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LEGAL NOTICE 

This report was prepared as an account of Government sponsored 
work. Neither the United States, nor the Commission, nor any 
person acting on behalf of the Commission: 
A. Makes any warranty or representation, expressed or implied, 

with respect to the accuracy, completeness, or usefulness of 
the information contained in this report, or that the use of any 
information, apparatus, method, or process disclosed in this 
report may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for dam
ages resulting from the use of any information, apparatus, 
method, or process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or em
ployee of such contractor, to the extent that such employee or 
contractor of the Commission, or employee of such contractor 
prepares, disseminates, or provides access to, any information 
pursuant to his employment or contract with the Commission, or 
his employment with such contractor. 
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SECTION I 

SUMMARY 

FORE II is a coupled thermal hydraulics - point kinetics digital computer code designed to calculate 
significant reactor parameters under steady-state conditions, or as functions of time during transients. The 
transients may result from a programmed reactivity insertion or a power change. Variable inlet coolant flow 
rate and temperature are considered. The code calculates the reactor power, the individual reactivity feed
backs, and the temperature of coolant, cladding, fuel, structure, and additional material for up to seven 
axial positions in three channel types which represent radial zones of the reactor. The heat of fusion 
accompanying fuel melting, the liquid metal voiding reactivity, and the spacial and the time variation of the 
fuel cladding gap coefficient due to changes in gap size are considered. FORE II is valid only while the core 
retains its initial geometry. 

The significant material properties are specified m the input as functions of temperature or pressure, 
and the external effects as a function of time by tables. The feedback reactivity includes contributions due to 
the Doppler effect, density changes, dimensional changes (includes bowing and deformation), coolant voiding, 
and control rods. Any single-phase coolant may be used. Although the code is biased toward fast reactors, 
it can be used for a thermal spectrum reactor as a steady-state heat transfer code and as a transient point 
kinetics code. 

The programming language is FORTRAN IV. A computer with a 32-K storage capacity is required for 
the operation of FORE H. This document contains a description of the physical model, required input, 
available options, curve plotting program, and programmed equations. 

1-1 1-2 
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SECTION II 

INTRODUCTION 

FORE II was designed primarily to calculate the response of a reactor to a specified change of reactivity 
or power as a function of time for variable inlet coolant flow rate and temperature. Thus, accidents such as 
control rod withdrawal, coolant flow coast-down, or flow blockage can be readily analyzed. A study of 
the results from these analyses will (1) give insight into the temperature and thermal expansion effects ex
pected of the core materials, (2) permit evaluation of potential reactivity feedback mechanisms, and (3) allow 
an evaluation of the effect of uncertainties in the kinetic parameters on the results. It is expected that the 
design of a reactor and its performance and safety characteristics will be intimately related. Ideally, the re 
sponse of an initial design is analyzed; from this analysis, modifications and improvements are discovered 
which, in turn, refine the original design. 

FORE II is a revision of the FORE Î  ' code. In particular, FORE II offers the following major 
improvements over FORE I: 

1. Increase in the allowable number of axial nodes from 5 to 7, and the number of radial fuel nodes 
from 8 to 10. The radial fuel nodes no longer must be equal volume cylinders. 

2. Ability to calculate the heat transfer coefficient of fuel-cladding gap at any time step for all axial 
nodes as a function of surface roughness, type of gap gas, existing gap size, contact pressure 
(if any), and temperature, or the ability to set the coefficient equal to a constant. 

3. Calculation of temperatures, heat fluxes, film coefficients, gap coefficients, and gap size for 
average, peak, and hot-spot channels. 

4. Capability to input the inlet temperature and inlet coolant mass velocity as a function of time. 

5. Consideration of heat transfer coefficient to or from the structure and additional material 
(such as BeO). 

6. Specification of most material properties as a function of temperature by the use of tables that 
allow 20 property values corresponding to 20 temperature values. Many of these tables are 
built-in and need be considered only when an overlay of data is desired. 

7. Calculation of film heat transfer coefficient for the cladding structure, and additional material 
at any time step as a function of conductivity of coolant, hydraulic diameter, Reynolds number, 
and Prandtl number. 

8. More accurate projection of fuel temperatures over the core for Doppler calculations. 

9. Ability to include a center void in the fuel pin. 

10. Determination of the maximum time step size by the program, based on temperature stability 
requirements of the coolant, cladding, structure, additional material, or fuel. 

2-1 
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11. Ability to include varying flux shapes within the fuel pin. 

12. Capability to specify power as a function of time. 

13. Plotting by computer of temperatures and power as a function of time, and of desired temperatures 
as a function of radial or axial position for any channel types. 

14. Restart with changes in input from any of three wrapups at specified times. 

15. Greatly increased edit flexibility. 

16. Separation of power into prompt power and total power (includes decay heat). 

17. Calculation of core average fuel temperatures and Doppler weighting factors. 

18. Ability to include coolant reactivity effects as a function of time, with start of reactivity insertion 
based on specified bulk or coolant temperatures versus pressure or fuel center temperatures. 

19. Capability to include specified film coefficients in axial sections where sodium voiding has started. 

20. Inclusion of scram reactivity effects as a function of time, with start of reactivity insertion 
based on specified coolant temperature value or power level. 

21. Ability to specify the location of the average nodal coolant temperature for axial nodes; that is, 
the average need not be the center of the node. 

22. Inclusion of fuel bowing and core deformations due to axial pressure difference in radial feedback 
reactivity effect. 

23. Capability to specify core radial power shape. 

24. Calculation of inner surface average and outer surface cladding temperature. 

25. Ability to handle correctly the variation of coolant flow rate m orificed and unorificed channels 
during a coastdown accident. 

26. Capability to use any single-phase coolant. 

27. Capability to use code for non-fast neutron spectra. 

28. Expanded error messages. 

The wrapup and restart capability extends the flexibility of FORE II more than may be apparent. The 
power shape, neutron lifetime, or reactivity coefficients, for example, are non-time-dependent inputs in 
FORE II However, time dependence for these types of inputs can be approximated to any degree of accuracy, 
using restai ts and repeatedly lunnms; for a specified time step and taking a step change m value. 

2-2 
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The voiding effect for liquid metal coolants is simulated by a voiding reactivity versus time curve, and 
by a decrease of the film coefficient to a low, specified number. The void propagation pattern must be 

(2^ determined separately and converted to a reactivity effect for input to FORE II. ^ ' Initiation of this feedback 
is based on a specific temperature and pressure. 

2-3/2-4 
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SECTION III 

PHYSICAL MODEL 

3.1 FLOW CHART 

This section contains an explanation of the physical model, with the aid of mathematical equations. 
The complete, detailed equations that are programmed are contained in Appendix D, omitting discussion on 
the merits of the formulation. The nomenclature used to describe the physical model and detailed equations 
is found in Appendix A. 

Figure 3-1 is the flow chart for FORE II. The flow chart, physical model, and detailed equations are 
divided into the subroutines which compose the program. 

3.2 NODAL REPRESENTATION 

In the radial direction, the core is represented by three channel types: average, peak, and hot-spot. 
The radial power peaking factors for the peak and hot spot channels are input. In the normal operating 
procedure, the peak channel will represent the center region of the core and the average channel the region 
of the core at a radius near the mid-volume point. Because of additional and separate peaking factors (such 
as for the film coefficient, cladding thermal conductivity, gap coefficients, and fuel thermal conductivity) 
available for the hot-spot channel, the channel can be treated as a region of the core where statistically the 
worst combination of variables may occur beyond the normal axial and radial peaking factors. Another use 
of the hot-spot channel is to set the radial peaking factor at a value to provide a third data point for hand-
plotting of core radial variables. 

Within each channel, the basic heat transfer model involves one-dimensional radial conduction and 
convection. No axial heat transfer is considered other than the mass transport effect associated with the 
flowing coolant. A single fuel pin is divided into a maximum of seven axial nodes. Each axial node is 
divided into radial rings consisting of structure and additional material, coolant, cladding, gap, and fuel, 
with a maximum of ten fuel rings. The structure and additional material are effectively two separate heat 
sinks (or sources) in contact with the coolant but otherwise undefined in their exact physical location. 
Figure 3-2 indicates the nodal model for a typical channel type. 

3.3 INPUT OF PROPERTY DATA 

Several different techniques are used to input the required property data. The most widely-used 
technique is the table form. In this approach, 20 values of the dependent variable, corresponding to 20 values 
of the independent variable, can be supplied. The following tables are built into FORE II and need be 
considered only when an overlay of the data is desired: 

Thermal conductivity of sodium 

Coefficient of expansion of sodium 

Dynamic viscosity of sodium 

Specific heat of sodium 

Density of sodium 

-vs Temperature 

3-1 



GEAP-5273 

The built-in values are listed in Appendix B of this report. These values can be overlayed by the appropriate 
input cards indicated in subsection 4 .3 . 

The following tables are supplied by the user: 

Thermal conductivity of fuel 
(quadratic fit also available) 

Specific heat of fuel 
-vs Temperature 

Coolant bulk boiling temperature 

Cladding burnout temperature 
-vs Pressure 

Coolant mass velocity 

Coolant inlet temperature 

Effective multiplication factor or 
normalized power 

Ak due to sodium voiding 

Ak due to scram 

-vs Time 

Not all of these tables are required for every computer calculation. 

The remaining property data are supplied by a quadratic fit equation or as single values, 
interpolation is used for all the tables to find property data at intermediate values. 

Linear 

3.4 STEADY-STATE CALCULATIONS (INIT Subroutine) 

Finite difference techniques are used to calculate the temperature profile in the claddmg and the fuel 
for steady state, even though exact solutions are available. For the transient temperature calculations, the 
only method available is finite difference By using the finite difference approach in steady state, a dis
continuity m temperature between steady state and the first time step is avoided. 

Consider the case of a steady-state transient where the effective multiplication constant, k, is set 
equal to 1. 0 at 0 and 10 seconds. When this problem is calculated with FORE II, all the temperatures, heat 
transfer data, and feedbacks remain at their steady-state value, which is physically correct. If exact 
temperature solutions are used for steady state, the discontinuity in temperature will introduce feedback 
reactivity which, in turn, causes the power and then the temperature to change further. The net result is 
a numerically unstable solution. For typical ramp reactivity insertion, the danger of using exact heat 
transfer equations for steady state is that the true solutions could be overpowered by a growing temperature 
er ror . 

3-2 



INPUT 

1. PROPERTY DATA 
2. GEOMETRY 
3. POWER AND FLOW DISTRIBUTION FACTORS 

4. EXTERNAL TIME VARYING FUNCTIONS 
5. COEFFICIENTS FOR MODEL 
6. TERMINATION DATA 

SUBROUTINE FINDT: 

1. PROCESS INPUT 
2. CALCULATE GROUPS 

OF TERMS 
3. SET UP TABLES 

SUBROUTINE INIT: 
(STEADY STATE CALCULATIONS) 

1. TEMPERATURES 
2. HEAT TRANSFER DATA 
3. ORIFICING COEFFICIENTS 

J = l 

FIRST TIME STEP 
USE INPUT VALUE 

-© 

G>-
SUBROUTINE FEEB: 

1. PROGRAMMED k 
2. FEEDBACKAk DUE TO 

SCRAM, DOPPLER, DENSITY 
1 DIMENSIONAL, AND VOIDING 
. EFFECTS. 

—>-

SUBROUTINE POWD: 

L PROMPT AND TOTAL 
POWER 

2. DELAYED NEUTRON 
FRACTION 

IF POWER CHANGE BETWEEN 
STEPS HAS EXCEEDED SPECIFIED 
VALUE, HALF TIME STEP. DOUBLE 
TIME STEP IF STILL LESS THAN 
ALLOWABLE STEP SIZE DETERMINED 
BY TEMPERATURE STABILITY (STAB) 
AND WITHIN POWER CHANGE LIMITS. 

1 RESET VALUES. GO TO A. 

s 

SUBROUTINE INFLOW: 

COOLANT MASS VELOCITY 
FOR PEAK AND HOT SPOT 
CHANNEL. 

SUBROUTINE COPH 

TRANSIENT HEAT TRANSFER 

SUBROUTINE TERM: 

HAS TERMINATION 
CRITERIA BEEN 
REACHED ? 

NO 

YES 

(J)-^\ J-J+i 

SUBROUTINE STAB: 

CALCULATE STEP SIZE FOR 
TEMPERATURE STABILITY OR 
COMPARE INPUT VALUE WITH 
CALCULATED. 

IF STEP SIZE HAS NEVER BEEN 
HALVED, USE STAB VALUE AS 
STARTING POINT FOR NEXT STEP. 
IF STEP SIZE HAS BEEN HALVED ONE OR 
MORE TIMES USE PREVIOUS VALUE AS STARTING POINT. 

•o 

G> 
OUTPUT 

1. 
2. 
3. 
4. 

TEMPERATURE 
HEAT FLUX 
FILM COEFFICIENTS 
GAP COEFFICIENTS 

5. 
6. 
7. 
8. 

GAP SIZE 
POWER 
DELTA K'S 
FLOW 

FIGURES-! . FLOW CHART OF FORE II 
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CELL BOUNDARY 

STRUCTURE AND 
ADDITIONAL 
MATERIAL 

INSULATION 

CLADDING 

COOLANT 

GAP — ' 

AXIAL 
SECTIONS 

CENTERLINE 
OF FUEL 

FIGURE 3-2 CROSS SECTION OF A CHANNEL 
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As an example, the exact solution for the temperature difference between the inner surface of the 
cladding (T at R ) and the outer surface (Tg at R^) is 

In -^ 
Re 

T - T = — 
QfAf - Qe vrR^^ 

Q 
( V - H e ^ ) -

In the finite difference approximation, all the heat generated in the cladding is assumed to be generated 
at the volumetric average radius, R . The resulting finite difference equation is 

in ^ in ^ 
R R, 

T - T = i QfAf + ^ Q A , (2) 
^ ^ 2;r Kg ^ ' 277 Kg ^ ^ 

where 

For typical values of radii and gamma-neutron heating in the cladding, the error in the finite difference 
approximation is on the order of 2°F. 

The heat transfer equations discussed in the physical model will be those where the cladding, structure, 
additional material, and coolant are treated as separate temperature regions; that is, the no-lumping option. 
The detailed equations can be consulted for the heat transfer equations for the lumping option. 

3.4.1 Coolant Temperature 

An initial guess of the steady-state specific heat C„ ,^ ^ for the coolant is made by FORE n, based on 
programmed techniques. The subscripts c ,m,k represent coolant, particular axial node, and channel type, 
respectively. The superscript 0 represents time zero or steady state. 

The coolant temperature at every axial node is of the form 

Temp at node = Inlet temp of node + Energy generated at node location (Btu/sec) ^ (4) 
Heat capacity (Btu/sec °F) 

or symbolically, 

„ ,„. (PCON)A P° A, A AZ ™0 ^rpin (0) ^ ' m o f a m /g> 
c , m , k c, m, k n n ' 

G C A 
c ,k c , m , k c 

The A input is the fractional distance from the inlet to the nodal location. PCON reflects the peaking 
condition for the channel type. The outlet temperature for each node is 

3-7 
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Temp r i s e in node to outlet 

,pOut _ T,0 / „ 0 „ i n (0) \ ^ ' ^a , , . 
^ c , m , k ' ^ c , m , k ( ^ c , m , k ' c , m , k I ~ • ''°> 

Equations (5) and (6) combined imply that there is a l inear relat ionship for each node between the inlet, 

nodal, and outlet t e m p e r a t u r e s . The outlet t empera tu re for node m is set equal to the inlet for node m + 1. 

In this manner , the axial t empera tu re profile in the coolant is calculated. Based on the calculated t e m p e r a 

t u r e s , new values for the coolant specific heat a re es t imated for all axial locat ions. This i tera t ive p roces s 

IS continued until the t empera tu re changes between i tera t ions is within specified l imi t s . The average t e m 

pera tu re for a node is the a r i thmet ic average of the final inlet and outlet t empe ra tu re s and is the same as the 

nodal t empera tu re for A of 0. 5. Nodal coolant t empera tu re is given by T„ ^ , , average by T„ „ , . a c J rri J K c, III y K 

3 . 4 . 2 Heat Generat ion Rates 

The internal heat generation m different core ma te r i a l s due to neut ron-gamma heating is es t imated 

based on a mass weighting. The common weighting factor is 

A F Af „ 
MULT = ^ ^ 1 (ir/lh). (7) 

p. At + p A + p , A + p V + p V 
'̂ f f ^e e ^ c , m , k c ^s s '̂ u u 

The fraction of the total neu t ron-gamma heating that occurs in the coolant, for example, is 

(*3U)c,m,k = (MULT) P° „j ,, (PCON) (Dimensionless) . (8) 

Similar equations hold for the cladding, s t r u c t u r e , and additional m a t e r i a l . 

The tota l fraction of the heat produced in the fuel (due to both fission and neutron-gamma) becomes 

rp°j^^ Cladding Coolant S t ruc ture 

• f i . / ; • ' ^ • f '^f 

V 
- -^ (QU)y jj^ j^ (Dimensionless) . (9) 

f̂ 

Additional 
Mater ia l 

The ra t io of power production per unit volume in fuel rad ia l node n to average power production per unit 

volume for the fuel is given by 

( Q U ) n , ^ , k = Yn ( Q U ) f , ^ , k (Dimensionless) . (10) 

3-8 
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Note that the Y's should be se lected so that 

N 

E YnAn = Af (ft̂ )- (11) 

For a flat flux dis tr ibut ion, as is common in a fast r e a c t o r , Y is 1.0 (n = 1 to N). 

The heat generation ra te per unit volume P is calculated from the input power (P mw) and fuel 

volume (Vf ft^) by 

p 
P ° = 948.05 - ^ (Btu/sec-f t^) . (12) 

Vf 

The heat generat ion r a t e in the fuel is 

< m , k = ( Q U ) f , ^ , k P o (Btu/sec-f t3) . (13) 

Analogous equations hold for the other ma te r i a l s as well a s each fuel r ing, n. 

3 . 4 . 3 Fi lm Coefficients 

A coolant film coefficient is calculated for the cladding, s t ruc tu re , and additional ma te r i a l by a model 

of the form, 

^ ^ The rma l Conductivity ^ constant + Function Re and P r numbers] . (14) 

Hydraulic Diameter 

Fo r the cladding, the pa r t i cu la r equation is 

.0 
M „ N „ 

^ H - ^ C m ^ ^ P^ F* , (15) 
. *0 _ ^ c , m , k 

c , m , k ^ 
^ H T 

where 

Re = —iii ^ l i ^ (Reynolds number) , (16) 

^ c , m , k 

and 

P r = ^''^''^—c^jn^ (Prandtl number) (17) 

c, m , k 

3-9 
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The tilm coefficient for the cladding of Equation (15) is modified by 

- |R, 

h 1 = n 1 
c , n i , k c , m , k 

c, m, k 460 

T E . m . k - 4 6 0 

H 

(18) 

The film coefficient lor the s t ruc tu re and additional ma te r i a l (g . ) is calculated by an equation 
c , n 1, K 

s imi la r to Equation (15) with the input €„ rep laced by the non-axial dependent quantity By,. The axial 

variation of the input coefficient CTT for the cladding allows the u se r to account properly for film t r ippe r s 

along the axial length in a s team-cooled sys t em. 

3 . 4 . 4 Structure and Additional Mater ia l Tempera tu r e 

The s t ruc tu re t empera tu re is calculated by 

Temp Structure = Temp Coolant + (Heat Gen. by n,> reaction) 

X (Y Convection and Conduction Resis tance) (19) 

or symbolically, 

T° ~ T ° 
s, m, k c, m, k 

Q 

\ 0 
\ ' ' c , m, k 

0 
s. m, k 

K„ 
(20) 

The equation for additional ma te r i a l is the same as Equation (20), with subscr ip t s replaced by u. 

3 . 4 . 5 Cladding Tempera tu re 

The t empera tu re of the outer cladding is found by using the fundamental heat convection equation, and 

by including both the total heat generation in the fuel and in the cladding. Thus, the outer cladding tempera tu 

is 

T° ~ T ° 
^ E , m , k c , m , k ^ 277 R ^ h"̂  , 

Hi c , m , k 

Q ; , A. + Q^ , A 
^ 1 . m, k f ^ e , m, k e 

(21) 

A new film coefficient is calculated, based on a rev ised T ^ and this i tera t ive p r o c e s s is continued until the 

cladding surface t empera tu re between i tera t ions is within the specified l imi t . 

The cladding rad ius at which the volume averaged t empera tu re exis ts is 

R„ 
2 2 

(Radius out) *• (Radius in) 
R E ' + « e ' 

(22) 
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By the s tandard one-dimensional heat t r ans fe r relat ionship, the t empera tu re of the cladding at th is location is 

In 
RT 

R„ 
T ° = T ° + _ A 3 ' 
^ a , m , k E , m , k ^^ ^ 

Q? , A, -̂  Q° , A ^ , m , k f ^ e , m , k e (23) 

In a s imi lar manner , the t empera tu re at the inner surface of the cladding is given by 

R„ 
In 

T ° = T^ + \^e 
e , m , k a , m , k 277 K E 

% , m , k (24) 

Note that al l the heat generated in the cladding is a s sumed to occur at radius R^ . 
a 

3 . 4 . 6 Fuel T e m p e r a t u r e s 

FORE II contains the option that the fuel cladding gap can be set equal to a constant o r calculated by 

the code based on the model descr ibed in subsection 3 . 4 . 8 . If the gap coefficient is calculated, the initial 

e s t ima te is se t equal to the input value 

c - h F** 
^ g , m , k - '̂ f 

(25) 

where F** is the channel type factor . 

The surface t empera tu re of the fuel is 

T ° = T ° + 
f , m , k e , m , k 

' ° ^ ,m ,k ^f (26) 

^JV^)C^,m,k 
Drop A c r o s s ^ a p 

The the rma l conductivity of the fuel for node n (K ) a s a function of t empera tu re is determined from a table 
0 input o r quadrat ic fi t . For the f i r s t calculation in steady s tate , K is based on T ^ and for subsequent 

calculation upon (T ^ , -H T ) / 2 . 0 from the previous i te ra t ion . The t empera tu re of the boundary fuel node is 

rpO ^ ^ 0 ^ 
N, m, k f, m, k 

fRr 
In 

'Ny 

Qf , A , ^ , m, k f 

277 K 0 
N, m, k 

(27) 

and the t empera tu re of the n fuel node i s 

Temp n = Temp (n -t- 1) -H {- Heat Gen. in 1 to n nodes) (Thermal r e s i s t ance n to n -i- 1). (28) 

or 

n, m, k "^n + 1, m, k i 2 _ j ^H '°^C,m,k 
\£=1 

' n + 1 

277 K 0 
n, m, k/ 

(29) 
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The center t empera tu re is given by 

Q 
0 

pO , = T? , .ZLJ!hJL_Ll 
0, m, k l , m , k f. 

4 K„ , 0, m, k 

(30) 

for no center void (R = 0) and by 

O^ 
pO ^ npO ^ ^ l , m , k 
0 , m , k l , m , k f̂  

4 K„ , 0, m, k 
( ' . ^ - o ^ ) 

2R ' In o R. 
(31) 

for a center void (R * 0). 

New values for the gap coefficient and the rma l conductivity a r e calculated based on the new t empera tu re 

prof i le . The i tera t ive p r o c e s s is continued until all fuel t empera tu re changes between loops a r e within 

specified l i m i t s . 

3 . 4 . 7 Gap Size and P r e s s u r e 

K in steady s ta te , par t of the fuel has melted and its volume is insufficient to fill the cen te r fuel void; 

that i s . 

AV 

N 

n=l 

MELT(O) p 

' n , m , k ^ m ^ ^ \ (32) 

then the s teady-s ta te gap is 

< .k^ i^e-^r'' - R. (f) «e • if- : 
^ *" ' e , m , k . ^ ^ ' f ,m,k 

(33) 

Cold Gap Size Cladding Expansion Fuel Expansion 

\0 0 
where I j is evaluated at T , and ( j at the average fuel t empera tu re T - ^^ . . K 

^ ^ 4 ,m,k ' ' ^ ^ 'f ,m,k 
the melted fuel volume is g rea t e r than the volume of the center fuel void, then the gap equation is of the form 

^ ^ m , k = (^^- ^^^ 

AV^ELTj ,^ (AV^ELT ^ ^^ ^J 

2 2R, 

N 1 _ _ MELT(O) 
— V 6 , A 
A X ^ n, m , k n 

(34) 

f̂ n=l 

Additional rad ia l expansion due to melt ing 
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If the calculated gap is g rea te r than z e r o , the contact p r e s s u r e is set equal to zero If the gap is less 

than ze ro ( interference), the contact p r e s s u r e is calculated by 

m , k 
^•^m k Ep (Rp - R p ) (144) 2 

E i i L - ? E e {Ih/in 

R 2 

(35) 

The maximum contact p r e s s u r e is l imited by the yield point of the cladding and is given by 

a ( R „ - R ) (144) 
P = y-P- E e^ ^ 

m a x T5 
(Ih/it^ (36) 

In the cu r ren t vers ion of FORE II, the yield point of the cladding is not t empera tu re dependent. 

3 . 4 . 8 Gap Coefficient 

Exper imenta l r e su l t s for gap coefficient a r e general ly charac te r ized by a wide sca t ter ing of data points . 

There a r e a r t i c l e s in the published l i t e r a tu re that s tate the heat t ransfer a c r o s s the interface is mainly by 

conduction through the gas film since so l i t t le metal is actually in physical contact, while other a r t i c l e s 

indicate that the p r i m a r y mechanism is conduction through the contact points s ince the the rmal conductivity 

of the fuel cladding is significantly g rea t e r than that of the gas gap. 

In FORE II, two gap models a r e avai lable . One is the constant gap model . In this c a s e , the gap 

coefficient for the average channel is input as well a s multiplying factors for the peak and hot-spot channels . 

The net resu l t is that the gap coefficient va r i e s by channel type but is not a function of axial position or t ime . 

(As indicated previously , any t ime dependence can be approximated by r e s t a r t capabil i ty.) 

The second is the var iable gap model In this model the gap coefficient is calculated at any t ime step 

for all axial nodes and channel types a s a function of surface roughness, type of gap gas, existing gap s ize , 

contact p r e s s u r e , and t e m p e r a t u r e . Plot 9 of Appendix C, subsection C.4 , indicates some typical r e su l t s 

using the var iable gap model based on the input data l isted in the example problem. The var iable gap model 
(3) was based on work by Ross and Stoute. ^ ' This choice was made because of the "physical soundness" and 

the flexibility of the model, and the reasonable agreement between calculated and measured va lues . Sufficient 

information will be given here to run FORE II Reference (3) should be consulted for additional de ta i l s , if 

des i r ed . The gap coefficient is calculated by 

,0 
' g , m , k 

KO . pO 
m, K m, k 

F d. 

Solid to Solid 
Contribution 

K 0 
g, m , k 

g, m , k + (gj + gg 

Gap Gas 
Contribution 

F** (37) 

The F** IS the peak or hot-spot factor for the gap coefficient. 
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The thermal conductivity of the gap gas (K . ) is based on a quadratic fit of the form 

12 

K" , = A + B g , m , k g g 

T° + T° 
e , m , k f, m , k + C„ 

T ° + T° 
e , m , k f , m , k (38) 

Average t empera tu re of inner surface 
cladding and outer surface of fuel 

The the rmal conductivity of helium is about 15 t imes that of fission product g a s . The use r should be 

cer ta in that the gas composition as ref lected in choice of A , B , and C is consis tent with the co re average 

exposure as reflected in the core power dis t r ibut ion. 

The (gj. + g ) t e r m is the accommodation effect which ref lects the fact the average t empera tu re gradient 

imposed upon the gas is l e s s than that between the solid sur faces because the separa t ion dis tance is on the 

same o r d e r as the mean free path of the gas in the gap. 

F o r helium, at 1 a tm, 

gj + gg = 3.28 x l O - ^ f t , 

and for pure fission gas , at 1 a tm, 

gf + gg = 0.328 X 1 0 ' ^ ft. 

For a positive gap, 

,0 

g , m , k 
A(j) m , k + /3Q (6f + 6g) , (39) 

Equation (33) or (34) 

and for a z e ro gap. 

5" , = /3 (6, + 5 ) , 
g , m , k ^o W e' ' (40) 

where 5, and 6 a r e the surface roughness of the fuel and cladding, respec t ive ly , and fl is an exper imenta l 

constant which Ross and Staute found to be approximately 2 . 5 . Physical ly, the t e r m /3 (6- + 6 ) could be 

considered to be the average separa t ion dis tance when the peaks of the cladding and fuel sur faces a r e in 

contact or when macroscopical ly the gap is c losed. 

When the contact p r e s s u r e is z e r o , the solid to solid contribution is z e r o . Otherwise , K ^ , is 
III f Iv 

harmonic mean conductivity of the fuel cladding defined by Ross and Staute to be 

the 

K m , k 
(<.^.M 
^ N , m , k + ^ e 

(41) 
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The term 6 is the effective roughness of the two surfaces <;iven by 

6 = °f ^ (42) 

and ^ IS the Meyers hardness numbei which is usually taken to be three times the yield strength. The term 
a is an experimental constant determined to be approximately 0 091 ft" . It is estimated that the quoted 
value of a , j3 , and (g, + g ) each could be in error by 25%. The user should adjust these values to agree 
with the best experimental data. 

3.4.9 Doppler Temperatures 

To obtain the Doppler feedback in later calculations, the steady-state temperature profile in the reactor 
must be determined both axially and radially The axial temperature profile in each fuel ring is known for the 
peak and average channel. The calculational model projects radially the temperature profile for these two 
channels. The core is divided into two to seven equal volume regions. The radial temperature profile is effec
tively described by radial weighting factors, Ŵ - , for each region Remembering that k = 2 is the peak channel 
and k = 1 IS the average channel, the temperature (H) in the n fuel ring, m axial section, and It radial 
region of the reactor is 

^ n , m , f "" '^n,m,2 " ^ ( ("^n, m,2 " '^n, m , l j + 460 . (43) 

Peak Temperature 

difference 

Note that the hot-spot channel is not used in the projection scheme. 

The radial weighting factors are input or determined by the code by the relationship 

9f - 1 
W^ = — • (44) 

L 

If the radial weighting factors are input, any profile may be desciibed. For this option, there is no require
ment that the peak and average channels be in any pre-defined core location. Typically, the user could input 
a temperature shape as in Figure 3-3 by properly adjusting Ŵ  . 

When the radial weighting factors are determined by the code, it is assumed that the peak channel is 
the center fuel region and that the average channel is characteristic of the region of the core at a radius 
separating the core into equal volumes. As an example, for L = 7, W, - 1/7, Wg = 3/7, W„ = 5/7, Ŵ  = 7/7, 
Wg = 9/7, Wg - 11^7, and W,̂  = 13/7. Then, for a peak temperature of 4500°F and an average temperature 
of 4000 °F, the radial temperature profile for the particular fuel ring would appear as in Figure 3-4. The 
radial weighting factor calculated by the code will result in a parabolic temperature profile. 
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FIGURE 3-3 POSSIBLE TEMPERATURE PROFILE 

I I I I I I I I I 

4500 

4000 

I— 

<: 
Q_ 

LLl 

3500 

3000 

t 4 2̂ '3 4̂ 5̂ '6 7̂ 

I I I I I I I ll ll M l 
01 0 2 03 04 0 5 06 0 7 0 8 0.9 1.0 

FIGURL" 3-4 EXAMPLE TEMPERATURE PROFILE 

3-16 



GEAP-5273 

Using Equation (43), the average fuel pin t e m p e r a t u r e for the m axial and £ radia l section is 

N 

*(0) _ n=l 
^ m , Jf " 

2 "n,m, L \ 

Af 
(45) 

Equation (45) r e p r e s e n t s a two-dimensional a r r a y descr ib ing the core t empera tu re profi le . For the maximum 

number of allowable nodes, this gives the t empera tu re at seven axial locations for seven core rad i i . 

The average r eac to r fuel t empe ra tu re by volume weighting T^^ ^ is -*(0) 
m. 

E i:̂ ::;! (0) 
I ( ^ Z ) ^ 

TjrO _ axial i = l (46) 

axial ^ 'm 

where / indicates that the average t e m p e r a t u r e can be based on the core only or the core plus blanket, 

axial 
a s specified by input data . 

The nodal t empera tu re used in Doppler calculat ions is 

2' 

T,Dop(0) _ T,*(0) , , p 
T*(0) „ 0 
V , t " "N, m, £ 

T*(0) 
m, t 

(47) 

Correc t ion t e r m 

where Cj-̂  is input. The second t e r m in the b races allows the u se r to account for the fact that the co r r ec t 

"average t e m p e r a t u r e " used in Doppler calculation is slightly influenced by the t empera tu re difference 

between the average and su r face . 

3 . 4 . 1 0 Orificing Coefficient 

In steady s ta te , the use r indicates the m a s s velocity for the average channel and the relat ive flow 

factors for the peak and hot-spot channels . In addition, the orificing coefficient or local loss coefficient for 

the peak channel is input. This portion of the code calculates the total p r e s s u r e drop in steady s ta te for the 

peak channel due to frictional and local l o s s e s . When the p r e s s u r e drop a c r o s s the core is known, the co r rec t 

orificing coefficient for the average and hot-spot channels can be calculated. These orificing coefficients a r e 

a s sumed to r ema in constant for all t rans ien t calcula t ions . 
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The first step ib to calculate the average coolant temperature for each channel by 

M 

E ^c.m.k (̂ Z)m 
TO . _ Biii (48) 

'-'^ M 

m=l 

The coolant viscosity and density are determined from the input tables for each channel type by using 
the temperature calculated in Equation (48). The Reynolds number for the average channel is 

NO ^ = l l _ ^ , (49) 

c, 1 

the peak channel 

„ F G° . D„ 
NO 2 - ^ '^'1 " , (50) 

^c ,2 

and hot-spot channel 

NO „ = ^v ""'• 1 ""H . (51) 
K, J Q 

^c .3 

The flow IS turbulent if the Reynolds number is greater than 

COMP = ^ J _ . (52) 

C 1-e 

where e and c are input, and is laminar if less than or equal to COMP. 

If the flow in the peak channel is laminar, the pressure drop is 

2g „ . _«. !L {II<1 , ^ (Zs_<A. (53) 

Laminar friction losses Sum of local losses 

3-18 



GEAP-5273 

and if the flow is turbulent the friction losses term changes and the pressure drop is now given by 

2gAP = _ ^ ! L (Z^<^ . BoR , 2 ( ! L < I L (54) 

Turbulent friction losses 

The orificing coefficient for the average channel for laminar flow becomes 

^OR k-1 = " ' (°^^ 
' / n \2 ^,0 D „ 0 {<J "R.I « " c l 

and for turbulent flow. 

2 g A P p / " i ^ t w „ z „ p ; " i ^ t w 
BoR,k=l = - ^ - (56) 

k,.r i<J «̂ <̂  
Analogous equations hold for the hot-spot channel when the appropr ia te mass velocity peaking factor is 

included. 

3 .5 REACTIVITY EFFECTS (FEEB SUBROUTINE) 

3 . 5 . 1 P r o g r a m m e d k ve r sus T ime 

The use r can specify a p rog rammed k (due to external effects other than sc r am) ve r sus t ime or power 

v e r s u s t ime . In e i ther ca se , l inear interpolation is used to find the appropr ia te dependent var iable as a 

function of t ime . 

The s c r a m Ak insert ion v e r s u s t ime since initiation is an independent input. The s ta r t of the s c r a m 

Ak can be based on the t ime the coolant r eaches a specified outlet t empera tu re (T ), or the t ime the 

reac to r r eaches a power level (P ) such that 

^ 3 - ^ 0 
p SCRAM ' 

o 

^Cr'DAR/T ' ( 5 ' ) 

where P is the t ime zero power level and ^ S O J ^ A J ^ IS input. 

The total p rogrammed k v e r s u s t ime is 

•̂ p ~ ^TABLE + ('^'^'SCRAM ' (^^^ 
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The advantage of being able to specify ('^k)g^j^^j^ as a s epa ra t e table is that it is not requi red to know the 

t ime for initiation of insert ion in advance. 

Noting that the total feedback Ak from the previous t ime step is r ep resen ted by k^' , the total effective 

multiplication factor at any s tep j is given for the no-extrapolat ion option by 

(59) 

Average at 
midpoint 

and for the extrapolation option by 

k ^~ -(- k •' 
kJ = -P P- -h kf3-l + • (^kf)J 

EST 
(60) 

where , for J > 3, 

i^^^tf 
EST 

kJ-1 
^f ' T J + T J - ^ 1 

, 1 - 1 
- 3 ^ - ^ 

^ k | - l - kJ-2 kJ-2 - kJ-

r J - 1 -3-2 
(61) 

The l/2(Ak-)''ggrp in Equation (60) is basical ly a cor rec t ion t e r m that r e p r e s e n t s a projection to the midpoint 

of t ime s tep j of the genera l t rend m the feedback Ak a s de termined from the las t two t ime s t e p s . 

The total feedback Ak is composed of the Doppler, rad ia l dimensional var ia t ion , height change, density, 

and voiding contr ibut ions. These sepa ra te contributions will be examined. 

3 . 5 . 2 Doppler Feedback 

The reac to r t empera tu re profile for t ime s tep (j-1) is calculated s i m i l a r to that in Equation (43) for 

s teady s t a t e . An equivalent t e m p e r a t u r e cor rec t ion is made , depending upon whether the pa r t i cu la r nodal 

t empera tu re is g r ea t e r than the melt ing point at t ime j - 1 a s compared to its t e m p e r a t u r e in s teady s t a te . 

This equivalent t empera tu re is based on a t e m p e r a t u r e r i s e that would have occur red for no change in phase 

or 

^rp _ Heat of Fusion Btu / lb 

^ Heat Capacity B t u / l b - °F 

B Melt 

^f n, m, k=l 

(62) 

The average nodal fuel pin t empe ra tu r e , average r eac to r fuel t e m p e r a t u r e , and nodal Doppler t e m 

pe ra tu re a r e calculated for each t ime s tep analogous to Equations (45), (46), and (47), respec t ive ly , when 

consistent s u p e r s c r i p t s a r e used through the equat ions . The nodal Doppler contribution is 

(Akj^)^-'^ 
""Dop 

m , jf 
AT^ In Dop 

^ Dop (j-1) 
m, i 

T Dop (0) 

B 'Dop 

b4-l 

,y Dop (j-1) b+1 r Dop (0) b+11 
(63) 
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The user has available the th ree input constants , A„ , B ^ , and b, to match the model given in Equation (63) 

with experimental or separa te ly calculated r e su l t s The total Doppler feedback is calculated by power squaring 

and volume weighting the nodal values as given by 

M 

E E <^Dopt\ P« *m (̂ 2> 

E E 
m = l J f = l 

m, 1 
(64) 

A A^ (^Z)^ 

The Doppler contribution calculated by Equation (64) is the one used in the feedback equations. For informa

tional purposes , the average reac to r Doppler Ak is calculated as in Equation (63) by replacing nodal t e m 

p e r a t u r e s by core average values , i. e . , 

(^^C 
T 3-1 

^Dop ^" 
co re 

core 

B Dop 

b-Hl 

(^j-1 f^ . (̂ 0 \^^' 
\ c o r e / \ c o r e / 

and the Doppler weighting factor is defined by 

(65) 

iJ.^^ 
(Ak) 3-1 

Dop 

(66) 

3 . 5 . 3 Radial Feedback 

The radial feedback is caused by changes m the core radius resul t ing from bowing, axial p r e s s u r e 

difference, and the rma l expansion. The t empera tu re used in the bowing equations is based on the change in 

the radial t empe ra tu re gradient a c r o s s the outside of the c o r e . The outer core regions a r e shown in 

F igure 3 -5 . 

R L - R T 

FIGURE 3 5 OUTER RADIAL CORE REGIONS 
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^ ^ B , m _ 

DB 

' ^ m , L 

^ L + R L - 1 

' ^ m , L - l 

• ^ L - 1 + ^ L - 2 

' ^ m , L • " ' ^ m , L - l 

• ^ L - 2 

Note that with the use of proper s u p e r s c r i p t s , T* ^ for any t ime s tep is given by Equation (45). Now, from 

Figure 3-5 , 

(67) 

where D^ is the d iameter of the pseudo-fuel channel in the radia l co re region. 

The radius of any radia l core region is given by 

R 2 = i R 2 (gg) 

L ^ 

Thus, 

R L - 2 = J ^ ^L ' (69) 

and noting R^ = R,j, (outer radius of core) Equation (67) becomes 

2D IT T I 
AT = B \ m , L m , L - l / ^,JQ^ 

Rrp / I (• -m 
Summing over all axial nodes for t ime step j - 1 , 

( ^ T ) ^ B ' = Z (^^Im (̂ Z) 
m=l (71) 

Hryi 

The s teady-s ta te value (AT)g is s imi l a r ly defined. 

Five options, based on the s t ruc tu ra l connections of the core at the top and bottom, a r e provided for in 

the bowing calcula t ions . The pr inciples underlying Option 1 (for a channel cant i levered at the inlet, pinned 

at the exit) will be developed. The resu l t s for the other options will just be l i s ted. F igure 3-6 indicates a 

beam corresponding to Option 1. 

F r o m fundamental s t rength of ma te r i a l re la t ionships , 

d 5 ^ tvAT M̂  /rj2) 

dx2 ^ D ' EI ' 
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mm 

FIGURE 3-6 FUEL PIN FOR BOWING CALCULATION 

where the moment (M) about the pinned end is P(H - x ). Integrating Equation (72) twice and using the 

boundary conditions, 

6 = 0 , x = 0, and 

5̂  = ° - " = "' 

(73) 

(74) 

one obtains 

5 ^ a;AT ^ 2 _ PH ^ 2 ^ ^ V 
2D "^ ZEI "̂  6EI 

(75) 

By using the last boundary condition. 

5 = 0, x ^ = H , (76) 

the term P can be eliminated and after manipulating one obtains 

AR 

T \ T 

3-1 

B, m 

a X s m 
4Dg R^ k-t) (AT)^-^ - (AT)° (77) 

For the reactor, x is given for the bottom axial node by 

r7 (AZ) 1 

x , Z -t- -i '- m=l 
m l o 2 

(78) 
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and for the other axial nodes by 

m - 1 

X = Z „ -I-m o E ^^^h 
(AZ)„ 

£ - 1 
(79) 

for m s 2. 

For a beam pinned at both ends , the resu l t obtained in a s im i l a r manner is 

'ARn u-i 

' ' T / B , m ' " " B ^ 
( V ' - -m H*) [('^T)^^! - (AT) s , ^ 2 

m 
(80) 

for a beam canti levered at the exit , pinned at the inlet 

B , m 
4 Dg Rrp 

12 x2 - J ? ^ - H* x 
m * m 

H 

(AT)^gl - (AT)^ (81) 

for a beam cant i levered at the exit , free at the inlet 

Rr 
' B , m 

^ V ( ' - ' - ' m̂ H% H*2) [(AT)̂ !̂ - (AT)0 
'B " T 

(82) 

and for a beam cant i levered at the inlet, f ree at the exit 

fAR^Y'' 
Rrri / 2 DTJ Rrp 

s 2 
^m 

(AT)Jgl - (AT)° (83) 

The change in core radius due to a change m axial p r e s s u r e on the lower support plate is 

A Rn 

Rn 

3-1 

P , m 

X >!' m o 

Rr^ 

M (84) 

and the thermal expansion of the core by 

fAR, 

Rn 

J - 1 

T , m 

' ( T J - I - T° ] 
; \ s , m, 1 &, m, 1 / 

(85) 
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The total core radius change becomes 

A R ^ \ ( J ' - ^ ^ / A R ^ \ 3 " ^ ' A R v 3 - l 

7} VR^I 
B,m 

R r / \ ^T / \ ^T / \ ^T / 
^ m ^ ^ ' B , m '• ' p , m ^ T , m 

(86) 

Bowing Pressure Thermal 

After summing over all axial sections and using the input core radius coefficient, the total radial feedback 
IS 

FBj^ = ( R T 
6k 

6R^ 
1̂ 1 U T L 

AZ. 

Hn 
(87) 

3.5.4 Axial Feedback 

The only axial feedback contribution is due to the expansion of the fuel. This axial expansion is 

'AH^\J-1 

Hn 

M 

E (x) 
m=l ^ ^ ' 

3-1 

f,m,k=l ^ ^ ^f,m,k=l_ 
AZ. 

Hn 
(88) 

and the axial feedback contribution using the input reactivity coefficient becomes 

FBJJ-I = H^ 6k \ / ^ « T \ ' " ' 

6H^ I \ HJ 
(89) 

3.5.5 Density Feedback 

The density change of the fuel, cladding, coolant, structure, and additional material is considered in 
the total density change. For the fuel 

Axial 

rAA f, m 

f, m 
l^\ '•' - i^)" 
^ ' f, m , l f,m, 1 

2a (T 3-1 , - T° , ] ) s \ s, m, 1 s, m, 1/ \ (90) 

R a d i a l 

where Cp is an input number varying between 0 and 1. The factor Cp is intended to reflect the fraction of 
the axial fuel density change that can be depended upon in a transient. Because the axial fuel pin normally 
consists of pellets which may not be m perfect contact, and because the fuel is not of 100% theoretical 
density, only some portion of the possible axial density change will probably be realized. 
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In Lquation (90). the radia l lucl expdnsioii is ol the genera l form 

V V'^ n (<v RAT + R ) ^ - TTR^ f , m \ \ s / 'A/ 
(91) 

^ ' " " • / l ad ia l -R-̂  

which reduces to 

lAp, f, m 

f, m 

2(V AT + (a A T ) ^ »2(V AT s \ s / s (92) 

' radia l 

where the square of l inear the rma l expansion coefficient has been neglected in comparison to the coefficient. 

This same type of approximation is used for all the density express ion . 

For the cladding, the density effect is 

fAp, 
e , m 

e, m 

] - l 

(f) • (t)' 
e, m, 1 e, m, 1 

+ 2(v /T^ ^ 1 - T° 1 s I s, m, 1 s , m , 1 

J - 1 For use in the coolant density change express ion , a value A-' is defined to be 
•' t:^ f e , m 

J - 1 _ / ^ \ 
e, m L V 

J-1 

e, ni. 1 

AL\^ 

L / e , m, 1 

if the density change of the cladding is g rea t e r than that of the fuel, and is equal to 

^3-1 e, m AL 

L 

] - l 

f .m, 1 

AL 

L 

0 

f , m , l 

if the opposite is t rue . The density t e rm for the coolant is 

'Ap J - 1 
c, m 

P. c, m 

3«3-l (TJ-1 , - T° ,]+ 2a f T^-l , - T° J c m \ c , m , l c , m , l / s \ s , m , l s , m , l / 

2R ^ (V ( T ^ - I . - T ° 1 ) - 2 R ^A^- l c s \ s , m . l s . m . l / e e, m 

and for the s t ruc tu re 

Ap, J - 1 
s, m 

P &, m 
s, ax 

I T ' - 1 . T° 
i s . m . l s. m, 1 

] ^ 2<v ( T 1-1 , - T ° A 
I s \ s , m, 1 s . m . l / 

(93) 

(94) 

(95) 

(96) 

(97) 
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and for the additional ma te r i a l . 

'Ap, J - 1 
u, m 

u,my 

/ A L y - 1 . / A L \ 0 ^ 2 , (^ J-1 . ^0 \ 
\ T I \ J s l ^ s , m , l s , m , l l 
^ 1̂  u , m , l '̂  1̂  ' u , m , 1 ^ ' 

(98) 

The total density feedback is obtained by summing over all axial sections and using the input density 

coefficients or 

M 

™{>-' = E 
m=l {^'^)i'tf^{<)Mf)iOM:^f 

i-mtSHo, Ap, u, m 

u, m 

3-1 
(99) 

3 . 5 . 6 Voiding Feedback 

The p r e s s u r e at the void location is calculated by 

p 3 = p + p 
z st pump 

ApJ 

ApO 

2gAP 

(64.4) (144) 
(100) 

The bulk boiling t empera tu re of the coolant v e r s u s p r e s s u r e and the cladding burnout t empera tu re ve r sus 

p r e s s u r e a r e both table inputs. When the calculated coolant or cladding tempera ture at the p r e s s u r e calculated 

by Equation (100) is equal to the specified table value, the void Ak is inser ted at the specified r a t e . In addi

tion, the s t a r t of void Ak insert ion can a lso be based on when the fuel center t empera tu re reaches a specified 

va lue . This condition could correspond to a fuel t empe ra tu re at which the fuel vapor p r e s s u r e is sufficient 

to fail the pin. 

3 . 5 . 7 Total Feedback 

Combining all the contributions the total feedback becomes 

k ( ] - i ) = (Ak) | ; i + F B J f i . F B j , - ! . F B J ; 1 + (Ak)^;l^ 
void (101) 

Note that the feedback k i" is calculated when the t ime indicator is j . However, this feedback is used only 

in Equations (59), (60), and (61), which a r e calculated the next t ime for j -t- 1. Thus, before feedback is used 

again, kl~ is se t equal to ki . On the next p a s s , the goal is to calculate the total effective multiplication 

factor for the j -i- 1 t ime s tep or k-''*' . The feedback from the previous t ime step is then cor rec t ly given by 

k3 
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3.5.8 Power Table Input 

If the user has specified a power table versus time, only the reactor temperature profile and the 
pressure [Equation (100)] are calculated. All other calculations in subsection 3.5 (Reactivity Effects) are 
bypassed. 

3 .6 POWER (POWD SUBROUTINE) 

When a power table versus time is input, the power is determined from the table by linear interpolation. 
For the option, the user should note that the power table is a ratio of the power at time j to that at steady 
state. The remainder of this section applies to the case of when a programmed k versus time table is used. 

FORE II can calculate both the prompt power and total power (includes decay heat) of the reactor. The 
0 * 

steady-state total power (P ) is given by Equation (12). The steady-state prompt power (P ) is obtained by 

* 
Po = 

8.6 X 10 -10 

IM , 

1 = . 

-a 
(a, + T^) 

Fission 

cm sec 

(102) 

where a , A , « , and IM are input values obtained usually from experimental data. 

The total delayed neutron fraction is 

I 

I 
1=1 
E^ • (103) 

and the steady-state neutron precursor concentration for each delayed group is 

' ^^o atoms (104) 

The total effective multiplication factor at any time j is obtained as outlined in subsection 3.5. The 
corresponding power of the reactor is determined from the finite difference approximation to the standard 
point kinetics differential equation. 

dP_ 
dt 

I 

E 
1 = 1 

Cl \ - s 
kJ (l-/3)-lJp' ' (105) 

where P is in fission/cm sec. 

If k3 (l-(3)-l in Equation (105) is less than some small input value ET̂  (typically on the order of 10" ), 
the second term on the right-hand side is neglected because of potential numerical problems in the finite 
difference approximation 
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Letting 

k^ A = ^ E î̂  -I- s 

i = l 

(106) 

to simplify nomencla ture , the power at the end of some t ime s tep T when the second t e r m is neglected is 

* 1 * 

P . = A. T^ + P^_, , 3-1 
(107) 

and the average power during the s tep is 

_ * * 
Pj = P j - 1 -

A. T^ 
(108) 

Fo r the ca se where 

kJ (1-/3) - 1 
K (109) 

let 

R. 
kJ (l-i3) - 1 

(110) 

to again simplify nomencla ture . The power at the end of the t ime step becomes 

-3 . ] ^ ^ R. T J A. / R. T' 
P . = P . 1 e J -H _ i I e J - 11 , 

3 3-1 R. 
( I l l ) 

and the average power during the t ime s tep is obtained from 

T3 

dt 

(112) 

(113) 
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The excess energy per unit volume at any time step is 

+ * 
E = E 

3 3 

The delayed neutron precursor concentration at any time j is obtained from the solution of the differential 
equation 

d C„ _ * 
51 = uB P - A C (115) 

dt 1 3 1 1 

which in finite difference form becomes 

cl = C^3-l + 1̂ /3̂  P * T3 - A.̂  C^3-l -̂3 

(116) 
Previous Production Decay 

concentration during T3 during T^ 

3.7 COOLANT MASS VELOCITY (INFLOW SUBROUTINE) 

This subroutine calculates the mass velocity for the peak and hot-spot channels during the transient. 
The mass velocity as a function of time for the average channel is input (locations 196 to 255). The relative 
flow factors for the peak and hot-spot channels for steady state are input (locations 191 and 192, respectively). 
This subroutine accounts for changes m the mass velocity in the peak and hot-spot channel from these steady-
state flow factors due to the nonlinearity in orificing effectiveness with the variation in coolant property. It 
IS assumed in this derivation that the inlet and outlet coolant plenums are common to each channel. 

If the Reynolds number for the average channel is less than or equal to COMP [Equation (52)] , the flow 
is laminar and the pressure drop at time j is 

(2g AP)3 = _64 1_ V c , l / ^ B ^ ^ ' 1 ^ (117) 64 ^t 

^ , 1 °« 

Laminar frictional loss 

+ K,if 
^ ^ ' ^ - ' inlet (J-1) 

c 

Local losses 

If the Reynolds numbei is greater than COMP, the flow is turbulent and the pressure drop is 

2 2 

r Z. p e l (GJ J 
(2gAP)3= C _ _ _t_ ^ 1_ ^ B o „ ^ i J L £ L i / _ (118) 

( . l , y °H P3-1 - ' ^ \ . n l e t ( j - l ) 

Turbulent frictional loss 
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For laminar flow in the peak and hot-spot channel, the mass velocity for a ze ro orificing coefficient 

for the channel is 

G3 
c ,k 

-^^ 2 _ (2g AP)3 , 

64 < i Zt 
(119) 

and for a non-zero orificing coefficient 

' c , k A + 
(2g AP)3pJ."l^' (3-1^ 

A 2 . 
B 

(120) 

OR,k 

where 

32 M c ,k t 

D: H 
' 'OR,k 

, inlet (j-1) 

c ,k 

(121) 

and (2g AP)3 is given by Equation (117) or (118). 

For turbulent flow in the peak and hot-spot channel, the m a s s velocity for a zero orificing coefficient 

for the channel is 

Gi,k 
1 + e 1-1 

( 2 g A P ) ( D H ) - - - p ^ 

C Z . Kit 

1 

2-e 

(122) 

and for a non-zero orificing coefficient an i tera t ive p r o c e s s must be used as follows. Let 

A^ = 2g AP , 

o 3 - l D 1+® 
^ c , k ^ H 

(123) 

(124) 

, _ ^ O R , k 
Ag inlet (j-1) 

(125) 

and initially let the f i r s t e s t ima te (G ) for the peak and hot-spot channel be the same as the average channel; 

that IS, 

« ^ « c ^ ' (126) 
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then a revised estimate (G^, R = 1) is 

Gĵ  = / 1 . (127) 

V ^2 (GR.I)-" + Ag 

This iterative process is continued until a converged coolant flow for the peak and hot-spot channel is 
achieved at each time step. 

3.8 TRANSIENT TEMPERATURE (COPH SUBROUTINE) 

The same physical quantities are basically calculated in this subsection for any time step j as sub
section 3.4 does for steady state. The general approach is to set up a heat balance for each node. This 
heat balance is solved for the new temperature at the end of a time step in terms of the old temperature at 
the beginning of the step plus the temperature change due to heat transfer and power generation. All the 
temperature-dependent property values and temperature differences which establish the heat transfer rate 
are based on the known temperature profiles at the beginning of the time step. More specifically, the steady-
state temperature distribution is calculated as in 3.4. Node by node the new temperatures for the first time 
step are calculated by using the property values and temperature differences that existed in steady state 
until a completely new temperature distribution is determined. This process is repeated for each time step 
using the property values and temperature difference from the previous time step. 

3 .8 .1 Heat Generation Rates 

The heat rate generation rate at any time j in the fuel due to neutron-gamma heating and fission is 

Q f U , k = ( Q U ) f _ m , k P j (Btu/sec-ft3) (128) 

where (QU)f ,„ i, is defined in subsection 3.4.2 and P was determined m subsection 3.6 (POWD). Similar I, m,K J 
relationships hold for the transient heat generation rate m the cladding, coolant, structure, additional 
material, and each fuel ring. 

3.8.2 Coolant Temperature (High Density Coolant) 

For the no-lumping option, the heat transfer exchange with the structure is given by 

B = 1 - 5 -hl-'^^^ - T 3 ; i ^ ^ J Btu/ft3-sec . (129) 

In the case where the volume of structure per unit length of fuel (V ) is non-zero but the exposed surface-to-
volume ratio (G ) is zero, then the heat exchange is 

V Q 3 
= s^m^K Btu/ft-'-sec . (130) s ^ s , m,k m.. /fiS 

A c 
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For the additional ma te r i a l , the analogous equations a r e 

V G u u ' T 3 - 1 
\ u , m , k 

3-1 ] 
; , m , k / - T 3 - 1 A Btu / f t^ -sec (131) 

e: 3-1 
i ^ c , m , k 

K. 

and for G = 0, 

^ " ^ ' ^ ' ^ Btu / f t3-sec (132) 

The heat t r ans fe r from the cladding to the coolant is 

X3-1 T 3 " 1 
D = Sd lVk c^mjc B tu / f t ^ - s ec . 

Rr 
In 

R„ 

l 2 7 7 R p h 3 " l 2TTK 
E c , m , k e 

The t empera tu re change assoc ia ted with m a s s t ranspor t is 

(133) 

E = ^Out (j-1) _ „Out (j-1) 
c , m , k c , m - l , k °F (134) 

Finally, a common factor . A, is defined as 

A = 

P^'^ V C3-1 ^ ' ^c ,m,k c , m , k 

s e c - f t ^ - ° F / B t u (135) 

The new t empera tu re of the coolant at axial node m, for channel type k, at t ime step j for G ?̂  0, 

Ĝ ^ ^ 0 IS 

T3 = T 3 - + A 
c , m , k c , m , k 

^ c , m , k + B + C - . D E , (136) 

for Gg * 0, Gy = 0, 

r3 r3-l 
c, m, k c , m, k 

+ A Q, o3 
*c, m, k -)- B -I- F )- D - E, (137) 

for Gg = 0, Ĝ ^ ^ 0, 

r3 r3-l 
c, m , k c, m ,k 

+ A Q; 
J 
c, m, k 

+ G + C + D (138) 
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and for G^ = 0, G^ = 0, 

J - 1 + A Q c , m , k + G + F . D 
c, m , k c, m , k 

In Equation (134), T ^ ^ i ( 3 ' l ) for m = 1 is given by 
C y i n ~" J. J K 

T,Out (j-1) _ T^inlet (j-1) 
^ c , m - l , k " V 

(139) 

(140) 

The inlet t empe ra tu re s to be used in the m a s s t r anspor t equation for the next t ime s tep a re calculated by 

TOut (j) 
c, m , k 

T O U I ( J - 1 ) 
c, m , k 

T3 
I c, m , k 

- T 3 ^ - 1 ] 
, m , k / • 

(141) 

The nodal average and channel average coolant t e m p e r a t u r e s a r e calculated from the new profile as in 

s teady s t a te . The coolant t empera tu re equation for a low-density coolant a r e given m subsection 3 . 8. 6. The 

equations given in this section a re also co r r ec t for a low-density coolant. However, to guarantee numer ica l 

stabil i ty, the resul t ing t ime s teps for a low-density coolant a r e so smal l that the total running t ime is at 

leas t an order of magnitude g rea t e r than that for a sodium problem. Subsection 3 . 8 . 6 contains modified 

equations for a low-density coolant that allows longer t ime s teps and sho r t e r running t ime . A more detailed 

discussion of numer ica l stabil i ty is contained in subsection 3 .9 . 

3 . 8 . 3 Film Coefficient 

F rom the tab les , new values for the the rma l conductivity, viscosi ty , density, and specific heat for the 

coolant a re de termined for the new nodal t e m p e r a t u r e s for use in the next t ime s tep . The nodal film heat 

t rans fe r coefficients for the fuel, s t r uc tu r e , and additional ma te r i a l a r e calculated a s d i scussed in steady 

s ta te (subsection 3 .4 .3 ) by replacing the supe r sc r ip t 0 by a j . 

An additional feature is that any t ime the conditions specified in subsection 3 . 5 . 6 for the inser t ion of 

void Ak a re met, it is possible for the film coefficient in the hot-spot channel to be set equal to a low input 

value. This capability accounts for the poor heat t ransfer coefficient of liquid metal vapors at the t ime of 

voiding. 

3 . 8 . 4 Structure and Additional Mater ia l T e m p e r a t u r e 

The t empera tu re change in the s t ruc tu re during any t ime s tep is due to the neu t ron-gamma heating in 

the s t ruc tu re plus heat exchange between the coolant and s t r u c t u r e . The equation is 

s , m, k s, m, k 
P c ^ s s 

Q 3 , + 
^ s , m, k 

G„ 

»,' 'c,m,k / 

rp J - 1 T- ] 
^ \ \ c ,m,k s 

-1 \ ,m,k j (142) 

The equation foi the additional niatei lal is identical to Equation (142) by replacing subscr ip t s by u. 
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3 . 8 . 5 Cladding T e m p e r a t u r e 

The average t empera tu re of the cladding der ived from a t ransient heat balance is 

J T3: -1 T3 
a, m , k a, m , k p C A ^e e e 

Q , A 
^ e , m , k e 
Rise due to 
n-y heating 

T 3 - 1 . T 3 ' 1 

N, m, k a, m, k 

R 
a 

R. 
I n ^ 

Rr 
In 

'N 

,2;r K r i - l e 7r(R, -h R ) C3"l , 2?: K)' , 
^ i e g, m , k N, m , k 

(143) 

T e m p e r a t u r e r i s e due to heat conducted in 

T 3 - 1 , - T 3 - 1 ^ 
a, m, k c, m , k 

RT 
In 

R_ 

" ^ ^ ^ 2 . R , h 3 ^ ; l ^ _ , ^ 

T e m p e r a t u r e drop due to heat 
conducted out 

The outer cladding t e m p e r a t u r e is de termined by a heat balance of the convection and conduction con

tr ibution at t ime j : 

2TI K 

O - 27r Rg h3^̂  j ^ ^ j ^ ( I ' E , m , k " 1 ' c , m , k ) ' " — ^ ( l 'L ,m,k " '^E,m,kj 

In-

(144) 

o r solving for T3g^^^j^, 

K T3 
e a, m , k + R ^3 T 3 

RT 
E C, m , k c, m, k 

In 

T 3 
•^E,m,k 

R . 

K„ 
R^ h 

In 

(145) 
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3 .8 .6 Coolant T e m p e r a t u r e s (Low-Density Coolant) 

For a low-density coolant and tor G 9̂  0 and G ^ 0, a heat balance for the coolant using the most 

recent known quanti t ies yields 

0 = 
(T3 . - T 3 , ] 
\ a, m , k c, m, k / 

V G 
s s 

fin 
Rp 

^ ' ' ^ ^ e 2.R,h3^;l„^^ 

A / L^ + - 1 ^ 

V^c, m , k 

— (T3 ^ - T J , ) 
d \ \ s , m , k s , m , k / 

Cladding to coolant St ructure to coolant 

G / \ 
u u (x3 T 3 I 

1̂  \ \ u , m , k c , m , k / 

v.. G 

1 

, ] - l 
' c , m , k 

K 

Additional ma te r i a l to coolant 

G 3 - 1 C 3-1 
^ c , k ^ c , m k 

AZ 
T 3 

c, m . - ( 
„ 0 _ ^in(O) \ l"^a 

c , m , k c , m , k / . 
TOut(j) 

c, m - l , k + Q c , m , k -(146) 

Mass t r anspor t Heat generated 
in coolant 

For a low-density coolant, the nodal and average value a r e at the same posit ion; that i s , A i s set equal to 
0 . 5 . S o l v m g f o r T 3 we get 

C j ITlj K. 

j] = 1 E , m , k 
c, m, k 

C , T3 , -. C„T^ ^ - C , ( c . - T O " t (3) ) + QJ 
2 s, m, k 3 u, m , k 4 \ 5 c , m - l , k / ^ c , m , k 

C j + Cg *̂  C g + C4 
(147) 

where 

(148) 
c f In . 

R a 
i2;7 K., 

2 - R E h ^ : L , k ' 
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where 

277 R ^ h 3 - l 

C l = E ^ ' " ^ ' ^ , (148) 
A, 

c 

(149) 

V G 
Co = ^—^ , (150) '3 

c 
1 . ' ^ 

Vgc'm,k ^ " ' 

G 3 - 1 C 3 - 1 
" c "" 

AZ 
C^ = - ^ c ^ j n ^ (151) 

m 

and 

C 5 - « m , k - T ^ " S U ) ^ (̂ 2̂) 
a 

Again for G„ or G equal ze ro . Equations (120) and (123) respect ively , can be used in Equation (146) s u 
for the s t ruc tu re or additional ma te r i a l to coolant t e r m and the re la ted equations can s imi lar ly be der ived. 

As in subsection 3 . 8 . 2 , Equations (140) and (141) a re applied for a low-density coolant to find the inlet tem

p e r a t u r e to node 1 and the nodal outlet t e m p e r a t u r e s to be used for the next t ime s t ep . 

3 . 8 . 7 Fuel T e m p e r a t u r e 

The inner cladding surface t empera tu re (T , ) and the outer fuel surface t empera tu re (T, , ) 
e, m, K I, m, K 

at t ime s tep j a r e determined by an i tera t ive p rocedure involving a heat balance of convection and conduc

tion contribution at these su r f aces . At this point, the new coolant ( T 3 ) and cladding (T3 , ) t e m -
c, m, K a, m, K 

p e r a t u r e s have been calculated. The f i r s t e s t imate of the new inner cladding t empera tu re is 

(R„-h R ) C 3 - 1 , T J " . -1- ^— T 3 , 
^ f e g, m , k f, m , k r> a, m , k 

In -JL 
R 

T 3 = e 
e, m , k 

, 1 2K 
(Rf-H R J C3"^ , 4 ^ 
^ f e' g, m , k p 

I n - ^ 
Re 
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Note that T, ^ , from step (j-1) is used in Equation (153a). The new es t imate of the outer fuel surface I , m , K 
t empera tu re using the value T-' , from Equation (153a) i s 

f, m, k 

2 K 3 ~ T3 
N , m , k N , m , k ^ (j^ ^ ) ( .3-1 , T 3 , 

R f e' g, m, k e, m , k 

r „ 

(R, -̂  R ) C3 , + 
f e ' g, m , k 

2 K 3-1 
N, m, k 

R 
I n - i -

rn 

(153b) 

3-1 
The outer fuel surface t empera tu re from Equation (153b) is used in Equation (153a) in place of T^ , . 

This i terat ion is continued until converged surface t e m p e r a t u r e s a r e obtained. The t empera tu re of the 

outer fuel node (N) is calculated based on the same reasoning used in Equation (145) and i s given by 

rp] _ T-'3-l , 
^ N , m , k - ^ N , m , k + 

^f ^ N , m , k ^ N 

*^N,m,k ^ N 

^ ^^ ^ N - l , m , k (r^]-l 
^ \ ' N - l , m , k 

In N 

' N - 1 

r 3 - i \ 
^N,m,k; '^ 

2,7 K3^-1 
' N , m , k (rp]-l r p j - l \ 
— \ ^ N , m , k - ^ f , m , k / 

In 

'N 

(154) 

The equation for any fuel r ing n is the same as Equation (154), with the substitution of n for N and noting 

that Rjt IS given by r^^ j . 

Two t e m p e r a t u r e s a r e always calculated at every nodal location for every t ime s tep , includmg steady 

s t a te . One is the actual t e m p e r a t u r e , and the other is an equivalent t empera tu re which accounts for a 

pseudo t empera tu re r i s e due to a phase change. 

Fo r the l ess than melt condition, the actual and equivalent t empe ra tu re s a r e ident ical . For the 

two-phase region, the actual t empera tu re is set equal to the melt ing t e m p e r a t u r e as long as the equivalent 
MELT MELT 

t e m p e r a t u r e is g r ea t e r than melt (T. ) but l e s s than or equal to the pseudo t e m p e r a t u r e (T, 

+ B /PJ . C ) associa ted with complete mel t ing. By this p rocedure , the t empera tu re of the fuel 

at any node remains at the melt ing t e m p e r a t u r e until the energy requi red to melt all the fuel in the node has 

been absorbed. The equivalent t e m p e r a t u r e s instead of the actual t e m p e r a t u r e s can be printed by select ion 

of proper option in input. 
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3 . 8 . 8 Gap Coefficient 

If the constant gap coefficient option is se lected o r if the fuel surface t empera tu re is g rea t e r than 

melting, the gap coefficient becomes 

p] = h TT** 
^g ,m,k ''f^ 

(155) 

where F** equals 1.0 for the average channel and is equal to the input gap factor for the peak and hot-spot 
channels. For the variable gap coefficient option, the same model is used for the transient calculations as 
described in subsection 3.4.8 for steady state. The thermal conductivity of the gas in the gap, the harmonic 
thermal conductivity of the fuel and cladding, and the contact pressure are, of course, evaluated using the 
temperatures existing at the particular time. The only other difference is that the gap size is now given by 
one of four cases. 

K in steady state, the volume of any melted fuel did not exceed that of the center fuel void; i . e . , 

N 
^^MELT ' p gMELT (0) . ^ ^^2 

/ J n, m,k n o (156) 
n=l 

and if this condition is still true at time j , then 

(Case 1:) A^j, 
m , k 

A0 m, k L /e, m,k \ L / e ,m,k 
R 

Steady-state gap 
Expansion of cladding from 

steady state 

(T); 
Rr 

Expansion of fuel from steady 
s ta te 

K, on the other hand. Equation (156) was t rue for steady s ta te but is no longer t rue for t ime j ; i . e . , 

N 

n=l 

^ ^ M E L T y , M E L T ( 3 ) ^ > ^ j , 2 
/ t n, m,K n o (158) 

the expansion of the fuel pellet to account for the additional volume change gives a gap s ize of 

(Case 2:) 

m 
, = Eq. (157) - J -

f̂ 

MELT / MELT \ 2 
AV Rj ^AV + I I R ^ 

2R. 

- A MELT(j) 
> 5 , A . 
/ ' n, m , k n 

(159) 

n = l 
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If in steady s t a t e , the volume of any melted fuel was g r ea t e r than that of the center void but this condition 

is no longer t rue at t ime j ; i . e . , 

MELT N 

AV E 
n = l 

MELT(]) MELT(O) 

n , m , k n , m , k n o (160) 

then the gap s ize will inc rease by the amount subt rac ted off in s teady s ta te or 

(Case 3:) 

A0J . = Eq. (157) + J -
"^'^ A, 

MELT / MELT \ , 
AV RJ ^AV + IJR^"^ 

2R^ 

N ^ MELT(]) 

/ i n, m,k n 
n = l 

(161) 

If, on the other hand, the volume at t ime j is s t i l l g r ea t e r than the volume of the center void, any additional 

expansion is accounted for by 

(Case 4:) 

^ ^ L , k = Eq- (157) 

MELT 
AV R. 

MELT 
AV ^ •)«„^ 

2 R , 

N 

z 
n = l 
E MELT(]) MELT(O) 

5 , - 6 
n, m , k n, m , k 

(162) 

All of the heat t r ans fe r coefficients and mate r i a l p repara t ion de termined at t ime ] a re not used in the heat 

balance relat ionship until the next t ime step ] <- 1. 

3 . 8 . 9 Core Energy Density Change 

In steady s t a t e , the r a t e of energy removal from the r eac to r is approximately 

Q. , , . = A^ G *=out 
P 0 7^ 0 TTJT O(outlet) 7p O(inlet) ] 

c c c [ c 

- ^ I . IL_ 
(163) 

Mass Specific 
Heat 

AT 

where the inlet and outlet t e m p e r a t u r e s a r e for the average channel and the coolant proper ty data a r e evaluated 

at the a r i thmet ic mean of the inlet and outlet t empera tu re 

The ra te of energy removal from the r eac to r in MW at any t ime ] is 

^out \ ^c ""c 
Y ](outlet) _ .p ](inlet) 

^out 

(164) 
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where f ^^°"*'^^''^ and T Ĵ "̂̂ *̂̂ ) are the arithmetic averages of the outlet and inlet temperatures, respectively, 
for the beginning of the time step ]-l and the end of the time step ]. The term P^^/Oout ^̂  ^^^^ ^° correct 
the approximations inherent in Equation (163). 

The net energy removal from the reactor since steady state or time zero becomes 

Ejut = Eoi"t'+ - 'Qjut • 

The nuclear energy addition to the core since time zero is 

(165) 

1 P Vf 
E,̂ „ = E^„ + T̂  J 1 

^" ^" 948.05 
(166) 

and the net change in energy density is 

AE 1 _ 
- E \ out (167) 

core 

3.9 TIME STEP SIZE (STAB SUBROUTINE) 

This subroutine calculates the step size that will guarantee numerical stability in the finite difference 
equations for transient temperatures. The user may input the step size for the code, to use instead of using 
the calculated size. Even though this input step size option is selected, FORE II will still calculate a step 
size. The only use for the calculated step size in this case is to compare with the input value. If the 
calculated step size to guarantee temperature stability is less than the input step size, a message is printed at 
the end of the computer calculations to alert the user. 

Figure 3-7 indicates the cross section of a large slab with uniform cross-sectional area A for the 
general case of one-dimensional transient heat transfer. 

J l 

f'lGURES? SLAB GEOMETRY 
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A heat balance using finite difference techniques yields 

( T ^ - ^ - Tj-^) kA (T^^^ - T^-^) AAxpc ( T ^ - T ] - ^ ) kA 
V U 

Ax Ax 

or solving for T^ , 

(168) 

T^"-^ + (M-2) T^~^ + T^"^ 
T̂ , = - 5 i ^ , (169) 

^ M 

where 

M = £ £ i ^ ) ! . (170) 
k r 

To achieve temperature stability, the coefficient of T ] " must be positive, or M must be at least equal 
to 2.0. For a zero step size T , M is infinite from Equation (170). As the step size T is increased, M 
decreases until some limiting step size is reached such that M equals 2. 0. 

The principle outlined in this simple example underlies the equations for determining the step size. 
Basically, a maximum time step to ensure temperature stability is calculated for all axial nodes and channel 
types for the coolant, cladding, structure, additional material, and all fuel rings. Under maximum condi
tions, this can result in a 7 by 3 by 14 array of time steps. The final time step is the minimum value from 
the above array of time steps. 

For the no-lumping case and for G ^ 0 and G # 0, the coolant temperature is given by Equation (136) 
which, repeated, is 

T L m , k = Tj^:m,k + A | Q | , , ^ , k + B . C + D | - E . 

The expressions B, C, and D also involve the term T-'" , . In addition, the term TJ," ^ . is also 
contained m the expression for E since 

rpj-1 _ „ i n ( ] - l ) 
rp0ut(]-l)_rp0ut(]-l) c ,m,k c ,m,k Q^J^ 

c, m,k ~ c, m-1, k , ^ ' 
a 

Equation (136) can be rearranged as 
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x i 
c , m , k 

V , G„ 
s s 

^ ^ c , m , k 

„ J ^ c , m , k c , m , 
s 

V G 
u u 

^3-1 
^ c , m , k 

K c, m , k 
o - i 
' c , m , k 

In 
Ra 

J-1 , d -^ V27rRghJ.-^j^ j ^ ^ ' ' ^ e / A c P c , m , k ^ c , m, k 

-] Q] 
c , k 

AZ A p^~^ , m a ' ^ c , m , k 

r r l - 1 
c, m , k 

Additional t e r m s 
not involving 

rpJ- l 
c, m , k 

(172) 

Now, by specifying that the coefficient for TJ." „ , must be non-negative and solving for T^, one obtains 

^ c m k = ' (1^3) 

where 

DENOM 
V„ G„ 

s s 

J - 1 K„ '̂  c, m , k c, m, k 

V G u u 

' c , m , k 
K 

^ c , m , k c , m , k 

^ 2 ' ^ R E h ^ , ' m , k 

In 

277 K c "^c, m, k 
. ] - l 
' c , m, k 

AZ 

< k 

a ^ c , m , k 

(174) 

This s a m e procedure is used to develop the t ime s tep equation for the other ma te r i a l s and radial fuel r i ngs . 

F o r coolants with low density (p ), the factor DENOM can be la rge and, in turn , the t ime step based 

on coolant stabil i ty can be r a t h e r sma l l . Specifically, the t ime s tep s ize can be an order of magnitude t imes 

s m a l l e r than that for a liquid metal coolant, causing prohibitively long running t imes on the computer . To 

avoid this difficulty, the u s e r can indicate in the input that a low-density coolant is being used. This causes 

the t ime s tep s ize based on the coolant in the STAB subroutine to be bypassed. The t ime step s ize for the 

other ma te r i a l s and radia l fuel r ings r ema ins the s a m e . No numer ica l instability will r esu l t because the 

coolant t ime step size is bypassed, since for a low density coolant modified equations a r e used for the 

coolant t rans ien t t empe ra tu re calculat ions (subsection 3 . 8 . 6 ) . These modified equations do not involve 

T ( 3 - 1 ) 
'^c,m,k^'^^'''^y-
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SECTION IV 

OPERATION OF FORE II 

4 . 1 FORE II SYSTEM 

The FORE II code cons is t s of the following th ree "independent" codes: 

a. FORE II — Pe r fo rms all calculat ions. 

(Labeled EEEE on Case Card) Gives condensed or shor t edit of r e s u l t s . 

b . FEDIT — Gives detailed or long edit of r e s u l t s . 

c . FRCURV — P e r f o r m s curve plotting of output. 

F r o m a p rogramming considerat ion, these codes a r e independent. Thus, to obtain a long edit, the 

u s e r must specify that FEDIT be run after FORE n . (This a s sumes the p roper options were selected in 

FORE II to save the des i red calculated values on t ape . ) F r o m a functional consideration, FEDIT and FRCURV 

a r e not independent m that they have no purpose outside of that related to FORE II. This art if icial separa t ion 

was requi red to meet al l the options available to the use r and to accommodate normal tape-handling procedures 

at most computer insta l la t ions. 

Under normal , routine work as s ignments , the following procedure has been found to be effective: 

a. Run FORE n for a smal l number of s teps and wrap up the resu l t s on tape. Obtain only a short 

edit . 

b . Review the verbal edit of input values and s teady-s ta te calculat ions. 

c. Res t a r t and r u n to completion. Obtain shor t edit . 

d. Obtain long edit o r plotted r e su l t s if calculat ions from short edit look physically reasonable . 

4 . 2 GENERAL INPUT PHILOSOPHY 

4 . 2 . 1 F o r m a t 

The requ i red input ca rds for running FORE II a re 

Case Card 

Data Cards 

9999 Card 

Last Card 
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The par t i cu la r input for the data ca rds is d iscussed in subsection 4 . 3 . The format for the other ca rds 

a r e 

Case Card: 

Column 

1 

2-5 

6-8 

9 

10-14 

15-27 

28-34 

9999 Card (Sentinel Card): 

Columns 

1-4 

5-80 

Last Card: 

Columns Contents 

1-5 ) Last 

9 * 

Because of tape-handling difficulties when a wrapup is requested or when computer plots a r e to be made, 

only single cases can be run in this vers ion of the code. Future vers ions of the code will allow the use r to 

run success ive cases (independent or dependent). 

All the input data ca rds have the same format . Columns 1 to 4 must be a right adjusted integer 

corresponding to the input location for the f i rs t input value to the right of column 4. Columns 5 to 80 

contain input values in free form; that i s , t he re is no requ i rement that a pa r t i cu la r input appear in specified 

columns. F r e e form r e q u i r e s that each number be separa ted , by one or m o r e space or by a comma, from 

its neighbor. The input values in columns 5 to 80 a r e loaded in consecutive o rde r , with the f i rs t value 

corresponding to the location in columns 1 to 4. Input locations 1 to 60 a r e integer number . Input location 

beyond 60 must be external fixed point (F Field) or floating point (E Field) numbers ; that i s , a decimal point 

must be used. The exceptions a re locations 851 and 852, which use the Hollerith field for tape labeling. 

Repeat and skip options offer additional input flexibility. The express ion 1.0 ARnA, for example, 

ass igns 1.0 to n consecutive location. The A is to emphasize that a blank must be used . Similarly, the ex 

press ion ASnA skips n consecutive input locat ions . All input values a re p re se t to z e ro at the s t a r t of the 

p r o g r a m . As such, the u s e r can input values for only the locations to be changed from z e r o . Any alphanu

mer ic input m columns 5 to 80 contained within pa ren theses is edited m the printed output, but otherwise is 

Ignored. This allows the u s e r to insert comments m the input deck to identify pa r t i cu la r port ions of the input. 

Appendix C, C. 1, contains a listing of the input for the sample problem. The input options and ca rd format 

a r e i l lus t ra ted in this listing 

4-2 
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There is no requirement that the data cards be in any particular order. Because of this capability, it 
is possible to use a basic input deck with the modifications for the particular problem included before the 
sentinel card. 

4.2.2 Restart 

The user has the option in FORE II for a final and two intermediate wrapups, and for a restart with 
changes in input from any of these wrapups. Table 4-1 contains a list of input values that cannot be changed 
on restart . 

Because of the restart capability, the flexibility of FORE II has been greatly extended. A typical use 
might be the coefficients of reactivity terms which are single value input. For the particular transient 
problem under consideration, the user might discover that the coefficients vary over too large a range to 
be approximated by a single number. This functional variation may be approximated to any degree of 
accuracy by repeatedly running for a specified time step and restarting with the new revised reactivity 
coefficients. 

TABLE 4-1 

VALUES NOT TO BE CHANGED AT RESTART 

Location Definition 

1 
7 
8 
9 

18 
21 
27 
76 
77 
78 

79-88 
90 
91 

94-100 

Number of delay groups 
Number of radial core regions 
Number of vertical core sections 
Number of radial fuel nodes 
Lumping conditions 
Nuniber of channels 
Additional material input 
Equivalent radius of the coolant 
Cladding inner radius 
Cladding outer radius 
Radii of the fuel nodes 
Core outer radius 
Volume of fuel in the core 
Length of core axial sections 

The input deck for a restart is as follows: 

Independent case card 
Data cards for input locations 29, 52, 850, and 851 
Sentinel card 
Dependent case card 
Data cards with changes in input values 
Sentinel card 
Last card 

Appendix C, C.2, contains the listing of the restart deck for the sample problem. Additional comments 
on the restart deck are given in the listing. 
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4 .3 INPUT FOR FORE H 

Location 

1 

2 

3 

4 

5 

6 

7 

U s e r ' s 
Symbol 

1 

IM 

INUM 

ISMAX 

J 

KNUM 

L 

INTEGER VARIABLES, LOCATIONS 1 TO 60 

Nodal and Tabular Options 

Definition 

Number of delay groups 1 ^ IMAX ^ 6 

Number of t e r m s in empi r ica l fit to fission product decay ( see Equation (102) 
1 s IMMAX £ 3 

Number of m a s s velocity en t r ies 2 £ INUM £ 30 

Number of effective multiplication factor en t r i e s (if this is input) 
2 < ISMAX < 30 

Maximum number of t ime s teps 

Number of T ^ ' " en t r i e s 2 " KNUM ^ 30 

Number of radia l core regions 2 £ L £ 7 (L it 0, 1) 

M Number of ver t ica l core sect ions 1 ^ M ^ 7 

9 N Number of r a d u at which fuel t empe ra tu re s a r e calculated 1 £ N s 10 

10 NUMPWR Number of power en t r i e s (if this is an input, 2 ^ NUMPWR < 30 

11 NMVOID Number of en t r i e s due to sodium voiding (if this is an input), 2 = NMVOID < 30 

12 NMSCRM Number of Ak points due to s c r a m (If this is an input), 2 < NMSCRM < 30 

13 NMCOOL Numbei of bulk coolant boiling en t r ies (if this is an input), 2 £ NMCOOL £ 20 

14 NMCLAD Number of cladding burnout en t r i e s (if this is an input), 2 < NMCLAD < 20 

15 NMTERM Channel to which t empera tu re l imits should be applied (1, 2, or 3) . If 0, average 

channel will be used. 

16 6jf Equals 0 means use calculated Ŵ^ which a s s u m e s parabol ic profile 

Equals 1 means use input values for W^ (Locations 820 - 826) 
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Code Options 

Location 

17 

18 

19 

20 

21 

U s e r ' s 
Symbol 

bow 

5 
c 

es t 

6 
gap 

\ 

1 

2 

3 

4 

5 

0 

1 

0 

1 

0 

1 

0 

1 

2 

Definition 

22 

23 

24 

25 

26 

27 

28 

29 

30 

pwr 

scram 

void 

step 

cof 

restart 

ave 

Cantilevered at inlet, pinned at exit 
Simply supported at both ends 
Cantilevered at exit, pinned at inlet 
Cantilevered at exit, free at inlet 
Cantilevered at inlet, free at exit 
No bowing 

If coolant, cladding, structure, and additional material are not lumped 
If lumped 

For extrapolation procedure (for feedback approximation) 
Otherwise 

For variable conductance from fuel to cladding 
Constant conductance (see location 341) 

Calculate temperatures for average channel only 
Calculate temperatures for average and peak channels 
Calculate temperatures for average, peak, and hot-spot channels 

Use table for fuel conductivity 
Use curve fit 

Use power table 
Otherwise 

If scram table of reactivity is input 
Otherwise 

If sodium void reactivity table is input 
Otherwise 

If user has specified step size 
For calculation of step size 

If additional material is used 
Otherwise (if 6^ = 0, Ĝ^ must be 0. 0) 

If ^yL, t^n should be calculated at time of void (set to 1 if no voiding table) 
If it should be set equal to input constant at time of void 

If this is a restart 
Otherwise 

If average tempei ature is based on core only 
If average tenipei ature is based on core plus blankets 
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Location 

31 

U s e r ' s 
Symbol 

shor t 

Edit Options 

Definition 

1, Pr int the short edit 

0, Do not print the shor t edit 

32 

33 

NMSHRT 

6, 
long 

Number of s teps /pr in tou t (short edit) 

1, P r in t the long edit 

0, Do not print the long edit 

34 

35 

NMLONG 

' O p l 

Number of s teps /pr in tou t (long edit) 

1, Pr in t sect ion D (precursor Concentrat ions) 

0, Do not print section D 

36 Op2 1, Edit average channel only, sect ions E and F (Fuel and Radial 
Tempera tu re s ) 

2, Edit average and peak channels 

3, Edit ave rage , peak, and hot-spot channels 

0, Edit a l l channels calculated 

37 temp 
1, Pr in t fuel Equivalents 

0, Pr int fuel T e m p e r a t u r e s 

38 MSKIP Total number of axial sect ions to be bypassed in the edit of sect ions E and 
F 

39-45 

46 

MDELZ 

Op3 

Axial sect ion to be bypassed in the edit of sect ions E and F 

1, Pr in t out section G (Coolant Tempera tu re and Velocity) 

0, Do not print section G 

47 Op4 1, Pr in t section H (Cladding surface heat flux) 

0, Do not print section H 

48 Op5 1, Pr in t section 1 (Coefficients and Gap) 

0, Do not print sect ion I 

49 
wrapup 

0, No wrapup 

1, Final wrapup only 

2, One additional wrapup 

3, Two additional wrapups 

50-51 JRAPUP Time step where wrapup is des i red (if 5 „ = 2, specify one value) 
w r«.pu,p 

(if ^wrapup ^' specify two values) 
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Other Input 

Location 

52 

53 

54 

55 

56 

57 

58 

59 

60 

U s e r ' s 
Symbol 

KNTNV 

B Bot 

B Top 

coolant 

Definition 

If your case is a r e s t a r t : 

0 means continue problem where original one left off 

1 means continue problem from first wrapup 

2 means continue problem from second wrapup 

Blank 

Blank 

Number of axial blankets at bottom of core 

Number of axial blankets at top of core 

0, High-density coolant (liquid metal) 

1, Low-density coolant (gas or s team) 

Blank 

Blank 

Blank 

Location 

61 

62 

63 

64 

65 

66 

67 

68 

69 

U s e r ' s 
Symbol 

DELP 

DELT 

HMAX 

TMAX 

rpMax 

rpMin 

rpMax 

T^Min 
^N 

npMax 

DECIMAL VARIABLES LOCATIONS GREATER THAN 60 

Time and Terminat ion Controls 

Definition 

Maximum fractional power change per s tep 

Initial step s ize (must always be input) 

U s e r ' s maximum step s ize (input only if 5„4._„ = 1) 

Maximum running t ime of t ransient 

Upper limit for t empera tu re of fuel node 1 

Lower limit for t empera tu re of fuel node 1 

Upper limit for fuel boundary node 

Lower limit for fuel boundary node 

Upper limit for coolant t empera tu re s 

Units 

sec 

sec 

sec 

°F 

°F 

°F 

°F 

°F 
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70 

71 

lOll 

U s e r ' s 
Symbol 
rpMin 

pMax 

Location 

75 

76 

77 

78 

79-88 

89 

90 

91 

92 

93 

94-100 

101 

102 

U s e r ' s 
Symbol 

DB 

Re 

Re 

RE 

Rn 

Ro 

Rrp 

Vf 

Vs 

\ 

(^Z)m 

Zt 

GEAP-5273 

Time and Terminat ion Controls (Continued) 

Definition Units 

Lower limit for coolant t empe ra tu re s F 

Maximum time between printouts sec 

72 - Minimum time step s ize sec 

73 - Blank 

74 - Blank 

Geometry 

Definition Units 

Diameter of the fuel channel [see Equation (67) | ft 

Equivalent radius of the coolant ft 

Cladding inner radius ft 

Cladding outer radius ft 

Outer radius of fuel node n 1 =̂  n - N ft 

Radius of the void (fuel pin center) ft 

Core outer radius ft 

3 
Total volume of fuel in core ft 

2 
Volume of s t ruc tu re per unit length of fuel ft 

2 
Volume of additional mater ia l per unit length of fuel ft 

Length of core axial section m, 1 - m • M ft 

Total dis tance from channel inlet to outlet ft 

Blank 

103 - Blank 

104 - Blank 

105 - Blank 
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Location 

106 

107 

108 

109 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

124 

125-144 

145-164 

165-170 

User's 
Symbol 

K. 

Material Properties 

Definition Units 

K_ 

K. 

Pf 

Po 

T 

K 

K^ 

K2 

u 

MELT 
f 

0 

B 

C 

T' 

K̂ 

'K 

MELT 

Hot spot factor for thermal conductivity of the cladding 

Thermal conductivity of the cladding 

Thermal conductivity of the structure 

Thermal conductivity of the additional material 

Specific heat of the cladding 

Specific heat of the structure 

Specific heat of the additional material 

Fuel density 

Cladding density 

Structure density 

Density of additional material 

Fuel melting temperature 

Constants used in calculating thermal conductivity 
of the fuel (only if quadratic fit selected) 

Hot spot factor for fuel conductivity 

Constants used in calculating fuel conductivity at 
melting (only if quadratic fit selected) 

Fuel heat of fusion 

Specific heat of fuel 
versus 

Temperature 

Blank 

Btu/sec-ft-°F 

Btu/sec-ft-°F 

Btu/sec-ft-°F 

Btu/lb- °F 

Btu/lb-°F 

Btu/lb-°F 

Ib/ft^ 

Ib/ft^ 

Ib/ft^ 

Ib/ft^ 

°F 

Btu/sec-ft-°F 

Btu/sec-ft-°F^ 

Btu/sec-ft-°F3 

Btu/sec-ft-°F^ 

Btu/sec-ft-°F3 

Btu/ff^ 

Btu/lb- °F 

"F 
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Power and Flow Fac to r s 

Location 

171-177 

178 

179 

180 

181-190 

U s e r ' s 
Symbol 

^ m 

F, 

PR 

P r 

Y 

Definition 

Ratio of peak power to average power for axial section 
m 1 • m ' M 

Fract ion of power due to gamma and neutron heating 

Hot-spot factor used in calculation of heat generation 
r a t e s in hot-spot channel 

Radial peak- to -average power density ra t io in core 

Ratio of heat generation ra te m fuel node n to fuel 
average heat generation ra te 

N 

Note: E Y A n n = A, 

Units 

n= 1 

191 Peak channel factor used in calculating G , _<, (mass 
velocity for channel 2) 

192 Hot-spot factor used m calculating G , _ o (mass 
velocity for channel 3) 

193-195 Blank 

Coolant Flow Charac te r i s t i c s 

Location 

196-225 

226-255 

256-285 

286-315 

316 

U s e r ' s 
Symbol 

Gc ) 

T ) 

rp' Inlet 
c 

T' 

B,-XT3 1. OR,k=2 

Definition 

Coolant m a s s velocity for average channel 

v e r s u s 

Time 

Coolant inlet t empera tu re 

v e r s u s 

Time 

Sum of the local loss coefficients in peak channel 
(orifice, inlet, outlet, and local effects) 

Units 

Ib / f t^-sec 

sec 

317 Constants needed to calculate COMP, c r i t e r ion for 
Reynolds number 

318 (Suggested va lues : C = 0.316 
e = 0.25) 

319 

320 

D, Hydraulic d iamete r of coolant passage 

Blank 

ft 

4-10 



GEAP-5273 

Coolant Heat Trans fe r Coefficient Inputs 

Location 

321 

322 

323-329 

330 

331 

332 

333 

U s e r ' s 
Symbol 

AH ' 

BH 

'^H,m 
\ 

^ H j 

NR 

RR 1 

D„m 

Definition 

Constants used in coolant heat t ransfer coefficient 
equation 1 < m £ M (see subsection 3 .4 .3 ) 

Appropria te d iameter for use in calculating the cool
ant heat t r ans fe r coefficient 

Units 

ft 

334 Hot-spot factor for calculating coolant heat t ransfer 
coefficient 

335 Cha iac t e r i s t i c s t ruc tu re dimension (see subsection 
3 .4 .4 ) ft 

336 Charac te r i s t i c dimension of the additional mate r ia l 
(see subsection 3 .4 .4 ) ft 

337 Structure sur face- to-volume ra t io (see subsection 
3 .4 .4 ) ft -1 

338 Additional ma te r i a l sur face- to-volume rat io 
(if 6 = 0, G must be 0.0) (see subsection 3 .4 .4 ) f f 

339 c , 3 Coolant heat t ransfer coefficient for hot-spot channel 
at t ime of void (used only if 5 , = 0) B tu / s ec - f t ^ - °F 

340 Blank 

Location 

341 

U s e r ' s 
Symbol 

Gap Conductivity Inputs 

(See subsection 3 . 4 . 8 for locations 341 to 359) 

Definition 

Heat t r ans fe r coefficient of fuel cladding gap (if loca
tion 20 is 0, only locations 341, 355, and 359 need be 
be considered in this section) 

Units 

B t u / s e c - f t ^ - ° F 

342 

343 

A 
g 

B„ Constants used in equation for calculating thermal 
conductivity of the gap [see Equation (38)] 

B tu / s ec - f t ^ - °F 

B t u / s e c - f t ^ - ° F ^ 

344 Btu / s ec - f t ^ - °F3 
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Location 

345 

U s e r ' s 
Symbol 

Gap Conductivity Inputs (Continued) 

Definition 

Constant used in gap conductivity equation [see 
Equation (37) | 

Units 

346 Constant used in gap conductivity equation |see 
Equations (39) and (40) | 

347 

348 

349 

350 

351 

352 

353 

354 

355 

356 

357 

358 

359 

Ee 

ge j 

.1 
(Re-Rf)' 

••1 
. . ( 

/ 

^ y M E L 

^ g 

CJ 

y-p-

-

-

F 

cold 

g,P 

Modulus of elast ic i ty of the cladding 

Average jump dis tances for the fission gas at the 
cladding and fuel su r faces , respect ively 

Cold cladding radius minus cold fuel radius 

Ari thmet ic mean roughness heights of cladding and 
fuel, respect ively 

Meyer hardness of mate r ia l (use hardness value for 
the softer ot the two mate r i a l s ) 

Volume inc rease of fuel due to melt ing 

Hot-spot factor to calculate gap coefficient 

Elas t ic yield point of cladding 

Blank 

Blank 

Peaking factor for gap coefficient for peak channel 

Ib / in . 

ft 

ft 

ft 

ft 

Ib/ff^ 

lb / in . 

Location 

360 

361 

U s e r ' s 
Symbol 

Cf 

a 

Feedback Inputs 

(For power table, all feedback inputs may be omitted except 365 - 370) 

Definition 

Relat ive worth of axial fuel expansion j See Equation (90) | 

Linear the rma l expansion coefficient of s t ruc tu re in the 
radia l direct ion 

Units 

362 Effective coefficient of the rmal expansion used in 
calculation of inc rease in core radius o p - l 
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Feedback Inputs (Continued) 

U s e r ' s 
Location Symbol Definition 

363 o! S t ruc ture coefficient of thermal expansion (see 
s 

6 
Hf 

e 

subsection 3 .5 .3 ) °F 

407-413 I p^ j Density coefficient of react ivi ty of the cladding for 
Sp / section m, 1 < m ^ M 

414-420 ( p^ \ Density coefficient of react ivi ty of the coolant for 
sect ion m, 1 ' m s M 

421-427 (pf \ Density coefficient of react ivi ty of the fuel for section 
m, 1 -i m ^ M 

428-434 (p,, 1 Density coefficient of reactivity of the additional 
ma te r i a l for sect ion m, 1 --m -̂  M 

°F 

364 a Linear the rma l expansion coefficient of s t ruc tu re in 
' the axial direct ion [see Equation (97)| 

365 E^o ^ 

Fit coefficients for fractional expansion of cladding 

3^^ ^ e l ) from 70°F . Of the form : ^ = E ^ Q + E^ j T + E^g T^ 

367 Eg2 I °F 

368 ^ff) 

Fit coefficients for fractional expansion of fuel from 
369 Ef. \ 70°F . Do not include discontinuity due to melting in 

'•^ ( this fit. 

370 Ej2 

„ „ , -n. [ Fit coefficients for fractional expansion of additional OT^ 
-^'"^ % 1 mate r i a l from 70°F ^ 

373 E^2 I °F 

374-404 Blank 

6k 
405 RT, Core radius coefficient 

^ 6 R x 

406 H, - ^ Core height coefficient 
1 S TT 
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Feedback Inputs (Continued) 

Location 

435-441 

442-471 

472-501 

502-531 

532-561 

562-591 

592-621 

622 

623 

624 

625 

626 

627 

628-634 

635 

Location 

636 

637-666 

667-696 

U s e r ' s 
Sumbol 

_5k 

SP. 
s/m 

^ , s I 
ts 

Ak void 

void 

Ak' 
s c r a m 

s c r a m 

* 
H 

* 

^Dop 

B Dop 

b 

C D 

U s e r ' s 
Symbol 

P 

T„ 

Descript ion Units 

Density coefficient of react ivi ty of the s t ruc tu re for 
section m, 1 - m • M 

Table for effective multiplication factor 
v e r s u s 

T ime 

Ak due to sodium voiding 

v e r s u s 

T ime since initiation 

Ak due to s c r a m 

v e r s u s 

Time s ince initiation 

Distance between core inlet and exit support plates 

Measurement of the core lower support p la te ' s angular 
deflection from the horizontal (at steady s ta te) 

Distance from core inlet support to actual core inlet 

Input constants used in Doppler feedback equations 

Spacial power weighting factor, 1 ' ' f £ L, rad ia l direct ion 

Doppler cor rec t ion for t empera tu re profile 

sec 

sec 

sec 

ft 

rad ians 

ft 

Power Inputs 

Definition Units 

Input power 

Normal ized power 

v e r s u s 

Time 

MW 

sec 

697-699 
im 

T e r m s used in empi r ica l express ion for decay of 
fission products 1 •= im s IMMAX 
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Power Inputs (Continued) 

Location 

700-702 

703-705 

706 

707 

708-713 

714-719 

720 

721 

722-727 

User 's 
Symbol 

^ m 

^ m 

S 

To 

^ 

^ 

u 

I 

C. 

Definition Units 

Terms used in empirical expression for decay of 
fission products 1 s im s IMMAX (cannot be equal to 0,1) 

Terms used in empirical expression for decay of fission 
products 1 < im s IMMAX 

Source 

Length of time prior to start of problem for which the 
reactor was operated at the constant power, P 

Delayed neutron fraction, i group 1 s i < I 

Decay constants of i group 1 s i s i 

Neutrons per fission 

Neutron lifetime 

Delayed neutron precursor concentration for i group 
1 £ 1 s I 

sec 

fissions/cc-sec 

sec 

sec 

sec 

sec 

-1 

cc 
-1 

728 Small constant determining appropriate solution to 
power equations 

729 
"pwr 

Criterion for power and energy accumulation (suggested 
input: 1.0 X 10-') 

Location 

730 

User's 
Symbol 

Miscellaneous 

Definition 

Convergence criterion for initial fuel temperature 
calculations 

Units 

731 Constant used to indicate location to calculate coolant 
temperature 

732 

733 

734-753 

754-773 

pScram 
c 

"Scram 

^'Boil ^ 

Scram initiation temperature °F 

Small constant to determine start of scram reactivity 

Coolant's bulk boiling temperature °F 

versus 
Absolute pressure Ib/in. 
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Location 

774-793 

794-813 

814 

815 

816 

817 

818 

819 

820-826 

827-849 

850 

User 's 
Symbol 
„ ' Burnout 

e 

Pe 

h 

Pst 

p 
Pump 

T,Vapor 
f̂ 

Wf 

-

W( 

-

ILABLl 

Miscellaneous (Continued) 

Definition 

Cladding burnout temperature 
versus 

Absolute pressure 

Fractional of channel frictional pressure drop inlet to 
void 

Static head pressure at channel inlet 

Pump head pressure at channel inlet 

Fuel temperature at which vaporization occurs 

Convergence weighting factor for gap coefficient 
m steady state 

Blank 

Regional weighting factor for core radial temperature 
profile (must be input if Oĵ  =1) 

Blank 

Name of tape to be saved for long edit and restart (not 
to exceed 6 Hollerith characters) 

Units 

Ib/in. ' 

Ib/in. ' 

Ib/in. ' 

°F 

851 ILABL2 Tape label name for new tape when restarting a problem 
(not to exceed 6 Hollerith characters) 

852-860 

861-880 

881-900 

901-980 

; I 
fuel ) 

Blank 

Table for fuel conductivity 
versus 

Temperature (input only if 5. equals 1) 

Blank 

Btu/ft-sec-°F 

°F 

BUILT-IN TABLES 

(Appendix B contains a list of built-in values which are for sodium, these tables need be considered only 
when an overlay of data is desired) 

Location 

981-1000 

1001-1020 

User's 
Symbol 

K, 

- c ) 

Definition Units 

Thermal conductivity of coolant 
\e rsus 

Tempei ature 

Btu/sec-ft 
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Location 

1021-1040 

1041-1060 

1061-1080 

1081-1100 

1101-1120 

1121-1140 

1141-1160 

1160-1180 

4.4 CURVE-

U s e r ' s 
Symbol 

a \ c 1 

T c ) 

"=1 
- e l 

'i -cj 

-ci 
-PLOTTING 

BUILT-IN TABLES (Continued) 

Definition 

Coolant coefficient of expansion 

v e r s u s 

T e m p e r a t u r e 

Dynamic viscosi ty of coolant 
v e r s u s 

T e m p e r a t u r e 

Specific heat of coolant 
v e r s u s 

T e m p e r a t u r e 

Density of coolant 
v e r s u s 

T e m p e r a t u r e 

PROGRAM 

4 . 4 . 1 General Input-Output Philosophy 

Units 

°F-1 

°F 

lb/ft-sec 

°F 

Btu/lb- °F 

°F 

Ib/ft^ 

Forty-six output quantities from the FORE II program can be plotted by the FRCURV program. A 
total of 30 graphs per case, with a limit of 10 curves per graph, can be plotted. The three types of graphs 
which FRCURV will plot are: 

a. Specified variable versus time, 

b. Temperature versus radial location for desired time values, and 

c. Specified axial variable versus axial location for desired time values. 

Only seven radial and three axial graphs can be plotted per case. The number of time graphs is, then, 
30 minus the number of radial and axial graphs requested. 

The required input cards to FRCURV are 

Case Card 
Data Cards 
Last Card 

The data cards are read by the DTA subroutine. The portion of DTA pertinent to FRCURV is discussed in 
this report. More detailed information can be obtained from the DTA subroutine description. The data 
cards use the free-form input, allowing data to be punched in columns 2 to 80 without being confined to 
specific columns. In addition, the data cards are not required to be m any particular order. The following 
general rules apply to the data cards: 
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a. Any necessa ry inde.xing associa ted with an input symbol must be contained within parentheses 

and not separa ted from the identifying symbol by b lanks . 

b. The general format for a data card is an identifying symbol, an equal sign, and input va lues . 

The input values must be separa ted by a comma or by one or more blanks. 

c. Skipping locations in a normal sequence is done by a blank or comma and s lash (/), followed by 

an integer equal to the number of locations to be skipped. 

d. Repeating a given value for consecutive locations can be achieved by a blank, an a s t e r i sk (*), 

followed by the integer equal to the number of t imes the value is repeated. 

e. Comments must be enclosed within paren theses and the left pa ren thes i s should always be 

preceded by a blank. 

f. Input values for labels a r e of the general form nH where n is the number of c h a r a c t e r s 

following the H. 

g. The dollar sign ($) will t e rmina te input loading of a ca rd . The use of the terminat ion symbol is 

not mandatory, but advisable because it reduces r ead - in t ime . 

h. The double dollar sign ($$) will t e rmina te all data loading. It should be separa ted from the last 

input value by a blank or comma. A separa te card with the $$ is s trongly advised since it can 

be used for case after case and is not likely to be forgotten. 

These ru les a r e best i l lus t ra ted by the examples in subsection 4 . 4 . 3 and re fe rence to the sample problem 

input l ist ing for FRCURV in Appendix C, subsection C 1. 

The f i rs t item on a data ca rd is a symbol which is of three general types: 

a. A definition of a var iable to be plotted, 

b . An indicator that the input values after the equal sign a re labels for the graphs , or 

c. Operat ional or control ins t ruc t ions . 

Subsection 4 . 4 . 2 contains a l ist of the input for these th ree ca tegor ies . Subsection 4 . 4 . 3 contains a 

discussion of the input with examples . Appendix C, C. 3, is the input for FRCURV for the sample problem, 

with additional comments included on the l is t ing. The sample problem l is t ing is par t icu la r ly useful since 

the plotted output is contained m Appendix C, C .4 . 
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4 . 4 . 2 FRCURV Input 

4 . 4 . 2 . 1 Quantit ies Available for Plott ing 

Symbol 

TCDAV 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

TST 

TMT 

DKVOID 

REACT 

QH 

TVDO 

DELPHI 

EVDO 

TCORAV 

DKDOP 

RFDBK 

FBD 

FBR 

FBH 

PROG 

EOUT 

ENAD 

DELEN 

SQGL 

PREC 

TCLAV 

VELCL 

CFLCL 

HTCL 

TCL 

TCDS 

TCD 

PSTR 

POWER 

TOUT 

TCINLT 

Dimension 

(M, K) 

(M, K) 

(M, K) 

Definition 

(M 

(M 

(M 

(M 

K) 

K) 

K) 

K) 

(I) 

(M, K) 

(K) 

(M, K) 

(M, K) 

(M, K) 

(M, K) 

(M, K) 

1 

1 

(K) 

1 

Volumetr ic average t empera tu re of the cladding, 1 s M s 7 

1 £ K s 3 

St ructure t empera tu re 

Tempera tu re of the additional mater ia l 

Cumulative feedback Ak due to sodium voiding 

Total Ak 

Cladding-surface heat flux 

Fuel center t empera tu re 

Width of fuel cladding gap 

Fuel center equivalent t empera tu re 

Average t empera tu re of the core (°K) 

Cumulative Doppler feedback Ak 

Total feedback Ak 

Cumulative feedback Ak due to density changes 

Cumulative feedback Ak due to core radius changes 

Cumulative feedback Ak due to core height change 

P r o g r a m m e d Ak 

Net energy removal from core since t ime zero 

Nuclear energy addition to core since t ime ze ro 

Change in core energy density since t ime zero 

Doppler weighting factor 

Delayed neutron p r e c u r s o r concentration 1 ^ 1 2 6 

Coolant average t empera tu re 

Mass velocity of the coolant (Ib/ft^-sec) 1 < K s 3 

Gap coefficient 

Cladding-coolant t ransfer coefficient (for unlumped sys tem) 

Nodal coolant t empera tu re 

Outer cladding surface t empera tu re 

Inner cladding surface t empera ture 

Prompt power 

Total power 

Core outlet t empera tu re 

Core inlet t empera tu re 
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Symbol 

TND 

TCDO 

TFL 

EQTND 

EFL 

HTSTR 

REACTl 

PROGMO 

CORAV 

PSTRNM 

PWRNM 

VELCLl 

VELCL2 

VELCL3 

Dimension 

(N, M, K) 

(M, K) 

(M, K) 

(N, M, K) 

(M, K) 

(M, K) 

Definition 

Fuel node t empera tu re 1 £ N ^ 1 0 
1 < M -= 7 
1 - K < 3 

Average cladding t empera tu re 

Fuel surface t empera tu re 

Fuel node equivalent t e m p e r a t u r e 

Fuel surface equivalent t empera tu re 

Cladding-coolant heat t rans fe r coefficient (for lumped sys tem) 

Total Ak minus 1 

P r o g r a m m e d Ak minus 1 

Average t empera tu re of the core (°F) 

Normalized prompt power 

Normalized total power 

Velocity of the coolant, average channel (ft/sec) 

Velocity of the coolant, peak channel (ft /sec) 

Velocity of the coolant, hot-spot channel (ft/sec) 

2 Labels for Graphs 

LABLXY 

LABLMH 

LABLSH 

KEE 

Axes labeling 

Main heading 

Sub-headings 

Curve descript ion 

3 Operat ional and Control Symbols 

CONTROL 

All Plots 

Three control input values for each plot 

Time Plot Symbols 

MINJ 

MAXJ 

IDELJ 

PWRLOG 

KCHAX 

KSTEP 

th Initial t ime step for ] plot 

th Final t ime step for ] plot 

Plot every IDELJ step which has been put on tape 

Semi-Log Plot Symbols 

Plot prompt and or total power on semi - log grid 

Axial Plot Symbols 

Specify which graphs will have axial location as the absc i s s a 

Time step(s) at which var iable should be plotted for a specific axial 
plot 
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IDLRAD 

NCHANN 

NAXNOD 

NSTEP 

Radial Plot Symbols 

Total number of radia l plots (can not exceed 7 for any one case) 

Channel type(s) for a specific radial plot 

Axial section(s) for a specific radial plot. This word must contain 
a 1 for each axial section selected. For example, NAXNOD (2,1) = 1 
should plot axial section 2 on radial graph 1. 

Time step(s) at which variable should be plotted for a specific radia l 
plot 

DIVISR 

RHO 

Normalized Plot Symbols 

Divisor to obtain normalized power if so specified 

DIVISR (1) for prompt power 

DIVISR (2) for total power 

Density of the coolant if velocity in f t / sec is des i red 

4 . 4 . 3 Discussion of FRCURV Input 

4 . 4 . 3 . 1 Quantit ies Available for Plotting 

All 46 quanti t ies defined in subsection 4 . 4 . 2 .1 a r e available for plotting as a function of t ime . The u s e r 

is cautioned that m case of more than one type of curve per graph, the curves a r e plotted in the same sequence 

a s the symbols in subsection 4 . 4 . 2 .1 and not in the order as specified in the input. This s tatement is i l lus t ra ted 

by examples in the discussion on labels m subsect ion 4 . 4 . 3 . 2 . As previously indicated, only t empera ture can 

be plotted as a function of rad ia l posi t ions over the range R for the inner radius of the fuel to R for the outer 

rad ius of the coolant. For rad ia l plots , additional operat ional and control symbols must be used to indicate the 

number of rad ia l plots , the channel type(s), the axial sect ion(s) , and the time step(s) for plotting. For axial 

p lots , only the dimension var iab les in subsection 4 . 4 . 2 . 1 with subscr ipt m are available for plotting. Again, 

special operat ional and control symbols must be used for the axial plots to indicate which graphs a re axial plots 

and the t ime step(s) that should be pr inted. 

A typical input for a t ime plot might be 

Channel Type 1 

TCL(1,1) 

Plot 
Coolant Temp 

Plot on Graph 1 

7 
1, * 7 

LJ 

1 
$ 

stop Reading 
of Card 

(175) 

For Axial Sections 
1 to 7 

R e m e m b e r , No Space Here 
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This instruction will resu l t in the coolant t empera tu re for all seven axial sect ions to be plotted on 

Graph 1 as a function of t ime . Another example would be 

Channel Type 3 

TCL(2,3) 

Plot 
Coolant Temp 

Plot on Graph 1 

1, l A l , 1,1 

For 2, 4, and 6 Sections 

(Fuel Center) $ (176) 

Comment which is edit in 
input l is t ing 

This la t ter instruction causes th ree additional coolant t e m p e r a t u r e curves for axial sec t ions 2, 4, and 6 for 

the hot channel to be plotted on Graph 1. In more detai l , the r ight-hand side of the last express ion can be 

descr ibed as 

Plot on Graph 1 

rr 
1 , / l A l , / 1 , 1 

U \ U L 

D04 

Skip axial Section 3 

NOTE: BLANK or COMMA can be used to 
separa te input values 

D06 

Skip axial Section 5 

Briefly, an axial plot of the coolant t empera tu re would be expressed by 

KCHAX(l) 

TCL(1,1) = 3 
L 1 ,. 

Coolant Temp 

For axial Section 1 
to M (7 in the case) 

(Axial Plot) 

Comment not edit 

(177) 

(178) 

Equation (177) is an operational and control s ta tement that indicates to FRCURV that there is one axial graph 

and it is Graph Number 3 Equation (178) will plot the coolant t empera tu re on Graph 3 as a function of axial 
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posit ion. Additional operat ional and control s ta tements d iscussed in subsection 4 . 4 . 3 . 3 a r e requi red to 

complete the input. The axial plot is introduced here only for comparison purposes with the t ime plots . 

An example of the input for a non-dimension var iab le (time plots only) is 

RFDBK = 5 (179) 

Graph 5 will be a plot of feedback react ivi ty v e r s u s t ime . 

4 . 4 . 3 . 2 Labels for Graphs 

Labels a r e available for indicating the 

a. X and y axes (LABLXY) 

b . Main heading (LABLMH) 

c. Four l ines of subheading (LABLSH) 

d. Key for the different curves on one graph (KEE) 

The format for LABLXY is 

LABLXY(Index 1, Index 2) = nH Title x axis Tit le y axis $ (180) 

Six Holleri th words of six l e t t e r s each for a total of 36 cha rac t e r s a r e allowed for the xy labe ls . Thus, the 

maximum value of n is 36. The f i rs t 18 cha rac t e r s a r e the label for x axis and the second 18 cha rac t e r s a r e 

the label for the y ax i s . Index 1 is the number of the f i rs t Hollerith word and Index 2 is the graph number . 

An example is 

LABLXY(1, 1) = 36HAATIMEA(SECONDS)AAAAACOOLANTATEMPAAAAA$ (181) 

I 1̂ 1 

X - axis y - axis 

FRCURV will label the x and y axes on Graph 1 as indicated m Equation (181). 

The format for LABLMH is 

LABLMH(Index 1, Index 2) = nH Title $ (182) 

Fo r the main heading, seven Holleri th words of s ix l e t t e r s each for a total of 42 cha rac t e r s a r e allowed for 

the main heading. In this case , all the n Hollerith c h a r a c t e r s a re printed on one line at the top of the graph. 

The other i tems in Express ion (182) have the same meaning as for LABLXY. An example is 

LABLMH(1,3) = 42HAAAAAAFLOWABLOCKAGE A;APOWERACONSTANTAAAAAAAA$ (183) 
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An identical instruction, but m a slightly different form is 

LABLMH(2 ,3 ) - 30HFLOWABLOCKAGEA;APOWERACONSTANTAA$ (184) 

Express ion (184) indicates to FRCURV to s t a r t with the second Hollerith word and read five (30/6 = 5) 

Hollerith words . The f i rs t and last Holleri th words a r e a s sumed to be blanks. 

The actual total and prompt power or the normal ized total and prompt power can be plotted on s e m i -

logari thmic paper . Because of p rogramming complicat ions, the labeling flexibility for the semi - logar i thmic 

plots IS r e s t r i c t ed . In pa r t i cu la r , the main label for semi - loga r i thmic plots can consist of only 18 c h a r a c t e r s 

instead of 42. 

The format for LABLSH is 

LABLSHdNDEX 1, INDEX 2, INDEX 3) nH SUB-TITLE $ (185) 

Five Hollerith words of s ix l e t t e r s each for a total of 30 c h a r a c t e r s a r e allowed for the subheading labe l s . In 

addition, four lines (30 c h a r a c t e r s each) a re pe rmi t t ed . Index 1 is the f irs t Hollerith word, Index 2 is the 

line number of the subheading (1 to 4), and Index 3 is the graph number . An example is 

LABLSH(1,2,3) = 30HAAAACOOLANTATEMPAVSAHEIGHTAAAAAA$ (186) 

LABLSH(1,3,3) = 24HAAAAAVERAGEACHANNELAAAAAA$ (187) 

LABLSH(1,4,3) = 18HAAAACASEA5310A;ABL (188) 

The f i rs t subheading is blank, the other l ines will appear as 

COOLANT TEMP VS HEIGHT 

AVERAGE CHANNEL 

CASE 5310 ; BL 

No subheadings a r e allowed for semi - loga r i thmic p lo t s . 

The format for KEE is 

KEE(INDEX1, INDEX 2, INDEX 3) nHA - IDENTIFICATION $ (189) 

Six Hollerith words for a total of 36 c h a r a c t e r s a r e allowed. Index 2 indicates the curve number (1 to 10) on 

a graph. The other indexes a r e the same as for LABLSH. The plot points on a graph a r e shown by numbers , 

s ta r t ing with 1. m the order in which the curves a r e drawn. When more than one var iable is plotted on a 

single graph, the order in which the ones a r e drawn is based on the sequence of symbols in subsection 4 . 3 . 2 . 1 . 

For example, the input instruct ions 

TCDS(3, 1) 4, *3 $ (190) 
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TCL(3,1) - 4, +3 $ (191) 

TCD(3,1) = 4, *3 $ (192) 

will plot nine curves on Graph 4 in the following o rde r : 

TCL(3,1) 

TCL(4,1) 

TCL(5, 1) 

TCDS(3, 1) 

TCDS(4,1) 

TCDS(5,1) 

TCD(3,1) 

TCD(4, 1) 

TCD(5, 1) 

The f i r s t four KEE symbols might typically appear as 

KEE(1 ,1 ,4 ) = 30H1-ACOOLATEMPA;AAXIALASECTIONA1AA (193) 

KEE(1 ,2 ,4 ) = 30H2-ACOOLATEMPA;AAXIALASECTIONA2AA (194) 

KEE(1 ,3 ,4 ) = 30H3-ACOOLATEMPA:AAXIALASECTIONA3AA (195) 

KEE(1 ,4 ,4 ) = 36H4-AOUTERACLADATEMPA;AAXIALASECTIONAlAA (196) 

The KEE symbol is not used for semi - logar i thmic p lo ts . 

4 . 4 . 3 . 3 Operat ional and Control Symbols 

A CONTRL symbol must be used for every graph. The format of the CONTRL symbol is normally 

CONTRL(INDEX 1, INDEX 2) = INPUT 1, INPUT 2, INPUT 3 $ (197) 

where 

INDEX 1 = F i r s t curve on graph to which input values apply (normally this is 1. DTA subroutine 

will keep advancing the mdex so that the input values will apply to all the curves on one 

graph) 

INDEX 2 = Graph number 

4-25 



GEAP-5273 

Content Result 

PUT 1 = 

PUT 2 = 

0 

1 

2 

3 

Content 

1 

2 

Content 

Include zei o on both a r e a s 

Add z e i o to x -ax i s , if necessa ry 

Add ze ro to y - ax i s . if necessa ry 

Do not add the zero point to ei ther axis 

Result 

Connect points with line 

Plot points only 

Result 

INPUT 3 1 

2 

3 
e tc . 

Label every plotted point 

Label every second point 

Label every thi rd point 

An example is 

C0NTRL(1,6) = 0 ,1 ,2 (198) 

which te l ls FRCURV to include ze ros on both axes , connect the plotted points with a line, and to indicate 

every other plot point by the co r r ec t number for all the curves on Graph 6. 

The symbols MINJ, MAXJ, and IDELJ apply only to t ime p lo ts . These symbols indicate the initial 

t ime s tep, the final s tep , and the frequency at which points should be plotted from the FORE II output tape, 

respect ive ly . The format for MINJ is 

Fo r Graphs 
1 to 15 

MINJ(l) 7" 0,1* 15l (199) 

Start with t ime step 0 

Another example is 

MINJ(l) = 0, * 6 $ 

MINJ(7) = 100, * 10 $ 

(200) 

(201) 

In Equation (200), the instruct ion is to s t a r t the f i rs t s ix graphs from t ime s tep 0 and Graphs 7 to 16 from 

t ime step 100. Equations (200) and (201) could be wri t ten on one line as 

MINJ(l) = 0, * 6, 100, *10 (202) 

4-26 



GEAP-5273 

A final example is 

MINJ(l) = 0, * 20 

MINJ(2) = 100 $ 

(203) 

(204) 

Equations (203) and (204) state that Graphs 1 to 20 should start at time step 0, except for Graph 2, which 
should start at time step 100. Note the overlay technique used in Equation (204). This could be written on 
one line as 

/ 
Repeat for 18 graphs 

MINJ(l) = 0, 100, 0, * 18 

The formats for MAXJ and IDELJ are analogous to MINJ. Examples are 

(205) 

For Graphs 
1 to 15 

7 
MAXJ(l) 

\ 
752, (206) 

STOP with time step 752 

and 

For Graphs 
1 to 15 

7 
IDELJ(l) 2 ,I* 15 (207) 

Print every other time step from tape 

The output tape from FORE II is used for printing in FEDIT. The 2 in Equation (207) is identical to the 
instruction to plot every second value of the printed output. 

The symbol PWRLOG is used only when a semi-logarithmic scale for power versus time curves is 
preferred. In subsection 4. 4. 2. 3 the prompt and total power are given by items 29 and 30, and the normalized 
prompt and total power by 42 and 43, respectively. The normalized power plots require the user to input 
additional operational and control symbols, to be discussed later. To plot the total power on a semi-
logarithmic scale on Graph 7, the following two statements are required: 

POWER = 7 

PWRLOG - 7 

(208) 

(209) 
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The omission of Equation (209) will r esu l t in the total power being plotted on a rec tangular s ca l e . A maximum 

of two power curves pe r s emi - log graph can be plotted. The actual power curves and the normal ized power 

curves cannot be drawn on the s a m e g raphs . 

The use r is l imited to th ree axial plots per c a se . Besides indicating which var iab les to plot v e r s u s 

axial location, two additional inputs a r e r equ i r ed : KCHAX and KSTEP. KCHAX indicates which t ime s teps to 

plot. 

An example is 

Always 1 for 
axiai plots M Channel Type Graph Number 

TFL(1 ,1 ) 8 (210) 

KCHAX 

KSTEP(1, 1) 

8 $ (Graph 8 is an axial plot) (211) 

0, 200, 400 $ (212) 

«- Axial Graph Number 

Graph 8 would show the fuel sur face t empera tu re foi the average channel for t ime s teps 0, 200, and 400. 

The input symbols used solely for rad ia l plots a r e IDLRAD, NCHANN, NAXNOD, and NSTEP. An 

example is 

IDLRAD (There is one rad ia l graph) (213) 

Fo r channel 
Type 1 to 2 

NCHANN(1, 1) 

I 
Radial graph 

1 

1, I* 2 

Always 1 

(214) 

NAXNOD(3, 1) 

Radial 
graph 

1 

Fo r axial 
section 

3 to 4 

I'LllJ 
i 

Always 1 

(215) 
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NSTEP(1,1) = 0, 200 (216) 

Use 1 Radial 
graph 

1 

Time s teps 0 and 200 

Radial graph 1 should consis t of eight curves plotted in the following o rde r : 

Curve No. 

1 

2 

3 

4 

5 

6 

7 

8 

Axial Section 

3 

4 

3 

4 

3 

4 

3 

4 

Channel 

Average 

Average 

Peak 

Peak 

Average 

Average 

Peak 

Peak 

Time Step 

0 

0 

0 

0 

200 

200 

200 

200 

The symbol DIVISR is the s t eady-s ta te power, and the symbol RHO is the density of the coolant. 

DIVISR is used to obtain normal ized power g raphs , and RHO is used to obtain coolant velocity in feet per 

second. Both of these input values a r e decimal numbers , whereas all the other inputs to FRCURV a r e 

i n t ege r s . In addition, a DIVISR and RHO symbol must be used for each curve on a graph. 

4 . 5 TERMINATION MODES AND RUNNING TIME 

Normal , n o n - e r r o r stops will occur when the p rogram has reached any of the following conditions 

specified by the u s e r : 

a. Maximum time s tep number 

b . Maximum t rans ient t ime 

c . Upper or lower limit for fuel t empe ra tu re in node 1 

d. Upper or lower l imit for fuel surface t empera tu re 

e . Upper or lower limit for coolant t empera tu re 

f. Calculated t ime l imit 

Under such c i r c u m s t a n c e s , the pa r t i cu la r reason for the stop will be identified by a s tatement at the end of 

the shor t exit . 

Any of the following types of input e r r o r s will cause immediate exit from the computer , without any 

calculation being per formed: 

a. Changes in input data at r e s t a r t as prohibited by Table 4-1 

b . Illegal input cha rac te r 

c . Fuel radii (R to Rj^) not in ascending o rder 

d. Fa i lu re to use a dependent case card before l ist ing the new data for a r e s t a r t (see Appendix C, 
C . 3 , for an e.xample). 

e . Res t a r t tape label not identical to label l is ted in r e s t a r t input deck 
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During the running of a problem, any of the following e r r o r s will cause terminat ion: 

a. Any sys tem e r r o r (for example , square root of a negative number) 

b . P r o g r a m m e d k range too smal l 

c. Turbulent mass velocity for peak and hot spot channel does not converge in 10 i tera t ions 

The p rogrammed k at any time is not de termined by the tabular look-up subrout ine . As such, the las t t ime 

in the input table must be g rea te r than the actual t ime during a t r ans ien t . It is correspondingly recommended 

that the last t ime in the input table be set to some number two or th ree t imes the expected t rans ien t t ime . 

Fo r turbulent flow and non-zero local l o s se s , the mass velocity for the peak and hot channels must be 

determined by i terat ion with the known value for the average channel at each t ime s tep as a s ta r t ing point. 

If this mass velocity does not converge within ten i te ra t ions , there a r e likely to be input values which a r e not 

physically compatible, and the problem is t e rmina ted . A wrapup, if reques ted , will be obtained for all 

normal stops and for al l e r r o r s tops that occur beyond the check of input va lues . 

Table 4-2 gives the approximate t ime in minutes for running the sample problem for each of the codes 

composing the FORE II sys t em. 

TABLE 4-2 

TIME FOR RUNNING SAMPLE PROBLEM 

10 Msec 1 Msec 
Code Machine Machine 

FORE n (EEEE) 35 4 . 5 

FEDIT 3.2 2 .0 

FRCURV 6.0 0.8 

Thus, the computers with low data acces s t imes can lead to moderate savings in calculation cost m spite of 

the higher cost per unit t ime . 

The t rans ient t ime for the sample problem was 1. 50 seconds . The calculation t ime for longer or 

sho r t e r t r ans ien t s can be es t imated by the ra t io of the t rans ien t t i m e s . Similar ly , the calculation t ime for a 

different number of channel types , axial fuel nodes, fuel r i ngs , or edit frequency can be es t imated by the 

rat io of the appropr ia te quantit ies t imes the values in Table 4 -2 . 
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APPENDIX A 

NOMENCLATURE 

1 MAJOR SUBSCRIPTS 

c 

e 

f 

u 

s 

n 

m 

k 

i 

Coolant 

Cladding 

/ E - - outer surface 

l a - - volumetr ic average radius 

\ e - - inner sur face 

Fuel 

Additional ma te r i a l 

S t ruc ture 

Fuel r ing n 

Axial sect ion m 

Channel type k 

Radial core region 

2 MAJOR SUPERSCRIPTS 

3 
0 

Time step ] 

T ime step ze ro 

(Inclusion of a single supe r sc r i p t within parentheses is optional) 

3 ENGLISH 

Analytic 
Symbol 

AJ 

\ 

^Dop 

^ e 

Af 

\ 

^ H 

Aim 

Am 

K 
^0 

^Dnn 

Where 
Calculated 

POWD 

FINPT 

Input 

FINPT 

FINPT 

Input 

Input 

Input 

Input 

FINPT 

Input 

Input 

Definition 

Variable used in kinet ics equation to simplify nomenclature 

Cross - sec t iona l a r e a of the coolant 

Constant used in Doppler equations 

Cross - sec t iona l a r e a of the cladding 

Cross - sec t iona l a r e a of the fuel 

Constant used in calculating the rma l conductivity of the gap 

Constant used in calculating coolant heat t ransfer coefficient 

T e r m used m empi r i ca l express ion for decay of fission products 

Ratio of peak power to average power for axial section m 

C r o s s sect ional a r ea , n node of fuel 

Constant used in gap conductivity equation 

Constant used m Doppler equations 

B MELT Input Fuel heat of fusion 
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Analytic 
Symbol 

^ 

B R 

^K 

^ O R , k 

b 

C 

(.MELT 

COMP 

c[ 

Where 
Calculated 

Input 

Input 

Input 

INIT,(Input) 

Input 

Input 

FINPT 

INIT 

INIT,COPH 

Definition 

'D Input 

CU'im 
c 

^ e 

Cf 

Cf 

^ g 

C K 

C} 
Cu 

Cs 

^ H , m 

c , m . 

cJ 
g , m , 

e i 

k 

k 

r,01d(o) 
g. m , k 

cJ 
n , m , 

^ B 

D R 

D R T 

d,. 

k 

COPH 

Input 

Input 

Input 

Input 

Input 

INIT, F E E B 

Input 

Input 

Input 

INIT, COPH 

INIT, COPH 

INIT 

INIT, COPH 

Input 

Input 

Input 

Input 

Constant used in calculating the ima l conductivity of the gap 

Constant used in calculating coolant heat t ransfer coefficient 

Constant used in calculating fuel conductivity at melting 

Sum of the local loss coefficient m par t i cu la r channel (input for 
peak) 

Input constant used in Dopplei feedback equation 

Constant needed to calculate COMP cr i t e r ion for Reynolds 
numbei 

Specific heat of molten fuel 

Cr i te r ion for Reynolds number 

Specific heat of the coolant based on the average of inlet and 
outlet t empera tu i es 

Dopplei co i rec t ion for t empe ia tu re profile 

Specific heat of the coolant based on core inlet t empera tu re 

Specific heat of the cladding 

Relat ive woi th of axial fuel expansion 

Table of specific heat of fuel 

Constant used in calculating the rmal conductivity of the gap 

Constant used in calculating fuel conductivity at melt ing 

Delayed neutron p r e c u r s o r concentrat ion for i group 

Specific heat of the additional ma te r i a l 

Specific heat of the s t ruc tu re 

Constant used in calculating coolant heat t rans fe r coefficient, 
sect ion m 

Specific heat of the coolant m sect ion m, channel k 

Fuel cladding gap coefficient sect ion m, channel k 

Weighted gap coefficient (used m i terat ion procedure for steady 
state) 

Specific heat of fuel node n, sect ion m, channel k 

Diamete r of the fuel channel 

Hydraulic d iamete r of coolant passage 

Appropriate d iamete r for calculating heat t rans fe r coefficient 

Charac te r i s t i c dimension of the additional ma te r i a l used in heat 
t r ans fe r equation 

Input Charac te r i s t i c s t r u c t u r e dimension 
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Analytic 
Symbol 

Where 
Calculated 

Input 

Delinition 

Kn 

^ 
* 

^1 

Ej,ut 

<m. 

E^ n ,m. 

E^ o ,m. 

,k 

,k 

,k 

INIT, COPH 

POWD 

POWD 

INIT, COPH 

INIT, COPH 

INIT, COPH 

INIT, COPH 

F** 

p * * * 

FBJ5 

FB{, 

FBJ, 

^ e 

^fuel 

^ g 

^ g , P 

^ h 

\ 

F r 

^ v 

^r 

F 3 
n, m, 1 

hn 
i z 

Gl 

miT 

INIT 

FEEB 

FEEB 

FEEB 

Input 

INIT 

Input 

Input 

Input 

Input 

Input 

Input 

Input 

FEEB 

POWD 

Input 

INIT, COPH 

Modulus of elasticity of the cladding 

Nuclear energy addition to core since t ime zero 

Total energy at end of t ime step j 

P rompt energy during t ime step j 

Net energy removal from core s ince t ime zero 

Fuel boundary equivalent t empera tu re (includes heat of fusion) 

Fuel equivalent t empera tu re of node n, section m, channel k 

Center fuel equivalent t empera tu re , sect ion m, channel k 

Constant needed to calculate COMP 

Fac to r to calculate coolant heat t ransfer coefficient for a specific 
channel 

Fac to r to calculate gap conductivity for a specific channel 

Fac to r to calculate fuel conductivity for a specific channel 

Cumulative feedback Ak due to density changes 

Cumulative feedback Ak due to core height change 

Cumulative feedback Ak due to core radius change 

Hot-spot factor for thermal conductivity of the cladding 

Frac t ion of heat produced in fuel 

Hot-spot factor for gap conductivity 

Peak factor for gap conductivity 

Hot-spot factor for calculating heat t rans fe r coefficient 

Hot-spot factor for fuel conductivity 

Peak channel factor for mass velocity 

Hot-spot factor for mass velocity 

Frac t ion of power due to gamma-neutron heating 

Averaged nodal t empera tu re a c r o s s core region 1 for node n, 
section m 

Empi r i ca l express ion for decay of fission products 

Frac t ion of channel frictional p r e s s u r e drop inlet to void 

Average mass velocity 
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Analytic 
Symbol 

Gc 

%'% 

4,k 

n , m , k 

Se 

gf 

g c , m , k 

H* 

Hrp 

Where 
Calculated 

Input 

Input 

INFLOW 

FEEB 

Input 

Input 

INIT, COPH 

Input 

Input 

Definition 

H,, 
6k 

6H^ 

H 
0 
n, m, 1 

Input 

INIT 

hf 

^ , 3 

hJ 
" c , m , k 

h*(i) 
c , m , k 

I 

J 

i 

K O , K 1 , K 2 

Kc 

Ke 

Ks 

K 

KJn,k 

^ c , m , k 

KI .„ . 

Input 

Input 

INIT. COPH 

INIT, COPH 

Input 

Input 

-

Input 

FINPT 

Input 

Input 

Input 

INIT, COPH 

INIT, COPH 

INIT, COPH 
g , m , k 

Table of coolant m a s s velocity in average channel (versus time) 

Surface to volume ra t io , additional ma te r i a l and s t ruc tu re 

Mass velocity in channel k 

Equivalent t empera tu re used in calculating Doppler feedback 

Average jump distance for the fission gas at the cladding surface 

Average jump distance for the fuel 

S t ruc ture- to-coolant heat t rans fe r coefficient 

Distance between core inlet and exit support plates 

Active core height 

Core height coefficient 

Tempera tu re calculated at steady state and used in Doppler feed
back calculations 

Heat t rans fe r coefficient of fuel cladding gap 

Coolant heat t rans fe r coefficient for hot-spot channel at t ime of 
void (input only if 5 . = 0) 

Cladding-coolant heat t ransfer coefficient for non-lumped sys tem 

Cladding-coolant heat t rans fe r coefficient modified by t e m p e r a t u r e 
ra t io 

Number of decay group 

Maximum number of t ime s teps 

Used as a supe r sc r ip t to denote a pa r t i cu la r t ime 

Constants used m calculating the rma l conductivity of the fuel 

The rma l conductivity of the coolant (versus t empera tu re ) 

The rma l conductivity of the cladding 

The rma l conductivity of the s t ruc tu re 

The rma l conductivity of the additional ma te r i a l 

Harmonic conductivity of the fuel-cladding interface at contact, 
sect ion m, channel k 

The rma l conductivity of the coolant in sect ion m, channel k 

The rma l conductivity of the gas in the fuel-cladding gap, s ec 
tion m, channel k 
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Analytic 
Symbol 

K 

k 

k^ 

3 
n, m , k 

Where 
Calculated 

INIT COPH 

FEEB 

FEEB 

Definition 

The rma l conductivity of the fuel m node n, section m, channel k 

Subscript used to denote a par t icular channel type 

Total effective multiplication factor 

Total feedback Ak 

kJ 

p , s 

H 

N H 

N-R , k 

H 

^3* 

^3* 

P i 
* 

pump 

St 

FEEB P r o g r a m m e d Ak for t ime step 

Input Table of effective multiplication factor (versus time) 

Input Neutron lifetime 

- An index to denote a par t i cu la r core region 

Input Constant used in calculating coolant heat t ransfer coefficient 

Input Constant used m calculating coolant heat t ransfer coefficient 

INIT Reynolds number for channel k 
INFLOW 

Input Hot-spot factor for calculating heat generation ra tes 

Input Input power 

POWD Total power per unit fuel volume at end of t ime step j 

POWD Prompt power per unit fuel volume during s tep ] 

POWD Average power per unit fuel volume at end of t ime step ] 

POWD Average power per unit fuel volume during t ime step j 

Input Core rad ia l power factor 

INIT Initial power per unit fuel volume 

Input Pump head p r e s s u r e at channel inlet 

Input Radial peak- to -ave rage power density ra t io in core 

Input Static head p r e s s u r e at channel inlet 

FEEB Absolute p r e s s u r e at axial location Z 

m , k 

Q, 

^ n , m , k 

^ x , m , k 

INIT,COPH P r e s s u r e between fuel and cladding, section m, channel k 

POWD Intermedia te var iable used to simplify nomenclature in kinetics 
equation 

INIT, COPH Cladding surface heat flux section m, channel k 

INIT, COPH Heat generation r a t e in X, section m, channel k where x equals 
e - cladding 
c - coolant 
f - fuel 
u - additional mate r ia l 
n - fuel node n 
s - s t r uc tu re 

R H 
Input Constant used in calculating coolant heat t ransfer coefficient 
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Analytic 
Symbol 

R. 

R 

R ^^ 
rCrj, — — 

^ 6R,j, 
S 

T o 

^ ' B o i l 
c 

ip(3)inlet 
c 

^( j )out le t 
c 

rr,' Burnout 

rpvapor 

T^MELT 
^f 

T3 

T 

c, k 

m, 1 

m, 1 

4n(]) 

TOut(i) 
c, m , k 

T c , m , k 

e, m , k 

T 3 
M , m , k 

x, m , k 

Where 
Calculated 

POWD 

Input 

Definition 

In termedia te var iable used to simplify nomenclature in kinetics 
equation 

Input 

Input 

Input 

Input 

INIT, COPH 

INIT, COPH 

Input 

Input 

Input 

INIT, COPH 

FEEB 

INIT, F E E B 

INIT, COPH 

INIT, COPH 

INIT, COPH 

INIT, COPH 

INIT, COPH 

INIT, COPH 

Radius to X where x equals 
e - inner cladding 
E - outer cladding 
c - coolant 
f - fuel 
n - fuel node n 
o - fuel pin center 
T - outer radius of core 

Core radius expansion coefficient 

Source 

Length of t ime p r io r to s t a r t of problem for which the r eac to r 
was operated at constant power P 

Table of coolant bulk boiling t empera tu re (versus absolute 
p r e s s u r e ) 

Average core inlet t empera tu re 

Average core outlet t empera tu re 

Table of cladding burnout t empera tu re (versus absolute p r e s s u r e ) 

Fuel t empera tu re at which vaporizat ion occurs 

Fuel melt ing t empera tu re 

Average coolant t empera tu re in channel k 

Average t empera tu re of section m, core region 1 

Average t empera tu re of section m in core region 1 

Coolant inlet t empera tu re to section m, channel k 

Coolant outlet t empera tu re 

Average coolant t empera tu re , section m, channel k 

Volumetr ic average t empera tu re of cladding 

Average fuel t empe ra tu r e , sect ion m, channel k 

T e m p e r a t u r e at sect ion m, channel k for x equal 
e - inner cladding surface 
a - average cladding 
E - outer cladding surface 
c - nodal coolant 
f - fuel 
u - additional ma te r i a l 
n - fuel node n 
o - inner fuel surface 
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Analytic 
Symbol 

V core 

Vf 

Vs 

Vu 

Wf 

W i 

x „ 

Where 
Calculated 

FINPT 

Input 

Input 

Input 

Input 

FINPT or 
Input 

FINPT 

Definition 

m 
Input 

Z Q 

^ T 

GREEK 

Analytic 
Symbol 

Input 

Input 

Where 
Calculated 

Input 

Input 

Volume of the core 

Total volume of the fuel in core 

Volume of s t ruc tu re per unit length of fuel 

Volume of additional mate r ia l per unit length of fuel 

Convergence weighting factor 

Used to calculate core radial t empera ture profile 

Distance from core inlet support to actual co re inlet, section m 

Ratio of heat generation ra te in fuel node n to fuel average heat 
generation ra te 

Distance from core inlet support to actual core inlet 

Total dis tance from channel inlet to outlet 

Definition 

Linear the rma l expansion coefficient of s t ruc tu re in radial 
direct ion 

Effective the rmal expansion coefficient of s t ruc tu re for core 
radius change 

im 
y s,ax 

yi 
c , m , k 

/3 

/3 , 

Input 

Input 

Input 

FEEB 

POWD 

Input 

Input 

Input 

The rma l expansion coefficient of s t ruc tu re for bowing calculations 

T e r m used in empi r ica l express ion for decay of fission products 

Linear the rmal expansion coefficient of s t ruc tu re in the axial 
direct ion 

Coefficient of expansion for coolant based on average coolant 
t e m p e r a t u r e 

Total delayed neutron fraction 

th Delayed neutron fraction for the i group 

Constant used in gap conductivity equation 

Decay constant of a i delayed neutron group 

(AT)i 
B 

INIT, FEEB Average radia l t empera tu re drop a c r o s s outside fuel bundles 

i^^W 

B , m 

3 
( ^ ^ x , m V 

FEEB 

F E E B 

Change in core radius due to fuel bowing, section m 

Density change in x, section m where x equal 
c - coolant 
e - cladding 
f - fuel 
u - additional mate r ia l 
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•Xi'alvtic 
Symbol 

(AP )' 
( ore 

'^'^-P'li.l 

( • ^ " ' m . k 

(AV)^IELT 

< - ^ Z ) n , 

\\ 11 • V 

Cal( ulated 

IMT.COPH 

FFEB 

I M T . C O P H 

Input 

Input 

Definition 

Change m core enerny deii&itv .since time zero 

Cumulative Dojipler feedback delta k, section ni, core region 1 

Calculated se|)aration distance of peaks ol fuel and cladding 
su t faces 

Pel cent volume uu r ea se of luel due to melting 

Lenuth of c ui e axial section m 

(AK) Dop FEEB Total cumulative Doppler feedback for the core 

(AK)J FEEB Total Ak due to s c r a m 

(AK)^ , ^ 'void 

m X, m. k 

FEEB 

FEEB 

Total Ak due to voiding 

Frac t iona l l inear expansion from 70°F where x equals 
e - cladding 
f - fuel 
u - additional mate r ia l 

'AHn 

\ "T / 
6 

e 

f̂ 

5i , 
g , m , k 

5MELT(j) 
n, m , k 

r n r j i D 

Input 

Input 

INIT. COPH 

INIT, COPH 

pwr 

c.k 

P-3 
c, m. k 

Input 

Input 

Input 

Input 

INIT 
INFLOW 

INIT. COPH 

Input 

Core height change 

Ari thmetic mean roughness height of the cladding 

Ari thmet ic mean roughness height of the fuel 

Fuel-cladding gap s ize including average separat ion when peaks 
in contact 

Melting indicator, node n, section m, channel k 

Small constant to de te rmine solution to power equation 

Convergence c r i t e r ion for initial fuel t empe ra tu re 

Cr i te r ion for power and energy accumulation 

Constant used to indicate location to calculate nodal coolant 
t e m p e r a t u r e 

Dynamic viscosi ty of coolant in channel k based on T J, . 
C, K 

Dynamic viscosi ty of coolant in section m, channel k, based on 

c, m. k 

Density coefficient of react ivi ty for sect ions m where x equal 
e - cladding 
c - coolant 
f - fuel 
u - additional ma te r i a l 
s - s t ruc tu re 

A-8 
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Analytic 
Symbol 

fAR, 

Rn 
P , m 

T ' 

c 

Where 
Calculated 

FEEB 

Input 

STAB 

Input 

Input 

Input 

Definition 

Core shape change due to axial p r e s s u r e difference ac ros s core , 
for section m 

Density 

.th Length of j time step 

Neutrons per fission 

Angular deflection of the core lower support plates from the 
horizontal at s teady state 

Meyers hardness of softer mater ia l 

A-g^A-lO 
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GEAP-5273 

I 

Thermal Conduct ivi ty v s . Temperature, T 
I c 

of Sodium, K 

o 

.0145 BTU/SEC-FT-F 

.0136 

.01303 

.01248 

.012 

.01155 

.01136 

.01117 

.01097 

.0108 

.01047 

.01031 

.01017 

.00989 

.0096 

.00937 

.00915 

.00894 

.00875 

.00857 

200 F 

300 

400 

500 

600 

700 

750 

800 

850 

900 

1000 

1050 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

B - 2 
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Thermal Expansion Coef f ic ien t v s . Temperature, T 

of Sodium, a 

47.48 X lO"^ 200° F 

48.23 300 

48.93 400 

49.64 500 

50.36 600 

51.02 700 

51.50 750 

51.99 800 

52.34 850 

52.79 900 

53.62 1000 

54.04 1050 

54.47 1100 

55.35 1200 

56.26 1300 

57.26 1400 

58.24 1500 

59.31 1600 

60.35 1700 

61.50 1800 
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Dynamic V i scos i t y v s . Temperature, T 

of Sodium, y 

o 

.000489 #/ft"sec 

.000372 

.0003 

.000256 

.000224 

.0002 

.000192 

.000190 

.000178 

.000169 

.000157 

.000150 

.000144 

.000133 

.000125 

.000117 

.000111 

.000106 

.0001 

.0000944 

200 F 

300 

400 

500 

600 

700 

750 

800 

850 

900 

1000 

1050 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

B - 4 



GEAP-5273 

Spec i f i c Heat 

of Sodium, C 

vs. Temperature, T 

0.33 BTU///-F 

0.3245 

0.3195 

0.3145 

0.3105 

0.307 

0.306 

0.3045 

0.3035 

0.3025 

0.301 

0.3005 

0.300 

0.300 

0.3005 

0.3015 

0.304 

0.3065 

0.3095 

0.314 

200 F 

300 

400 

500 

600 

700 

750 

800 

850 

900 

1000 

1050 

1100 

1200 

1300 

1400 

1500 

1600 

1700 

1800 

B-f) 
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I 

Density of Sodium v s . TemDerature, T 

P_ 

57.7 #/FT-̂  200 

56.8 300 

56.0 400 

55.2 500 

54.35 600 

53.55 700 

53.19 750 

52.75 800 

52.3 850 

51.9 900 

51.1 1000 

50.7 1050 

50.3 1100 

49.5 1200 

48.7 1300 

47.9 1400 

47.0 1500 

46.2 1600 

45.4 1700 

44.58 1800 

13-n 
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C.2 RESTART FOR SAMPLE PROBLEM 

)EEEE *TCin2 2!SEP66 
(RESTART OF $2,00/SEC REACTIVITY INSERTION) 

(THIS IS A RESTART) 
(CONTINUE FROM FINAL WRAPUP) 
TPB (OLD TAPE LABEL) 
TPR (NEW TAPE LABEL«NEED NOT BE THE SAME AS OLD LABEL) 

21SEP66 
(NUMBER OF TIME STEPS) 
(MAXIMUM PROBLEM TIME) O 

1 15 1 15 0 > 
9 49 3 300 600 ^ 

29 
52 

850 
851 

9999 
(EEEE 

5 
64 
31 
49 

9999 
) L A S T 

1 
0 ( 
6HTE 
6HTE 

•TC102 
90 n 
1.75 

3 
(NOTE t 1 

« 

05 (NOTE t OCA TI ON NUMBERS NEED NOT BE IN SEQUENCE) g 
w 
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R 1 

T > 
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36H3 
3 6 H 4 
36H'=^ 
36HA 
^6H7 

T6H1 

36H? 
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3AH4 

^6HR 

36H6 

36H7 

AX I AL 
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AXIAL 
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AXT AL 

1,F> = 36H1 AXIAL SFCT ^ , AVn C H A N N F L f 

;5,R) = 3f^HP--AXlAL SFCT 4, HOT SPOT" O H A N N F L <̂  
DTVISR(i 1 = PROO,'^ S (NORMAI T 7 T Nn FACTOR FOR PCU'^P CUPVF 
DT VISR (2 ) = ? R O O , 0 « (NOPMAI I 71 NG FACTOR F Q P P Q U ' F P CUPVt-
K C H A X ( 1 > = 7 -B (GRAPH 7 IS AN AXIAl_ P| OT ) 

T C L ( 1 , 1 ^ = 7 -=b (PLOT COOLANT rFMP,AvG CHANNF-IL, VS AXIA 
(NOTE SIXTH E X P R E S S I O N IS F F F F C T I \ / F ( ^ V 7 INSTRUCTIONS 
(THE'^F ARF T r L ( l , l ) = 4, TCL (2, 1 ) = 4. FTC ) 
(LAST I N S T R U C T I O N T C L ( 1 , 1 ) = 7 O V F R L A V ^ T r L ( l , l ) = 4 
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a , AVn 
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3 

4 
ĉ  
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3 

4 
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o,--.o 
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C 4 PLOTTED OUTPUT 

The basic purpose of the sample problem is to demonsLiale the use of FORE II and FRCURV ra ther than 

provide a totally accura te investif^ation of a S2 OO/scc l e a c l n i t v msci t ion For this i eason some of tlie 

input to FORE II should be viewed as e s t ima tes and not the resu l t s of detailed independent inve&tmations 

However, some of the significant features of this problem a re discussed 

In the input, it was specified that when the t empera tu re in the inner fuel pin node for the hot-spot channel 

reached the vaporizat ion t empera tu re at any axial location a specified positive Ak as a function of t ime would 

be inser ted This posit ive Ak was the contribution due to sudden vaporization of the sodium when brouj;ht m 

contact with the hot. exploding fuel pin The vaporizat ion tempera ture in the hot channel was achieved in 

1 408 seconds Plot 1 indicates that the voiding effect quickly becomes the predominant reactivity contribution 

Plot 2 indicates that the heat addition to the coolant in the core is so large that eventually the top 

blanket ac ts like a heat sink The seemingly i r regula r i ty in the curves for axial sect ions 2 to 4 is p r imar i ly 

due to the inc rease in the gap coefficient with t ime (see Plot 9) A smal l improvement in the smoothness of 

the cu rves can be obtained by taking an edit every 10 s teps instead of 15, and by plotting every edited s tep 

instead of a l ternat ive s t eps . 

In Plot 3, note the dwell t ime requ i red to melt all the fuel in the inner fuel node Comments in the 

listing of the input to FRCURV explain the reason for only fi\ e axial coolant sect ions to be plotted on Plot 4 

An understanding of the overlay feature is essen t ia l for accurate ly labeled graphs . 

In Plot 5, the d e c r e a s e in the coolant t empera tu re for the hot-spot channel r esu l t s from the low film 

coefficient used at the t ime of voiding The magnitude of the drop reflects the value of the input film coef

ficient As previously indicated, the t rue voiding t ime occur red at 1 408 seconds The indicated break t ime 

in Plot 5 r e su l t s from the inherent c h a r a c t e r i s t i c s of the plot ter when a c o a r s e data point spacing is used 

In Plot 6, the inc rease in power with the s t a r t of sodium voiding can be observed Plot 7 again indicates 

that the top blanket becomes a heat sink as the t rans ien t p r o g r e s s e s Plot 8 indicates the change m the 

t e m p e r a t u r e profile a c r o s s a typical fuel pin sect ion with t ime 

Plot 9 shows the var ia t ion in gap coefficient with axial position, channel type, and t ime for the par t i cu la r 

se t of input data. The hump in Curve 4 in the cen te r of the core is due to the sodium voiding in that region 
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APPENDIX D 

DETAILED EQUATIONS 
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SUBROUTINE FINPT 

FUNCTION 

Process input. 
Assign values for material properties tables. 

Calculate miscellaneous constants used in the various subroutines. 

PROCEDURE 

A. Set up material properties tables 

B. Read input data. 

C. Calculate the following: 

1. Geometric Parameters 

a. R 

2 2 

h 

b. A 
2 2 

n (R̂  - R / ) 

2 2 
n, e 

2 2 

n (R/ - R ) 
r o 

n (R - R ) for n = 1 
n o 

n (R - R ,) for 2 < n < N 
n n-i — — 

2. Specific Heat of Molten Fuel 

„Melt _ ' ' ' Melt-
C = -. (T^, C^, T^ ) 

3. Active Core Height 

r-M 

m=l 

D-2 
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4. Distance from core inlet support to actual core inlet 

X , = Z -̂  (AZ) , 
m=l o m=l 

for 2 <_ m <_ M: 

n-1 
= Z + [ (AZ), + (AZ)^ 

1=1 

5. Thermal conductivity of Molten Fuel 

Melt ^ ^(0) ̂  ̂ (1) ̂ Melt ^ ̂ (2) ^^Melt^2 ,, , , 
t t i <^ 
Melt ' ' Melt 
K̂ -̂"" = f (K^, T^, T̂ "̂ "̂") if 6^=1 

6. Radii at which fuel temperatures are calculated 

I R 2 + R 2 
n o 

f o r n = 1 

2 2 

R + R X 
n n - 1 

f o r 
2 < n < N 

7. L o g a r i t h m s 

(LN)_ In 
r + 1 

n 
f o r 1 < n < N-1 

(LN). In f o r n = N 

1 K 
I n f 

I n 

I n 

I n 

In 

^1 
R 

0 

\ 
R 

a 
R 

a 
R 

e 

^E 

D - 3 
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8. Miscellaneous Croupings 

2n 

An 

2n R 
c 

2n R^ 

E (R^ - R ) 144 
e E e 

\ 2 J Y 

2n R,, 3 (6^ + 6 ) 
o f e 

J . End of FINPT 

1 - A 

i f 6^ = 0 : 

W = 2£ - 1 f or 1 <_ S. <_ L 
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SUBROUTINE INIT 

FUNCTION 

Calculates initial conditions based on steady-state power. 

PROCEDURE 

A. Evaluate core inlet temperature and determine channel types. 

1. By linear interpolation, find inlet temperature 

Inlet(0) ^ ^ (T'l^let^ ^'^ ^^ 

c J ' c 

where T and T are inputs. 

Initialize K, number of Channels 

If (S„ = 1, calculate average channel; set K = 1 
H 

If 6 = 2, calculate average & peak channels; set K = 2 
11 

If 6 = 3 , calculate average, peak & hot spot channels; 
H 

set K = 3 

B. Calculate steadv-state conditions. 

1. Initial power 

P^°^= 948.05 ''in 
o 

f̂ 

Initial velocity 

^cX = XT', Ĝ , T) 

mi - r(0) 

^c,k=2 ^'^=^ '̂  

G^°^ = G^°^ F 
c,k=3 c,k=l 'v 
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3. Setting up constants 

a. For k = 1: 

F* = 1.0 

F** =1.0 

F*** =1.0 

PC0N =1.0 

b. For k = 2; 

F* =1.0 

V** F 

f*** =1.0 

PC0N = P 
r 

c. For k = 3: 

"h 

= F 

'k 

K = K ? 
e e e 

Sections B.4 through Bll. k are calculated for 1 < k <. K 

4. Coolant temperatures and properties; heat generation rates. 

a. Find C as a function of T , by an iterative procedure, 
c c,m,k 

(1) C^°) , = ^ C ' . T , T^"^^^(°)) 
c,m,k ' c c c 

,„. •;;;01d -(0) 
c ,m,k 

(3) for m=l 

^in(O) ^ ^inlet(O) 
c,m,k c 

^(0) ^ ^in(O) ^ ^ A^(PC0N) P̂  A, (A.)^ 
Cm.k c,m,k a 

c,k c,m,k c 

^Out ^ ^(0) ^ / (0) _ „in(0)\ 1 -A^^ 
c,m,k c.T.k ' \"'c,n,k •̂ c,n,k) 

i )-( i 



G E A P - 5 2 7 3 

i f 2 < m < M 

^ i n ( O ) ^ ^Out(O) 
c ,m ,k c , m - l , k 

„ ( 0 ) _ „ O u t ( 0 ) , , A (PC0N) P A (AZ) 
T , = T + A m o I m 

c ,m,k c , m - l , k a —T^TT r^rr 
G^ ; c*- •' , A 

c , k c,m,K c 

, O u t ( 0 ) ^ ^ ( 0 ) ^ (0) _ ^ l n ( O ) ( 1 -X^ 
c ,m ,k c ,m ,k c ,m ,k c ,m ,k 

\ 
a 

f o r 1 < m < M 

- ( 0 ) ^ ^ i n ( O ) ^ ^Out(O) 
c ,m,k c ,m ,k c ,m,k 

2 

f o r m = M 

^Out(O) ^ ^Out(O) 
c , k c ,M,k 

(4) i f / ? ( ° ) , - ? ° " / > . 0 0 1 
c , m , k 

f i n d by l i n e a r i n t e r p o l a t i o n 

P 1 T (P > T > T , ; 
c , m , k •' c c c , m , k 

c,m,k ' c c c,m,k 

go to B.4.a.2 and continue the iteration. 

(5) if /T'-^^ , - T^^"^/ < .001 continue loop on m. 
c,m,k — 

b. Coolant Properties. 

(1) C o n d u c t i v i t y 

c ,m,k •' c c c , m , k 

(2) Dynamic v i s c o s i t y . 

c,m..k ' c c c ,m ,k 
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(3) S t r u c t u r e - t o coolant heat t r a n s f e r coe f f i c i en t 

r 
(0) K^°^ , I ^„ / "HT "c .k 

^Crn.k = - ^ - S ^ . V ^ H î  (0) 
Djj^ j \^c ,m,k 

(4) Clad-coolant heat transfer coefficient (for lumped system) 

c,m,k c,m,k 
/D„. G(°?>H/;^°> , C(°) A^H 

% + C H „/ HT c.k -H H,m, ̂ g^ 
c,m,k c,m,k 

"« i "̂-̂  / V K<«i_, 
c . Heat g e n e r a t i o n r a t e c o n s t a n t s . 

f o r 1 £ m £ M 

A F^ A^ 
(MULT) = " ' ^ 

p ^ A . + p A + p * - ° , A + p V + p V f f e e c , m , k c s s u u 

(OU) , = (MULT) p^°^ , (PCON) 
c , m , k c , m , k 

(OU) , = (NfULT) p (PCON) 
e ,m ,k e 

(OU) , = (^rULT) p (PCON) 
s ,m, k s 

(OU) , = (MULT) D (PCON) 
u ,m, K u 

A A V 
(OU). , - A ( P C O N ) — ~ - (OU) , - T ^ (OU) ^- -IT (OU) , 

f , m , k m A. e ,m ,k A. • c ,m ,k A, s , m , k 

V 

A u , m , k 

f o r 1 < n < N 

N 
(OU) , = Y (OU)^ , (NOTE: V Y A = A^ ) 

n . m . k n f . m . k '-, n n f 
n = l 

Fraction of Heat Produced in Fuel 

Fue 
f^ , (AZ) (OU)^ , 

. = '-m̂ l m f ,m,l 

r (AZ) 
m=l 
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e . Heat g e n e r a t i o n r a t e s 

f o r 1 < m < M 

0^° ) , = (QU) , P<°) 
e , m , k e , m , k o 

°̂̂  (0) Q , = (OU) , P*-"̂ ^ 
c , m , k c , m , k o 

0^° ) , = (OU) , p ( ° ) 
s , m , k s , m , k o 

« f ° ^ V = ( 0 " ) f k '^'' 
f , m , k f , m , k o 

Q ( ° ) , = (OU) , P^°) 
u , m , k u , m , k o 

0^°^ , = (OU) , P ( ° ) 1 < n < N 
n , m , k n , m , k o — — 

5. Structure Temperatures 

a. No structure area, or lumping (G =0.0 

for 1 <_ m <_ M 

,(0) ^ -(0) 
s,m,k c,m,k 

Go to B.6 

b. With structure area and no lumping (G 
s 

for 1 <_ m <_ M 

s,m,k c,m,k (0) K 
y ^c,m,k ^ 

Go to B.6 

6. Temperature of Additional Material 

a. Not present (if 6 = 0 ) 
u 

for 1 < m < M 

T(°) , = 0.0 
u,m,k 

Go to B.7 

D-9 



GEAP-5273 

b. P resen t , but no area (G = 0.0 or 6 = 0 ) 
u c 

for 1 < m < M 

^(0) ^ -iO) 
u , m , k c , m , k 

Go t o B.7 

c. Area included (G ?* 0.0 and 6 ^ 0 ) 
u c 

o(°> 
T(0) = Y(0) X ( - 1 ^ .:JL-\ ","',k 
u,m,k c,m,k ^ ̂ ,., „^ , ^ 

u 

Go to B.7 

7. Check for clad, coolant, structure and additional material lumping. 

a. 6 = 1 , go to B.9 (not lumped) 

b. 6 = 0, go to B.8 (lumoed) 

c 

8. Clad temperature when clad, coolant, structure and additional 

material are lumped together. 

(5^ = 0) 

for 1 < m < M 

a. ?(°) , = Y(°> , 
e,m,k c,m,k 

b. Go to B.IO 

9. Clad temperature and clad-coolant heat transfer coefficient when 

clad, coolant, structure and additional material are treated in

dividually. 

(6 = 1) c 
for 1 < m < M 
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a. I n i t i a l guess 

^(0) ^ -(0) ^ i-j^ 
E,m,k c,m,k 2TT R^ h*^ ^ , 

E c,m,k 

"f^ k ̂  - ''°' k f,m,k f e,m,k 

^^°^ k = *̂ k c,m,k c,m,k 
T , + 460 
c,m,K 

T^°^ , - 460 E,m,k 

b. T 
Old 

= T 
(0) 
E,m,k 

- 4 ' ' k = ̂ '°^ k ̂  E,m,k c,m,k 
2. R, h(°) , 

E c,m,k 

f,m,k f e,m,k 

- • " < ' K - r '• 'T 

then continue the iteration 

if /T. 
(0) 
E,m,k r ' l =T 

recalculate h , and continue loop on m. 
c,m,k 

,(0) ,(0) 
e. T^-' , = T;-' , + ^"\R 

a,m,k E,m,K _ \ a f,m,k f e,m,k 
2iT K L_ 

f. ?(« , = T^°> , 
e,m,k a,m,k 

Go to B.IO 

10. Obtain first set of Fuel Temperature values 

for 1 < m < M 

a. C 
(0) 
g,m,k 

.Old 
"'g,m,k 

h^ F** 

(Ĉ °> ,) w, 
g,m,k f 
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b . Check 6 

if 6 = 0 . go to B.lO.d (Clad, coolant , s t r u c t u r e , e t c . 
are lumped) 

if 6 ?* 0, go to B.lO.c (Clad, coolant, structure, etc. 
not lumped) 

c. Clad, coolant, structure, etc. not lumped (6 ^ 0) 

for 1 <_ m <_ M and the subscript N referring to the fuel 

boundary node (i.e., n = N) 

5,n 
n(0) T(°) , + 
e,m.,k a,m,k 2ii K Of°̂  k ^ r,m,k f 

^(0) ^ ^(0) 
f,m,k e,m,k '41. V 1 

TT (R^ + R )p(o) 
^ ^ g,m,k 

if 6, > 0, go to (2) r otherx;ise continue. 

if T(°^ > T"^^^ 
f,m,k - f 

then 

(0) „Melt 
k (1) K;-' , = K* 1 - B̂  (Tf) , - Tf l-̂  ) + 

K f ,m, k f 

,(0) 
^K '•̂ f,m,k f̂ ' 

,. „(0) Melt ^,_ 
It T. , <" T. then 

f ,m,k f 

F *** 

K., (°> + K̂ )̂ T(°) ,+ K̂ 2) (T(«) ,)2 
f,m,k V f,m,k N,m,k 

Go to (3) 

(2) K (°\ = i (K' T' TJ°) ,) 
N,m,k ' f f f,ra,k 

F *** 

/, 

Uni 

(3) Tf > , = ri'^ , + 

R. 

2TT K, 
(0) 
N,!r.,k 

!"f̂  k \ 
I f,n,k f 

Go to B.lO.e 
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d. Clad, Coolant, s t r u c t u r e , e t c . lumned (S = 0 ) 
• c 

for 1 <_ m <_ M and the subscript N refering to the fuel 

boundarv node (i.e., n = N) 

f,m,k c,m,k f,m,k f I (0) . 
f,m,k f 

c,m,k E 

In 

2-n K 

1 \ 

if 6 > 0, go to (2); otherwise continue 

^ , m,k 

.̂  „(0) ^Melt 
if T^ , < T^ then 

f,m,k f 

K ^ + K ^ l ) T(°) ,+K(2>(TJ°> ,)2 
f,m. ,k f,m,k 

F*** 

,. „ ( 0 ) Melt 
if T^ , > Tj. then 

f ,m,k — f 

'Sl.m,k = K 
Melt 

1+ B^ (TJ°) ̂ - Tf ̂ ^)+ C rT(°) ,-T;^^^)2 
K f,m,k f K f,m,k f 

F*** 

Go to (3) 

(0) r ' ' (0) 
(2) C , k = ^ (-̂f ̂ ' Tf.m,k> 

(3) T(°> , = Tf > , + ! ! L I N _ _ /OJO) , A, 
N,m,k f,m,k I f,m,k f 

- <":, 

e . f o r l < r a < M and n = N 

if 6, > 0, go to (2); otherwise continue 

(1) if T(°) , < Tf 
N,m,k f 

4°i • 
N-l,m,R 

Go to B.lO.f 

K(°) + K(^> T^°) , + K(2) M O ) 
N,m,k \ N,m,k 

F*** 
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(2) ifTi°> >Tf^^ 
N,m,k — f 

(0) _ Mel t 

Vl ,m,k " "̂ f 1 + B,(T^°> , -Tf ^')+C, (T(°) , - T ^ ^ ^ ^ ) ' k N,m,k f k N,m,k f F*** 

Go t o B . l O . f 

(3) / ° ^ , = i (K' T' T^°) ,) 
N - l , m , k ' f 1 N,m,k 

f. F u e l T e n p e r a t u r e and C o n d u c t i v i t y f o r nodes 1 _̂  n <_ N 

I f N = 1 go t o B . l O . g 

I f N > 1 t h e n 

n , m , k 

f o r 1 <_ m <_ M and 

f o r J = 1 , N - 1 

s e t n = N - J ( i . e . , n = N - 1 , N - 2 , ._ 

= T^°i k - ' ! A o ^ ^ ^ , ' ^ ' ' ' " 
n - l , m , k , '- i Z.m.k j I-> «=1 / \2Tr K „(0) 

n , m , k 

1) 

if 6, > 0, go to (3), otherwise continue. 

•̂  ^(0) „Melt (1) if T , < T^ then n,!". ,k f 

K^'] , = 'K(°) + K ^ 1 ) T ( ° ) , + Pe2^T(°> ,)2 
n-l,m,k n,ni,k n,m,k 

Go to B.lO.g 

F*** 

., ̂ (0) ^Melt 
(2) if T^ , > T^ then 

n,m,k — f 

n-l,m,k f ; k n,m,k f / k n,m,k f 
F*** 

Go to B.lO.g 

.(0) f I ,(0) (3) K' ; , = + (K^, T. , T' ' ) 
n-l,m. ,k •' f f n,m,k 
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g. Fuel Temperature and Conductivity at Center 

(1) If .5, > 0 K° , = i- (K' TL T° , ) k 0,m,k f f l,m,k 

Go to h 

(2) If T? , < I>i^^^ ^ ' l ,m,k f 

K° , = K^«^ . K^l) T | ° ^ , . Kf2) ( T ( 0 ) .2 
0,m,k l,m,k l,m,k 

Go to h 

(3) If T« , > f f ^T ^ l,m,k — f 

0 , m , k f k ^ l , m , k f k ^ l , m , k f ^ J >• 

h. Fuel Center Temperature 

(1) If R^ ^ 0 X = r j - R^ - 2R^ £n ^ 

(2) If RQ = 0 X = r j 

o(o) 
T^ = T° . A i l J l (X) 

0,m,k I,m,k 
0,m,k 

i. Average Fuel Temperature 

\ Tf°̂  A 
^(0) _ n=l "•'"•'̂  " 
f.m.k 

A^ 

11. Steady-State Temperatures (Start of iteration) 

for 1 > m < M 

Iterate for Steady-State Temperatures (converge one section (i.e., m = 1) 

before proceeding to the next. 
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a. Fuel-clad gap conductivity 

If 6 / 0 go to b gap '̂  £ 

If 6 = 0 then 
gap 

C^O) = h. F** 
g,m,k f 

Old(O) _ (0) 
L , - c , w _ 
g.m.k g,m,k f 

Go to d 

b. Melting Indicator 

for 1 < n < N 

If T<°) , > T^^l^ then 6̂ °̂  , = 1 n,m,k — f n,m,k 

If T(°) , ^ T f l^ then '^'^ , = 0 
n,m,k f n,p,k 

Go to c 

c. 6 = 0 
gap 

If RQ ^ °' g° ̂ ° "-^ 

If RQ = 0, go to c.2 

(1) Ro / 0: 

If A/^^^^ ? 6"«i\f°5 A < n R2 
n,m,k n — o 

n=l ' ' 

-- = -= • V - " . «e(̂ )° ,, - ^ H 
(0) 

e,m,k ^ \ 'Vf,m,k 

Go to c.3 
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If AV"^^' I 6, 
n=l 

"^^^^°) A > n R2 
n,m,k n o 

,,(0) = (R . ) C o l d ^ ^ ^ \ ' 
m,k e f e\ L / 

(0) ,(0) 

e,m,k ^ f,m,k 

AV"^1' R. (AV^^^V 1)R^ 

2 R. 
7 ^ I «^°^ k A A- '•- n,m,k n 
f n=l 

Go to c.3 

(2) A*(°) =(R -Rj^°l'^+a R (Yl°) ,-70)-a R (Y^°)-70)-M (AV«^^') ( ^ ) m,k e f e e e,m,k f f f,m 

N 

( I *^°\A) 
''. n,m,k n 

n-1 ' 

(3) if A<t)̂°i* > 0.0 then 
m, K 

p(°) = 0.0 
m,k 

if A(j) ,-̂ < 0.0 then 
m,k — 

,(0) 

m,k 

A*' .' E (R^ - R ) (144.0) 
m.k e E e 

If P^°'' > P,, , then P*'°i' = P„ (where P„ 
m,k Max m,k Max Max 

''Y.P. ^^E " ^e^ ^̂ "̂"̂  

2(KA°^ , ) (K ) 
(0) N.m,k e 

\ , k ° IĈ °̂  , + K 
N,m,k e 

if A* , > 0.0 then 
m,k 

6(°> ^ = A*<°) + B (6, + 6 ) 
g,m,k m,k o f e 

if Acfi*- , < 0.0 then 
m,k — 

A(0) <. 'A ^ A ̂  
g ,m,k o f e 
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if (5 = 0 then 
c 

K , = A + B I e,m,k f,m,k 
g,m.k g g =—̂  ;; >—^— 

+ C / e,m,k f ,m,k 
K I 2 

if 6 7* 0 then 
c 

K 
(0) 
K,m,k g g 

^(0) ^ ^(0) ^ 
A + B e,m,k f ,m,k 

\ 

^(0) ^ ^(0) 
+ C e,m,k f,m,k 

,Calc.(0)_ 
''g,ni,k 

K ( 0 ) p(0) 
m, k m,k 

a /& f o 

^(0) 

6^°^ , + (g. + g ) 

F** 

.wt(0) 
"g.m,k 

.Old(O) 
"g.ni.k 

C " " , + (1.0 - w j C^^l^(°>) 
g,m,k f g,m,k 

g,m,k f 

d. Fuel Node temneratures and conductivities 

for n = N 

T(0) 
+ T, 

(0) 

< T. then 
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„ ( 0 ) 
N,m,k K' ' + K' 

^ ( 0 ) ^ ^ ( 0 ) 
f ,m,k N,m,k 

2 

+ K 
(2) '^f k + <'^ k f .m,k N,m,k 

2 P**:fc 

if T^°) + T(°> 
- i -a-^^-^ ^'^l-^ 1 T f 1 ' then 

,(0) 
'Sj,m,k " ^f 

.Melt 
1 + B, 

p(0) ^ ^ ( 0 ) 
f ,m,k N,m, 

/ T ( O ) + ^(0) 
, p / f ,m,k N,m,k 

''K 2 

e . T e m p e r a t u r e f o r N f u e l node and f u e l boundary 

I f 6 5* 0 go t o B . l l . f 

I f 6 = 0 t h e n f o r n = N 
c 

„01d ^ (0) 
N N,m,k 

F*** 

TJ°> = T ( ° ) , + (QJ°> , A,. , ., , . , . . , . . , 
f , m , k c , m , k f , m , k f ' e , m , k e f , m , k f 

,) fo^O) , A + ol°> , A. 

V 0^0) A 
f , m , k f 

"4 
2TI K 

h*<°) , 2 . R^ c , m , k E .(R, + R ) C-^(°J f e g ,m ,k 

„(0) _ „(0) . ,„h. 
"»T 1 T + J,n — N,m,k f , m , k r 

- 4!I,u 

X 

0j°^ k A, f ,m ,k f 

Go t o B . l l . g 
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f. 6 4 0 and n = N 
c 

„nid ^ (O) 
N N,m,k 

^(0) ^ ^(0) ^ 
f,m,k e,m,k 

TT(R^ + R ) C , 
f e g,m,k 

-T7m- ("f°̂  • \) 
,wt(0) f,m.K f 

(0) ^ ^(0) _̂  '̂ "î " 
N,m,k f,m,k 

^''S. 
(0) 
n.k 

"f°^ k A, f,m,k f 

L 
g. Temperature for remaining fuel nodes N-1 to 1 

i f I\ = 1 go t o B . l l . g . ^ ' . 

i f N > 1 t h e n 

f o r J = 1 , N - 1 

s e t n = N - J ( i . e . , n = N - 1 , N - 2 , 

^Old ^ ^ ( 0 ) 
n n , m , k 

j [ 0 ) ^ ^ ( 0 ) 
,, n + l , m , k n .m .k ,>1elt 

I t —^— >_ r t h e n 
2 ^ 

n,ra ,k f 

A ( 0 ) ^ ^(0) 
_ u I n + l , m , k n , m , k J ^ e l t ' 1 + B^ 1 T^ 

jW ^ ^ ( 0 ) ^ 2 
r ( n + l , m , k n ,m ,k J ^ e l t 

^.[0) ^ .j,(0) 
„ n + l , m , k n .m .k _>1elt ^, 

i f •—'• —•— < T then 
2 ^ 
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,(0) ,(0) 

K 
(0) 
n.m,k 

K̂ O) + K̂ )̂ [-S:!±^>^-^5.>SLA] + 

^(0) ^ ^(0) 
,„, / n-̂ l,m,k ' n,m,k 

T̂ "̂  , = T^°] , Y l A„ QCO) 
(LN), 

n,m,k n.l.m.k 1 :, "l ^^,m,k] ^^^^^^ 

^ '̂  n,m,k 

g.2 Temperature for center 

^Old ^ 0 
0 O.m.k 

'^O.m.k^ ^ 4'^f' r?,-n,k ^ ̂ S.m,k/2 

if R„ / 0 X = rj - R2 - 2R2 ,n ^ 

if R^ = 0 X = r^ 

0 0 ^ '̂ l.m.k 
0,m,k l,m,k '> ^ 

4 K 0 
0,m,k 

h. Clad-surface heat flux 

if 6 4 0 then 
c 

^(0) _ (0) ,_,(0) 
0, , = h (T^ , 
n,m,k c,m,k ii,ni,k 

^(0) 
"c,m,k 

if 6 = 0 then 
c 

,(0) (0) _-(0) 
h,m,k f,m c,m,k 

"f ̂ k A, 
f,n,k f 0j°> ^ y , A \ĉ -̂ -̂ J(R,+R . 

f,m,k f e.ra.k e ^ g,m,k f e 

2R̂  

c,n,k 
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1. Average fuel temperature 

^r^ k = f T^°^ k A f,m,k '-, n,m,k n 
' n=l ' 

A 
f 

j. End of Iterative loop. Check for convergence 

If f or 0 _5 n _< N 

n n,m,k — T 

then continue looo on m. When m = M go to B.11.1 

If for 0 < n < N 

n n,m,k T 

return to B.ll.a ana continue the iteration. 

k. End of looo on k 

12. If K - 3 then set K = K /F 
e e e 

Go to C. 

C. Equivalent Temperatures 

1. Fuel nodes 

f or 0 < n < % I < m <_ M and l;! k <_ 2 

If T(°) , < Tf ̂ ^ then E(°) , = T̂ ^̂  , 
n,m,k f n,m,k n,in,k 

If T(°) , > T f ̂ ^ then E(^) , = E^«^' ^ T̂ °> ^ 
n,m,k - f n,m,k — ; ^ ^ n,m,k 
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2 . F u e l bounda rv 

f o r 1 < m. < M 

.(0) .(0) 
f ,m^k N,m,k iln - ^ ^l'^ k A, f , m , k f 

D. Feedback Temperatures 

for 1 <_ n <_ N and 1_1 S- f_ L 

1. H ( ° ) , - T^°) ^ , - wrT(°) , , - T ( ° ) , . .460 
n,m,8, n,m,k=2 i n,m,k=2 n,ra,k=l 

for 1 < {. < L 

2. T ̂ (0) f H(°) , A 
n=l ' ' 

jDOP(O) P*(0) 
"m,a 

I _ c i '"•̂  
H 
(0) 
N,m,g. 

j*(0) 
m, Jl 
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Average temperature of the core 

if Bg^^ and B̂ p̂ = 0, go to D. 3. a 

if 0. > 0, go to D.3.a Ave 

otherx̂ ise set mb = B„ . + 1 Bot 

and MT = M - B^^^ 

Go to D.3.b to calculate average temperature of core on 

a. Set mb = 1 

MT = M / 

Temperature Drops . 

^ m,L m,L-l'̂  

a. 

b. 

Radial 

B,m 

Average 

= 

RT (1 - / L-2 ) 

(^)J°> = I (AT)̂ °> (AZ)̂ ^ 
m=l 

eciflc Heat 

«T 

for 0_f_n<N, l < m £ M , and 1 f. k <̂  K 

^(0) ^Melt 
n,m,k f 

c(°) , = ^ (cl T", T(0) ,) 
n.m,k •* f f n,m,k 

^(0) ^Melt T , > T^ then n,m,k — f 
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^(0) ^ ,Melt 
n,m,k 

F. Average Coolant temperature in the three channel types; clad and 

fuel coefficients of expansion 

1. for 1 < k < K 

'-, c,m,k m 
_(0) =-J-l 

c.k M 

I (AZ) 
m=l 

for 1 1 k <̂  K 

for 1 <_ m <_ M 

Find fractional linear thermal expansion of the clad and fuel 

(ft)^°^ = E^°) + E(^)T(°) , + E^2) -(0) 2 
L , e e e,m,k e e,m,k 

e,m,k 

(f^)'°' = Ej°^+E(^^Tf\ + Ef>(TjO>,)2 L ' , f f f,m,k f f,m,k f,m,k 

if 6jj = 1, go to H. 

G. Orificing Coefficient 

2. Coolant viscosity 

Evaluate using linear interpolation: 

1 ̂  k ̂  K 

.^'l - \ (P'.r^j) 
c,k •" c c,k 

where u' and T' are built in fits 
c c 

D G(°^ 
3 N(°) - " '̂ •'̂ -1 

R,k=l (0) 
^c,k=l 
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4 . N f > , = F G ( ° > ^ D„ 
R,k=2 r c , k = l H 

"c.k=2 

5 . By l i n e a r i n t e r o o l a t i o n 

o^^l - i ( o ' . T ' T ' ( ° h f o r 1 < k < K 
c . k •' c c c , k — — 

^ i n l e t ( O ) ^ r , ' ^ ' ^ i n l e t ( O ) , 
c •' c ' c ' c 

6. I f N„ , „ < COMP t h e n 
R,k= 2 — 

64 t 
(2g) AP = ~ ~ (F G^°^ y + ^ , 9 (F r / ° ? , ) ^ 

N ( 0 ) ° H r c , k = l 0R,k=2 r c . k = l 
^'^^^ (0 ) i n l e t ( O ) 

Pc ,k=2 

go t o 7 

7. I f Np ?̂ ^ > COMP, t h e n 

^'^^ '' = C !t ^^ <°Ll> ' ^ 0̂R,k=2 < ^ ^ £ L l ) ' 
, . , (0 ) e D„ (0) I n l e t (0) 
^ \ , k = 2 ) « Pc,k=2 Pc 

8. I f N„ , , < COMP t h e n 
R , k = l — 

^ _ ,„ , . „ i n l e t ( 0 ) i n l e t ( O ) 
^ R , k = l - ^^^^ ^^ Pc 64 ^ ^ c 

( G ^ ° ^ ^ p 2 Np_^j^^^ H P ^ ^ ^ ^ ^ 

go t o 1 0 . 

9 . I f N„ •* , > CO"!? t h e n 

%..=! " - > " « / " " ' " ' c 'T »r'""" 
. f , (0) 2 (0) e D (0) 
^^ 'c .k=l^ ^^'R,k=l^ H P c , k = l 
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10. If 6„ = 2 go to I 

If 6„ = 3 go to G.ll 
H 

11. N(°> = F 0^°) D 
R,k=3 V c,k=l H 

^c,k=3 

12. If N̂ ,̂-* , < COMP 
R,k=3 — 

^0R,k=3 

go t o H 

xf M ( J > 

= (2e) A- p ^^^^^(Oy 
c 

(F Ĝ o> y 
V c , k = l 

^ rriMP 

64 

N ( 0 ) 
\ . k = 3 

. ft 
i n l e t ( 0 ) 

Pc 

(0) 
Pc ,k=3 

" • " "R.k-S 

H. Set up initial values needed to calculate energy removal from and 

energy addition to Core. 

1 0^°) = A V ^^^ C*̂ "̂  [T (0)""tlet Y(0)lnlet, 
0UT c c c c c 

„here V^^^ = V^°) 
c c,l 

Y(0)0utlet ^ ^(O)Out 
c c,l 

Y(0)lnlet ^ .j,(0)lnlet 
c c 

_(0) /^(O) Inlet _̂  Y(0)Outlet^ 
C = +/ c c 
c 
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2 . E 

3 . E 

(0) 
0UT 

(0) 
IN 

0.0 

0.0 

'• - z - »•» 

I. Delayed neutron precursor concentrations 

IM 

im=l 

A. / -a. , „ s-a. 
im (a. im -(a. + T ) im 

im ira o 
im 

J. End of INIT 

If C. 4 0.0 for 1=1, I,go to 

If C - 0.0 for i=l, I,then 

,(0) 
= v6. P 

X. 
1 
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SUBROUTINE FEEB 

FUNCTION 

This subroutine finds the programmed k at any time, t, from the set of 
input values for time and k, and computes the total k for each new time 
step. The various Ak feedbacks due to temperature changes are calculated; 
these include the Doppler, fuel bowing, radial and axial expansion of the 
core, and core density changes. The Ak feedbacks caused by sodium voiding 
and scram are found by searching an input table for each, if either or both 
are inputs. 

PROCEDURE 

Core Reactivity 

If iS / 0, go to B 
pwr 

If 6 = 0 and i = 0, to to A.l 
pwr 

If 6 = 0 and •) ?« 0, go to A. 2 
pwr 

I. Initialize the following: 

k[^) = 0.0 

k^^) = k , 
p,s=l 

k(J> = k , 
P P,s=l 

U[1-l)= k^-1-2) = kJ^-3) = 0.0 

.̂ scram ^ ^_^ 
init 

T^°^^ = 0.0 
mit 

(A.') = 0.0 
scram 

(AK) ., = 0.0 
void 

Go to H. 
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2. Check Ak feedback due to scram. 

(This is calculated here because it is included in the 
programmed reactivitv equation - see A.3.a) 

for 1 < k < K 

, (i-DOut scram „„ ̂ „ , , ̂  a. Ir T , > 1 , go to k.l.b c.k — c ' '̂̂  

j^ ^(j-l)Out __ ^scram 
'c,k c 

(1) If P. - I' > e , go to A.2.b 1 o — scram 

p 
o 

(2) If P. - P < £ , go to A.2.d 
1 o scram 

p 
o 

^̂  ̂ scram / Q Q ^scram ^ ^ _ ̂ scram 
init " ' init 

Go to A.2.C 

If T^"^" = 0.0 
mit 

(X) T̂ ''"™ = t 
init 

(2) T^''"" = 0.0 

Go to A.2.C 

c. (Ak)^T) = J (Ar,' , T' , T"'"') 
scram •' scram scram y 

Go to A 3 

d. (Ak)^^) = 0.0 
scram 
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3. Check indicator for feedback approximation- calculate programmed 
k and total k. 

a. If 6 = 0: 
est 

(1) Programmed k 

If 1 = 1, set k^1-l) = k^i-l) 
P 

•Si^ = k ^-
p p. •̂"̂  = ̂ ,s +( P^^+^ " P>^) (t-t )-f(Ak)̂ i) 

^s+1 - % 

where t < t < t 
s — — s+1 

(2) Total k 

p p f 

Oo to B 

b. If (5 5̂  0-
est 

(1) Programmed k 

If 1 = 1, set (Ak.) = 0 
f est 

(AkJ 

If i = 2, se t (Ak^) = 

If j >̂  3 

(.1) ._ , ( i ) " , ( i - l ) _ 
e s t f 

x<J 

, ( i ) , ( 1 - 1 ) 

( i - l ) 
T 

k(J-2) 
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k , - k \ 
k(J> = k + - ^ - ^ ± i ^ ) ( t - t ) + (Ak)^T) 

,-. P , s \ t , , - t s scram 
V s+1 s 

(2) Total reactivitv 

r-> k^''^U u'^^ , (1-1) ^ ̂  .̂. ,(1) 

B. Doppler Effect 

For l ^ m < _ M , l£^n<^N 

1. Doppler Temperatures 

^(j-1) ^ ^(o) ^ j,(j-l) _ ^(o) i < k < 2 
n.m,k n,m,K. n,m,k n,m,k — — 

For 1 < H < L 

p(i-l) ^ ^^(j-1) (g(j-l) _ g(j-l) . ^ ^go 
n,m,J, n,m,k=2 £ n,m,k=2 n,m,k=l 

If H^°) > T^^^ + A60 
n,m,l?, — f 

n,m,>o n,m,>!. — ' -

f n,m,k=l 

If H ( ° ) . < T ^ 1^ + 460 
n,m,>- f 

p(j-l) . y(j-l) 
n,m.S. n,m-^ 

If F(-1-\) < - f + 460 
n,m,«. f 

ajm̂ f- n,m,£ 

I, j.(j-l) , ^Melt T' + 460 
n,m,S. " f 
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Melt 

I f F ( - 1 - 1 > . T^'^l^ + 460 + ^ , 

f n,ra,k=l 

Then 

„Melt 
T*(J-1) = v ( 1 - l ) _ ^ F ' 

n,m,!l n,m,!l p ( j - l ) 
''f n,m,k=l 

If F^J- l ) < ry^' + 460 4 - ^ ' ' ' ' ' 
n,m,t " ^f ^ . . w ^ ^ ^^._^^ 

f n , m , k = l 

n,m,K. f 

5 *c-i_i') 
T;r*(1-1) y T '•^ „'' A 

m,)l n = l 

^ 

If 6 5̂  0. go to 3b then F. 
pwr 

^Dop(j-i) ^ - (1 -1) •"; _ ( ^ ^ r ' ^ - <%:'/ 

• m,!!, 

^y^Dop(j-l) 

, ( j - l ) _ ' " - ' (Ak^ )'-J„ ' = A„ l n V „ D o p ( o ) , 
Dop m,£ Dop V „ y 

Pop , Dop(3 - l ) . _ , Dop(o) , 
b+1 ^ m,i ' ^ m,8, ' 

2 . T o t a l Dopp le r Ak 

M 

,• ^^ I I (AK. ) ^ Â  (AZ) 
( j - 1 ) '•. / T T ) O P m,J, £ m ' m 
„ = m=l )c=i Dop M L 

I l ^ : ^ (AZ) 
m - l 2,=1 
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3. Average temperature of the core 

If B„ ^ and B„ = 0 , go to a. 
Rot Top 

If 5. > 0, go to a. 
Ave 

Otherwise set mb = B„ + 1 and M T = M - B^ 
Bot Top 

Ho to b and calculate average temperature of core onlv. 

a. Set mb = 1 

"̂<1 MT = M 

, -(1-1) I I T ^\^' (AZ) 
Core m=mb £=1 

MT 
L I (AZ)^ 
m=mb 

4. Doppler Weighting Factor 

Dop 

:(i-l) 
, Core -

V p 1" T-(°> 
Core 

^'^Dop (?J^-^^)^"^ ,-(o) ,b+l 
^ Core-̂  

CAK) (1-1) 
Dop 

(AK) (.1-1) 
Dop 

Co to C. 

C. Bowing 

1. Check for fuel bowing 

If 6̂  = 0 
bow 

AH„ 
(1-1) 

'? 
T 

V 
Go 

/ 

t o 

H 

n 
m 

= 0 for 1 < m < M 

D-34 



GEAP-5273 

If 5, ^ 0 
bow 

(AT) (1-1) 
B,m 

2D„ 
(f*"-" 

V- f? "•' 
T*'-̂  ]] 1 < m < M 
m,L-l — — 

(AT)li-^^ I (AT)^;;^> (AZ)^ 
m=l ] 

2. Change in Core Radius as a function of type of bowing 

a. Centilivered at inlets, pinned at exit (6, = 1) 
bow 

AR„ 
(1-1) 

B,m 

" 2 - a X s m 

^\ '̂T 

1 - X 

(AT) (1-1) (AT)^°) 1 < m < M 

b. Simplv supported at both ends (6, = 2) 
bow 

/ 
/ AR^ 

(1-1) 

B,m 2"B \ 

2 * 
(X - X H ) 
m m 

I (AT) (1-1) (AT) (o) 1 < m < M 

c. Centilivered at exit, pinned at inlet (6, = 3) 
bow 

iR„ 
(j-1) 

B,m 

"q 2 X^ 
§ (2X'̂  - m 

4D R ™ -TT 
B T H 

* 
H X ) m 

(AT)(i-l) _ (-̂ (̂o) 1 < m < M 
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d. Centilivered at exi t , free at inlet (5, = 4) 
bow 

\ / B.m 
2D„ \ 

2 * * 
(X - 2X H + H ) 
m m 

(AT)J-̂  ̂ ^ - (AT)g (o) I 1 < m < M 

e. Centilivered at inlet, free at exit (6^ = 5) 
bow 

AR^ 

1 ^ ^ 

(j-1) 

B,m 2°B \ 

5 X^ (AT)^^-^^ - (lT)i°h 1 < m < M 
m rS D — — 

D. Various Core Changes 

for 1 f, m f, M 

1. Core Shape Change due to axial pressure differences across the core 

AR 
l \ 

(1-1) 
X iL 
m o 

\ P,rn T 

2. Thermal Expansion of the Core 

\ (̂ -1) 

,(1-1) 
'̂ ,1̂ =1 
,(o)2 

'c,k=l 

AR„ 

\ 
.„(i-l) ex (T s s,m,k=l ^^°^ k 1 ) s,m.k=l ' 

T.m 

3. Total Core Radius Change 

A R A î-̂ ) A R \ ̂ -̂̂ > 
' T 1 T \ 

B.m 

4. Core Height Change 

AR„ \ (J-1) 

v; / P,m 

(J-1) 

T,m 

(j-1) 
^ .AL,(j-l) _ ,AL (0) 

(—) (AZ). 
AH„ 

"'-'' f ,m,k-i f.m.k=l -^ 
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E. Density Changes 

for 1 <_ m <_ M 

^ • / ^ ' ' f .mj ^ _ ^ (AL^(j-l) _ (AL^(O) 

'Pf,m 

f 1 L ^ , , L f ,m,k=l s 
f,m,k=l 

( j -1) _ ̂ (o) 
s,m,k=l s,m,k=l 

2 . / A P ^ \ ^ _ (Ak)J-l _ ( |L)(0) 

e,m,k=l e,m,k=l 
p 

e,m 

J. 9„ C T ( T - I ) T ( ° ) ^ 
+ 2a (T , - T , 1) , 

s s,m,k=l s,m,k=l 
,AL,(J-1) _ ,AL.(0) I .AL, ( j - l ) ,AL,(0) 

e,m,k=l e,m,k=l f,m,k=l f,m,k=l 

then 

,(j-l) __ (f^)(^-^) - (f^)^°) 
e,m e,m,k=l e,m,k=l 

4. Ifj(ft)(J-l) _ (|L)(0) I ĉ  (AL)(J-1) _ (|L)(0) 
I e,m,k=l e,m,k=l | f,m,k=l f,m,k=l 

A (J-1) _ r / A L - d - l ) ,AL,(0) 

f,m,k=l f,m,k=l 

5. Using linear interpolation, 

â "̂-"-) = :f (a', T', T^i"!) ,) where a' and T' are input fits 
c,m -̂  c c c,m,k=l c c '̂  
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(j-1) 
'Ap 

V c,m 
c,m c,m,k=l c,m,k=l 

+ 2a (T^J-l) - 1^°) ^ , 
s s,m,k=l s,m,k=l 

2R2 a (T^J-l) - T ( ° ) , ,) - 2 R 2 A^^'^^ 
c s s,m,k=l s.m.k=l e e,m 

R2 - R2 
c e 

/_ \ (j-1) 

7^!s^] = _ 2a (T(J-1) -T(°) 
\ _ / s s,m,k=l s,m,k=l 
\p ' '.. — I 

+ a ( T - ' - T i i ) i s,ax s,m,k=l s,m,k=l/ 
_ _ i 

7. If 6 = 0, go to F 
u 

If 6 ^ 0, go to E.8 

8. Find fractional linear thermal expansion of the additional material 

(f^)(J-l) = E ( ° ) + E(1> T(J-1> + E ( 2 ) ( T ( J - 1 ) >2 
L , u u u,m,k=l u u,m,k=l 

u,m,k 

(j-1) p . 

/"^^u.mA _ _L'(AL^(J-1) _ (AL (̂O) \ 

Vfu.m / L*̂ ^ u,m,k=l ^ u,m,k=l/ 

+ 2a (T^i-^) , - T ( ° ) ^ ^) : s s,m,k=l s,m,k=l ' 

J 
Check for sodium voiding 

If 6 . , = 0, go to G. void ' ° 

If 6 , , # 0, calculate absolute pressure: 
vo id 

'• ^Z = ^ t ^ V m p 2gAp(°) ^ (64.4)(144) 
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^ B o i l ^ ^ • ^ 'Boil p ( j ) 
c •* c ' c ' Z 

f o r 1 1 k £ K 

and 1 < m < M 

I f T ( J > , < T ^ ° l l , go t o F . 3 
c ,m ,k c ' " 

I f T^J) , > T » ° i l 
c ,m ,k — c 

(Ak)(J) = i [(Ak)' . , , T ' .^, T''° 
v o i d -̂  v o i d v o i d 

, Burnout ^ r . ' ' B u r n o u t ( j ) , 
E ^ ^ E ' E ' Z ' 

For 1 1 k £ K 

and 1 < m < M 

If TJ J ) < T^"'^"-^ ^^ ^_^ 
E,m,k E 

I f T ^ J \ > TI-^^°^\ c o n t i n u e 
E,m,k — E 

Ak^i) = /(Ak' . , , T ' . , , T^°") 
v o i d v o i d v o i d 

Go t o G. 

4. Check for fuel vaporization 

for 1 1 k £ K 

and 1 < m < M 

" -5^:,k < ^'r"". °̂ - -
If T, > T ! ^ P ° ^ , continue 

l,m,k — f 

Ak^J) = :f(Ak' .̂  T' .,, 1"°̂ -̂ ) 
void void void 

_f (J ^ 0, go tT U 
pwr 

If (T / C , .-..nfaue 
pwr 
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G. T o t a l Feedback R e a c t i v i t v 

T 6^^ H^ 

X ( j - 1 ) 

, ( i - l ) _ . *k I' ^'^\ (AZ). 
R^. m = l \ ^ m 

y 
; "-^ 

( j - 1 ) = V 7 «,, ^ Ap, \ - S^ . Uo 

( j -1) 

^v"^^ = I f̂ > ^ ^ ^ - ê ;^ , 
m=l 6p^ ' — / , 6 p / \ — 

^ _ ( j - 1 ) \ 
6, Ap > (5, 

— k c,m , — k 
+ P T^— "— , + p c 65 . — ' s 6p / 

c ^ P s / 
m c,m / i n 

_ ^ ( 1 - 1 ) \ _ \ ( j - l ) 
AP„ _ 6^ \ Ap^ 

+ P. 
P 6p ' \ p 

s,m u \ u,m 
N m \ 

u ( M ) = ( A k ) ^ i - i > ^ p n - 1 ) ^ ^ n - i ) ^ ^ n - i ) ^ ( j 1) 
f Dop H R D v o i d 

H. END OF FEEB 
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SUBR0UTINE P0WD 

FUNCTION 

.th Calculates prompt power, average power and prompt energy during the j step; 
also, total power, average power and total energy at the end of the j step. 
Delayed neutron precursors are also computed. 

PROCEDURE 

A. Check for power table 

If 6 ^ 0, go to G. 
pwr 

If 6 = 0 , go to B. 
pwr ' '̂  

B. On the first time step (when j = 1) calculate 

1. Total delayed neutron fraction 

I 

B = I e 
i=l 

2. Initialization 

E. = 0.0 
1 

E. = 0.0 
J 
* * 

P. = P 
3 o 

C. Kinetics Equations 

1 R = k^i^l-B) - 1 

i 0 

2. A. 
.(j) 

vi 
K C^J-^) + S 

i=l 

3. If k^i) ( 1 - S) - 1 
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a . P . 
J - 1 / 

( j ) 

( j ) ' 

I f J > 1 , go t o (2) 

I f J = 1 , go t o (1) 

(1) I f P* - P* —* 
/ P . < e 

1 - pwr 

Set P . 
.1 

Go t o C . 3 . b 

I f / P . > e , go t o C . 3 . b 
3 pwr ' 

(2) If 
—* 

''j 

—* 
Set P. = 

Go to b 

If 
—* 
P. 
J 

—* 
- ^ J - 1 
—* 
^ J - 1 

—* 

A T ^ i ) 
j J j - 1 

If J - 1 , go t o (2) 

—* 
/ P . < e 

J - pwr 

—* 
/ P . > E , go t o C . 3 . b 

J pwr ' ' ' 

I f J = 1 , go t o (1) 

* 
p 
o 

* 

(1) I f I P. 

Set P . = p 

/ P . < E 
J - pwr 

Go to D. 

* 

(2) 

If 

If 

^j 

* 
p 
J 

;V 
Set P. = 

J 

Go to D 

If 
j 

p' 
o 

* 

- ^ j - 1 
* 

^ j - 1 

* 

' ' j - 1 

^ " j 

* 
/ p . 
3 

* 

> 

< 

^ 

E 
pwr • 

E 
pwr 

E , 
pwr 

go to D 

go to D 
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4 . I f .(1) (1 - S) - 1 

A. 

a . I f R. T^'i) > - 8 0 , t h e n 

\ 
^ 1 / ^-1 " 'A . -̂ ' 

( j ) 

. ( j ) 
V e 

R. 
J 

* * R T^l) R T^J) 
p . = P . , e j + 0 . ( e j ^ 

3 3 - 1 J -J 

1) - Q, 

1) 

Go t o C .4 .C 

b . I f R. T^i ) < - 8 0 , t h e n 

/ P - ^ 0 
1 1-1 ' i 

. (J) 

A . 
_J. 
R. 

3 

Go t o C.4 .C 

If J > 1 , go t o (2) 

I f J = 1 , go t o ( ] ) 

If 
—* 

"j 
—* 

Set P. 

If 
* 

'j 

* 
Set P. 

3 

If 

If 

Go t 

—* 
P. 
3 

* 
p 

'j 

:o D. 

* 
- P 

o 
* 

= P 
0 

* 
p 
0 
* 

= p 
o * 

- p 
o 
* 

- p 
o 

3 

A 

^^ 

/P* 
3 

< 

< 

> 

> 

''Pwr 

e 
pwr 

E 

pwr 

E 

pwr - ' ' j 

—* 
P . 

3 

* 
P . 

3 
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(2) I f P . - P 
! 3 

—* 
Set P . 

J - 1 

—* 
' ' j - l 

—* 
/ P . < 

3 - pwr 

I f P . - P 
j - 1 

/ P . 
pwr 

Se t P . = P 
3 

-* 

j - 1 

I f 
j - 1 

—* 
/ P . 

3 pwr 

—* 
P. 

3 

I f 
* 

P . 
3 j - 1 

* 
/ P . 

3 pwr 

* 
P. 

3 

Go t o D. 

D. Excess Energv 

1 . E. = E. ., + (P . - P ) i^-' 
3 3 - 1 3 o 

2 . For 1 < im < IM 

I f T = 0 , s e t T = 1 .0x10 
o o 

25 

a . + T 
im o 

If X > . 0 5 , s e t 

~ Im , , _ , , 1 - a . , 1 ; 
g . = ( a . + T ) im ' X - -TT -

im a . im o ( 1 - a . ) , 
im im V 

(1+x)" "im im - 1 > 

I f X < . 0 5 , s e t 

A. ( a . 4- T ) ^ "im . '~ ( 1 4- a^ ) 
im im o 2 , im 

X 1 -

(1 + a ) (2 + a ) 
im im 

2 (1 4- a . ) ( 2 + a . ) ( 3 + a . ) 3 
X - im im im X 

12 

(1 + a . ) (2 4- a . ) (3 4 a . ) (4 4- a . ) 4 
+ im im im im x 

360 

60 
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3 . f o r 1 <im < IM 

I f y > . 0 5 

A. =. im - a . , 
g , = a . im 1 

im a . im 
im im 

(1 + y ) ^ "im -1> 

. - d + a . ) 
A. a . im 

im im 

—1 

im a . y 
im ' 

1 - (1 + y) im 

I f y £ . 0 5 

A 

g im 
im - a . 

-IT- a . im y 1 
2 im ^ 

(1 + a ) (1 4 a ) ( 2 4 a , ) , 
im . im im 2 y + 12 

(1 4- a . ) (2 + a . ) (3 + a . ) 
im im ™̂ 

60 

im 3 
y 

(1 + a . ) (2 4 a . ) (3 4 a . ) (4 + a . ) 4 
im im un im y 

360 

- . - ( 1 4- a , ) 
f. = A. a . im 

im im im 

(1 + a . ) (1 + a . ) (2 4 a . ) 2 
, im , im im y 
1 - 5 y + 7 ^ 

( 1 4- a . ) (2 4 a . ) (3 4 a . ) 3 
im im im_ y 

24 

(1 + a , ) (2 + a . ) (3 4 a . ) (4 + a . ) 4 
im im im im y 

120 -

4 . E. = E. 
3 3 

1 + I §-!„ 
1 = 1 

+ P I g-
o . '•, im 

1=1 

I f J > 1 , go t o b 

I f J = 1 , go t o a 
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a . I f E. / (P* T ( J ) ) > , ^ ^ , , o t o E. 

•* T ( J ) ) < I f E. / (Pj 
pwr 

Set E. = 0 . 0 
3 

Go t o E. 

b . I f —* x(J) ) > ) > E , go t o E pwr ' ^ 

If 

Se t E 

E. -
J " j - 1 

/ ( ? * T ( J ) ) < e 
3 - pwr 

^ J - 1 

Go t o E. 

E. Delayed Neutron Precursor Concentration 

C^J) = Ĉ ^̂ -1) 4 vf -^ (1) 
P T 

i • 1 

X. C^J-^) x^J) 

F. Average Power 

1 . P . = . ' p . 4 E . " y f . - ^ - p y 

V 
J . ' - , 1 m o . . 

1=1 1=1 

A. - a , 
im im 

a . 
a . im 

im 

( a . + t 4 T ) im 
im o 

C, where C^ = 8 .6x10 
h h 

•10 

2 . P . 
3 

P + 
o (J) ^^j - ^ j - l > 

Go t o H. 

G. Bv linear interpolation find 

P. as a function of T 
3 

pRatio ^ fd^Ratlo^ ^'^ ^^ 
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where P . and T are input va lues . 

* -10 
P = P /8 .6x l0 

o o 

P* = P* X P ^ ^ ' i ° 
j o J 

* -10 
P. = P. (8.6x10 ) 

P. = ( P . _ , + P j ) / 2 

H. End of P0WD 
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SUBROUTINE INFLOW 

FUNCTION 

Calculates mass velocitv of the reactor coolant in the peak and hot spot fuel 
channels. The velocity for the average channel is selected from user's input 
table. 

PROCEDURE 

A. By linear interpolation, find coolant velocity for the average channel and 
core inlet temperature. 

C-i') /• A ' A ' 
G , 1 = f (G , T , T) where G and T are input. c,k=l J ^ (.' ' ' c- f 

^inlet(jl ^ FIT ^FIT ^^^^^ ^FIT ^ ^FIT ^^^ _ 

B. By linear interpolation, find dynamic viscosity of the coolant for 

1 1 k £ K 

C. Calculate Reynolds number for all channels 

R,k=l c.k=l "H 

for 2 £ k <_ 3 

'R,k=l ^ "•"' " ^ ^c^,k=2 "̂"̂  ^c^k=3 

If N 5̂  0.0, continue 

D-48 



GEAP-5273 

I). Conpute pre. '^sure d r o p . 

I, >/i> 
i;.k-i 

, (i) ' 

•0MP, then 

•A 

,(i) 
N',k=l 

I). 
( i - l ) 
'c.k=l 

+ li 

11 

< , 1 = 1 
0K,k=l inlet(i- I ) 

f'o to E. 

If N , , \ CCSMP, then 
r ,k=l 

2a'P (1) ^t ^ c,k=l^ 

(N(^) ,)^- "H ./i-1^ 
R,k-1 c,k=l 

+ "0R,k=l 
c , k= 1 

inK-t( i-I) 

c 

Co to 

K. If }i^^. ' C0M", go to F 

If \'^'^ - C0M", go to G 

I". Laminar Flov;. Cnlculati' the velocitv of the roolnnt for 2 k K 

'• '̂  'W,k = " 

,(i) __ ,(i-l) , 2 
c.k c,k H 

64 .<-l) . 
c ,k t 

(2g AP) (1) 

Co to G. 

'' V,k ^ " 

,̂(3) ^ £j.k^ _ L 
c.k „2 

Inletd-l) 

"II 
V . k c/̂ -1) 

c,k 

^ 

32 u^\-"z P^"^'^'^i-l\(2uAp/').^^^^^-l> 
c ,k t c '• 

n2 R (-i-l) 
\"H V . k 'c.k 0R.k 

Go to H. 
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G. Turbulent Flow. Calcula te the v e l o c i t y of the coolant for 2 < k < K 

1. If B^„ , = 0 0R,k 

.«, _ <^''-' 4''" 'l^r," 
c,k 

Go t o H. 

1 c .^ (p^J-^))^ 

1 
2-e 

2- " V , k * ° 

a. A^ = 2g AP 

' • ^2 = ' \ <^c^k'^^ 

PS^^^H"^ 

'̂ ^ *3 = V . k 
i n l e t ( j - l ) 

Iterate for value of G 

d. Let G = Ĝ î* , 
o c,k=l 

e. For 1 < R < 10 

(j) 
c.k 

i A^ (G„ , ) + A., 
2 '"R-1 

'• " K - \ - i < .0001 

Set Ĝ î* = C, 
c,k R 

Go to H. 
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g . I f G - G^ , I > . 0 0 0 1 and R < 10 , r e t u r n t o e 
R R—i 

h. If G„ - G„ , > .0001 and R > 10, error 
R R—1 

H. End of INFL0W 
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SUBROUTINE C0PH 

FUNCTION 

Calculates heat generation rates, temperatures, material properties, etc 

for each new time step. 

PROCEDURE 

Sections A Through N•17 are calculated for 1 < k < K 

A. Find average heat generation rates based on calculated average power 

for this time step 

for 1 < m < M 

1 . 

2 . 

3 . 

4 . 

5 . 

6 . 

e , m , k 

c ,m,k 

o(J) 
s , m , k 

o(J) 
u , m , k 

f ,m,k 

o(J) 
n , m , k 

= 

= 

= 

= 

= 

= 

(OU) 
e , m , k 

(OU) 
c , m , k 

(OU) 
s , m , k 

( " ">u ,m ,k 

(™>f,m.k 

(™>n,m,k 

P . 
3 

P . 
3 

p'. 
3 

^ j 

P . 
3 

3 
1 < n < N 

B. Coolant Temperatures and Properties. 

1. Inlet temperature when m = 1 and J = 1; if 5 , =1. calculate C 
coolant m, 

^1^(3) = ^inlet(j) 
c,m,k c 

if 6 _ ^ = 0, go to B.2 
coolant " 

if 6 , ^ = 1: 
coolant 

C V = (T^°^ ̂  - Ti"(°h ^ ~ ^a ra,k c,m,k c,m,k 
a 
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2. Coolant nodal temperatures for 1 £ m £ M 

a. if 6 = 0: 
c 

^(j) . T^J-l^ 4-
c,m,k c,m,k 

,(j) 

(p C A 4 p^i •̂' C^^ •'••' A 4 p C V 4- p C V ) 
e e e c,m,k c,m,k c s s s u u u 

T(J) 4 0̂ -'̂  , V 4 0 -̂  < Q'-̂ ' , A 4 O'-̂ ' , V 4 0 -̂  , V 
' c,m,k c s,m,k s u,m,k u 

, rii-'^) _ ^(j-l) G(J-1)A 
'N.m.k c.m.k _ c.k c - Out(i-l) (j-l) .^Out(j-l)^,(J-l) ) 

DEN0M " (Ag) '̂ '"'̂  '̂ '""•̂  '^'"-"'^ '^'"'''^ 
m 

where DEN0M = £n R 
^ 4 - 1 *(1-1) 2n k 2n R^h ̂ J y 
e t c,m,k 

^f,m,k f 

Qp^ , A^ + Q'-̂ -' , A 
^£,m,k £ ^e,m,k e 

1 

1 'f In — 
r 
n 

Tr(R + R^) C '^^'l^ 2iT K,9"\-' 
e £•" g,m,k N,ra,k 

Go to B.3 

b. If 6 4 0 , check coolant: If 6 , 5* 0, go to C 
c coolant ' " 

(1) If 6 , = 0 , continue 
x -' coolant 

A = 

c,m,k c,m,k 

V G 
s s (T(J-1) _ f d - D ) 

d \ s,m,k c,m,k 

\^c,m,k s 

V G 
u u 

c\ (i-l) 
c,m,k 

(j-1) _ -(J-1) 
d u.m.k c.m.k 
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T C J - 1 3 . Y^ j - i ) 
a ,m ,k c .m .k 

, 2 ^ R , h " - l ^ 2TrK 
E c ,m,k 

G(J- I ) ^W 
E = _ c ^ k 0 u t ( j - l ) _ ^ O u t ( j - l ) , 

, , , c . m . k c , m - l , k 
(AZ) pd"-^^ m c,m,k 

u ' u . m . k 

A 
c 

s s . m . k 

A 
c 

(1) and G / 0 . G ^ 0 

^ ( J ) = T*-̂ --*--* + A <i Q^^^ , 4- B 4 C 4- D f -E 
c , m , k c , m , k 1 c , m , k ) 

(2) and G j^ 0 , G = 0 
s u 

^ ( J ) =, T^i \^ 4 A •'0^^^ , + B + F + D S - E 
c , m , k c ,m ,k ^ c ,m ,k [ 

(3) and G = 0 , G 4 0 

^ ( J ) = T^i"-'", 4 A < 0 ^ i \ 4 G + C + D / -E 
c , m , k c , m , k | c ,m ,k | 

(4 ) and G = 0 , G = 0 
s u 

^(i) = T^^"""", + A 0^^^ , 4 G 4 F 4 - D ^ -E 
c , m , k c ,m ,k c ,m ,k 

n l e t and O u t l e t T e m p e r a t u r e f o r Each S e c t i o n 

1 < m < M 

D-54 



GEAP-5273 

^ i n ( j ) ^ T l n ( j - l ) ^ ( j ) _ ^ ( j - l ) 
c,m,k c,m,k c,m,k c,m,k 

^Out(j) ^ ^ O u t ( j - l ) ^ (^( j) ( j - 1 ) ) 
c,m,k c,m,k c,m,k c,m,k 

4. Core Outlet Temperature 

^Out(j) ^ ^Out(j) 
c ,k c,M,k 

5. Average Temperature of the Coolant 

for m < 1 < M 

T^^^ , = c.m.k c.m+l.k 
c.m.k '—' ' '— 

6. Average Coolant Temperature 

M 

y T^i\ (AZ) 
'-, c.m.k IT 

,., m=l 
T(J) = 
c,k M 

I (AZ) 
m=l 

7. Calculate p - , , C "' ,, K 1 .and p i , by linear interpolation. 
c,m,k c,m,k c,m,k c,m,k '̂  

8. Coolant Heat Transfer Coefficients 

for 1 < m < M 

a. Structure-to-Coolant 

.(J) A c^i^ \ ^ / ( i ) r̂ i) \« 
(j) ^ ^.m.k , + B / HT 'c,k ] / '̂ c.m.k ^.m.k 

^c.m.k ^ \. (J) i 1 (j) 
HT ,̂ 'c,m,k / \ '^cm.k 
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b . C l a d - C o o l a n t (For Lumped Sys tem) 

* ( i ) 
c ,m ,k 

^0) 
^I^S,m A H T ^ S . ^ 

•H 

c ,m,k ^ c , m , k 

HT c , m , k / \ 
K ( j ) 

c ,m,k 

c. Clad-Coolant (For Non-lumoed System) 

(J) *(.1) 
c,m,k c,m,k 

r^' + 460 
c,m,k 

T̂ "̂-"--* + 460 
E,m,k 

«H 

d. Coefficient for Hot Spot Channel 

If k < 3, to to C 

If k = 3-

If 6 = 0 , go to C 
c 

If i ^ Or 
c 

If 6 ^4 0. go to C 
cof 

If 6 ^ = 0: 
cof 

for 1 _<_ m < M 

If T^i> , > T^°^\ set h , = h , 
c,m,3 — >̂  c,m,3 c,3 

go to C. 

If T^J> < T^"", continue 
c ,m., 3 c 

(,i) Burnout _ 
If T > T , set n = h 

E,m,3 — E c,m,3 c,3 

go to C 

xi ^ -Burnout 
If T„ o < T„ , continue 

E,n,3 E 

If TJJ> , > T f P ° ^ set h , = h , 
l , m , 3 — t c,m,3 c,J 

If T, < T ^ P ° ^ h(J> ,(j) 
l,m,3 f ' cm,3 c,m,3 
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C. S t r u c t u r e T e m p e r a t u r e 

1 . I f G = 0 o r 6 = 0 
s c 

1 < m < M 

s ,m ,k c ,m ,k 

Go t o D. 

2 . I f G 5« 0 , 5 = 1 
s c 

f o r 1< m < M 

s ,m ,k s ,m,k p C ' s , m , k 

( ^ ( J - 1 ) _ ^ ( j - 1 ) ) \ 

( 1 -1 ) 
g 

c , m, k 

, d c . m . k s .m .k 
1 , s ) + 

D. Added Material Temperature 

1 . 

2 . 

I f 6 
u 

u , m , k 

Go t o E. 

If G 
u 

. 0 ) 

= 

= 

0 

f o r 1 < m < M 

0 .0 

0 or 6 = 0 
c 

1 < m < M 

T 
u,m,k c ,m,k 

Go to E. 
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3 . If G =̂  0 . 0 and « = 1 
u c 

f o r 1 < m < M 

u , m , k u . m . k o C u . m . k 
u u , -

- d ' c ,in,k u ,m ,k 

c ,m ,k u 

E. Clad Temoeratures 

1. If 6 = 0 go to E.2 
c 

If 6 5* 0 c;o to E.3 

2 . Average Clad T e m p e r a t u r e i;hen 6 = 0 

f o r 1 <̂  m <_ ^' 

e , m , k c . n . k 

Go t o G. 
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3 . T e m p e r a t u r e of t h e m i d d l e of t h e c l a d . 

fo r 1 < ra < M 

^ ' • ^ k a , m , k a , m , k p C A 
e e e 

' e .m,k e 

(T, 
( j - 1 ) _ ^ ( j - 1 ) 
N, m, k a ,m,k 

1 " f In — 
r 

n 

Tr(R.+R ) c ' ^ J" \^ ) 2TT K ^ J ' W 
f e g ,m,k n , m , k / 

a ,m ,k c ,m,k 
R.. 

e 2Tr R, h -̂* 
I; c , m, k/ 

4 . Average Clad T e m p e r a t u r e When 6 ^ 0 

f o r 1 < m < M 

e , m , k a>m,k 

If 6 , ^ = 0, go to G 
coolant 

If 6 1 ^ # 0, go to F 
coolant 

F. Coolant Temoeratures (xjhen 6 . ^ = 1 and & i^ 0) 
coolant c 

Con 1 

2Tr R^ h (j-1) 
E c,m,k 
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Con 2 

' c ,m.k 

+ d 

Con 3 = u u 

d \ 
u 1 

g - ; ;<. ' 
c ,m ,k u 

. ( j - 1 ) 

Con 4 = 
__s s ,m,k 

Con 5 V Q^J) ^ 
u u , m , k 

Con 6 
^ ( i - 1 ) ^ ( i - 1 ) 
'̂ c , k c ,m,k 

1 . I f G ^ 0 and G ^ 0 
s u 

T^-^ , = [(Con 1) T^ '^ + (Con 2) T^-'^ , + (Con 3) T^^^ , - (Con 6) 
c , m , k , s , m , k u . t n .k 

u , ill , K 

(C - T"""^^'^ ) 
m,k c , m - l j k 

0^""^ , ] / (Con 1 + Con 2 + Con 3 + Con 6) 
c ,m ,k 

Go t o F . 5 

2 . I f G 5* 0 and G = 0 
s u 

^ ^ - ' k c ,m ,k 
[(Con 1) T^^^ . + (Con 2) T^-^^ , + Con 5 - Con 6 (C ^ - 1 ° " ^ ^ ^ ) a ,m,k s . m . k m,k c , m - l , K 

+ n^- , ] / (Con 1 J- Con 2 -̂  Con 6) 
c ,m ,k 

Go t o F . 5 

D-()0 



GEAP-0273 

3. If G ^ 0 and G = 0 
u s 

r̂ ^̂  , = [(Con 1) T^-^ , -̂  Con 4 + (Con 3) T''̂ ^ , c,m,k a,m,k u,m,k 
C , - T°"'^(J) ) 
m,k c.m-l,k 

Con 6)+ O*-̂ ^ , ] / (Con 1 + Con 3 + Con 6) 
' '' r m k c,m,k 

Go to F.5 

4. If G - 0 and G = 0 
s u 

c,m,k [(Con 1) T^'^ , + Con 4 + Con 5 - Con 6 (C , - T""'̂ *'̂ ^ ) 
a,m.k m.k c,m-l,k̂  

-̂  Q̂ -̂* , ] / Con 1 + -"or. 6) 
c,m,k 

5. Calculate T̂ ^̂ ^̂ ,̂ T^'^^^i] ^^^ ,, T«"^^i^ T^^l . c,m,k c,m,k c.m.k c,k c,k 

coolant properties, and coolant heat transfer coefficients as 

specified in Section C.3 through C.8. 

Then go to G. 

G. F u e l Boundary Node (n"N) 

f o r 6 ^ 0 : 
c 

f o r 1 < m < M 

:(J) 0-1) , ( j ) 

N . m . k 
n ( j ) 

2TT K 

_ ( ^ N . m . k '̂ N ^ 

( J - 1 ) 
N - l . m , k 

t N.m.k N 
(IN) 

N-1 

/ - ( j - l ) T^J -^^^ 
V N - l . m . k N.m.k^" 

^ ( j - 1 ) _ ^ ( j - 1 ) 
N.m.k a .m.k 

•̂ f 
in — 

\ N,m.k f e ' g .m.k ' 
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for S = 0 
c 

P(J) = (J-1) 
(.1) 

N.m.k N.m.k 

2TT K, 

0 C^J-1^ A 
'̂ f N.m.k '̂ N 

(j-1) 
N-

^ N.m.k N 

(LN) 
V^N-l.m.k " N.m.k/ 

N-1 

f,(j-i) . ^̂ -̂̂ Y 
\ N.m.k c.m.k/ 

DEN0M 

where 

DEN0M 
Q'i-''' u A^ + Q^J^ , A ^f.m.k f ^e.m.k e 

Q i I. Aj-^ f.ra.k f 
2iT K 

2TT R, h (j-1) 
L c.m.k 

an -i 

^ f e g.m.k N.m.k 

for 1 < m > M 

If E., , > T̂ ^̂ *̂  go to G.2 
N,m,k f 

Melt 
If E„ , < T"^-" go to G.l 

N,ra,k — f 

1. T. (J) 
N,m,k 

Go to G.3 

,(j) 
N,m,k 

Melt 
(1) Melt 

2. If Ê .J-' , > T' + 
N,m,k f 

Go to G.3 

PfC 
,Melt 

w •, „Melt 
(j) Melt B 

^^ "N.m.k - ^f - „Melt 

.(j) = E. (j) 
N,m,k N,m,k 

,(j) ,Melt 

P,C 

3. End of loop on m. 

H. Fuel Boundarv Temperatures 

1. If 6 = 0 go to H.2 
c 

If 6 ?i 0 go to H.3 
c 

D-62 



G K A P - 5 2 7 3 

2. f o r 1 < m < M 

2n K / - ' - ^ ) 
N,m, 

, ( j - l ) 
k N,m,k _̂  

^ ( J - l ) 
c ,m,k 

LN f , m , k f e .m .k e e 

f . m . k f 
+ 

2n K 2 R h ' ( j - 1 ) 
e c .m.k 

n(P +R^)C^-^ ^i' e f g .m.k 

2,'rK. ( j - 1 ) 
N.m.k _!_ 

J.n 

, ' ( j ) 

O p - l > A, + o ( J - - l > A ^ ' ^ F 
f . m . k f e ,m,k e e 

f . m . k f 2n K 
E c .m.k 

n(R +R^) c^i'-^-* 
e f g .m.k 

f , m , k -

Go t o nA 

3 .1 Clad o u t e r s u r f a c e t e m p e r a t u r e 

f o r 1 < m > M 

t c .m .k c .m.k 

1 ^ 

m — 
a 

r ( j ) 
E.m.k 

E c .m.k 

K 

Zn 

3.2 Iterative loop for outer fuel and inner clad surface temperatures. 

-̂ ^ ' f i k = ^fi .k ^^"^^"1 g"^"^ 

g.m.k f.m.k .(j) 

In 
R a.m.k 
a ' 

b. T (j) 
e.m.k 2 K 

in 

(R^+R ) C^J"\' 
f e g.m.k 
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'"''"'•̂  '̂ -'"•'̂  . (R^.R ) L^^-^l l(j-\^ 
R f e g.m.k e.m.k 

In — 
(- i-.(j) ̂  D 

''•"'' 2,(J-1) 

R ' f e' g.m.k 
£n — 

^N 

Go to b. Repeat 10 times. 

Continue 

4. If T,(Ĵ  < yf^\ go to H.5 
N.m.k t • '' 

,(J) ^ ,Melt 
"N.m.k-If T^i , > 1^"". go to H.7 

c ' (j) „Melt .. ^ /• 
-̂ " ^f.m.k ^ Tf ' S° '̂ ° ^-^ 

If T'(J) > TT^^' 
f.m.k — f 

6. 

7. 

Set 

„(1) 
f.m.k 

f ,m,k 

Go to I. 

T,(J) 
f ,m,k 

4'\ 
f ,m,k 

Continue 

-i: 

^l: 
Go 

= 

= 

= 

= 

I) 
,m 

i) 
,m 

,k 

,k 

to I. 

f ,m,k 

,'(i^ 
f ,m,k 

T'(J) 
f ,m,k 

T'(J) 
f ,m,k 

„Melt 
f 

,'(0 
f .m,k 

+ (1 ;(J) _ ^(j) ) 
'N.m.k N,m,k 

I. Conductivity and Specific Heat for Fuel Node n = N, for 1 ^ m _̂  M 

if 6 > 0, go to 1.4 

^(l) + rp(j) 

1. If JLmJS ^^HA . Tf 1' go to 1.3 
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2. 4^) , = Kf 1' N,m,k f 

/ T^J) ^ + T^J) . 
1 + B^ '̂"'̂ '̂  2 '̂"''̂  

2 K 
F*** 

go to 5 

3- 4'^ V 
N,m,k 

^(0) ^ j,(i) - ^ - ^ ^ - ^ 

+ ^̂ (2)( ̂ f.m.k ^ ^N.m.k 
p*** 

4. K^J^ n = Ĵ  (K' T' T^^^ , + T^J^ ,) N,m,k •' f f f.m.k N.m.k 

5. C. N,m,k 

Continue 

= ^ (̂ ^ f̂> ^N^m.k> 

J. Temperature, Conductivity, and Heat Transfer Coefficient for Fuel Nodes 

n = 1, N - 1. 

If N = 1 go to b.1.1 if R = 0.0, otherwise b.2.1. 
^ o 

If N > 1 than 

for 1 <̂  m <̂  M and 

for n - 1, N - 1 

set n = N -1 (i.e., n = N-1, N-2, . . . 1) 

1. Temperature 

for 2 < n < N-1: 

E(J> , = ^^i-'l + 
n,m,k n,m,k 

(j) 

Pf ^^'~'l A f n,m,k n 

Q^J>, A n,m,k n 

2n K^J;!^ ^ .. ,, 
n-1.m.k (i.(j-l) 

+ (LN) , n-l,m,k 
n-i 

2n K^i-^l 

n,m,k 
(LN)_ 

(T (j-1) n,m,k 
^(j-l) ) 
n+l,m,k 
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G E A P - 5 2 7 3 

Mel t 
I f E ( J ) , < T ^ - 1 ^ + ^ ^ 

n , m , k — f „Melt 
PjC 

go t o J . l . g 

, .Melt 
f T^J^ = E ^ ^ ^ - -

n , m , k n , m , k -Mel t 
p _u 

Go t o J . l . h 

( j ) ^ ^ e l t 
^ n , m , k f 

if 6, > 0, go toJ.2.c, otherwise contine 

,j(j) .̂ i,(j) 
h. If "+̂ ''"»̂  n^mA_ >_ T^^lt go to J.2.a 

2 ^ 

j ^ n + l , m , k n j n j c ^ ^Mel t go t o J . 2 . b 

2 

2. F u e l C o n d u c t i v i t y f o r F u e l Nodes n = 0 , N-1 

j ~ ~ / i .(-1) + T-W 
a . K -̂̂ ^ = K"^^*" 1 1 + B (_a±Li IbJS n».m.'^ 

n , m , k f ; K \ 2 

/ x ( j ) + T ( J ) 
, „ I n + l , m , k n . m . k 

"K F*** 

b . K 

go t o J . 3 

(J) 
n , m , k 

j , ( 0 ) K̂ "*"̂  I n + l , m , k n . m . k 

, (2 ) / n + l , m . k n . m . k l 

go t o J . 3 

F*** 

c . K ( j ) 
n , ra ,k ^ ^ ' ^ f ^r ' ^ n + l . m . k 

. ( j ) p ( J ) ' 
n .m .k 

C o n t i n u e 
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3. Specific Heat for Fuel Nodes n=l, N-1 

(i) Melt 
a. If T^^\ > T'̂ "-" n,m,k — f 

c(i) „ c«^it 
n,m,k 

Go to J.4 

(•i) Melt 
b. If T'--'̂  , < T̂ -̂̂ "̂  n,m,k — f 

ĉ "̂* V = î  (c' T' T^^^ ,) n,m,k •' f f n,m,k 

4. End of Loop on m. 

K. Clad-surface Heat Flux 

for 1 < m < M 

If 6 = 0, go to L.l 
c 

If 6 ^ 0, go to L.2 
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1. Q^i^ = ( T ( J - ^ > - T ( J - ^ > ) 
h , m , k f , m , k c ,m ,k 

Qf^~'i A, 2 R^ 

f , m , k f e,m.,k e \ g ,m,k f ey 

VnT ̂
 ^ 1 

Go t o M. 

2. Q(J ) = h^J-^) (TJJ-^> - ?(J-1>) 
h , m , k c ,m ,k E,m,k c , m , k 

L. Average F u e l T e m p e r a t u r e 

x(l) = n£l ".".'^ " 
f , m , k 

M. Fuel-Clad Gap, Conductivity and Heat Transfer Coefficient 

for 1 <_ m <_ M 

1. Melting indicator 

for 1 <_ n <_ N 

If T(J> , ^ T f ^ ^ set 6(J) , = 1 n,m,k f n,m,k 

If T^J) < T f l^ set 6̂ )̂ ̂  = 0 
n,m,k f n,m,k 

2. Find fractional linear thermal expansion of the clad and fuel 

(AL)(j) ^ ,(0)^ ^(1) -(j) (2)(-(j) ^ 
L , e e e,m,k e e.m.k/ e,m,k ' ' ' 

(|L/J> __ E(°)+Ef>T(i) .Ef)(Y/J) )2 
L , r f t,m,k t r.m.k 

f.m.k 

^*(J-1) 
c ,m,k 

3. Constant or variable gap conductivity 

a. If 6 = 0 go to N.4 
gap 

b. If 6 ?* 0 go to N.5 
gap 

(i) ** 
4. C'-̂-' , = h^ F 

g,m,k f 
go to N.17 

5. If T̂ Ĵ  >̂ T"^1^ go to N.6 
f,m,k— f 

If Tp) ,< T f ̂ ' go to N.7 f,m,k f 
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6 . C^J^ , = h , F** 
g ,m,k f 

Go t o N.17 

7. I f R ^ 0 , go t o N . 7 . b 

I f R = 0 , go t o N . 7 . 

a . A*^J) = A * W + R • ( ^ ) ( J ) - (AL)(0) 
"^m,k ^m,k e ' L ' , ^L "̂  

e ,m ,k e ,m ,k 

r" 0) 

f ,m,k 

^ i 
n = l 

g M e l t ( j ) _ ^Melt (O) 
n , m , k n , m , k 

Go t o N.8 

b . I f A / ^ ^ ^ V , M e l t ( o ) , „ ^2 ^^ ^^ ^3^ 
n = i n,m,K 

I f AV^^i^ y <5•'^^^(°) A < n R2 
I n , m , k n n R and 

I f AV* >1elt y . M e l t ( i ) , „ „2 
^ 4 *n ,m,k A„ > n R^, go t o (1) 

- ^ V > ^ " \ j , M e l t ( j ) ^ ^ ^ n R ^ g o t o ( 2 ) 
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(1) A+«) = A/° i +R (fi) Ĵ> - (fi)^°>;-R, ,(f^)«' - (f)^°^ 
" ' ' ^ "••'^ ^ ^ e , m , k ^ s,- , ' ; ^ 1 ^ f , m , k ^ f , m , k 

AV"^^S ( A / - 1 ' + I ) R 2 
o I V r M e l t ( j ) 

2 R , I n = l ""'"''^ "" 

Go t o N. 

<2> '^*I'l=^*l°k^^ei^f)^'' - ^ ^ ' ° ' !-^f 
m.k m.k e . L , L . t 

' ' e , m , k e ,m ,k i 

(AL)(1) _( ^ ) ( 0 ) 

f , m , k f ,m ,k 

Go t o N.8 

(3) If A . - - J ^ . - - ( 3 ) ,^ , . R̂ , ,„ ,„ (,, 

A ^ - i ^ = A / ° ) + R (AL) ( J ) _ (AL (0) 
m,k ^m,k ^ T 

_ ^ (AL) ( j ) _ (AL^ (0) 

e , m , k e,m,.kj L. f , m , k ^ f ,m ,k 

1 ^ ^ " " ^ f 
( , / e l t . , . „ 2 

+1)R N 

^f 2 
y r 5 M e l t ( J ) _ M e l t ( o ) , 

^f _ n = i n , m , k n . m , ! 

Go t o N.8 

(4) A*<JJ = A / ° ^ + R ( ^ ) ( i ) _ (AL)(0) _ ^ ( A L ( j ) 

"••^ " • ' ' ' ^ e , m , k L e ,m,k ' ^ ^ . - ' ^ 

. ( ^ ) ( 0 ) 

f ,m,k 

+ _ 1 _ 
A. 

AV-̂ ^̂ ^R, ( A V ^ ^ ^ V D R ^ I N , , 
' - ° I V 5 ( 0 ) _ ^ 

2 R , 1 / 0 , " 

Go t o N.8 

8 . I f A()>̂ J,'* > 0 go t o N.9 
m,k ^ 

,(1) I f Acfi'J; < 0 go t o N.IO 
m,k — " 

9 . P (J) = 
m,k 

6^^^ , = A<))̂ Ĵ  + 6 (6^ + 6 ) 
g ,m ,k '^m,k o f e 

If 6 = 0 , go t o N.14 

If 5 ?* 0 , go t o N.15 
c 
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16. C ( j ) 
8,m,k 

K ( J ) p ( J ) 
m.k m.k K ( j ) 

g.m.k 

/6 -f iilk + (̂ f + ê) 

17. End of loop on m 

Core Energy 

1. Net Energy Removal From Core Since Time 0 

a Q ( J ) = A &^J^ C^^^ nY(j)Outlet _ Y ( J ) I n l e t , 
Out c c c c c 

where Y (J)0"^^^t = T^^^^"^ + T^^-^^ 
c c . l c . l 

Out 

^ ( j ) I n l e t 
c 

, ( j ) I n l e t ^ ( j - l ) I n l e t 

•^(i) ^ r / Y ( J ) O u t l e t ^ - ( j ) I n l e t ^ 

;(:) ( j -1) 

b . E -̂̂ ) 
Out 

EC^-1) + / j ) Q(J ) 
Out ^Out 

2. Nuclear Energy Addition to Core iiince time 0 

•'IN 
E ( - ^ - 1 ) + , ( i ) 7 V 

" I N + ^ "̂ j ^f/948.05 

3. Change in Core Energy Density since time 0. 

AE (j) CORE 
,(i) 
'IN 

. ( j ) 

V CORE 
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r, T. -1 ~ . ~ I n l e t . . . . ^ . . 
U. Evaluate p , and p by l i nea r i n t e r p o l a t i o n 

1 < k i K 

1- Pc.k •= ^ ^^C ^c ' ^ c k ) 

, i n l e t ^ ^ • • ^ I n l e t 
c ' c c c 
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SUBROUTINE STAB 

FUNCTION 

This subroutine calculates, for each of the materials, (fuel, clad, coolant, 
additional material) the maximum step size required to prevent instability 
or oscillations In their temperatures. It compares these step sizes and 
selects the smallest one. This is done for each new time step. 

PROCEDURE 

A. Calculate the maximum time step to insure stability of clad temperatures. 

If k=l, set T'-J-' = 25.0 (arbitarily large number) 

If 6 ^ 0, go to A.l 

If 6 = 0 , go to A.3 

1. For k = 1 and 2 

p C A 
e e e 

e.m.k 

Calculate A.2 only if K=3 

2. For k=3 

T , = Same equation as A.l with K replaced by K F where F is the hot 

spot factor for the thermal conductivity of the clad. 

Search all elements for the smallest value and compare with T •' . 

If less than, replace value in T -̂  . 

3. I£ 6^ = 0, go to B.2 

If 6^ ^ 0, check 6^„„ia„t 

If 6 . . >0. go to C 
coolant 

coolant 
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B. Calculate the maximum time step to insure stability of coolant temperatures 

1. If 6 i 0: 
c 

for 1 <_ m <_ M 

x ^ ^ \ - 1 c,m,k 
DENOM 

where DENOM: 

1 c.k GP:^^ V G 
s 

•^EX „ ( j - i ) r . 7 . . „ a - i ) . ( j - i ) A (—1—^ ^^ 
. . !:<]„«.;,,«-.., "-• '̂"'» -̂ ». . . '=».. .^ui5^^ K 

E c.m.k 

V G u u 

p(J-l> C(J-1J A / 1 , -̂u 
c.m.k c,m,k c I (TIi) •"• "Y~ 

c,m,k 

Compare each value calculated with T -' , resulting in the smallest 
value being set equal to i^J) 

Go to C. 

2. If 6 = 0 
c 

for 1 <_ m <_ M 

,(j) = _ 1 
c,m,k DEN0M 

where _ 1 

°^^°^ ° • ( p C A ) + (p(J-lJc(J-^> A ) + ( p V G ) + ( p V G 
e e e c,m,k c,m,k c s s s u u u_ 

^f.m.k Af \ { 1 , ^n 

\ 'e 2. R, h!(J-jV \QjJi, , A. . Q O ) ^ A / W R .R ) c"-^^ 2u J^^^ \ b c.m.k/ Vf.m.k f ^e.m.k ^ V^ f e"̂  g.m.k N.m.k; 

G^J-l^c(J-l^ A 
c.m.k c.m.k c 

(AZ ) \ ^ m a 

Search for the smallest value and place it in • -̂  , 

Go to C. 
D-7(i 
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C. To in su re s t a b i l i t y in s t r u c t u r e temperatures 

1. If G = 0, go to D. 
s 

2. If G ^ 0 
s 

f o r 1 < m < M 

1 
T^^^ , = p C I ( j - 1 ) ' K 

s , m , k s s \ g , s 
^ c , m , k 

Search all elements for the smallest value and compare with T 
If less than, replace value in I'J). Go to D. 

D. To insure stability in temperatures of additional material 

1. If G = 0, go to E 
u 

2. If G 4 0 
u 

for 1 5 m £ M 

x^J-^i = P C l ' ^ i ^ + '^ u.m.k _u u I (j-1) 
G '̂̂ c.m.k 
u \ 

Search all elements for the smallest value and compare with T 
If less than, replace value in T*-!'. 

Go to E. 

E. To insure stability in fuel boundary node temperatures: 

for 1 < m < M 

For 6 / 0 
c '̂  

D C^J-1^ A 
(j) ^ Pf N.m.k N 

^N.m.k 

n-1,m.k 

f^'^^N-1 i Zn^-1 .n / 
''N 1 '̂e 

+ 

-M"''\'' TT(R^+R ) ĈJ'-',̂  277 K N.m.k f e g.m.k e 
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For 6 ^ 0 c 

C « - \ ^ A. xCJ5 P f ^ N . m . k ^ N 
N,m,k 2^ Ai-l) 

^ ^ " ^ + CONSTI 
CLN), 

'N-1 

where CONSTI i s 

CONSTI = 

O^j^ A + 0 ^ ^ ^ A \ ^ R ^ \ ^ " / 
Vf.m.k ^f Qe.m.k M ^ ^ 1^ ^ 1 ^ ^N 

n-(J) A i W l ^ , . 2TT RJ, h*''^'}^ V ( R ~ f R ) ? ^ ^ 2w K p ' \ ^ 
Vf.m.k f / \ c . m . k / *- f e'' g.m.k N.m.k 

F. To insure stability in fuel temperatures for nodes 2 <_ n <_ N-1: 

fori < m < M 

n,m,k P. C(^-^J A f n.m.k n 

2 . K ( J - 1 ) , 2 . K^^-^^ 
n-1.m.k n.m.k 

(LN)^_^ (LN)^ 

G. To insure stability in fuel nodes 1 and 0 

for 1 < m < M 

P.Cp-1? A. 
Tp) ^ ^ '̂ f "l.m.k "1 

O.m.k 
hlhK^ 4̂ Kp-̂ ^ 

(LN)^ 

(j) PrCf-''\-' A, T„ , f O.m.k 1 

O.m.k 

Search x ^ , for 0 < n < N , l < m < M and if any l e s s than x ^ , r e -
n,m,k ( i ) ~ ~ 

place value in x 

H. If « .. = 0 , go to J . 
s t ep ' * 

If 6 ^ jS 0: go to 1.1 
s tep ^ 
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1. If user's step size ji x -' 

a. If J > 2, go to 1.3 

b. If J = 2, set X ,.^ - 0.0 

dif 

Go to 1.3 

2. If user's step size > x -' 

a. If J = 2, set x,.^ = HMAX - x ̂ ^ ̂  
' dif 

Go to 1.3 

b. If J > 2 

(1) If (HMAX-x^^Ol ^dif go to 1.3 

(2) If (HMAX -x'-i^)> x,.^, set x,.^ = HMAX-x^^^ 
dit dir 

Go to 1.3 

.t x(J> 3. Set x̂ -̂ ' = HMAX 

I. End of STAB 
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SUBROUTINE TERM 

FUNCTION 

This subroutine checks to determine if any one of the terminating criteria 
has been reached or exceeded. There are limits on the following: problem 
time, number of time steps, coolant temperature, fuel temperature, and 
calculated computer time limit. 

PROCEDURE 

A. Check limit on number of time steps 

If j < J, go to B 

If j >_ J, go to E.l 

B. Check limit on problem time 

If t < T, go to C 

If t ̂  T, go to E.l 

C. Check upper and lower limits on the coolant temperature, fuel node 1 temper 
ture and fuel boundary temperature. 

Determine channel to which temperature limits should be applied: 

If k = 0 or 1. average channel will be used, 
term '' 

If k = 2 , peak channel will be used, 
term '^ 

If k^ = 3 . hot spot channel will be used. k^ = 3 . hot spot c 
term 

1. Fuel node 1: 

Max C -i 1 
a. If T, ̂  - T;--̂  , , _ .,, go to C.l.b 1 l,m,k=l,2or3 ^ 

If T"^"" - T.̂ Ĵ  , , , .. go to E.l 
1 l,m,k=1.2or3 '' 

b. If T f " > T^J) ̂  , , ,. go to E.l 
1 — l,m,k=l,2or3 '' 

If T ^ T. , 1 T n. go to C.2 
1 l,m,k=l,2or3 ° 
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2. Fuel boundary: 

- " ^ l " ^ ^i^i,k=1.2or3' 8° '° ̂ -^-^ 

If T"^" < T^J) ^ ^ - -, go to E.l 
N — N,m,k=l,2or3 

b. If T"^" > /J^ ,, go to E.l 
N — N,m,k=l,2or3 

If T""-" < Tf,^\ , „ _, go to C.3 
N N,m,k=l,2or3 

3. Coolant; 

a. If T"̂ '̂  > T^^^^J) , or T^^^ , , , ,, go to C.2.b 
c k=l,2or3 c,m,k=l,2or3' '̂  

If T"^^ < T̂ "̂ (J> _ or T̂ J> , ^ , ,, go to E.l 
c — k=l,2or3 c,m,k=l,2or3 

b. If T " " > T°"^(J) , or T^J) , , , ,, go to E.l 
c — k=l,2or3 c,m,k=l,2or3 

k=l,2or3 c,m,k=l,2or3 
If T < T 

c 

D. Check Toggle 5 for Operator Force-off because calculated time limit 
was reached or exceeded 

If Toggle 5 up, go to E.l 

Otherwise, go to E.2 

E. Set termination indicator 

1. Problem should be terminated 

Set { , = 1 
end 

2. Problem should not be terminated 

Set 6 J = 0 
end 

F. End of TERM 
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