

3) Viscosity 

kij = 1 . 6 ~ 1 5 8 7 0  - 0.0062619952 h.. t 0.0000077597482 (h. .12 [for h < 170) ' J 13 i j  
(64) 

2 kij = 0. 7537780 - 0. 0014881633 h.. + 0. 000000981 931 68 (hij) ( for  hij 2 3 7 0 )  
1.l 

(65) 

pSat = 0.192 (66) 

2 4) The values f o r  the constants of the aLo t e r m  i n  the quality frictional p r e s s u r e  drop a r e  a s  

follows: 



SOLUTION SEQUENCE 

Two solution sequences a r e  of general interest. These a r e  the over-all  fluid-plate solution 

sequence and the sequence of calculation of plate surface heat flux. The code procedure covering 

these i tems i s  as  follows. 

Over-All Fluid-Plate Solution Sequence 
-- 

The practical difficulty of deriving the fluid equations (17) -(23), i s  connected with the establish- 

ment of a working extrapolation procedure, which is shown by means of the subscripts in these 

equations. The successful solution to this problem necessarily .involves consideration of the over- 

all  solution sequence. Figure 6a shows the general space-time representation of the solution. (An 

SOLUTION SPACE-TIME REPRESENTATION additional 3rd dimension exists at each point in 

the plate thickness direction. For  the sake of 

simplicity, this dimension was not included in the 

figure. ) In this figure, the steady state nodes at 

T~ a r e  known, since FOO2O calculates from an 

initial steady state condi*tion. Also, the tests  were 

designed so that at the inlet, j= l ,  the quantities 

hil and wil would be known for  all times. In the 

plate, the quantity q!!' can be found from Eqs (27) 
1Jk 

and (28) for all times. Examination of Eqs (2) -(4) 

shows (1) the interaction of the plate on the fluid 

enters  only through the f lux  (@) in the enthalpy 

equation (2),  and ('2) the continuity equation ( 3 )  

, W SOLUTION h - p  SOLUTION determines the local instantaneous flow at any 
i-I , j - I  i -1 . j  axial location if the local fluid thermal conditions 

a r e  known. The important corollary of this fact 

i s  that for the flow-forcing model of FOOZO, the 

pressure drop equation can be calculated after the 
"+ thermal situation is known. Further,  the thermal 

ca.lci11ation is independent of the pressure drop 

( b )  (c equation (4). 

c KNOWN AT START O F  SOLUTION 
r - 7  

As a result of the above considerations, the 
:-: SOLUTION V A R I A B L E  . following solution method was used. The solution 

Fig. 6 Fluid Node Solution S e q u e ~ c e  uses known conditions at previous time and space 

increments, a s  shown in Fig. 6a. TO demonstrate 

the method, consider the fluid equations (1 7) - (23) .  The solution will proceed a s  follows: 

1) A t  the ijth position, where the solution is known at all j ' s  at the i-1 time and at all  t imes 

through i at the j-1 position, the solution can proceed a s  shown in Figs. 6b and 6c. (Such a 

position initially exists at node 1, 2 of Fig.. 6a. ) The continuity equation (18) allows solution 

for W . .  a s  shown in Fig. 6b. Then the enthalpy equation (17) can be used for finding h.. a s  
1J 1J 

shown in Fig. bc, p.. .  is then calculaled IL*UIII Eq (62)' o r  Eq (63). 
LJ 



2) The solution can then sequentially progress to either the j,!, j t l  node o r  the i t l ,  j node. 
. .  . 

Because the Bettis uniform axial generation test involves the :most adverse thermal situation 

a t  the channel outlet, the former  sequence was chosen;*i.'ei, proceeding down the channel at 
. . ,. . , a constant time. 

The fluid solution must now be tied to the plate solution. This procedure involves the compati- 

bility of the calculational times fo r  the two components. 
I 

The stability criterion for  the plate has been taken a s  (Eq 16) 

r 

Thus, for  a given test specimen, this AT, designated a s  Arpiate, is fixed to insure stability of the 

calculation in the plate. 
.,. . 

The corresponding criterion for  the fluid requires that a piece of fluid appearing at any node does 

not pass  the next downstream node in the time interval considered. This means that3he fluid. whose 

properties a r e  estimated at one node must not pass out of the spatial extrapolation range in .the time 

considered. This is checked by the transport equation * . . . . 
. . 

"transport = A Z '  ~ i - ~ , z ~ ~ / ~ i - l ,  1 

where Az' is the smallest axial grid length, is the minimum density of the previous tirr~e 

interval, and Wi,l, is the inlet flow of the previous time. This gives a conservative (omall) value 

Aitransport fo r lo s s  of flow accidents. The two times. Arpla te  and Artransport. a r e  then 

reconciled a s  follows: . 

1) The ratio "plate is formed. 
transpprt 

2) The value of this ratio is increased to the next highest integer, N1. 

3) The fluid extrapolation time is then 

The over-all  solution sequence ( re fer  to Fig. 7) i s :  

1) Starting at solution time i-1, where 31.1 quantities .are  hown.  thc  AT^^^^^ is foll?ld frclni 

Eq (67) and (68). 

2) The fluid solution is extrapolated ahead in time a 'quantity Arfluid and sequentially down the 

axial nodes to the end of the channel. 

3) The solution then reverts  to the inlet, and the 
' 1 2 3  1 - 1  j j t l  3-1 £ 

extrap~lat ion is made for another AT iluld time. 

This process is repeated Nt times until the fluid 

equations a r c  oolvcd to include the ith lime of 

Fig. 7. At thio t imi ,  using the wa1t.l. propur'blet: 

at the. ith time, the plate equations a re  solved, 

s t a r t k g  at jl and proceeding to jZ. 
TIME 

D~MENS~OM r i -ki-1 )=AT PLATE 

N'= NEXT HIGHEST INTEGER VALUE 
4) At plate intervals, specified a s  input, the pressure 

OFAr PLATE 
Ar I HANSPURI drop equations (19)-(23) art. sulved. Since the 

AT FLUID = AT PLATE / N' 

. .  PLATE SOLUTION LOCATION 
thermal solution above is independent of the 

pressure drop solution, this pressure drop 

F i g .  7. F l u i d  Ax ; a /  S o l u t i o n  Sequence . . ,calculation 1s not a required part of the solution 
, . 

' "setpence. 



Plate Surface Heat Flux Solution 

The final solution sequence to be considered i s  that of application of the surface heat flux boundary 

condition ('Fig. - 5) to the plate conduction equations. The following solution sequences resulted in a 

satisfactory~plate'solution .convergence for the particular test cases tried to date with FOOZO. In 

most cases, the *ethods were empirically derived by machine computation. The solution sequences 

a r e  a s  follows. (As indicated in the section titled Over-All Fluid plate Solution Sequence above, the 

water properties a r e  already known at time i. ) . . 

1) Forced convection 
! 

Sequence . Calculated Variable , Eq No. 

H.. 
13 

Tijs 
T..  
-1J 1 
T..  

1J 

2) Nucleate boiling 

Sequence Calculated Variable Eq No. 

1 T. .  
1J s 

(1 2) 
2 T . .  

-1.l 1 
(9) 

3 T. .  
13 

(1 4) 
4 +i j  (35) 

3) DNB 

Sequence Calculated Variable Eq No. 

9 . .  -13 
T . .  

1.1 

4) Partial film boiling 

Sequence Calculated Variable Eq  No. 

1 "j (38) 

2 T 
ij 

(15) 
3 1 (10) 
4 T. .  

1J s 
(13) 

5) Film boiling 

Sequence Calculated Variable Eq No. 

9 . .  
-1J 
T . .  

1.l 
T.'. 

131 
T. .  
95' 

These sequences were found to produce the most stable perturbation responses for the plate 

surface a s  the solution t ransverses the boundary regions of Fig. 5. Equations (6)-(8) for the internal 

nodes a r e  the same for  all heat transfer regions. 

MODEL LIMITATIONS 

Thc following mod01 limitations are cited for  t h ~  cnnsid~rat ion of the potential code user. 

13 



Heat Transfer  Boundary Conditions 

The principal limitation of the code is the uncertainty in describing the heat transfer boundary 

conditions of regions C, D, and E of Fig. 5. It is assumed that the transient qs plane is  the same 

a s  the steady state plane. This is reflected in the code input in that the correlation constants for 

regions D and E,  and the dividing temperature, Tkrit, a r e  left a s  input. The height of region C may 

also be indirectly changed by the input DNB time. 

Continuity Equation Instability 

An instability in the local flow a s  calculated by the continuity equation (18) has been noted in 

some of the test cases. The cause of this instability has been traced to the combination of two 

factors. One is the Az in the numerator of Eq (18) and the other i s  the discontinuity in the curve fit' 

1J at hsat [Eq (60) and (61)l.  This discontinuity in W.. is shown in Fig. 8. The discontin- of p . .  vs  h.. 
1J 13 

uous point occurs when the point downstream passes into bulk boiling and the extrapolation length 

Az is large in Eq (18). Fo r  a test case where Az was 
AT GRID j (DUE TO HEATING) 

./-AS A ? + d ?  
8 in. ,  the increase in flow was approximately 10% at 

-- 
TIME - 

the surge points of Fig. 8. This oscillation occurred 

the exparision caused by bulk boiling to progress in 

finite steps of Az length. The solution flow, a s  

FLOW 

F i g .  8 Flow O s c i l l a t i o n s  fCa l c r11a tsd l  calculated with a grid length of Az, oscillates arourld 

CALCULATED WITH 
at all points downstream of a nodc, progrcssing illto 

/ .  bulk boiling because of the Wij-l t e rm of Eq (18). 

INLET Mathematically, this effect is a result of allowing 

R e s u l t i n g  f r o n  La rge  G r i d s  and the true flow (as  Az - dz), a s  shown in Fig. 8. whiie 
Break i n  pZ vs  hZ Curve a t  hsat  

this oscillation will not greatly affect the local flux 

a t  DNB, a borderline DNB point may come back out of DNB on the time interval following this local 

increase in flow. Two methods a r e  available to minimize this effect: smooth the p. .  vs h.. curve in 
13 1J 

the hsat region, o r  use smaller  Az values. While i t  is possible that the density variation a t  the 

inception of bulk boiling is more continuous during a transient than during steady state conditions, no 

data of transient p . .  vs h..  a r e  available. Therefore, it is recommended that smaller  values of Az 
1J 1J 

be used. The recommended procedure is a s  follows: 

1) Using initial flux values, flow coastdown information, and desired accident computation time, 

cos~ipute the length of the f i rs t  grid necessary to cause bulk boiling to  just begin at this grid 

at the end of the desired running time. The formula for this purpose is derived a s  

671.7 = h.. + 2a6Az2 4iZ - . -  

f rom steady state considerations. In thig equation $lz e~ $,Z [il/To] e i n r e  lnra l  hnili,ng will 
exist at point 2 prior to bulk boiling, and the plate temperature profile will approximate a 

steady state p r n f i l ~ .  

2) Usi l lg  Lhis value of Az2 for  the length to the f i rs t  grid, divide the remaining channel length 

into a s  many a s  2 regions and 48 nodes. 

Stability Checkout Limitation 

The final limitation is concerned with the stability of the solution at all positions of the Q, plane 

in Fig. 5. This stability has been found satisfactory for  the test cases of loss  of pumping power 

accidents. This stability has not been demonstrated for other types of accidents which may be sug- 

gested by the input format, such a s  rod withdrawal, etc. 



CODING DETAILS 

Code Description 

The problem, a s  previously defined, was coded for the IBM-704 computer in the Fortran 

language with options of obtaining some of the variables plotted on the peripheral printer and of 

changing the heat generation function at a specified time during the problem ( refer  to Fig. 9 for flow 

diagram). The code is comprised of the following parts. 

Initialization 

The title card is read and printed on-line and written on tape. All data cards for  the problem 

a re  read and checked against code limitations (set  forth in a la ter  subsection). If an e r r o r  is 

detected' i t  is printed on-line with instructions on how to continue. All of the computed equation 

coefficients and the plate time interval a r e  calculated. The initial heat flux into the fluid and all 

fluid properties a r e  calculated at all axial points by using the input forcing functions at zero time 

and the steady state form of the fluid equations. The metal surface temperatures a r e  computed for 

all axial points, using Eq (1 1) o r  (1 2) with the restriction that T. .  cannot exceed Tscrit (no DNB 
1J s 

initially). 

The internal finite difference plate temperatures a r e  obtained by an iterative process after f i r s t  

computing an initial approximation from the one-dimensional analytic solution. This approximation 

is obtained by considering the plate to be composed, in general, of a heat generating material between 

non-generating materials. The limits of the generating material a r e  determined from the input. For  

all radial points falling in the non-ge.nerating region nearest to the coolant, the initial temperature 

distribution is approximated from the equation 

Fo r  those points within the generating material region, 

Values of T on the adiabatic surface side of the generating material a r e  constant and a r e  obtained 

from Eq (71) by setting x = Pa. Using these 'initial approximations, the initial finite difference internal 

plate temperatures a r e  obtajned by iterating Eqs (6)-(9) to a convergence, E ,  specified in the input. 

This method has been found satisfactory for problems with and without non-generating regions. 

All of the initial values a r e  written on the computer storage tape and, i f  plotting has been 

rcqucotcd, the initial values of water temperature, metal surface temperature, thermocouple temper- 

ature, and flux for  all axial points a r e  saved in the computer storage core. 

Water Calculation 

The fluid equations for all axial points a r e  advanced by time steps until a time has been reached 

for  evaluation of the plate properties. The time interval used for.the fluid equations is determined 

by selecting the f i r s t  submultiple of the plate time that i s  equal to, o r  less  than, the fluid transport 

time across the smallest axial mesh distance. The fluid properties a r e  calculated, using the forcing 

function aqi~ations (24) and (25) and fluid equations (17) and (18) and (58) through (63) ( re fer  to Fig. 10). 

Plate Calculation 

The method of calculating the plate properties a t  a given point depends on, the history of the point. 

The flow diagram is shown in Fig. 11. In all cases, the internal plate temperatures and T. .  a r e  . 1JW 
f i rs t  calculated, using Eqs (6). (7), (8), and (58) o r  (59). There a r e  two possible paths from this 

pui111: 



EVALUATE CONSTANTS 
- I COMPUTE INITIAL , . READ INPUT - 8' FOR FLUID 8. PLATE - 

COMPUTATIONS 
FLUID PROPERTIES 

2 %  ' I '  d 

INITIALIZATION I I 
- . . WRITE VALUES - - COMPUTE INITIAL 

ON TAPE 5 PLATE PROPERTIES i 
- - - . , . .  

I 

I I CALCULATE CALCULATE 1 
AT FOR FLUID A' FLUID PROPERTIES . . 

, . .i. . : IS IT'A 
' FL:IIG 

PROFL'S'IES - i .  PLATE TIME ? 
( IN  DETAIL FIG.10) 

_ / I  . I . . i 
. e 

PLATE 
' . '' PROPERTIES . 

( I N  DETAIL FIG. I I ) 

IS IT A 

PRINT TIME ? 

NO 

PRINT A L L  

VARIABLES 

IS IT A \ 
PRESSURE 

DROP TIME ? 

. . 

. 3 

AND PRINT 

. . PRESSURE DROP 
IS PROBLEM 

. ., .,. . . . . . . FINISHED ? 

IS PLOT 

REQUESTED 7 

. . ,. . 
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I I 

AT PLATE 
ATFLUID ' ~ i + l  

4 A - 

CALCULATE W j  FROM € 0  (18) 

. CALCULATE h i  FROM € 0  (17) 

G = W j / A F  

cALc,(ATP'nrE- ATTRANS) 

t 

COMPUTE COMPUTE 

p i  FROM € 0  ( 6 3 )  P i  FROM € 0  ( 6 2 )  

I I 

- * 
C 

COMPUTE 

P ,  FROM € 0  ( 6 3 )  - 
- 

ARE A L L  I POlNl'S YONL ? 

J = I 

TI + I ' TI  + A T  FLUID 

EVALUATE W, FROM E 0  ( 2 4 )  

G p  W / A F  

EVALUATE h ,  FROM € 0  ( 2 5 )  

COMPUTE 

p, FROM € 0  ( 6 2 )  

t 
J j + l i  J i t l  

IS IT  TIME TO CALC. 
PLATE PROPERTIES ? 

4 1 

I 1 

GO ON TO PLATE 
CALCULATION * 

F i g .  10 F l u i d  P r o p e r t y  Ciagram 



CALC INTERNAL TEMPS. 
AND T i j w  BY 

EOS (6),(7).(8), AND (58) OR (59) 
I 

t t 

- 
SET + ; j =  M!N AS 

CALC BY € 0  (39) CALC BY 
EOS (36)  OR ( 3 7 )  AND (38)  EOS (351 AND (14) 

ON TAPE 5 I 
16 GENEE 

SWITCH I DOWN? 

I PRINT VALUES FOR I 
THIS POINT ON THE 

I L A S T  POINT? 

I 

GO TO NEXT RETURN TO "A" 
. SECTION O F O R  NEXT POINT 

F i g .  I 1  F l u i d  P r o p e r t y  Diagram 



1) If the point was in forced convection o r  local boiling for the last  time step, Tijl ,  Tijs, and 

H . .  a r e  evaluated, using Eqs (9), (11). and (32). Then Tijs i s  checked a s  follows to allow 
1.l 

solution reversibility between force convection and nucleate boiling: 

a) If Tijs < TscritD , the flux and average plate temperature a r e  evaluated, using Eqs (30) 
and (14). 

b) If Tijs 2 Tscrits T . .  is se t  equal to Tscrit, and the flux and average plate temperature 
1J s 

a r e  calculated, using Eqs (35) and (14). . 

In either case, the flux i s  next compared with a DNB flux a s  evaluated from Eqs (36) o r  

(37). If 4.. < @DNB, then the computation for  the point i s  completed. If @ij  2 @DNB, @ij  1.l 
i s  set  equal to ODNB. a n d T ,  Tijl, and T . .  a r e  evaluatedfrom Eqs (15). ( L O ) .  and (13). 

1.l s 
The computation for  the point i s  then complete. The indicator in (1) above i s  se t  to DNB. 

2) If, at the las t  time step, the point was not forced convection o r  nucleate boiling, the surface 

temperature is checked. 

< TI ), the flux i s  se t  equal to the minimum flux a) If film boiling does not exist (Ti,l, js crit 
from Eqs  (36) o r  (37).and (38). The newly calculated Tijs is now checked a s  follows. If 

T . .  < Tscrits i t  is set equal to Tscrit and the indicator checked in (1) above is set  to 
1.l s 

local boiling for  the point. This check allows solution reversibility between nucleate 

boiling and DNB o r  partial film boiling. 

b) If film boiling exists (Tiel >Tcrit), the flux i s  evaluated from Eq  (39). , js - 
In either case, Tij, Tijl. and T . .  a r e  then calculated, using Eqs (IS),  ( l o ) ,  and (1 3). 

1.l s 
When a point enters  either the nucleate boiling o r  the DNB region, a l l  variables at that 

point a r e  written on tape. It is also possible to force the last  point to' DNB a t  a t ime 

specified in the input. If DNB has not previously occurred at the last  point at  the speci- 

fied time, the coefficients for  Eqs (36) and (37) a r e  recalculated to set  @iZ @ij  in these 

equations. 

Output 9 

The output parameters  a r e  written on magnetic tape for printing on the peripheral prinler. T l ~ e  

desired frequency of output is an input parameter. At an output time, the pertinent parameters  for  

all axial points a r e  written on tape, and, if plotting has been requested, Tijw, Tijs, TijTC, and @. . 
1.l 

a r e  saved in the computer core. 

Pressure  Drop Calculation 

The frequency of pressure drop calculatjon i s  an input parameter.  These ~ ~ e s u l l s ,  written on 

tape, indicate the contributions of elevation, space acceleration, time acceleration, and friction a s  

well a s  the total pressure drop. These results a r e  ca .culated for three regions: from the inlet to 

the f i r s t  point after the inlet, and from the inlet to t he  next to the last  and to the last point. The 

method of calculation is indicated by Eqs (40)-(55). If plotting has been requested, the total pressure 

drop and inlet flow a r e  saved in the computer core. 

Plot ' 

If plotting has been requested, the variables saved in the computer core a r e  checked to find the 

maximum thermocouple temperature, minimum water temperature, maximum and minimum of flux, 

total over-all pressure drop, and inlet flow for  the problem. Each plot point is then normalized to 

the maximum-minimum problem range, so  that a l l  curves will be scaled from 0 to 1. All temper-  

a tures  a r e  plotted on the same scale. The values of time associated with the variables a r e  also 
- 
* The output is described in the secl iu~l  l i l l td Samplc Problem. 



normalized, s o  that the accident time is scaled from 0 to 1. 

The following plots a r e  then prepared: 

1) One plot of total pressure drop, from inlet to exit, and inlet flow versus time. 

2) One plot for  each axial point of water temperature, surface temperature, thermocouple 

temperature, and flux versus time. 

The plots a r e  formed on the peripheral printer with the grid lines indicated by plus (t) signs and 

the plotted variables by le t te rs  which a r e  identified on each page. In addition, the problem title, 

scaling, and point number appear with each graph. Each graph is 100-type wheels across the paper 

and 100-lines long. The graphs extend across two pages and a r e  approximately 10 in. x 16 in. in 

size. 

Input - 
Gput Information 

The following information must be supplied to define a FOOZO problem. The input contains 

integer and non-integer quantities. (For  the definition of integer and non-integer quantities, see the 

followll~g seclion. ) A s-ple Input is shown in Fig. 12. 

1) Title card: 

a) Columns 2-67 a r e  available for  the title. 

b) Columns 68-71 must contain F O O Z O .  

.c) Column 7Z'is used to denote a particular version of the code. This version i s  0 (zero). 

2) Card 1001: 

a) ' ~ c c i d e n t  time in' seconds 
. . 

b) Print frequency in seconds . 

(NOTE: The actual frequency of output will not be 

exactly this value since the elapsed time is 

compared with this input, and printing 

occurs when elapsed Lime exceeds multiples 

of the input print frequency. ) 

c) DNB time in seconds. (DNB occurs when elapsed time exceeds this input. ) 

d) Pressure  drop frequency (integer). This is the number of normal print-outs per 

pressure drop calculation. 

e) X (integer). If X = 1, the radial heat generation is uniform. If X = 0, the hcat generation 

is specified pointwise on card 101 9. 

f) Z (integer). If Z = 1, the axial heat generation is uniform. If zero, the values must be 

specified, starting on card 101 1 at 10 values per card. 

g) IP (integer). If I P  = 1, plotting is requested. If I P  = 0, plotting is not requested. 

3) Card 1002: 

a) 'water channel thickness 

b) Water, channel. width 

c) .Plate thickness 

dl Plate width 

e) Time, in seconds, to change I forcing function; if 0, no change will be made. 



T I T L E  CARD 
41 42434448 q3758596381 52858465 

I ACC.TlME I PRINT TIME ( DNB TIME 1 NPPPD I X I Z I I P 
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4) Card 1003: 

a) Wo. Initial flow (Wol) 

b) Flow decay coefficient (b) in Eq (24) 

5) Cord 1004: : 

a) ho. Initial enthalpy (hol) 

b) Enthalpy coefficient (c) in Eq (25) 

6) Card 1005: 

a) 1,. Initial average current (To) 

b) ~ k e a r  coefficient (d) for  current in Eq (26) 

C) Second degree coefficient (e)  for  current in Eq (26) 

d) Conversion factor MpE14 in Eq (27) 

e) Alternate values of (2) [only if (5) on card 1002 # 0] 

f) Alternate values of ('3) [only if (5) on card 1002 # 01 

7) Card 1006: . , 

a) Hydraulic diameter 

. '  b) Coolant, saturatioll Lamperatdre 

8) Card 1007: 

a) A, B, C, and D in flux Eqs (38) and (39) 

b) Heat pickup 'correlation t e rm "a" in Eq (17) 

9) Card 1008: 

a) K = Plate thermal conductivity 

b) pM = Density of plate 

C) Cg = Specific heat of plate 

d' Tscri t  - Tcmpcrdure  of plate s u ~ f a c e  a1 which nllcleate boiling begins 

e) Tkrit = Temperature of plate surface at which transition from partial film boiling to film 

boiling occurs 

f) E = Convergence criterion, in degrpps F, for iteration of platc temperaturea Lu ll~eir 
, ,. 

initial finite difference values 

10) Card 1009: 

a) #Ax = Number of radial sections in plate (integer) 

b) #Reg = Number of axial regions (integer) 

C) Azi = Mesh length'in axial region i 

d) Pi = Axial point to which region i extends (integer) 

11) Card 1010: 

a) NXi = Radial generation factor, FK, a t  plate radial node k (Specify a value for each node. ) 

12) Cards 1011, 1012 ...... etc: 

a) NZi = Axial generation factor, F., at plate position j (Specify a value for each axial 
J 

point; ten values per card.) Used only if Z = 0 on card 1001. 



Definition of Integer and Non-Integer Input 

1) Integer: Numbers with no decimal point specified, such a s  1 

(NOTE: Integers on the input form, must be moved to the f a r  

' right of the specified field. Example: Let #Ax on 
. . card 1009 be 3. The field is 5 columns wide. Place 

the number 3 in rightmost column of the field, which 

would be card column 10 in this case. If the number 3 

were placed in card column 9, i t  would' be interpreted 

a s  30.) 

2) Non-integer: Numbers with the decimal point indicated, such a s  1. 0. An example of this 

representation of the number 0. 00127 would be any of the following: 

. . 0.00127 

0.1273-2 

127. E-5 

This type of input may be .positioned anywhere within the number field. A blank column is 

interpreted a s  a zero. 

Code Limitations 

The following limitations must be observed by code users:  

1) Total number axial regions: ' 1 <#Reg 2 3 .  

2) Total number of axial points (including inlet pointj: 5 50. 

3) Total number of radial regions: 3 I N  2 10. 

4) DNB time < accident time (accident calculations must include a DNB). 

5) If plotting is requested: 

accident time < 50 
print frequency 

(Because plot time is normalized, the requestor may want to' choose an accident time to 

permit easy reference to the plots. ) 

6) All input floating numbers a r e  rounded to eight places. 

Running Time 

The machine time required for a t111le Step dcpcnd~  >n t h ~  ni~mbes of axial and radial points. 

The number of time steps depends on the specified accident time and the computed time interval for  
V 

the plate properties. The time interval used in the fluid calculation depends on the plate time interval 

and the fluid transport time, which varies during a problem. It is ,  therefore, possible to give only 

a sample running time. 

For the sample problem of this report, the 704 running time was 3. 3 minutes for  the calculation 

and normal print-out, plus 50'seconds for the plots. 

Of the 3. 3 minutes of rurlr~ing time, approximately 1, 5 minutes were used in writing the output 

on tape. 
' .  .. 

Machine Requirements 
. . I  

. . 

The code requires the following mach.ine. components: 

1) Core size-32 k 

. . ?  , 2) Number of tapes-2 



3) On-line card reader  ., % ' a  . . - 1 .  

. . .  

4) On-line printer (SHARE-2 printer board) :. . .. . . ..- . . . 

5) Off -line printer - . . e . . . .. . . . . 

The off-line printer must not have the .modification to restore a t  the end of a page when operating 

under program control. This permits the plots to extend over two pages without a discontinuity. 

Operating Instructions 

Code running proceeds a s  follows: 

Write Program Tape 

1) Set a tape to logical 1. 
. . 

2) Ready the card program in reader. 

3) P r e s s  "clear" button, then "load card" button. [Stops at (343)8 after rewind of tape 1. ] 

Running the  Problem 

1). M,uur~i, on rape unit . 1. . t h e  program tape .written a s  above. 

2) Make ready a blank tape on unit 5. 

3) Ready the data input in the card reader. 

4) Place SHARE-2 printer board in printer. 

5) Place all Sense Switches on console in "up" position. 

6) P r e s s  "clear" button, then "load card" button. 

Stops* 

1) 11 1 1 1-more than 50' axial points -. 

2) 20000-normalization e r r o r  in input 

3) 70707 read c o ~ l i ~ ~ ~ e r i t  on-line 

4) 1000O-probabl~ Aachine e r r o r  
- .  .. ..: .:. . . I . , I  

5) 20302 probable ~rlachiiie e r r n r  

6 )  30000- prsbabl& ~ r ~ a c h i n e  e r r o r  

7) 0001 0- probable machine e r r o r  

8). 00030-probable machine e r r o r  . . 

9) Normal .end of.problem-select nn 'card readcr. (Print tape 5 on program control. ) 
.. a:,: 

SAMPLE 'PROBLEM .' 
. , 

, . . 
The following problem illustrates typical code usage. 

Problem Spe.cific,ation . , -- . , 

Consider the thermal and hydraulic response of a plate-channel element with constant uliform 

internal heat generation, .. ,constant . channel inlet enthalpy, and an imposed flow coastdown. (All input 

data for this problem is given on the sample input form, Fig. 12. ) The initial problem conditions 

were selected such that the solution would t.r;lverse all  rcgions of the heat: transfer boundary condition 

representation (Fig. 5) in a reasonable running time. The channel length was broken into eight 

equal lengths for a total of nine axial (j) nodes, including the inlet, j l .  The plate thickness was 

* 'l'he octal numbers will be in the address of the storage.register.  



broken into three equal radial regions and associated nodes. A DNB time of 0. 50 sec was selected 

to insure proper problem TTC coverage. 

Digital Output 

Figure 13 shows the following code digital print-out. All digital output is in the form 

0. xxxx i Eyy; which means'the digital number is equal to (*0. xxxx) multiplied by (1 

Regular Output 

The large central block of information in Fig. 13 is an example of the regular print-out which 

occurs a t  the desired print integral. After the identifying time, the following information is given 

for each node: 

1) Line 1: 

a) Column 1-axial (j) node number 

b) Column 2-flow 

c) Column 3-enthalpy 

d) Column 4-density 

e )  Column 5-forced convection film coefficient (only recomputed if solution is in region A 

o r  B of Fig. 5-otherwise, this is last  computed value) , 

f) Column 6-water temperature, .  

g) Column 7-surface heat flux 

h) Column 8-plate surface temperature 

i) Column 9-plate thermocouple temperature 

2) Line 2: 

a) Column 1-plate radial (k) node 1 temperature 

b) Column 2-plate radial (k) node 2 temperature 

c) Column 3-plate radial (k) uude 3 ternpcrature 

d) Column 4-plate radial (k) node 4 temperature 

. e)  Column 5-plate radial (k) node 5 temperature 

f) Column 6-plate radial (k) node 6 temperature 

g) Column 7-plate radial (k) node 7 temperature 

h) Column 8-plate radial (k) node 8 temperature 

i) Column 9-plate radial (k) node 9 temperature 

j) Column 10-plate radial (k) node 10 temperature 

(unused nodes a r e  left blank on print-out) 

Special Print -Outs 

Two special pi.int-outs a r c  also shown in Fig. 13 a s  follows: 

Special Heat Transfer Mechanism Change-The top of the figure shows the special print-out 

of the individual node (same information a s  regular print-out) that occurs when any node progresses 

into, o r  departs from, the nucleate boiling region., (In the example, point 5 has progressed into the 

DNB region (C) of Fig. 5 at 1.447 sec. ) This information is given for the iteration dycle within 

which Llle event occurred, even if t.hi.s cycle i s  not a regular print-out cycle. 



. . 

T I N E  -0.1447E 0 1  SECONDS 

J FLOW EI!THALPY DENS1 TY H TW FLUX TS TTC 
5 0.3887E 03 0.5585E 0 3  0.4606E 02 0.2127E 0 4  0.5582E 03 0.1004E 07 016416E 03 Oa821OE 03 

T l  TZ . T3 , 7 4  T5 ; 1 6  T7 T8 T9 T10 
3.733E 03 0.777E 0 3  0.816E 0 3  

SAMPLE PROBLE:.! FOX WAPD-TM-145 - JULY 7 t  1958 

TIME 50.1431E 0 1  SECONDS 

J FLOY ENTHt.LPY DENS1 TY H 
1 0.3785E 03 0.3200E 03 0.5607F n? 0.1735E 0 4  

T 1 1 2  T3 7 4  T 5 
0 . 7 9 9 ~  09 0 . 7 7 7 ~  n7 n . e l + E  01 

J FLO!.! ENTHACPY DENSITf  H 
2 0.3765E 03 0.3832E 03 . 0.5397E 02 0.1865E 0 4  

11 T 2 T3 T 4 75 
3.70?E 0 3  0.7775 03 .0 *316E 03 

J FLOU EKTHALPY DENSITY H 
3 0.3790E 03 5.4447F 0 3  0.5157E 02  0a1966E 0 4  

T 1 TZ 73 T4 T5 
9.70ZE 03 0.777E 03 0.8 lbE 03 

J FLOI.! EHTHALPY DENS1 TY . H 
4 0.3801E 0 3  0.5045E 03 0.4885E 02 0.2044E 0 4  

T 1  1 2  T 3 7 4  r 5  
C.79?E 03 0.777E C3 0.816E 33 

J FLO';! ENTHALPY DENSlTY H 
5 0.3820E C3 0.5527E 03 0.45R3E 02 0.2127E 0 4  

T 1  T2 . T 3 7 4  1 5  
1.791E 03 0.7735 0 3  0.915E 03 

J FLO:.: ~F !THALPY DZNSI T Y  . H 
6 0.39475 03 0.6131E 03 0.4292E 02  0.2551E 0 4  

T 1  T Z T 3 T4 T 9 
r , . 7 7 ~ ~  ~2 0 . ~ 3 5 ~  03 0 1 e 5 7 ~  03 

I FLO!! CI4THALk'Y O E N S ~ ~ Y  H 
7 O r ? 0 7 9 ! i  03 0.6525E 63 0.4045E 02  0.2911E 0 4  

T 1  72 . '1'3 74  T5 
01884E OR 0.934E 9 3  Q.959E 03 

J FLW! ENTHALPY DENSITY H 
8 0.3914E 0 3  0.6854E 03 0.3279E 02  0.3239E 0 4  

TI 1 2  a T& ' 1 5  
C.991E 93 0.1C2E 34  0.106E 04  

J FLOW 'ENT~ALPY DENS1 TY 'H 
9 0.4135E.03 0 . 7 1 3 0 ~ 0 3  0 .2491E02  0 . 3 6 0 6 ~ . 0 4  

r! T ?  ? 3 T4  I 5  
0.i09E 0 4  0.113E 8 4  C . l l 5 E  0 4  

FOOZO 

FLUX 
0 - lbO6E 0 7  

T 7 T 0 

TTC 
0.8210E 03 

I IU 

FLUX 
0.1006E 0 7  

1 7  T8 

TTC 
0.8210E 03 

t10 

FLUX 
0.1006E 0 7  

1 7  T8 

TTC 
0 r8210E 0 3  

t10 

FLUX 
0.1006E 0 7  

TTC 
Oe82lOE 03 

T10 

FLUX 
0.9858E 0 6  

7 7  1 8  

TTC 
O.8211E 03 

t10 

TTC 
0.8714E 03 

FLUX 
0.7747E 0 6  

T7  T8 

TTC 
~ . M L Z E  oa 

FLUX 
096457E 0 6  

T 7 T8 

FLUX 
0.5561E 0 6  

T I  1 8  

TTC 
0.1061E 0 4  

FLUX 
0.4909E 0 6  

SA;.IPLE PROBLEII. FOR !.IAPD-T::-l45 - JULY 7,. 1958 FOOZO 

PRESSLIRE 3ROP CALCVLATI3N.?T T mO.1481E 0 1  SECONDS r 

J FRICTION T - ACC S-ACC ELCVAT ION TOTAL 
1 0.1477E-01 -012765E-02 Om3350E-02 Oa6365E-01 0.7901E-01 
8 0.1494E-00 -0.1964E-01 0.7310C-01 0.3796E-00 0.5824E 0 0  
9 0.1902E-00 -0m2315E-01 0.1437E-00 0.4130E-00 0.7288E 0 0  

F i g .  13 D i g i t a  1 0utp1.1t f o r  Sample Problem 



Special Pressure Drop Calculation-A special pressure drop calculation and associated 

print-out a r e  performed when spedified in the input. (For  the sample problem, a pressure drop 

calculation was performed for each thermal calculation. ) The pressure drop print-out i s  shown at 

the bottom of Fig. 13. The indihdual pressure drop components and the total pressure drop are'  

listed for the following axial points: 

1) Inlet to second node (designated a s  jl  in AP print-out) 

2) Inlet to next to the last node (j8 for  sample problem) 

3) Inlet to last node (j9 for sample problem) 

Calculations (1) and (2) above allow interpolation in the event that the axial calculation grid 

cannot be aligned with the test  specimen pressure taps. 

The column identification for this special print-out is a s  follows: 

1) Column 1-downstream node to which AP is calculated (except f i rs t  line in which jl 

designates inlet to second no'de). 

2) Column 2-frictional component [Eq (1 9)] 

3) Column 3-time acceleration component [ Eq (20)] 

4) Column 4-spatial acceleration component [Eq (21)] 

5) Column 5-elevation component [Eq (22)] 

6) Column 6-total pressure drop [Eq  (23)] 

At the option of the problem requestor, the code will plot, in normalized form, the following 

regular digital print-out information: 

A P ~ o t a l  and Wil versus T (1 plot only) 

Figure 14 shows the code plot of over-all total pressure drop and inlet flow versus accident time 

for the sample problem. (Scaling numbers a r e  in direct digital form. ) 

Tijw, Tijs, TijTc, and @..  versus T (1 plot at each j node) 
13 

Figure 15 shows the code plot of water temperature, surface temperature, thermocouple temper- 

ature, and surface heat flux versus accident time at point 8 (axial node 8) of the sample problem. 

(Scaling numbers a r e  in direct digital form. ) 

Sample Problem Analitsis 

Several i tems shown on Figs. 14 and 15 a r e  of interest in the sample problem. 

F i y r e  14 

The inlet flow for  the sample problem is shown in Curve A of Fig. 14. The pressure drop is 

shown in Curve B. At approximately 0. 53 of the normalized time scale, a pressure increase is 

shown. This increase i s  caused by coolant cxpsnsion (st.e;lm formation) in the channel causing the 

increase in the spatial acceleration component to become larger  than the decrease in the frictional 

and elevation pressure components. 

Figure 15 

Figure 15 shows the pertinent heat transfer parameters for  grid 8. (Grid 8 is 14 in. from inlet 

in sample problem.) This grid was chosen a s  an'example because it experiences all methods of heat 

transfer depicted in Fig. 5. 



.. . .  . . ,  . - SAL!PLE PROBLEI.1 FOR ',lAPO-TM-145 - JULY 7 r  1959 

:,!AX. l 1 i i E  = 2.268 SECONDS. 1.0. FLOI = 1372.8813 LBS./HR. 1.0 PRES. 1.1541 LBS.ISO*.IC. 
. . 

0.0 FLO';! . 270.9030 L5S./!i4. 3.0 PRES. . ,6698 LDS.IS3o I k .  
A CURVE = 1:ILET FL?':! 4 .  

0.00 0.13 9.23 0.39 0 . h ~  0.3j 0.60 0.70 0.80 0.90 1.09. 
. .  . 

.S'CUOVE . PaESSURE DROP . .  . 
0.53 0.10 9.2.7 0.3C 0.4C Oe5C n e b @  0.70 0.80 0.90 1 - 9 9  

0.09 ..................................................................................................... 
+ + + + + + + + 
+ * + + + + + + + 3 
+ + + + + + + + + + + 

Q + + + + + + + + D  A  + 
+ + + + + + + . +  
+ + + . . + + + A + + 
+ + + + + + + + + + 

I + + + + 9 + i +  + + 
T + + + + + .  + + .  + + 

C.10 +++++++++++++++++t+++++++++~~++++..+i++.~.,+++r++t*++++i++++++i+++++++++n++++++++++*+++****+++++++++++*++ 

T + + + + + + + + + 
I .+ ' + + + 3 +  + A  + + + + +. . + + + + + + + + 

+ + L 3+ + i + + + + 
+ + + + + + + + + 
+ + + + 9 :+ + A :  + + + + 
+ + + + + + + + 
+ + +. A + + t + 

+ + ; 3  ;. + + + + + 
0.20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

+ .  + +. + . + + .  + + + + .  ' + + 3 +  + I + + + : .  : + 
+ + + + + + + + + + + 
+ + + 9 +  A + + + I . .  
+ + 4. I + + L + + + 
+ . + + + + + + + 
+ + + 5 + A + + + I 
+ + 4 + + 
+ + i I * .  + + + + 

5.33 ...................................................................................................... 
+ .  3 + * + + + + + + + 
+ ' +  + + + + + + + + 
+ + ' + + + + + + + 
+ + + + + + + + + + 

+ : +  A +  . + + + + + + 
+ + + + + + + t 

t 3  A t  + + + + + + 
+ + + + + + + : + 

+ + P. + . + ' +  + + + + + + 
9.40 ..................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

+ t3 P. + + + + + 
+ + + + + + + + + 
+ + + . +  + + + 

+ : A  : + + + + + + 
2 + + . + + + + + + + 

+ + + + + + + + + 
+ .. + ' .  : 3  '+ A+ +. + + ~+ + + + + 

+ + + 4. + + + + + + 
+ : +  .a + + + + + + + + + 

t.j) ........................................................................................................ 
+ 9  + - +  + + + + 
+ + + + + + + + + + 
+ 5  + n + + + + + + + 

+ + + + + + + 
9 + A  + + + + + + 

+ + + + + + + + + + 
' 2.. . ' ;+ ' .  e + .A '+ +. +' + 7 + + 

+ + + + + + + 
+ 0 + i + + + + + + + + 

3.6: ..................................................................................................... 

. + .h 9 + + + + + + + + 
+ + + + + I 
+ t A '  b '  + + + + 4 

+ t , + + * + 
I + .\ i + 8 + + + + 

+ + + 4. + + + + + t 
. +  a + s : '  + .  + I - ,  . I + + + 

. 1' 9 + + + + + + + . 
+ ;, + , ?  , . . t + + + + + + 

3 . l j  ....................................... .I +++++++++*++++++++ 
A .  t + + + + + + + 

+ + + + + + + + + . +  
+ A +  3 + + + + + + + + + 
+ + + + t + + b * , + + + + + + 
+ A + ;  4 + + . +  + + + + 

+ + + 

, . . . 
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SAMPLE POOSLE:! FOR ':IAPO-TY-149 - JULY 7. 1998 POINT E 

ElAX. TIME . 2.2685 SECONDS 1.0 TE1;P. - 1766.0107 DEG. F. 1.0 FLUX rn 1006193~53T~IHR.SO.FI 

0.5 TEMP. = 339.5537 CEG. F. 0.0 FLUX rn 63965.9BTUIHR.S3.FT 
A CURVE . T e  

0 . G 0 .  0.13 0.20 0.3t 0.40 , C.50 0.60 0.70 0.80 0.90 1.00 

3 CURVE . TS 
0.00 0.13 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.03 

C CURVE . TTC 
0.00 0.19 0.20 0.30 0.40 ,0 .90 0.60 0.70 0.80 0.90 1.00 

D CURVE * FLUX 
O.CO 0.10 0.20 0.3C 0.40 0.90 0.60 0.70 0.80 0.90 1.00 

F i g .  15 P l o t  o f  Water Tem,cerature, Thermocouple Temperature,  Su r face  Temperature.  
. a n d S ~ ~ r f a c e F l u x  vs  T i m e f o r S a m p l e P r o b l e m  



Examination of Fig. 15 shdws the relationships between time and heat-transfer 

mechanism: 

Normalized Time Type of Heat Transfer Region (Fig. 5) 

0.00-0.05 Forced convection A 

0.05-0.29 Nucleate boiling. B 

0. 29-0.76 DNB C 

0.76-0.88 Partial film boiling D 

0.88-1.00 Film boiling E 

Constant heat generation was purposely specified to illustrate the transient flux effect. For  the 

example problem, the steady state flux is equivalent to the 1.00 normalized flux line. The difference 

between this line and the transient flux line (Curve D of Fig. 15) indicates the amount of the heat that 

is retained in the plate a t  any time increment. 

Over-All Solution 

The over-all  solution for  each parameter i s  a three-dimensional s11rfar.n nf the paramctcr vcrsua 

t ime versus  position along the p1a.tn channel element. Two pal-au1elt.1.s are of interest for the sample 

problem-surface heat flux and thermocouple temperature. 

Surface Heat Flux 

Surface heat flux i s  of interest becai~se during a trmoicnt this para~rleler is not synonymous 

with heat Figure 16 shows the code surface heat flux solution for the example problem. 

The kegion of forced convection is shown a s  the white-topped template portion of the solution nearest 

the zero time line. The local boiling region.is shown with black-topped templates. Regions of heat 

t ransfer  with surface temperatures  in excess of Tscrit include the regions C, D, and E of Fig. 5. 

These regions a r e  shown with the white-topped templates farthest from the zero time line. This 

figure shows, a s  a function of time, the propagation of the various regimes of heat transfer down 

Ule channel tc-iward the inlet. 

Thermocouple Temperature 

The thermocouple temperature solution is of interest because t h i s  parameter will hc checked 

with actual Hettis test measurements to determine the validity of thc represe~ital iu~i  of 'surface flux 

(Fig. 5). Figure 17 shows the thermocouple ! . ~ m p ~ r a t u r u  nolution for  the exalllple problem. 'l'he 

designation of heat t ransfer  regions is the same a s  fo r  Fig. 16. 

APPENDIX I: NOMENCLATURE 

English Letter Symbols 

A, C constants in flux Eqs (38) and (39) 

a cnolant hoat pickup f a ~ l u l .  ill Eq ( 1  7)  

Af coolant cross-sectional flow area, UL 

*P 
plale a r ea  associated with node, AX6 

'1' '4 
' 

I-.I:IIIY LUILE in E q b  (46) aiid (47) 

a2* constants in Eqs (46) and (47) 

a 3 constant in Eqs (46) and (47) 

B, D , constants in flux Eqs (38) and (39)  
b constant in flow Eq (24) 

c constant in enthalpy Eq (25) 

C~ 
specific heat at constant pressure 

d ordinary derivative 

constant in current Eq (26) 
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hydraulic dia~tlsler., 4 Af wetted pararnctcr 
constant in current Eq (26) 
base of natural logarithms, 2.71 828+ 

correlating function for H defined by Eq (32) 
friction factor 
axial heat generation factor at node j ' ' 

radial heat generalion factor at node In 
isothermal friction factor 
mass velocity 
gravitational acceleration constant 
heat transfer coefficient 
coolant enthalpy 
average specimen current 
thcrrnol aonductivity 



F i g .  I7 ~hre&43iniens rani k Therm~coup le Tewperature So/uf ian for Fvamp le Pr& l r m  

channel thickness ft 
distance from plate surface to farthest meat 
podtion 
distance from plate surface to nearest meat 
position 
conversion factor fore pawer 
next highest integer to  AT^^^^^/  AT^ - - 
number of radial generating nodes/ph%e side . - 
System pressure psia 

average plate heat generation 
axial point to which regiorr i extends 
voZmnetric heat generation rate 
elgetrical resistance of plate 

Btu/hr 
- - 
~ t u / f t ~ - h r  
ohm 

temperatuse OF 

surface temperature at inception of film boiling . 'F 

saturation coolant temperature ' F 



Tscrit  surface temperature at inception of nucleate boiling ' OF 

U channel width ft 

V volume associated with node, Ax62 ft3 

W mass flow rate lb/hr 

coolant quality 

number of nodes in x direction 

last  node in x direction 

plate thickness direction 

total plate thickness 
\ 

channel length direction 

last node in z direction 

length from inlet to node j 

film drop required to cause local boiling 

local film drop based on Dittus-Boelter 
coefficients of 0. 030 

plate thickness represented by node 

mesh length in.axia1 region i 

length from inlet to  1 s t  downstream axial node 

smallest axial length between successive nodes 

denotes "function of '  

Greek Letter Symbols 

(Y thermal diffusivity, Km/p C 
m Pm 

8 plate width 

A finite difference form of derivative 

E initialization convergence criterion 

rl summation index 

P coolant viscosity 

P density 

PE electrical resistivity of plate 

E summation sign 

7 . time 

7' time 
2 

@LO 
correlating factor for  bulk boiling frictional 
pressure drop . 

@ heat flux a t  plate surface 

X1tX2 correlating factors for defined by 
Eqs (45) and (46) 

Dimensionless Groupings 

N ~ u  Nusselt number, (H DH/K), heat transfer modulus 

N ~ r  Prandtl number, ( C  )I/K), fluid property modulus 
P 

N ~ e  Reynolds number, (DHG/ t ~ ) ,  flow modulus 

Subs c r i ~ t s  

- - 
lb/ft -hr 

l b ~ f t , ~  
2 ohm-ft /ft  

- - 
hr 

sec 

A spatial accclcrntion 

DNB departure from nucleate boiling flux a s  defined by Eqs (36) and (37) 

' E  elevation 

f frictional 

fluid fluid 

i time index 



j axial space index - .  ( z  direction) ., . . . . . . .  . . . .  : . . .  2 

k radial space index (x direction) 

1 inlet position 

m metal 

o initial tim.e 

plate, P ' plate ' 

s plate surface 

sat  saturation 

T time acceleration 

TC thermocouple 

Total total 

Transport fluid transport 

W coolant . . , 
. ,  . 

APPENDIX II: DERIVATION O F  EQUATIONS . . . . ' 

The development of'the finite difference representation of the governing differential equations i s  

given in this section. 

Plate Eauations 

._ * The governing plate conduction Q4Litiori 

is written as  follows (refer'to Fig. 2): 

AT.. A ~ T ~ ~ ~  + qjj i  
1 ~ k  = K -. 

A r  pCP 7. PT ' 
where the metal, m, 'sbbs'ck.ipt has been dropped for simplicity. Examining a node, k, at time, i. 

the following appro+rnatio*s are  made: 
: ..,.., = .  
. . ATijk N" Tijk ' Ti-l,  jk . .  . 

node Llterface . node interface 
nearest channel farthest from channel 

The values of the temperature slopes at the.two'nbde 'interfaces are  approkniated as  follows: 

Internal Node, K . . 

1 . .  I 

Last, xt", Node 

The slope representation is  the same as for the internal node, K, above with the symmetry 

condition 
'. ' , :. . : .  . . . . 

- - 
. . Tiel, jx - Ti-l,  j, x t l  ' 

With this condition, the equations becomes 



Thermocouple, TC, Node 

The node representation for  the TC node is the same a s  (76) for  the right side of the equation. 

With the approximation 

the representation becomes 

First.  lSt. Node 

Forced Convection and' Nucleate Boiling-For a known surface temperature, the expression 

for the first node' becomes 

DNB, Partial Film Boiling, and Film Boiling-The equation 
I 

T. .  = X T . . - T . .  -T i j3  .... T. .  . 
13 1 1J 1 ~ 2  1.l x 

(10) 

expresses a heat balance in the plate where T.. is determined from known surface heat flux and 
1.l 

generation conditions by Eq (1 5). 

Surface, S, Node 

Forced Convection-By a heat balance on the 1st node, the surface conditions, with respect 

to the node, can be expressed a s  

H.. 

K (  = - i l ,  j - T. .  gW ) . 
dx i-1, js 

With the approximation 

2 2 A T . .  A T . .  
1JS 131 

A X  
2 =  2 '  

C x 

Nucleate Boilinn-The statement 

T . .  = 13s - Tscri t  (12) 

expresses the empirical relationship that the wall temperature remains essentially constant, regard- 

of hZ, for  a local boiling surface condition. 

DNB, Partial Film Boiling, and Film Boiling-The equation 

T. .  = T .  + T..  
1 - j ~  1-1, js i-jl - Ti- l ,  jl 

is derived directly from the approximation 



The use of the above represkntations with the Fourikr moduius equation, 
. .. . . 

* .  . . - . 

. , 
(selected to insure plate stability), yields the plate Eqs (6)-(13). 

Average Plate Temperature 

Forced Convection and Nucleate Boiling-The rigorous equation 

- 
T . .  T(x.r)dx 
1J Y 0 

is approximated by the average, node temperature a s  given by Eq (14). 

DNB, Part ial  Film Boiling, and Film Boiling-Equation (15) expresses the local change iil 

average temperature resulting from the instantaneous difference between the local heat production, 
. . . . 

and the local surfacc hcat flux, 4 .  .. ' . 
1.1 

Fluid Equations 

The fluid equations, a s  represented by Eqs (1 7) -,(23) a r e  obtained by direct replacement of 

derivatives by finite differences. . 

Input Forcing Functions : . . .  , 

The functional form of the input, Eqs (24)-(26), was determined from consideration'of the data 

to be obtained from the Bettis electrically-heated test  specimens (Fig. 4a). 

, The derivation.of Eq (27), based on Fig. 4b, is a s  follows. If the total test section current, Ti, 

is known, the total power production in the generation region of the assembly i s  

and the power production per generating region i s  

2 
- 

region 

since the total current i s  carried by plate regions on each side of the channel. 

The resistance of 'an individual node i s  

and the volume of a node is 
. . . . s c ,  ~ ' = . A x 6 z  = A  z . '  

P 

Thus, the volumetric generation per. generating node is 



F o r  non-electrical  t e s t s ,  an  equivalent -1'' mus t  be known f o r  the generating region and converted 

to Ti input through E q  (27). 
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