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SECTION I

SUMMARY

FORE II 1s 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 liguid metal voiding reactivity, and the spacial and the time variation of the
fuel cladding gap coefficient due to changes 1n gap size are considered. FORE II 1s valid only while the core
retains 1ts imtial geometry.

The significant material properties are specified 1n 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 1s biased toward fast reactors,
1t 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 1s FORTRAN IV. A computer with a 32-K storage capacity 1s required for

the operation of FORE HO. This document contains a description of the physical model, required input,
available options, curve plotting program, and programmed equations.
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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 1I is a revision of the FORE 1(1) 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.
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Ability to include varying flux shapes within the fuel pin.
Capability to specify power as a function of time.

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.

Restart with changes in 1input from any of three wrapups at specified times.
Greatly increased edit flexibility.

Separation of power into prompt power and total power (includes decay heat).
Calculation of core average fuel temperatures and Doppler weighting factors.

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.

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

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

Ability to specify the location of the average nodal coolant temperature for axial nodes; that 1s,
the average need not be the center of the node.

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

Capability to specify core radial power shape.
Calculation of inner surface average and outer surface cladding temperature.

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

Capability to use any single-phase coolant.
Capability to use code for non-fast neutron spectra.

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 1nputs 1n

FORE II

However, time dependence for these types of inputs can be approximated to any degree of accuracy,

using restalts and repeatedly 1unning for a specified time step and taking a step change 1n value.

2-2
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The voiding effect for liquid metal coolants is simulated by a voiding reactivity versus time curve, and
The void propagation pattern must be

by a decrease of the film coefficient to a low, specified number.
Initiation of this feedback

determined separately and converted to a reactivity effect for input to FORE 1II.
is based on a specific temperature and pressure.
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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 vs Temperature

Specific heat of sodium

Density of sodium

3-1
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The built-1n 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)

vs Temperature
Specific heat of fuel

Coolant bulk boiling temperature
vs Pressure

Cladding burnout temperature

Coolant mass velocity
Coolant 1nlet temperature

Effective multiplication factor or

1m
normalized power vs Time

Ak due to sodium voiding

AK due to scram

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. Linear
interpolation 1s used for all the tables to find property data at intermediate values.

3.4 STEADY-STATE CALCULATIONS (INIT Subroutine)

Finite difference techniques are used to calculate the temperature profile in the cladding and the fuel
for steady state, even though exact solutions are available. For the transient temperature calculations, the
only method available 1s finite difference By using the finite difference approach in steady state, a dis-
confinuity i1n temperature between steady state and the first time step 1s avoided.

Consider the case of a steady-state transient where the effective multiplication constant, k, 1s set
equal to 1.0 at 0 and 10 seconds. When this problem 1s calculated with FORE II, all the temperatures, heat
transfer data, and feedbacks remain at their steady-state value, which 1s physically correct. If exact
temperature solutions are used for steady state, the discontinuity in temperature will introduce feedback
reactivity which, 1n turn, causes the power and then the temperature to change further. The net result 1s
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
error.

3-2
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As an example, the exact solution for the temperature difference between the inner surface of the .
cladding (Te at Re) and the outer surface (TE at RE) 1S

R

In —E
R Q
_ e 2 e 2 2
Te'TE_ {QfAf_Qe R :l to— (RE -Re ) @
27 Ke 4Ke

In the finmite difference approximation, all the heat generated in the cladding 1s assumed to be generated
at the volumetric average radius, Ra' The resulting finite difference equation 1s

R R
In _E In _E
Re (2)
T -T = A, + Q A 1
e "E- 9k R 27 K. € €
e e
where
1
2
REZ + Re2
Ra = 2— . (3)

For typical values of radii and gamma-neutron heating 1n the cladding, the error in the fimte difference
approximation 1s on the order of 2°F.

The heat transfer equations discussed 1n the physical model will be those where the cladding, structure,
additional material, and coolant are treated as separate temperature regions; that 1s, 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 1mitial guess of the steady-state specific heat Cg m. k for the coolant 1s made by FORE I, based on
programmed techniques. The subscripts ¢, m,k represent coolant, particular axial node, and channel type,
respectively. The superscript O represents time zero or steady state.

The coolant temperature at every axial node 1s 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,

0
TO _m (0) (PCON)Am PO Af Aa AZm 5)
¢c,m,k " "¢, m, kKt 0 0

Gc,k Cc, m, k Ac

The )\a 1nput 1s 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 1s

3-7
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Nodal Temp rise in node to outlet
/_\_/\_/\
Lout  _n0 (g0 _ i (0) 1% ©)
¢c,m,k = “c¢,m,k c,m,k c,m,k X :
a

Equations (5) and (6) combined imply that there 1s a linear relationship for each node between the inlet,
nodal, and outlet temperatures. The outlet temperature for node m is set equal to the inlet for node m + 1.
In this manner, the axial temperature profile in the coolant is calculated. Based on the calculated tempera-
tures, new values for the coolant specific heat are estimated for all axial locations. This iterative process
1s continued until the temperature changes between iterations i1s within specified limits. The average tem-
perature for a node 1s the arithmetic average of the final inlet and outlet temperatures and is the same as the
nodal temperature for Aa of 0.5. Nodal coolant temperature 1s given by TC’ m, k’ average by ch, m, k'

3.4.2 Heat Generation Rates

The internal heat generation 1n different core materials due to neutron-gamma heating 1s estimated
based on a mass weighting. The common weighting factor 1s

A_F A
MULT = m v °f (3 /1b). )

0
pfAf+peAe+pc,m,kAc+psVs+puVu

The fraction of the total neutron-gamma heating that occurs in the coolant, for example, 1s

0

¢, m,k (PCON) (Dimensionless) . (8)

QU = (MULT) p

Similar equations hold for the cladding, structure, and additional material.

The total fraction of the heat produced in the fuel {due to both fission and neutron-gamma) becomes

%?:31 Cladding Coolant Structure
e e nt— ™ e rt—— e e
A
- € C S
(QU)f,m,k = Am(PCON) - (QU)e,m,k - - (QU)c,m,k - - (QU)s,m,k
Ag Ag Ag
Vu
e (QU)u,m,k (Dimensionless) . (9)
Additional
Mater:al

The ratio of power production per unit volume 1n fuel radial node n to average power production per unit
volume for the fuel 1s given by

(QU)n,m,k =Y, (QU)f,m,k (Dimensionless) . (10)

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

N
Z Y A - A (£t2). (11)
n=1

For a flat flux distribution, as 1s common 1n a fast reactor, Yn 1s 1.0 (n = 1 to N).

The heat generation rate per unit volume Pg 1s calculated from the input power (Pln mw) and fuel
volume (Vf ft3) by

0

P
O 048.05 22 (Btu/sec-ft%) . (12)

Ve

P

The heat generation rate 1n the fuel 1s

0 _ 0 3
Qf,m,k = (QU)f,m,k P, (Btu/sec-ft°) . (13)
Analogous equations hold for the other materials as well as each fuel ring, n.

3.4.3 Film Coefficients

A coolant film coefficient 15 calculated for the cladding, structure, and additional material by a model
of the form,

h = Thermal Conductivity | Constant + Function Re and Pr numbers| . (14)

Hydraulic Diameter

For the cladding, the particular equation is

0
K M N
*0 c,m,k H H
he'mok _6_’_ [AH +Cy p Re 7 Pr } F* , (15)
HT
where
0
D G
Re - _HT ¢k (Reynolds number) , (16)
0
“c, m, k
and
0
“ C
Pr = c,m,k “c,mk (Prandtl number) (7)
K0
c,m,k

3-9
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The tilm coefficient for the cladding of Equation (15) 1s modified by

R

0 ‘0 . 460 | H

= h
]c.m,k c,m,k

I 43l

| k (18)

T

0
c,m,
0
E.m.k ' 460

The film coefficient for the structure and additional material (gg m k) 18 calculated by an equation
similar to Equation (15) with the 1nput CH m replaced by the non-axial def)endent qrantity BH' The axial

variation of the input coefficient CH m for the cladding allows the user to account properly for film trippers
along the axial length in a steam-cooled system.

3.4.4 Structure and Additional Material Temperature

The structure temperature 1s calculated by

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

x (Y Convection and Conduction Resistance) (19)
or symbolically,
0
d Q
0 =0 1 S s, m,k
Ts,mk * Temu {0 v = < 20
’ ’ (TO KS GS
\®c.m.k

The equation for additional material 1s the same as Equation (20), with subscript s replaced by u.

3.4.5 Cladding Temperature

The temperature 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 temperature
1s

0 =0 1
TE,m.k B T(:,m,k + 0 e,m,k e

c,m,k

[:Q?.m,k Af + QO A } : (21)
27 RE h

A new film coefficient 1s calculated, based on a revised TE and this iterative process is continued until the
cladding surface temperature between iterations is within the specified limit.

The cladding radius at which the volume averaged temperature exists is

/ 2 2
R, = | (Radius out)® + (Radius 1n)2 . R+ R
2

e |
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By the standard one-dimensional heat transfer relationship, the temperature of the cladding at this location is

1In _E
10 -0 . _\a) 0 A, + Q0 A (23)
a,m,k - "E,m,k 97 K Qf,m,k f e,m,k e |"
e

R
In| -2

0 0 R

Te,m,k = Ta,m,k * € QL kA - (24)
27 KE T

Note that all the heat generated in the cladding is assumed to occur at radius R a”

3.4.6 Fuel Temperatures

FORE 1II contains the option that the fuel cladding gap can be set equal to a constant or calculated by
the code based on the model described in subsection 3.4.8. If the gap coefficient is calculated, the initial
estimate is set equal to the input value

T (25)

g,m,k =~ °f

where F** is the channel type factor.

The surface temperature of the fuel is

0
A
0 0 Qf m,k At
Tf,m,k B Te,m,k + ; 0 (26)
T (Rf+Re) Cg,m,k

Drop Across Cap
The thermal conductivity of the fuel for node n (Kon) as a function of temperature is determined from a table

input or quadratic fit. For the first calculation in steady state, KOrl is based on T, , ; and for subsequent
calculation upon (Tn +1t Tn)/2.0 from the previous iteration. The temperature of the boundary fuel node is

R Q A

0 0 £ fom,k O
TN, m,k =T, m,k* 1“; o 5 , @n
KN m, k

and the temperature of the nth fuel node is

Temp n = Temp (n+ 1) + (X Heat Gen. in 1 to n nodes) (Thermal resistance n to n+ 1), (28)
or
r
n In 1 +1
- 0 § 0 Th
Tn,m,k Tn+1,m,k+ AQ Q(,m,k 0 29)
=1 271 K
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The center temperature is given by

0 2
0 0 Q mx "1
=
To,mk = Ti,mkt — (30)
4 K9
0, m,k
for no center void (RO = 0) and by
0 0 A omi [ 2 o2 2. Ty
—_ 3 ) - - —
TO,m,k = Tl,m,k + — (rl R, ) ZRO lnR (31)
4 KO,m,k o)

for a center void (Ro + 0).

New values for the gap coefficient and thermal conductivity are calculated based on the new temperature
profile. The iterative process is continued until all fuel temperature changes between loops are within
specified limits.

3.4.7 Gap Size and Pressure

If in steady state, part of the fuel has melted and its volume is insufficient to fill the center fuel void;
that is,

N MELT(0) )
AV Z 6 m Ay =mRZ (32)
n=1

then the steady-state gap is

0 0
ap® - R-R)M . (AL R - (AL R, (33)
m, k e 'f L e L f
| | e,m,k | ( f,m,k
| | [
Cold Gap Size Cladding Expansion Fuel Expansion
aL\? . 0 aL\® =0
where (—) is evaluated at Ta m. k and (—) at the average fuel temperature Tf m.k ° I
b b ’
L e,m,k ’ L f,m,k

the melted {uel volume is greater than the volume of the center fuel void, then the gap equation is of the form

AVMELTRf (AVMELT +1) Roz

N
0 1
Ap = {(Eq. 33) - - i E 6 A . (34)
m,k 9 2R, A n,m,k “'n

Additional radial expansion due to melting
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If the calculated gap 1s greater than zero, the contact pressure 1s set equal to zero If the gap 1s less
than zero (interference), the contact pressure is calculated by

0
0 _ A¢m,k Ee (RE —Re) (144)
m,k 7 9
R
e

p (Ib/ft2) (35)

The maximum contact pressure 1s limited by the yield point of the cladding and 1s given by

6 (Rw-R.) (144)
.p. E 2
Pax = b R d (Ib/ft) . (36)
e

In the current version of FORE II, the yield point of the cladding 1s not temperature dependent.

3.4.8 Gap Coefficient

Experimental results for gap coefficient are generally characterized by a wide scattering of data points.
There are articles in the published literature that state the heat transfer across the interface 1s mainly by
conduction through the gas film since so little metal 1s actually 1n physical contact, while other articles
indicate that the primary mechanism 1s conduction through the contact points since the thermal conductivity
of the fuel cladding is significantly greater than that of the gas gap.

In FORE II, two gap models are available. One 1s the constant gap model. In this case, the gap
coefficient for the average channel 1s input as well as multiplying factors for the peak and hot-spot channels.
The net result is that the gap coefficient varies by channel type but 1s not a function of axial position or time.
(As 1ndicated previously, any time dependence can be approximated by restart capability.)

The second 1s the variable gap model In this model the gap coefficient 1s calculated at any time step
for all axial nodes and channel types as a function of surface roughness, type of gap gas, existing gap size,
contact pressure, and temperature. Plot 9 of Appendix C, subsection C.4, indicates some typical results
using the variable gap model based on the input data listed in the example problem. The variable gap model
was based on work by Ross and Stoute. (3) This choice was made because of the "physical soundness' and
the flexibility of the model, and the reasonable agreement between calculated and measured values. Sufficient
information will be given here to run FORE II Reference (3) should be consulted for additional details, if
desired. The gap coefficient 1s calculated by

0 0 0

K , P K
0 _ m,k “m,k + g, mKk T (37)
g’ m,k ’

a Jo ¢ 6 0
o g, m,k + (g +g,)
|
Solid to Solid Gap Gas
Contribution Contribution

The F** 15 the peak or hot-spot factor for the gap coefficient.
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The thermal conductivity of the gap gas (Kg m k) 1s based on a quadratic fit of the form
’ b "
0 + 10 0 0 2
k0 - A +B e,m,k f,mk| |, ¢ e,mk ¥ 'f mk (38) .
g, m,k g g 2 g 5

l

Average temperature of inner surface
cladding and outer surface of fuel

The thermal conductivity of helium 1s about 15 times that of fission product gas. The user should be

certain that the gas composition as reflected 1n choice of Ag, Bg, and C_ 1s consistent with the core average
exposure as reflected in the core power distribution.

The (gf + ge) term 1s the accommodation effect which reflects the fact the average temperature gradient
imposed upon the gas 1s less than that between the solid surfaces because the separation distance 1s on the
same order as the mean free path of the gas in the gap.

For helium, at 1 atm,

_ -5

g+ 8 = 3.28 x 1077 ft,

and for pure fission gas, at 1 atm,

g + g, = 0.328 x 107 ft. .

For a positive gap,
0
60w = APmk o B (6 + 5y, (39)

Equation (33) or (34)

and for a zero gap,

0 -
O m,k = Bo (O + %), (40)
where Gf and 6e are the surface roughness of the fuel and cladding, respectively, and ﬁo 1s an experimental
constant which Ross and Staute found to be approximately 2.5. Physically, the term Bo(éf + Ge) could be
considered to be the average separation distance when the peaks of the cladding and fuel surfaces are in
contact or when macroscopically the gap 1s closed.

gv
When the contact pressure 1s zero, the solid to solid contribution 1s zero. Otherwise, K?n K 8 the
)
harmonic mean conductivity of the fuel cladding defined by Ross and Staute to be p
(8,10 (c)
K K
KO _ N, m, k e (41) )
m, k 0
KN, m, k + Ke

2
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The term & 1s the effective roughness of the two surfaces given by

+
6 - | L e (42)

and ¥ 1s the Meyers hardness number which 1s usually taken to be three times the yield strength. The term
a, 1s an experimental constant determined to be approximately 0 091 ft-. It is estimated that the quoted
value of a0 B, and (s,__r,f + ge) each could be 1n 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 1s known for the
peak and average channel. The calculational model projects radially the temperature profile for these two
channels. The core 1s divided mnto two to seven equal volume regions. The radial temperature profile 1s effec-
twively described by radial weighting factors, W[ , for each region Remembering that k =2 1s the peak channel
and k = 1 1s the average channel, the temperature (H) in the nth fuel ring, mth axial section, and ﬂth radial
region of the reactor 1s

0 _ m0 0 0
Hn,m,ﬂ B Tn,m,Z - Wy (Tn,m,z - Tn,m,l) + 460 . (43)
Peak Temperature
difference

Note that the hot-spot channel 1s not used 1n the projection scheme.

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

w, =2 -1 (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. Typtically, the user could input
a temperature shape as 1n Figure 3-3 by properly adjusting W

When the radial weighting factors are determined by the code, it 1s assumed that the peak channel 1s
the center fuel region and that the average channel 1s characteristic of the region of the core at a radius
separating the core into equal volumes. As an example, for L = 7, Wy - 1/1, Wy = 3/1, Wq = 5/, W, = /1,
W5 = 9/1, W6 - 11/7, and W7 = 13/7. Then, for a peak temperature of 4500°F and an average temperature
of 4000°F, the racial temperature profile for the particular fuel ring would appear as in Figure 3-4. The
radial weighting factor calculated bv the code will result in a parabolic temperature profile.
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th oth

Using Equation (43), the average fuel pin temperature for the m™ axial and radial section 1s

) = : (45)

Equation (45) represents a two-dimensional array describing the core temperature profile. For the maximum
number of allowable nodes, this gives the temperature at seven axial locations for seven core radi.

*
The average reactor fuel temperature by volume weighting Tnfo)ﬁ 18
?

L *
Toak (82,
1

TITO - axial £= , (46)

>

axial (Az)m

where E 1indicates that the average temperature can be based on the core only or the core plus blanket,

axial
as specified by input data.

The nodal temperature used in Doppler calculations 1s

Dop(0) _ *(0) Tm @ - HI(\)I m, ¢
Tmt  =Tm,2 $1-Cp : L , (47)

Correction term
where CD 1s 1nput. The second term in the braces allows the user to account for the fact that the correct
"average temperature' used in Doppler calculation 1s shightly influenced by the temperature difference

between the average and surface.

3.4.10 Orificing Coefficient

In steady state, the user indicates the mass velocity for the average channel and the relative flow
factors for the peak and hot-spot channels. In addition, the orificing coefficient or local loss coefficient for
the peak channel 1s input. This portion of the code calculates the total pressure drop in steady state for the
peak channel due to frictional and local losses. When the pressure drop across the core 1s known, the correct
orificing coefficient for the average and hot-spot channels can be calculated. These orificing coefficients are
assumed to remain constant for all transient calculations.
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The first step 15 to calculate the average coolant temperature for each channel by .

=0
Z Tc.m,k (Az)m ’

(48)
M
> o,
m=1

The coolant viscosity and density are determined from the input tables for each channel type by using
the temperature calculated 1n Equation (48). The Reynolds number for the average channel 1s

0
G D
N0 . el TH ’ (49)
R,1 0
Mc, 1
the peak channel
0
F_ G D
0 r ¢,1 "H
NR, 2 - —-————d— ’ (50)
H c,2
and hot-spot channel
h 4
0
F G D
N(f)i,3 = v . &l 'h 8’1 H (51) .
He. 3
The flow 1s turbulent if the Reynolds number is greater than
comp - 8 L (52)
C 1l-e
where e and ¢ are 1nput, and 1s laminar if less than or equal to COMP.
If the flow 1n the peak channel 1s laminar, the pressure drop 1s
2 2
0 0 )
64 Zt (Fr Gc.l) (Fr Gc 1
2g AP - = + Bop kg ———2— (53)
NO Dy 0 P nlet(0)
R,2 pc, 2 Pe
| | i
| L
Laminar friction losses Sum of local losses
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and if the flow 1s turbulent the friction losses term changes and the pressure drop 1S now given by

e, o0 o
Z F.G (F G )
pgap- —C t lr el ., g, trcl (54)
0 e DH 0 : inlet(0)
NR 2) Pe, 2 c
Turbulent friction losses
The orificing coefficient for the average channel for laminar flow becomes
inlet(0) inlet(0)
_ 2g AP Pe 64 ZT Pe
Bog 1o = - —- < (55)
OR, k=1 2 0 0
< 0 ) N P 00
Gc. 1 R,1 Cs
and for turbulent flow,
inlet(0) inlet(0)
. 2g AP P ZT Pe
B L= - —_ (56)
OR, k=1 9 D 0
@ b A
Gc, 1 NR, 1 ¢

Analogous equations hold for the hot-spot channel when the appropriate mass velocity peaking factor 1s
included.

3.5 REACTIVITY EFFECTS (FEEB SUBROUTINE)

3.5.1 Programmed k versus Time

The user can specify a programmed k (due to external effects other than scram) versus time or power
versus time. In either case, linear interpolation 1s used to find the appropriate dependent variable as a
function of time.

The scram Ak 1nsertion versus time since initiation 1s an independent input. The start of the scram
Ak can be based on the time the coolant reaches a specified outlet temperature (TCSCRAM), or the time the

reactor reaches a power level (P]) such that

.
—p  ~ “sCram’ 57

where P0 1s the time zero power level and €SCRAM 'S input.

The total programmed k versus time 1s

K3

]
p - ¥raBLE * ®K)scram - (58)
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The advantage of being able to specify (Ak)SCRAM as a separate table 1s that it 1s not required to know the

time for 1nitiation of insertion 1n advance.

Noting that the total feedback Ak from the previous time step 1s represented by k%'l, the total effective
multiplication factor at any step j 1s given for the no-extrapolation option by

K- P P, ka-l, (59)

Average at
midpoint

and for the extrapolation option by

-1 3
kI3 4k

1_ P P 1-1 1 )|
where, for J = 3,

-1 -2 -1 -2 -2 -3
k-1 _ ) . -1 1-2 _ 1
(2 A s S CA N R T ' (61)
EST 71-1 ) 072 71-1 71-2

The 1/2(Akf)JEST in Equation (60) 1s basically a correction term that represents a projection to the midpoint
of time step ) of the general trend in the feedback Ak as determined from the last two time steps.

The total feedback Ak 1s composed of the Doppler, radial dimensional variation, height change, density,
and voiding contributions. These separate contributions will be examined.

3.5.2 Doppler Feedback

The reactor temperature profile for time step (3-1) 1s calculated similar to that in Equation (43) for
steady state. An equivalent temperature correction 1s made, depending upon whether the particular nodal
temperature is greater than the melting point at time )-1 as compared to its temperature 1n steady state.
This equivalent temperature 1s based on a temperature rise that would have occurred for no change in phase

or
_ Heat of Fusion Btu/lb pMelt .
ATg = = (62)
Heat Capacity Btu/lb-°F cl-1
Py n, m, k=1

The average nodal fuel pin temperature, average reactor fuel temperature, and nodal Doppler tem-
perature are calculated for each time step analogous to Equations (45), (46), and (47), respectively, when
consistent superscripts are used through the equations. The nodal Doppler contribution 15

Dop (3-1)
T
JN P Lt S S T - S Bbop Dop -1 |1 _ Dop (0)|P*!
(Akp ) Dop 11 ) ) . (63)
P'm, ( P r_Dop (0) b+1 s s
m, {
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. The user has available the three input constants, ADop’ BDop’ and b, to match the model given in Equation (63)
with experimental or separately calculated results The total Doppler feedback 1s calculated by power squaring

.

and volume weighting the nodal values as given by

M L
11 52 2
Z Z (skpop? ! P A% (a2,

j-1 _ m-1 £=1
(AK)pop = VI (64)
2 2
) D10 P Ak e,
m=1 f£=1

The Doppler contribution calculated by Equation (64) 1s the one used 1n the feedback equations. For informa-
tional purposes, the average reactor Doppler Ak 1s calculated as 1n Equation (63) by replacing nodal tem-
peratures by core average values, 1.e.,

= 1-1
T B b+1 b+1
-\)-1 core Dop (—]—1 ) _ (—0 )
(ak )Dop - ADop In —0 + b1 [ Tcore Tcore ’ (65)
core
and the Doppler weighting factor 1s defined by
-1
(ak)]
g= __Dop (66)
—_— ]_1
(Ak )Dop

3.5.3 Radial Feedback

The radial feedback 1s caused by changes in the core radius resulting from bowing, axial pressure
difference, and thermal expansion. The temperature used 1n the bowing equations 1s based on the change 1n
the radial temperature gradient across the outside of the core. The outer core regions are shown in

Figure 3-5.

FIGURE 35 OUTER RADIAL CORE REGIONS
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Note that with the use of proper superscripts, Tr’;l ¢ for any time step 1s given by Equation (45). Now, from

Figure 3-5,
* * * ,
ATB,m - Tm,L B Tm,L-l _ Tm,L - Tm,L—l (67)
Dp R, +Rp g - Rpg *+ Ry RL - R
2 2 2
where DB 1s the diameter of the pseudo-fuel channel 1n the radial core region. -
The radius of any radial core region 1s given by
r2-L g ?. (68)
L
Thus,
L-2
Rpe =7 B > (69)
and noting RL = RT (outer radius of core) Equation (67) becomes
g (T 1 - Ty 1)
ATg = ! 2 . (70)
m T a
’ R 1 L-2
T et -
L
Summuing over all axial nodes for time step 3-1, >
M
ml-1 j-1
@TE =Y enkl e,
m-1 . (71)
Hp

The steady-state value (AT)% 1s similarly defined.

Five options, based on the structural connections of the core at the top and bottom, are provided for in
the bowing calculations. The principles underlying Option 1 (for a channel cantilevered at the inlet, pinned
at the exit) will be developed. The results for the other options will just be listed. Figure 3-6 indicates a

beam corresponding to Option 1.

From fundamental strength of material relationships,

dz_é . @aT M (72) ‘
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FIGURE 3-6 FUEL PIN FOR BOWING CALCULATION

where the moment (M) about the pinned end 1s P(H* - xm).

boundary conditions,

6 =0, x =0, and

one obtalns

GzaAsz PH

op ™ ZEI

By using the last boundary condition,

m

2

+

me

6EI

3

the term P can be eliminated and after manipulating one obtains

'

T B, m

X

2

m

o (.A_R_)J'l _ % m_
R RT 4DB R

T

=

m
Hx*

For the reactor, X, 1s given for the bottom axial node by

(az)
X1 Z + =2/ m=1

o 2
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(77)

(78)



GEAP-5273

and for the other axial nodes by

m-1

(az)
X = %o * E (AZ), + zm (79) )
£-1

for m = 2.
For a beam pinned at both ends, the result obtained 1n a similar manner 1s N

]_1 "
T as

2 * -1 0
- m (xm -x H ) {(AT)]B - (AT)B] , (80)

AR

R
T B,m

for a beam cantilevered at the exit, pinned at the inlet

j-1 " 3
AR a X . _
' -5 23 -m L H k)| eDT - DY, (81)
RT 4 DB RT *
B,m

for a beam cantilevered at the exit, free at the inlet

J—l (y 1"
T -— S (x2_92x_ H + H? (AT)]'1 - (AT)o , (82) -
2D~ R m m B B
B,m BT

and for a beam cantilevered at the inlet, free at the exit

_1 "

AR ] o _ _ 1

_T - 8 2 aml s am . (83)
R 2Dg Ry B BJ

B, m

The change 1n core radius due to a change 1n axial pressure on the lower support plate is

2
1-1 j-1 )
(A RT) ) X \IJO (Gc, 1 )
R R 2
T T 0
P,m (GC’ 1)
and the thermal expansion of the core by
-1
AR\ ,
T 1-1 0
R ¢ (Ts.m.l - s,m,l) (85)
T/
Lm
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The total core radius change becomes

-1) 1-1 1-1 1-1
AR\ AR AR AR
&) &) &) &) o
R R R R
T/ I T Bl,m T P,m T T, m
Bowing Pressure Thermal

After summing over all axial sections and using the input core radius coefficient, the total radial feedback
18

M -1
AR,
E <__I) AZ
- R
FB R, 2k | m=1 T "m (87)
R T 5r H
T T
3.5.4 Axial Feedback
The only axial feedback contribution i1s due to the expansion of the fuel. This axial expansion 1s
M
PO A o I
1-1 0 m
AHy mt P mk=1 VL m k=1 (88)
Hy Hp
and the axial feedback contribution using the input reactivity coefficient becomes
-1
AHL \ )
3y . S I (89)
H T oH H
T T

3.5.5 Density Feedback

The density change of the fuel, cladding, coolant, structure, and additional material i1s considered 1n
the total density change. For the fuel

Axial
[ l I
- 1-1 s
APt m - ¢ (AL) )-1 _ (AL)O
— - F D I
Pt m l L/t m1 L/t m,1

(90)

Radial

where Cg s an nput number varying between 0 and 1. The factor Cp 1s intended to reflect the fraction of
the axial fuel density change that can be depended upon 1n a transient. Because the axial fuel pin normally
consists of pellets which may not be in perfect contact, and because the fuel 1s not of 100% theoretical
density, only some portion of the possible axial density change will probably be realized.
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In Equation (90). the radial fuel expansion 1s ot the general form

ap. 71 7 lo. RaT 4+ R)Z - RZ
f,m _ s (91)
- 2
£,m /) aqial TR
which reduces to
AD ’
f 2
_Lm = 20 AT + (”s AT) ~ 20 AT | (92)
/

3
f,m radial
where the square of linear thermal expansion coefficient has been neglected 1n comparison to the coefficient

This same type of approximation 1s used for all the density expression.

For the cladding, the density effect 1s

—_ 1-1
Ap 0
e, m _ AL AL ]_1 0
(— ) <_ ) (—) v 20 <TS,m,1 B Ts,m,l) . (93)
Pe,m e.m,1 e,m,1

For use 1n the coolant density change expression, a value Aé—l 1s defined to be
H

_ 1-1 G
Al-l (AL _ (AL ) (94)
€,m I L /e,m,1
“le,m,1 v
if the density change of the cladding 1s greater than that of the fuel, and 1s equal to
_ j-1 0
A]e 1 ¢ AL - (AL (95)
, m F L L
f.m,1 f.m,1
if the opposite 1s true. The density term for the coolant 1s

— ]-1

ap

c,m -1 [&1-1 =0 3-1 _m0
= T 3(Yc.m (Tc,m.l - Tc,m,l + 20's Ts,m,l Ts,m,l)
Pe,m
2 1-1 0 ) 2 -1
_ 2R« (Ts,m.l - Ts.m.l b 2Re Ae,m (96)
2 2
R.” - R
and for the structure
5 )-1 r
Ap
s, m 1-1 0 1-1 0

- - L”s,ax (Ts.m.l - Ts.m. 1> + 20 (Ts.m,l - Ts,m. 1)} ’ ©7)

Pe,m
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' h and for the additional material,
- -1
AD ) -1 0
u, m AL AL 1-1 0
! I} ) (L) '( L) * 2015 (Ts,m,l ) Ts,m,l) ©%)
pu,m u,m,1 u,m,1

The total density feedback 1s obtained by summing over all axial sections and using the input density
coefficients or

M = 1-1 = = j-1
1-1 Ok APt m 0k APe m ok APe m
FBp ™ = pf.é__. —_— + pe.é__ — +pCE—— e
m=1 Py m pf,m Pe n pe,m Pec m pc,m
- -1 - 1-1
AD ] AD
) 6
+ (ps Ek_ ( _s,m) . (pu é_k) (___“ﬂ‘_> : (99)
Pgq " Ps. m Py . Py, m
3.5.6 Voiding Feedback
The pressure at the void location 1s calculated by
AP) 2gAP!
pPl-p_ +P 22 of, 2BeT (100)
z St pump o 2 (64.4) (144)

The bulk boiling temperature of the coolant versus pressure and the cladding burnout temperature versus

» pressure are both table inputs. When the calculated coolant or cladding temperature at the pressure calculated
by Equation (100) 1s equal to the specified table value, the void Ak 1s inserted at the specified rate. In addi-
tion, the start of void Ak insertion can also be based on when the fuel center temperature reaches a specified
value. This condition could correspond to a fuel temperature at which the fuel vapor pressure 1s sufficient
to fail the pin.

3.5.7 Total Feedback

Combining all the contributions the total feedback becomes

kp'l) = (Ak)})_olp + FB%_I.1+ FBJR-1+ FBi])'1 + (Ak)iralld . (101)

Note that the feedback k%'l 1s calculated when the time indicator 1s ). However, this feedback 1s used only
in Equations (59), (60), and (61), which are calculated the next time for jy + 1. Thus, before feedback 1s used
again, k%_l 1s set equal to k% . On the next pass, the goal 1s to calculate the total effective multiplication

' factor for the j + 1 time step or kJ+1 . The feedback from the previous time step 1s then correctly given by

. ]
kf.
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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 1s input, the power 1s determined from the table by linear interpolation.
For the option, the user should note that the power table 1s a ratio of the power at time } to that at steady

state. The remainder of this section applies to the case of when a programmed k versus time table 1s used.

FORE II can calculate both the prompt power and total power (includes decay heat) of the reactor. The
*
steady-state total power (POO) 1s given by Equation (12). The steady-state prompt power (Po) 1s obtained by

0
P,
* 8.6 x 10'10 Fission
P, = : , (102)
IM A —a —a cm® sec

1 1 1
1+ 2 ; al - <a1 + TO)
1= 1

where a, Al, @, and IM are 1nput values obtained usually from experimental data.

The total delayed neutron fraction is

- 8, (103) ‘

and the steady-state neutron precursor concentration for each delayed group 1s

*
0 v Bl 1:‘o atoms (104)

1
Al Cm3

The total effective multiplication factor at any time ) 1s obtained as outlined 1n subsection 3.5. The
corresponding power of the reactor 1s determined from the finmite difference approximation to the standard

point kinetics differential equation,
K Z W (1-p)-1/P"
L C, A+ 8| + ——TPIZod (105)

* 3
where P 1s 1in fission/em®” sec.

If lk] (1-5)-1 | in Equation (105) 1s less than some small input value €K (typically on the order of 10'5)

the second term on the right-hand side 1s neglected because of potential numerical problems 1in the finite

b

difference approximation
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A = K Z AL
i |2 Ci M + 8 , (106)

to simplify nomenclature, the power at the end of some time step T when the second term is neglected is

P;‘ - A i p;_l , (107)

and the average power during the step is

A, 'rj
7. - p;il s I (108)

For the case where

lkj (1-8) - 1| = €x > (109)
let
R =K (-8 -1 (110)
) )

to again simplify nomenclature. The power at the end of the time step becomes

R.7) A [ R 7
Pl-plied wdfed -1), (111)

and the average power during the time step is obtained from

Ao,
P. dt
" UZ: )
P, = 4L - (112)
) j
.
or
P).'(_1 + J
—x R R, 1) A
P, = — J ed -1 -_1 (113)
T } Rj
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The excess energy per unit volume at any time step 1s

E'-E  + (F]* - pé) 7 (114)

The delayed neutron precursor concentration at any time j 1s obtained from the solution of the differential
equation

an _*
- v, B, -A C,, (115)

dt

which 1n finite difference form becomes

- )-1 p*L) o -1 0
C1 = C1 + uBl P] T )\l C1 T
L1 | | (116)
Previous Production Decay
concentration during 7] during 7

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 1s nput (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 in 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
1s assumed 1n this derivation that the inlet and outlet coolant plenums are common to each channel.

If the Reynolds number for the average channel 1s less than or equal to COMP [Equation (52)] , the flow
1s laminar and the pressure drop at time j 1s

2 2
} ]
2g ap) - 84 Z_t- (GC, 1 ) + B (Gc, 1) (117)
) D j-1 OR, k=1 let (j-1)
N H p

G| °©
| |

Laminar frictional loss Local losses

If the Reynolds numbe1 is greater than COMP, the flow 1s turbulent and the pressure drop 1s

2

(G:r 1)___ (118)

mlet (j-1)
Pe

(g aAPY = — = L

- - *  Bom,k1
(N%2 1) H p(‘,

L 2

c Zt (Gc, l)
1

1

Turbulent frictional loss
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For laminar flow 1n the peak and hot-spot channel, the mass velocity for a zero orificing coefficient
for the channel 1s

7-1 2
p D
G]c K = _ck H 2g APY , (119)
b -
64 w7 2
s

and for a non-zero orificing coefficient

let (3=1)
2g aP)lp!"
A2 + & ¢

J -
Gek = - A+ 5 (120)
OR, k
where
j~-1 nlet (3-1)
A 32 7y %y Py 121)
) 2 B )-1 ’
DH OR,k pc,k

and (2g AP)! 1s given by Equation (117) or (118).

For turbulent flow 1n the peak and hot-spot channel, the mass velocity for a zero orificing coefficient
for the channel 1s

1
2-e
J (2g aP) (D) * © o1}
Gy i = , (122)

C 2z (“3:—%( )e

and for a non-zero orificing coefficient an iterative process must be used as follows. Let

Ay = 2g AP, (123)
e
cz, (1"
Ay = ___t_(_CA , (124)
1-1 l+e
Pex Pu
B
A, - ORk (125)
mlet (j-1)
Pe

and mitially let the first estimate (Go) for the peak and hot-spot channel be the same as the average channel;
that 1s,

GJ - Gc],l , (126)
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then a revised estimate (GR, R=1)1s

A1
G - : (127)
-e
Ay Ggp_ ) "+ A3

This 1terative process 1s continued until a converged coolant flow for the peak and hot-spot channel 1s
achieved at each time step.

3.8 TRANSIENT TEMPERATURE (COPH SUBROUTINE)

The same physical quantities are basically calculated 1n this subsection for any time step j as sub-
section 3.4 does for steady state. The general approach 1s to set up a heat balance for each node. This
heat balance 1s solved for the new temperature at the end of a time step 1n 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 1n 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 1s determined. This process 1s 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 1n the fuel due to neutron-gamma heating and fission 1s

= = 3
Qfl’m,k = (QU); 1 x B) (Btw/sec-1t”) (128)
where (QU)f m.k S defined 1n subsection 3.4.2 and P. was determined in subsection 3.6 (POWD). Similar
b )
relationships hold for the transient heat generation rate in 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 1s given by

V. G

B = s s - (Js'lmk - TCJ'Ilnk) Btu/ft3-sec . (129)
AC ._1_ +_S
-1 K
c,m,k s

In the case where the volume of structure per unit length of fuel (Vs) 1s non-zero but the exposed surface-to-
volume ratio (Gs) 1s zero, then the heat exchange 1s

ol
Vs Qs,m,k

A
c

C - Btu/ft3-sec . (130)
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For the additional material, the analogous equations are

V.G
_ u -u 3-1 =1]-1 3_
G = (Tu,m,k - Tc,m,k) Btu/ft” -sec (131)
d
A f—2—+ 2
1-1 K
gc,m,k u

and for Gu =0,

Btu/ft3 -sec . (132)

ray.
F = Vu Qu,m,k
A

[

The heat transfer from the cladding to the coolant 1s

T]-l _ T]'l
D = a,mk &Mk pry/td-sec. (133)
In &
A 1 + Ra
(¢4 J-l
27 RE hc, m, k 27 Ke

The temperature change associated with mass transport 1s

Gl 7’ out (-1) _ .Out (1-1)
= c, ut (3- ut {j- °
E = 1-1 Tc,m,k - Tc,m—l,k F (134)
(Az)m pc,m,k
Finally, a common factor, A, 1s defined as
T] 3 5
A = sec-ft”- °F/Btu (135)
1-1 1-1
pc,m,k Cc,m,k

The new temperature of the coolant at axial node m, for channel type k, at time step j for GS + 0,
Gu # 018

:TJ'1k+A[ngk+B+C+D:] -E, (136)

for GS # 0, Gu: 0,

] 1-1 o!
Te,m,k Te m,x * 4 [Qc,m,k +B+ Fr D} -k, (137)

foer = 0, Guvé 0,

T) '1mk+A[Qlcmk+G+C+D} -k, (138)

)}
¢,m,k ~ Tc
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and for GS =0, G =0,

u
] _ pl-1 Bl
Tc,m,k_Tc,m,k+A {Qc,m,k+G+F+D} -E . (139)

In Equation (134), T(c),urtn(—ll-,llz for m =1 1s given by

Out (3-1) _ inlet (3-1)
T, m- Wk Te (140)

The 1nlet temperatures to be used 1n the mass transport equation for the next time step are calculated by

T(c),urtnfjlz = Tg,urtnf];) + (ng,m,k - T]c—,lmk) : (141)
The nodal average and channel average coolant temperatures are calculated from the new profile as in

steady state. The coolant temperature equation for a low-density coolant are given in subsection 3.8.6. The
equations given 1n this section are also correct for a low-density coolant. However, to guarantee numerical
stability, the resulting time steps for a low-density coolant are so small that the total runnming time 18 at
least an order of magnitude greater than that for a sodium problem. Subsection 3.8.6 contains modified
equations for a low-density coolant that allows longer time steps and shorter running time. A more detalled
discussion of numerical stability 15 contained in subsection 3.9.

3.8.3 Film Coefficient

From the tables, new values for the thermal conductivity, viscosity, density, and specific heat for the
coolant are determined for the new nodal temperatures for use 1n the next time step. The nodal film heat
transfer coefficients for the fuel, structure, and additional material are calculated as discussed in steady
state (subsection 3.4.3) by replacing the superscript 0 by a j.

An additional feature 1s that any time the conditions specified 1n subsection 3.5.6 for the insertion of
vold Ak are met, it 1s possible for the film coefficient in the hot-spot channel to be set equal to a low 1nput

value. This capability accounts for the poor heat transfer coefficient of liquid metal vapors at the time of
voiding.

3.8.4 Structure and Additional Material Temperature

The temperature change 1n the structure during any time step 1s due to the neutron-gamma heating 1n
the structure plus heat exchange between the coolant and structure. The equation 1s

-3 G
] -1 7 =} s =1-1 1-1
Ts,m,k - Ts,m,k + 0 ¢ Qs,m,k + d (Tc,m,k - Ts,m,k : (142)
s s 1 +._S
1-1 K
c,m,k s

The equation for the additional material 1s 1dentical to Equation (142) by replacing subscript s by u.
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3.8.5 Cladding Temperature

The average temperature of the cladding derived from a transient heat balance is

. . j —
j _pi-1 T
Ta,m,k Ta,m,k+ p. C_A Qe,m,k Ae
€ e ¢ Risedue to
n-y heating
j-1 j-1
T3 - 71!
+ N, m, k a, m,k (143)
R
In 22 m L
e . 1 + N
27 K j-1 j-1
e 1r(Rf + Re) Cg,m,k 27 KN,m,k

S —————————— e —

Temperature rise due to heat conducted in

j-1 Fi-1 7]
- Ta,m,k - Tc,m,k
R
ln_g
R
a 1
27 K j-1
e 27 RE hc,m,k J

e S i

Temperature drop due to heat
conducted out

The outer cladding temperature is determined by a heat balance of the convection and conduction con-

tribution at time j:

j j Ti-1 27 Xe (pd i
O =27 Ry he 1y k (TE,m,k - Tc,m,k) * "TR (Ta,m,k - TE,m,k) (144)
ln——E-
R,
; i
or solving for TE, m, k’
K T .
e "a,m,k ] )
R + RE hc,m,k Tc,m,k
E
In —
; R
] - a
TE, m,k = (145)
j %o
RE hc.m,k * RF
In —2
R
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3.8.6 Coolant Temperatures (Low-Density Coolant)

For a low-density coolant and for Gs + 0 and Gu + 0, a heat balance for the coolant using the most
recent known quantities yields

) - T3
0 = (Ta,m,k Tc,m,k) . Vs Gs ] -7 )
R d s, m,k s,m,k
In 2 A (—1 . 5
a 1 -1 K
felmx " 1-1 B2, m,k °
[ € 2m RE hc,m,kJ l
Cladding to coolant Structure to coolant
V. G
+ u u ) -T]
d u, m,k c,m,k
A 1 u
c o
1-1 Ku
gC,m,k l
Additional material to coolant
-1 ]_1 -
Gl C 1-1
c,k “e,mk |} 0 1n(0) ) a Out(y) )
* N \\Tc,m,k + (Tc,m,k - Te m,k N - T mo1,k |t Qc,m,k - (146)
i a | | |
Mass transport Heat genierated
in coolant

For a low-density coolant, the nodal and average value are at the same position; that 1s, )‘a 1s set equal to
Tl
0.5. Solving for Tc, m, k ’ we get

1 ] J - _tOut () i
T _ Cl TE,m,k * CZ Ts, m, k " C3 Tu,m,k C4 (CS Tc,m-l,k * Qc,m,k (147)
c,m, kK
Ci+ Gy v C3 v Cy
where
1 1
Ccy = — (148)
1 R
Ac ln——E
a 1 .
2i K, 27 Rg hJc’m,k
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where
-1
27 Ry, h!
C, = — E c&mk (148)
1 A
c
V. G
Cy = s s ’ (149)
d
Ac 1 =
1-1 K
gc,m,k s
V. G
Cy = u_u , (150)
d
A 1 + 2
o\ i
gc,m,k u
-1 1-1
el
C, = _¢k c,mKk (151)
AZm
and
1-A
0 in(0) a
Cs - (Tc,m,k - Tc,m,k) N (152)
a

Again for Gg or Gu equal zero, Equations (120) and (123) respectively, can be used in Equation (146)
for the structure or additional material to coolant term and the related equations can similarly be derived.
As 1n subsection 3.8.2, Equations (140) and (141) are applied for a low-density coolant to find the inlet tem-
perature to node 1 and the nodal outlet temperatures to be used for the next time step.

3.8.7 Fuel Temperature

The mner cladding surface temperature (Te, m, k) and the outer fuel surface temperature (Tf, m, k)
at time step ) are determined by an iterative procedure involving a heat balance of convection and conduc-
tion contribution at these surfaces. At this point, the new coolant (T(]:’ m, k) and cladding (T;’ m,k) tem-
peratures have been calculated. The first estimate of the new inner cladding temperature 1s

2K

1-1 )-1 € ]
(Rf+ Re)cg,m,k Tf,m,kJr R Ta, m, k

In &

] Re
Te,m,k = oK
1-1 e

(Rf+ Re) cg,m,k 4 =

In—-&
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Note that Tf m from step (3-1) 1s used 1n Equation (153a). The new estimate of the outer fuel surface
’

temperature using the value T] m, k from Equation (153a) 1s
-1
2 KJ T]
,m, k ,m,K 1-1 ]
R = (Rf+R)Cg,mk Te,m,k
In i
) _ Th
Ttm,x = = (153b) :
2 KN m, k
R, + R)CJ b, MK
f g, m, k R
In —f-
I'n

-1
The outer fuel surface temperature from Equation (153b) 1s used 1n Equation (153a) in place of Ti m. k*
b 2

This 1teration 1s continued until converged surface temperatures are obtained. The temperature of the
outer fuel node (N) 1s calculated based on the same reasoning used in Equation (145) and 1s giwven by

]
] _ ml-1 T
TN, mk= TN,m,k * - N,m,k 2N
Pt CN m,k AN
1
27 KJ
-1,m,k 1-1 1-1
+ R (TN-l,m,k - TN,m,k/\
In N
'N-1
-1
27 K3~
N,m, k 1-1 j-1
S — (TN,m,k - Tf,m,k) : (15¢4)
In _t
'N

The equation for any fuel ring n 1s the same as Equation (154), with the substitution of n for N and noting

that Rf 1s given by R

Two temperatures are always calculated at every nodal location for every time step, including steady
state. One 1s the actual temperature, and the other 1s an equivalent temperature which accounts for a
pseudo temperature rise due to a phase change.

For the less than melt condition, the actual and equivalent temperatures are identical. For the
two-phase region, the actual temperature 1s set equal to the melting temperature as long as the equivalent
temperature 1s greater than melt (T ME LT) but less than or equal to the pseudo temperature (TfMELT
MELT/ CMELT) associated w1th complete melting. By this procedure, the temperature of the fuel
at any node remams at the melting temperature until the energy required to melt all the fuel in the node has
been absorbed. The equivalent temperatures instead of the actual temperatures can be printed by selection ‘

of proper option 1n input.
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.

3.8.8 Gap Coefficient

If the constant gap coefficient option is selected or if the fuel surface temperature is greater than
’ melting, the gap coefficient becomes

T (155)

Cg,m, k
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.

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

N
MELT MELT (0) 2
AV E 6n,m,k An =< TTRO , (156)
n=1

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

. j 0
(Case 13) Aq)in,k = Aq)?n K + (&) - (ﬁ) Re

- I ’ l I L Je,m,k L e,m,kI

Expansion of cladding from
steady state

. Steady-state gap

Expansion of fuel from steady
state

If, on the other hand, Equation (156) was true for steady state but is no longer true for time j; i.e.,

N
MELT Z MELT() 2
AV én,m,k An > RO B (158)
n=1

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

(Case 2:)
MELT MELT 2 N
. AV Rf AV +1/R

apl Eq. (157) - 0 E s MERTO) (159)
= Eq. -— - .
m, k Af 9 IR n,m,k n

f n=1
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If 1in steady state, the volume of any melted fuel was greater than that of the center void but this condition .
1S no longer true at time j; 1.e.,

MELT &4 | MELT() MELT(0) 0
av 2 n,mk - “n,mKk Ay, = TR, (160)
n=1
then the gap size will increase by the amount subtracted off in steady state or
(Case 3:)
MELT MELT 9 N .
] 1 |2av R; AV + I)Ro MELT(j)
8ol = Ea. (157) roll e = Zl I (161)
n=

If, on the other hand, the volume at time j 1s still greater than the volume of the center void, any additional
expansion 1s accounted for by

(Case 4:)

MELT MELT
L | av R, (AV + 1) RZ| & MELT(;)  MELT(0)
Aqogn,k = Eq. (157) - = - Z 6 4

A 9 2R, nm,k ~ “n,m,k A -

n=1

(162)

All of the heat transfer coefficients and material preparation determined at time j are not used 1n the heat
balance relationship until the next time step j + 1.

3.8.9 Core Energy Density Change

In steady state, the rate of energy removal from the reactor 1s approximately

=0 _ =0 = 0 |z O(outlet) = O(inlet)
QOut - Ac Grc Cc 1:Tc - Tc , (163)

N |
| | |

Mass Specific AT
Heat

where the inlet and outlet temperatures are for the average channel and the coolant property data are evaluated
at the arithmetic mean of the inlet and outlet temperature

The rate of energy removal from the reactor in MW at any time j1s

=13 =1 =) = J(outlet) = j(inlet) n
Qout - Ac Gc Cc Tc Tc '_"'6_ ’ (164)
Qout
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where Tc](outlet) and Tc](mlet) are the arithmetic averages of the outlet and inlet temperatures, respectively,
for the beginning of the time step )-1 and the end of the time step . The term Pm/ QoDut 1s used to correct
the approximations inherent in Equation (163).

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

1 _ g -1 151
Eout—Eout + 77 Q . (165)

The nuclear energy addition to the core since time zerois

1oyt 3 o 1
Ej=E °+7 T (166)

and the net change 1n energy density 1s

el g
AE) - 1n out ) (167)

Vcore

3.9 TIME STEP SIZE (STAB SUBRQOUTINE)

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 s1ze option 1s selected, FORE II will still calculate a step
s1ze. The only use for the calculated step size in this case 1s to compare with the input value. If the
calculated step size to guarantee temperature stability 1s less than the input step si1ze, a message is printed at
the end of the computer calculations to alert the user.

Figure 3-7 1indicates the cross section of a large slab with uniform cross-sectional area A for the
general case of one-dimensional transient heat transfer.

’Axl

xF )1
T1|

/1

«-Ax-»{-*Ax-»

FIGURE 37 SLAB GEQOMETRY
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A heat balance using finite difference techniques vields

KA (TJ'I - T"l) ka (T3 - 7l Aaxpe (T) - TJ'I)
0 1 1 2 1 1
_ N , (168)
AX AX T
or solving for T]1 ,
13ty -2) Tt orgt
Tll _ , (169)
M
where
pc (AX)2
M= H&i23 . (170)
kT

To achieve temperature stability, the coefficient of Tf’l must be positive, or M must be at least equal
to 2.0. For a zero step size 7, M 1s infinite from Equation (170). As the step size 7 1s increased, M
decreases until some limiting step size 1s reached such that M equals 2. 0.

The principle outlined i1n this simple example underlies the equations for determining the step size.
Basically, a maximum time step to ensure temperature stability 1s 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 ina 7 by 3 by 14 array of time steps. The final time step 1s the minimum value from

the above array of time steps.

For the no-lumping case and for GS + 0 and Gu # 0, the coolant temperature 1s given by Equation (136)
which, repeated, 1s

] . -1 Al
Tc.m,k_Tc,m,k+A Qc,m,k+B+C+D - E.
The expressions B, C, and D also 1nvolve the term TCJ'Iln Kk In addition, the term Tf;lm k8 also
b ? b 3
contained 1n the expression for E since
-1 n(y-1)
T - T
out(j-1) rout(y-1) c,m,k c,m,k
Te,mk "Te,m-1,k - (171)
a

Equation (136) can be rearranged as
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] ]
TV_ G V. G
T3 m.Kk = 1 - s _ u u
e A 1 ds 1-1 1-1 A 1 . du 1-1 C]—l
c t =] Pemk “c,m,k c ~1’c,m,k “¢,m,k
1 S ’ 1-1 Ky
¢ m,k gc,m,k
71
In EE_
. o 1 1
-1 21 K_fA pl- cl-
27 Ry h]c’m,k e/ %cPe,mk “c,m,k
7] ]c—}{ 1-1 Additional terms
- ) Tc, m, k + not mvol\l/mg . (172)
A7 p]"l T]'
m “ac,m,k c,m,k

Now, by specifying that the coefficient for Tg;ln Kk must be non-negative and solving for ’T], one obtains
b ’

1
S S (173)
¢, m,X © pEpNom

~
—
1]

where
V. G V. G
DENOM = 5 ds + u “u
d
1 S 1-1 1-1 1 u 1-1 j-1
Ae 1-1 * K |Pe,mk “e,m,k A 1 * K Pe,m,k “c,m,k
g 5 g]c,m,k u
-1
Gl
* Rl ¥ c.k - (174)
]—
mﬁE— AZp, Aapc,m,k
1 . a p]-l . -1 .
1-1 or K ¢ "e,m, ¢, m,
27 RE hc,m,k e

This same procedure 18 used to develop the time step equation for the other materials and racdial fuel rings.

For coolants with low density (pc), the factor DENOM can be large and, in turn, the time step based
on coolant stability can be rather small. Specifically, the time step size can be an order of magnitude times
smaller than that for a liquid metal coolant, causing prohibitively long running times on the computer. To
avold this difficulty, the user can indicate 1n the input that a low-density coolant 1s being used. This causes
the time step size based on the coolant 1n the STAB subroutine to be bypassed. The time step size for the
other materials and radial fuel rings remains the same. No numerical instability will result because the
coolant time step size 1s bypassed, since for a low density coolant modified equations are used for the

coolant transient temperature calculations (subsection 3.8.6). These modified equations do not involve
—=(3-1)
70

m

¢, m,k directly.

2
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SECTION 1V

OPERATION OF FORE 1II

4.1 FORE II SYSTEM

The FORE 1I code consists of the following three "independent” codes:

a. FORE 1I —  Performs all calculations.

(Labeled EEEE on Case Card) Gives condensed or short edit of results.
b. FEDIT —  Guves detalled or long edit of results.
c. FRCURV —  Performs curve plotting of output.

From a programming consideration, these codes are independent. Thus, to obtain a long edit, the
user must specify that FEDIT be run after FORE II. (This assumes the proper options were selected 1n
FORE 1I to save the desired calculated values on tape.) From a functional consideration, FEDIT and FRCURV
are not independent in that they have no purpose outside of that related to FORE II. This artificial separation
was required to meet all the options available to the user and to accommodate normal tape-handling procedures
at most computer 1nstallations.

Under normal, routine work assignments, the following procedure has been found to be effective:

a. Run FORE I for a small number of steps and wrap up the results on tape. Obtain only a short
edit.

b. Review the verbal edit of input values and steady-state calculations.

c. Restart and run to completion. Obtain short edit.

d. Obtain long edit or plotted results if calculations from short edit look physically reasonable.

4.2 GENERAL INPUT PHILOSOPHY
4.2.1 Format
The required 1nput cards for running FORE II are
Case Card
Data Cards

9999 Card
Last Card
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The particular input for the data cards 1s discussed 1n subsection 4.3. The format for the other cards .
are

Case Card:

Column Contents
1 ) independent case designation
( dependent case designation
2-5 EEEE
6-8 User's Imtials
9 *
10-14 Case Number
15-27 Blank
28-34 Date

9999 Card (Sentinel Card):

Columns Contents
1-4 9999
5-80 Blank
Last Card:
Columns Contents
1-5 ) Last
9 * Y

Because of tape-handling difficulties when a wrapup 1s requested or when computer plots are to be made,
only single cases can be run 1n this version of the code. Future versions of the code will allow the user to
run successive cases (independent or dependent).

All the input data cards have the same format. Columns 1 to 4 must be a right adjusted integer
corresponding to the input location for the first input value to the right of column 4. Columns 5 to 80
contain input values in free form; that 1s, there 1s no requirement that a particular input appear 1n specified
columns. Free form requires that each number be separated, by one or more space or by a comma, from
its neighbor. The 1nput values in columns 5 to 80 are loaded 1n consecutive order, with the first value
corresponding to the location in columns 1 to 4. Input locations 1 to 60 are integer number. Input location
beyond 60 must be external fixed point (F Field) or floating point (E Field) numbers; that 1s, a decimal point
must be used. The exceptions are locations 851 and 852, which use the Hollerith field for tape labeling.

Repeat and skip options offer additional input flexibility. The expression 1.0 ARnA, for example,
assigns 1.0 to n consecutive location. The A1s to emphasize that a blank must be used. Similarly, the ex-
pression ASnA skips n consecutive mput locations. All input values are preset to zero at the start of the
program. As such, the user can input values for only the locations to be changed from zero. Any alphanu-

meric input in columns 5 to 80 contained within parentheses 1s edited n the printed output, but otherwise 1s
1ignored. This allows the user to msert comments in the input deck to 1dentify particular portions of the input.
Appendix C, C.1, contains a listing of the input for the sample problem. The input options and card format
are tllustrated in this histing
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' There 1s no requirement that the data cards be 1n any particular order. Because of this capability, it
18 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 1n 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 valucs 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 Number of delay groups
7 Number of radial core regions
8 Number of vertical core sections
9 Number of radial fuel nodes
18 Lumping condttions
. 21 Nuniber of channels
27 Additional material input
76 Equvalent radius of the coolant
1 Cladding inner radius
78 Cladding outer radius
79-88 Radu of the fuel nodes
90 Core outer radius
91 Volume of fuel in the core
94-100 Length of core axial sections

The 1nput deck for a restart 1s as follows:

Independent case card

Data cards for input locations 29, 52, 850, and 851
Sentinel card

Dependent case card

Data cards with changes 1n input values

Sentinel card

. Last card

Appendix C, C.2, contains the histing 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 II )

INTEGER VARIABLES, LOCATIONS 1 TO 60

Nodal and Tabular Options

User's
Location Symbol Definition

1 I Number of delay groups 1 = IMAX = 6

2 M Number of terms 1n empirical fit to fission product decay | see Equation (102) |
1 = IMMAX = 3

3 INUM Number of mass velocity entries 2 = INUM = 30

4 ISMAX Number of effective multiplication factor entries (if this 1s 1nput)
2 = ISMAX = 30

5 J Maximum number of time steps

6 KNUM Number of Tém entries 2 < KNUM = 30

1 L Number of radial core regions 2 = L =7 (L=# 0, 1)

8 M Number of vertical core sections 1 = M = 7

9 N Number of radu at which fuel temperatures are calculated 1 = N = 10

10 NUMPWR Number of power entries (if this 1s an input, 2 < NUMPWR = 30 .

11 NMVOID Number of entries due to sodium voiding (1if this 1s an input), 2 = NMVOID = 30

12 NMSCRM Number of Ak points due to scram (If this 1s an input), 2 = NMSCRM = 30

13 NMCOOL Numbe: of bulk coolant boiling entries (if this 1s an nput), 2 = NMCOOL = 20

14 NMCLAD Number of cladding burnout entries (if this 1s an input), 2 = NMCLAD = 20

15 NMTERM Channel to which temperature limits should be applied (1, 2, or 3). I 0, average
channel will be used.

16 5{ Equals 0 means use calculated W, which assumes parabolic profile

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

User's
Location Symbol Definition
17 obow 1, Cantilevered at inlet, pinned at exit
2, Sumply supported at both ends
3, Cantilevered at exit, pinned at inlet
4, Cantilevered at exit, free at inlet
5, Cantilevered at inlet, free at exit
0, No bowing
18 6 c 1, If coolant, cladding, structure, and additional material are not lumped
0, If lumped
19 0 est 1, For extrapolation procedure (for feedback approximation)
0, Otherwise
20 bgap 1, For variable conductance from fuel to cladding
0, Constant conductance (see location 341)
21 Gh 1, Calculate temperatures for average channel only
2, Calculate temperatures for average and peak channels
3, Calculate temperatures for average, peak, and hot-spot channels
22 Ok 1, Use table for fuel conductivity
0, Use curve fut
23 Gpwr 1, Use power table
0, Otherwise
24 éscram 1, If scram table of reactivity 1s input
0, Otherwise
25 6v01d 1, If sodium void reactivity table 1s input
0, Otherwise
26 cstep 1, If user has specified step size
0, For calculation of step size
27 éu 1, If additional material 1s used
0, Otherwise (if Gu =0, Gu must be 0.0)
28 6cof 1, If hc(Jzn k=3 should be calculated at time of void (set to 1 if no voiding table)
’ b -
0, If 1t should be set equal to input constant at time of void
29 Grestart 1, If this is a restart
0, Otherwise
30 6 0, If average tempelature 1s based on core only

ave
1, If average temperature 1s based on core plus blankets
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Edit Options

User's
Location Symbol Definition
31 Gshort 1, Print the short edit
0, Do not print the short edit
32 NMSHRT Number of steps/printout (short edit)
33 610ng 1, Print the long edit
0, Do not print the long edit
34 NMLONG Number of steps/printout (long edit)
35 60p1 1, Print section D (precursor Concentrations)
0, Do not print section D
36 50 9 1, Edit average channel only, sections E and F (Fuel and Radial
p Temperatures)
2, Edit average and peak channels
3, Edit average, peak, and hot-spot channels
0, Edit all channels calculated
37 étemp 1, Print fuel Equivalents
0, Print fuel Temperatures .
38 MSKIP Total number of axial sections to be bypassed in the edit of sections E and
F .
39-45 MDELZ Axial section to be bypassed 1n the edit of sections E and F
46 60p3 1, Print out section G (Coolant Temperature and Velocity)
0, Do not print section G
47 60p4 1, Print section H (Cladding surface heat flux)
0, Do not print section H
48 6Op5 1, Print section I (Coefficients and Gap)
0, Do not print section I
49 6wrapup 0, No wrapup
1, Final wrapup only
2. One additional wrapup
3, Two additional wrapups
50-51 JRAPUP Time step where wrapup 1s desired (if éwrapup = 2, specify one value)
(uf éwrapup 3. specify two values)




Location

52

53

54

55

56

57

58

59

60

Location

61

62

63

64

65

66

67

68

69

User's
Symbol

KNTNV

BBot

BTop

Gcoolant

GEAP-5273

Other Input

Definmition

If your case 1s a restart:

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 steam)

Blank

Blank

Blank

DECIMAL VARIABLES LOCATIONS GREATER THAN 60

User's
Symbol

DELP
DELT
HMAX

TMAX

Max
Ty

Min

Ty
Max

N

Min

TN

TMax

Time and Termination Controls

Definition

Maximum fractional power change per step
Initial step size (must always be input)

User's maximum step size (input only 1if 0 1)

step
Maximum runnmng time of transient

Upper limit for temperature of fuel node 1
Lower limit for temperature of fuel node 1
Upper limit for fuel boundary node

Lower Iimit for fuel boundary node

Upper limit for coolant temperatures

4-7
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Time and Termination Controls (Continued)

User's
Location Symbol Definition Units
70 TLZ/Im Lower hmit for coolant temperatures °F )
71 PMaX Maximum time between printouts sec
72 - Minmimum time step size sec
73 - Blank
74 - Blank
Geometry
User's
Location Symbol Definition Units
75 DB Diameter of the fuel channel [see Equation (67)] ft
76 Rc Equivalent radius of the coolant ft
77 Re Cladding inner radius ft
78 RE Cladding outer radius ft
79-88 Rn Outer radius of fuel noden1 =n = N ft
89 RO Radius of the void (fuel pin center) ft
90 RT Core outer radius ft
91 \£; Total volume of fuel in core ft3
92 Vs Volume of structure per unit length of fuel ft2
93 Vu Volume of additional material per unit length of fuel ft2
94-100 (AZ)m Length of core axial sectionm, 1 - m- M ft
101 Z, Total distance from channel inlet to outlet ft
102 - Blank
103 - Blank
104 - Blank
105 - Blank
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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

GEAP-5273

Material Properties

Definition

Units

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 1n calculating thermal conductivity
of the fuel (only if quadratic fit selected)

Hot spot factor for fuel conductivity

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

Fuel heat of fusion
Specific heat of fuel
versus

Temperature

Blank

4-9

Btu/sec-ft-"°
Btu/sec -ft-"°

Btu/sec-ft-°

Btu/Ib- °F
Btu/lb-°F
Btu/1b- °F
b/t
1o/t
1b/ft3
1b/8t3

°F

Btu/sec-ft-°

Btu/sec-ft-°

Btu/sec-ft-°

Btu/sec-ft-°

Btu/sec-ft-°

Btu/ft3
Btu/lb-°F

°F

F
F

F

F

F2

F3

F2

F3



Location

171-1717

178

179

180

181-190

191

192

193-195

Location

196-225

226-255

256-285

286-315

316

317

318

319

320

User's
Symbol

m

GEAP-5273

Power and Flow Factors

Definition

Ratio of peak power to average power for axial section
m1l<m-~-M

Fraction of power due to gamma and neutron heating

Hot -spot factor used 1n calculation of heat generation
rates in hot-spot channel

Radial peak-to-average power density ratio in core

Ratio of heat generation rate in fuel node n to fuel
average heat generation rate

N
Note: E YnAn = Af
n=1

Peak channel factor used 1n calculating Gg k=2 (mass
velocity for channel 2) T

Hot-spot factor used 1n calculating G

_ o (mass
velocity for channel 3) ¢ k=3

Blank

Coolant Flow Characteristics

Definition

Coolant mass velocity for average channel
versus

Time

Coolant 1nlet temperature
versus
Time

Sum of the local loss coefficients in peak channel
(orifice, 1nlet, outlet, and local effects)

Constants needed to calculate COMP, criterton for
Reynolds number

0.316
0.25)

(Suggested values: C
e

Hydraulic diameter of coolant passage

Blank

Units

Units
lb/ftz-sec

sec

sec

ft




Location

321

322

323-329

330

331

332

333

334

335

336

337

338

339

340

Location

341

342

343

344

GEAP-5273

Coolant Heat Transfer Coefficient Inputs

User's
Symbol Definition Units
AH -
BH -
CH,m _
Constants used in coolant heat transfer coefficient
MH equation 1 = m = M (see subsection 3.4.3) -
NH -
Ry -
DHT Appropriate diameter for use i1n calculating the cool-
ant heat transfer coefficient ft
Fh Hot-spot factor for calculating coolant heat transfer
coefficient -
d Characteristic structure dimension (see subsection
s
3.4.4) ft
du Characteristic dimension of the additional material
(see subsection 3.4.4) ft
G Structure surface-to-volume ratio (see subsection
s -1
3.4.4) ft
G Additional material surface-to-volume ratio 1
u (f 5u =0, Gu must be 0.0) (see subsection 3.4.4) ft
hc 3 Coolant heat transfer coefficient for hot-spot channel 2
’ at time of void (used only 1if 5c0f =0) Btu/sec-ft“-°F
- Blank
Gap Conductivity Inputs
(See subsection 3.4.8 for locations 341 to 359)
User's
Symbol Definition Units
hf Heat transfer coefficient of fuel cladding gap (if loca-
tion 20 1s 0, only locations 341, 355, and 359 need be 9 .
be considered 1n this section) Btu/sec-ft“-°F
2 o
Ag Btu/sec-ft“-°F
B Constants used 1n equation for calculating thermal 9 9
g€ conductivity of the gap [see Equation (38) Btu/sec-ft“-°F
Cg Btu/sec-ft2-°F3
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Gap Conductivity Inputs (Continued)

User's
Location Symbol Defimtion Units
345 a4, Constant used 1n gap conductivity equation [see 1
Equation (37)| ft 2
346 ‘30 Constant used 1n gap conductivity equation [see
Equations {39) and (40)| -
347 Ee Modulus of elasticity of the cladding lb/m.2
348 e Average Jump distances for the fission gas at the
cladding and fuel surfaces, respectively ft
349 g ft
350 (Re-Rf)COld Cold cladding radius minus cold fuel radius ft
351 6e Arithmetic mean roughness heights of cladding and
fuel, respectively ft
352 6f
353 d Meyer hardness of material (use hardness value for 9
the softer of the two materials) Ib/ft
354 AVMELT Volume increase of fuel due to melting -
355 Fg Hot-spot factor to calculate gap coefficient - !
356 Uy p Elastic yield point of cladding 1b/in. 2
357 - Blank
358 - Blank
359 Fg p Peaking factor for gap coefficient for peak channel -
Feedback Inputs
(For power table, all feedback mputs may be omitted except 365 - 370)
User's
Location Symbol Definition Units
360 Cq Relative worth of axial fuel expansion | See Equation (90)] -
361 « Linear thermal expansion coefficient of structure in the -
S or-1
radial direction F
!
362 o Effective coefficient of thermal expansion used 1n 1 -
5 calculation of increase 1n core radius °F~



Location

363

364

365

366

367

368

369

370

371

372

373

374-404

405

406

407-413

414-420

421-427

428-434

GEAP-5273

Feedback Inputs (Continued)

Definition Units
Structure coefficient of thermal expansion (see -1
subsection 3.5.3) °F
Linear thermal expansion coefficient of structure in -1
the axial direction [see Equation (97)] °F
Fit coefficients for fractional expansion of cladding 1
o AL 2 °F”

from 70°F. Of the form —L— = EeO + Eel T + EeZ T

oF—2
Fit coefficients for fractional expansion of fuel from -1
70°F. Do not include discontinuity due to melting in °F
this fit.

OF-z
Fit coefficients for fractional expansion of additional oF—l
material from 70°F

oF-2

Blank

Core radius coefficient

Core height coefficient

Density coefficient of reactivity of the cladding for
sectionm, 1 <m =M

Density coefficient of reactivity of the coolant for
sectionm, 1 - m=M

Density coefficient of reactivity of the fuel for section
m, l<m-=M

Density coefficient of reactivity of the additional
material for sectionm, 1 ~m -~ M



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

697-699

User's
Sumbol

9
PsJm

User's
Symbol

GEAP-5273

Feedback Inputs (Continued)

Description Units
Density coefficient of reactivity of the structure for
sectionm, 1- m- M -
Table for effective multiphication factor ~
versus
Time sec
Ak due to sodium voiding -
versus
Time since imtiation sec
Ak due to scram -
versus
Time since 1nitiation sec
Distance between core 1nlet and exit support plates ft
Measurement of the core lower support plate's angular
deflection from the horizontal (at steady state) radians
Distance from core 1inlet support to actual core inlet ft
Input constants used 1n Doppler feedback equations -
Spacial power weighting factor, 1 < £ < L, radial direction -
Doppler correction for temperature profile -
Power Inputs
Definition Units
Input power MW
Normalized power -
versus
Time sec
Terms used in empirical expression for decay of o
fission products 1 < 1m = IMMAX t




Location

700-702

703-705

706

707

708-713

714-719

720

721

722-727

728

729

Location

730

731

732

733

734-753

754-773

User's
Symbol

(a3
m

m

GEAP-5273

Power Inputs (Continued)

Definition

Units

Terms used 1n empirical expression for decay of
fission products 1 = 1m = IMMAX (cannot be equalto 0, 1)

Terms used 1n empirical expression for decay of fission
products 1 = 1m = IMMAX

Source

Length of time prior to start of problem for which the
reactor was operated at the constant power, P0

Delayed neutron fraction, 1th group 1 =1=1
Decay constants of 1th group 1 =1 =1
Neutrons per fission

Neutron lifetime

Delayed neutron precursor concentration for 1th group
l1=1=1

Small constant determining appropriate solution to
power equations

Criterion for pov;er and energy accumulation (suggested
mput; 1.0 x 10°1)

Miscellaneous

Definition

sec

fissions/cc-sec

sec

sec

cc

Units

Convergence criterion for initial fuel temperature
calculations

Constant used to 1indicate location to calculate coolant
temperature

Scram initiation temperature
Small constant to determine start of scram reactivity
Coolant's bulk boiling temperature

versus
Absolute pressure

°F

n

lb/m.



Location

774-793
794-813

814

815
816
8117

818

819

820-826

827-849

850

851

852-860
861-880
881-900

901-980

User's
Symbol

! Burnout
Te

Pe

1ILABLI1

ILABL2

|
i

GEAP-5273

Miscellaneous (Continued)

Definition

Cladding burnout temperature
versus
Absolute pressure

Fractional of channel frictional pressure drop 1niet 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
in steady state

Blank

Regional weighting factor for core radial temperature
profile (must be input if 0, = 1)

Blank

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

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

Blank
Table for fuel conductivity
versus
Temperature (input only 1f ék equals 1)

Blank

BUILT-IN TABLES

Unmts
°F

1b/m.2

1b/1n. 2
1b/1n. 2

°F

Btu/ft-sec-

°F

(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( )

T

Definition

Thermal conductivity of coolant
1ersus

Temperature

Units

Btu/sec-ft

°F

°F
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‘ BUILT-IN TABLES (Continued)
' User's
Location Symbol Definition Units
- 1021-1040 @, Coolant coefficient of expansion °F'1
versus
1041-1060 T, Temperature °F
1061-1080 Ko ? Dynamic viscosity of coolant 1b/ft-sec
. versus
1081-1100 T, ‘ Temperature °F
! 1101-1120 c, Specific heat of coolant Btu/lb-°F
versus
1121-1140 T, Temperature °F
1141-1160 P, Density of coolant 1b/tt3
versus
1160-1180 T, Temperature °F

4.4 CURVE-PLOTTING PROGRAM

4.4.1 General Input-Output Philosophy

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 FRCURYV 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 1s, then,
30 minus the number of radial and axial graphs requested.

The required 1nput 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 1s discussed 1n

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 1n columns 2 to 80 without being confined to

‘ specific columns. In addition, the data cards are not required to be 1n any particular order. The following

’ general rules apply to the data cards:
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a. Any necessary indexing associlated with an input symbol must be contained within parentheses .
and not separated from the 1dentifying symbol by blanks.

b. The general format for a data card 1s an identifying symbol. an equal sign, and input values.
The 1nput values must be separated by a comma or by one or more blanks.

C. Skipping locations 1n a normal sequence 1s done by a blank or comma and slash (/), 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 asterisk (*),
followed by the integer equal to the number of times the value 1s repeated.

e. Comments must be enclosed within parentheses and the left parenthesis should always be
preceded by a blank.

f. Input values for labels are of the general form nH ----- where n 1s the number of characters
following the H.

g. The dollar sign ($) will terminate input loading of a card. The use of the termination symbol 1s
not mandatory, but advisable because 1t reduces read-in time.

h. The double dollar sign ($$) will terminate all data loading. It should be separated from the last
input value by a blank or comma. A separate card with the $3$ 1s strongly advised since it can

be used for case after case and 1s not hikely to be forgotten.

These rules are best 1llustrated by the examples 1n subsection 4.4.3 and reference to the sample problem
input listing for FRCURV 1n Appendix C, subsection C 1.

The first item on a data card 1s a symbol which 1s of three general types:

a. A definition of a variable to be plotted,
b. An 1ndicator that the input values after the equal sign are labels for the graphs, or
c. Operational or control instructions.

Subsection 4.4.2 contains a list of the input for these three categories. Subsection 4.4.3 contains a
discussion of the input with examples. Appendix C, C.3, is the input for FRCURYV for the sample problem,
with additional comments included on the listing. The sample problem listing 1s particularly useful since
the plotted output 1s contained in Appendix C, C.4.
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‘ 4.4.2 FRCURV Input

4.4.2.1 Quantities Available for Plotting

- Symbol Dimension Definition
1. TCDAV M, K) Volumetric average temperature of the cladding, i f ?{/I i g
2. TST M, K) Structure temperature
3. T™T M, K) Temperature of the additional material
4. DKVOID 1 Cumulative feedback Ak due to sodium voiding
v 5. REACT 1 Total Ak
6. QH M, K) Cladding-surface heat flux
7. TVDO M, K) Fuel center temperature
8. DELPHI M, K) Width of fuel cladding gap
9. EVDO M, K) Fuel center equivalent temperature
10. TCORAV 1 Average temperature of the core (°K)
11. DKDOP 1 Cumulative Doppler feedback Ak
12, RFDBK 1 Total feedback Ak
13. FBD 1 Cumulative feedback Ak due to density changes
14. FBR 1 Cumulative feedback Ak due to core radius changes
15. FBH 1 Cumulative feedback Ak due to core height change
16. PROG 1 Programmed Ak
¢ 17. EOUT 1 Net energy removal from core since time zero
18. ENAD 1 Nuclear energy addition to core since time zero
19. DELEN 1 Change 1n core energy density since time zero
20. SQGL 1 Doppler weighting factor
21. PREC (1) Delayed neutron precursor concentration 1 =1 =8
22. TCLAV M, K) Coolant average temperature
23. VELCL (K) Mass velocity of the coolant (lb/ftz—sec) 1=K=3
24, CFLCL (M, K) Gap coefficient
25. HTCL (M, K) Cladding-coolant transfer coefficient (for unlumped system)
26. TCL (M, K) Nodal coolant temperature
27. TCDS M, K) Outer cladding surface temperature
28. TCD M, K) Inner cladding surface temperature
29. PSTR 1 Prompt power
30 POWER 1 Total power
’ 31 TOUT (K) Core outlet temperature
32. TCINLT 1 Core 1nlet temperature
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Symbol Dimension Definition

33. TND (N, M, K) Fuel node temperature

34. TCDO M, K) Average cladding temperature

35. TFL (M, K) Fuel surface temperature

36. EQTND (N, M, K) Fuel node equivalent temperature

37. EFL M, K) Fuel surface equivalent temperature )
38. HTSTR M, K) Cladding-coolant heat transfer coefficient (for lumped system)

39. REACT1 1 Total Ak minus 1 .
40. PROGMO 1 Programmed Ak minus 1

41. CORAV 1 Average temperature of the core (°F)

42. PSTRNM 1 Normalized prompt power

43. PWRNM 1 Normalized total power

44. VELCL1 1 Velocity of the coolant, average channel (ft/sec)

45. VELCL2 1 Velocity of the coolant, peak channel (ft/sec)

46. VELCL3 1 Velocity of the coolant, hot-spot channel (ft/sec)

4.4.2.2 Labels for Graphs

LABLXY Axes labeling

LABLMH Main heading

LABLSH Sub-headings '
KEE Curve description

4.4.2.3 Operational and Control Symbols

All Plots

CONTROL Three control nput values for each plot

Time Plot Symbols

h

MINJ Initial time step for jt plot
MAXJ Final time step for ]th plot
IDELJ Plot every ]DELJth step which has been put on tape

Semi-Log Plot Symbols

PWRLOG Plot prompt and or total power on semzi-log grid -

Axial Plot Symbols

KCHAX Specify which graphs will have axial location as the abscissa
KSTEP Time step(s) at which variable should be plotted for a specific axial
plot
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Radial Plot Symbols

IDLRAD Total number of radial plots (can not exceed 7 for any one case)
NCHANN Channel type(s) for a specific radial plot
NAXNOD 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.

NSTEP Time step(s) at which variable should be pletted for a specific radial
plot

Normalized Plot Symbols

DIVISR Divisor to obtain normalized power if so specified
DIVISR (1) for prompt power
DIVISR (2) for total power

RHO Density of the coolant if velocity 1n ft/sec 1s desired

4.4.3 Discussion of FRCURV Input

4.4.3.1 Quantities Available for Plotting

All 46 quantities defined 1n subsection 4.4.2.1 are available for plotting as a function of time. The user
1s cautioned that in case of more than one type of curve per graph, the curves are plotted i1n the same sequence
as the symbols 1n subsection 4.4.2.1 and not 1n the order as specified 1n the input. This statement 1s 1llustrated
by examples in the discussion on labels 1n subsection 4.4.3.2. As previously indicated, only temperature can
be plotted as a function of radial positions over the range Ro for the 1nner radius of the fuel to Rc for the outer
radwus of the coolant. For radial plots, additional operational and control symbols must be used to indicate the
number of radial plots, the channel type(s), the axial section(s), and the time step(s) for plotting. For axial
plots, only the dimension variables in subsection 4.4.2.1 with subscript m are available for plotting. Again,
special operational and control symbols must be used for the axial plots to indicate which graphs are axial plots
and the time step(s) that should be printed.

A typical input for a time plot might be

Channel Type 1

Plot on Graph 1

'
/ / Stop Reading | (175)

TCL(1,1) = 1, T

| I of Card
r

<A

Plot ‘
Coolant Temp

For Axial Sections
1to 7

Remember, No Space Here
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This instruction will result 1n the coolant temperature for all seven axial sections to be plotted on
Graph 1 as a function of time. Another example would be

l Plot on Graph 1 |

lglannel Type 3 ]
| |

TCL(2, 3) 1, 1Aa1, 1,1 (Fuel Center) $ (176)

Plot
Coolant Temp

Comment which 1s edit 1n

For 2, 4, and 6 Sections input Listing

This latter instruction causes three additional coolant temperature curves for axial sections 2, 4, and 6 for
the hot channel to be plotted on Graph 1. In more detail, the right-hand side of the last expression can be
described as

NOTE: BLANK or COMMA can be used to
separate input values

Iglot on Graph ll

|

Vo

1,/1a1, /1,1
L

L

DO6

[
\ | 3
i Skip axial Section ﬂ

DO4

Skip axial Section 3J

Briefly, an axial plot of the coolant temperature would be expressed by

KCHAX(1) 3 $ (177)
TCL(1,1) = 3 3 (Axial Plot) (178)

T

l Cbmment not edlt]

LCoolant TempT

Graph Numbeq

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

Channel Type 1 l

Equation (177) 1s an operational and control statement that indicates to FRCURYV that there 1s one axial graph
and 1t 1s Graph Number 3 Equation (178) will plot the coolant temperature on Graph 3 as a function of axial
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position. Additional operational and control statements discussed 1n subsection 4.4.3.3 are required to
complete the input. The axial plot i1s introduced here only for comparison purposes with the time plots.
An example of the input for a non-dimension variable (time plots only) 1s
RFDBK = 5 (179)

Graph 5 will be a plot of feedback reactivity versus time.

4.4.3.2 Labels for Graphs

Labels are available for indicating the

a. x and y axes (LABLXY)

b. Main heading (LABLMH)

c. Four lines of subheading (LABLSH)

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

The format for LABLXY 1s

LABLXY(Index 1, Index 2) = nH Title x axis Title y axis $ (180)
Six Hollerith words of six letters each for a total of 36 characters are allowed for the xy labels. Thus, the
maximum value of n 1s 36. The first 18 characters are the label for x axis and the second 18 characters are
the label for the y axis. Index 1 1s the number of the first Hollerith word and Index 2 1s the graph number.

An example 1s

LABLXY(1,1) = 36HAATIMEA(SECONDS)AAAAACOOLANTATEMPAAAAAS (181)

| I

X - axis y - axis

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

The format for LABLMH 1s

LABLMH(Index 1, Index 2) = nH  Title $ (182)
For the main heading. seven Hollerith words of six letters each for a total of 42 characters are allowed for
the main heading. In this case, all the n Hollerith characters are printed on one line at the top of the graph.

The other items 1n Expression (182) have the same meamng as for LABLXY. An example 1s

LABLMH(1, 3) = 42HAAAAAAFLOWABLOCKAGE A:APOWERACONSTANTAAAAAAAAS (183)
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An 1dentical instruction, but in a slightly different form 1s
LABLMH(2, 3) = 30HFLOWABLOCKAGEA; APOWERACONSTANTAAS$ (184)

Expression (184) indicates to FRCURYV to start with the second Hollerith word and read five (30/6 = 5)
Hollerith words. The first and last Hollerith words are assumed to be blanks.

The actual total and prompt power or the normalized total and prompt power can be plotted on semi-
logarithmic paper. Because of programming complications, the labeling flexibility for the semi-logarithmic
plots 1s restricted. In particular, the main label for semi-logarithmic plots can consist of only 18 characters
instead of 42.

The format for LABLSH 1s
LABLSH(INDEX 1, INDEX 2, INDEX 3) nH SUB-TITLE $ (185)
Five Hollerith words of six letters each for a total of 30 characters are allowed for the subheading labels. In

addition, four lines (30 characters each) are permitted. Index 1 1s the first Hollerith word, Index 2 1s the
line number of the subheading (1 to 4), and Index 3 1s the graph number. An example 18

LABLSH(1, 2,3) = 30HAAAACOOLANTATEMPAVSAHEIGHTAAAAAAS (186)
LABLSH(1, 3,3) = 24HAAMAAAVERAGEACHANNELAAAAAAS (187)
LABLSH(1,4,3) = 18HAAAACASEA53104A;ABL (188)

The first subheading 1s blank, the other lines will appear as
COOLANT TEMP VS HEIGHT
AVERAGE CHANNEL
CASE 5310 ; BL
No subheadings are allowed for semi-logarithmic plots.
The format for KEE 1s
KEE(INDEX1, INDEX 2, INDEX 3) nHA - IDENTIFICATION $§ (189)

Sia Hollerith words for a total of 36 characters are allowed. Index 2 indicates the curve number (1 to 10) on

a graph. The other indexes are the same as for LABLSH. The plot points on a graph are shown by numbers,
starting with 1, 1n the order in which the curves are drawn. When more than one variable 1s plotted on a
single graph, the order in which the ones are drawn 1s based on the sequence of symbols 1n subsection 4.3.2.1.

v

For example. the input 1instructions

TCDS(3.1) 4, *3 $ (190) .

4-24



GEAP-5273

TCL(3,1) - 4, *3 3 (191)
TCD(3,1) = 4, *3 $ (192)
will plot nine curves on Graph 4 1n the following order:

TCL(3, 1)
TCL(4,1)
TCL(5, 1)
TCDS(3,1)
TCDS4,1)
TCDS(5, 1)
TCD(3,1)
TCD{4, 1)
TCD(5,1)

The first four KEE symbols might typically appear as

KEE(1,1,4) = 30H1-ACOOLATEMPA;AAXJALASECTIONAL1AA (193)
KEE(1,2,4) = 30H2-ACOOLATEMPA;AAXIALASECTIONA2AA (194)
KEE(1, 3,4) = 30H3-ACOOLATEMPA:AAXIALASECTIONA3AA (195)
KEE(1,4,4) = 36H4-AOUTERACLADATEMPA ;AAXIALASECTIONA1AA (196)

The KEE symbol 1s not used for semi-logarithmic plots.

4.4.3.3 Operational and Control Symbols

A CONTRL symbol must be used for every graph. The format of the CONTRL symbol 1s normally

CONTRL(INDEX 1, INDEX 2) = INPUT 1, INPUT 2, INPUT 3 $ (197)
where
INDEX 1 = First curve on graph to which input values apply (normally this 1s 1. DTA subroutine
will keep advancing the index so that the input values will apply to all the curves on one
graph)
INDEX 2 = Graph number
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Content Result
INPUT 1 = 0 Include ze1 0 on both areas
1 Add zero to x-axis, if necessary
2 Add zero to y-axis., U necessary
3 Do not add the zero point to either axis
Content Result
INPUT 2 = Connect points with line
2 Plot points only
Content Result
INPUT 3 - 1 Label every plotted point
2 Label every second point
3 Label every third point
etc
An example 18
CONTRL(1,6) = 0,1,2 $ (198)

which tells FRCURYV to include zeros on both axes, connect the plotted points with a line, and to indicate
every other plot point by the correct number for all the curves on Graph 6.

The symbols MINJ, MAXJ, and IDELJ apply only to tume plots. These symbols indicate the 1nitial
time step, the final step, and the frequency at which points should be plotted from the FORE II output tape,
respectively. The format for MINJ 1s

For Graphs
1to 15

7/

MINJ(1) = 0,1* 15 $ (199)

Start with time step 0

Another example 1s

MINJ(1) = 0, *6 $ (200)

MINJ(7) = 100, * 10 $ (201)

In Equation (200), the instruction is to start the first six graphs from time step 0 and Graphs 7 to 16 from
time step 100. Egquations (200) and (201) could be written on one line as

MINJ(1) = 0, * 6, 100, *10 (202)
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A final example 1s

MINJ(1)

1l
P
*
N
o
A

(203)

MINJ(2)

100 $ (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 techmque used in Equation (204). This could be written on
- one line as

’/rRepeat for 18 graphs

P Gy
MINJ(1) = 0, 100, 0, * 18 $ (205)

[For Graph IJ l For Graph 2

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

For Graphs
1to 15
MAXJ(1) = 752, I*15 $ (2086)

rSTOP with time step 752_]

and

For Graphs
1to 15
X
IDELJ(1) = 2,1% 15 $ (207)

Ermt every other time step from tapﬂ

The output tape from FORE II 1s used for printing in FEDIT. The 2 inEquation (207) 1s 1dentical to the
instruction to plot every second value of the printed output.

The symbol PWRLOG 1s used only when a semi-logarithmic scale for power versus time curves 1s
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 mnput
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 = 17 (208)

PWRLOG - 7 (209)
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The omission of Equation (209) will result 1n the total power being plotted on a rectangular scale. A maximum

of two power curves per semi-log graph can be plotted. The actual power curves and the normalized power
curves cannot be drawn on the same graphs.

The user 1s limited to three axial plots per case. Besides i1ndicating which variables to plot versus

axial location, two additional inputs are required: KCHAX and KSTEP. KCHAX indicates which time steps to
plot.

An example 1s

Always 1 for

Channel Type ] [ Graph Number

axial plots
TFL(1,1) - Eli $ (210)
KCHAX = 8 $ (Graph 8 1s an axial plot) (211)
KSTEP(1, 1) 0, 200, 400 $ (212)

L[ Axial Graph Number ]

Graph 8 would show the fuel surface temperature for the average channel for time steps 0, 200, and 400.

The 1nput symbols used solely for radial plots are IDLRAD, NCHANN, NAXNOD, and NSTEP. An
example 1s

IDLRAD = 1 $ (There 1s one radial graph) (213)

For channel

Type 1 to 2
NCHANN(1, 1) , [+ 21 (214)
Radial graph I Always 1 ‘
1
NAXNOD(3, 1) 1, ] l $ (215)
i Always 1
Radial
graph
1
For axial
section
3to4
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NSTEP(1,1) = 0, 200 (216)
!
I;?g;il Time steps 0 and 200
1

Radial graph 1 should consist of eight curves plotted 1n the following order:

Curve No. Axial Section Channel Time Step
1 3 Average 0
2 4 Average 0
3 3 Peak 0
4 4 Peak 0
5 3 Average 200
6 4 Average 200
7 3 Peak 200
8 4 Peak 200

The symbol DIVISR 1s the steady-state power, and the symbol RHO 1s the density of the coolant.
DIVISR 1s used to obtain normalized power graphs, and RHO is used to obtain coolant velocity 1n feet per
second. Both of these input values are decimal numbers, whereas all the other inputs to FRCURV are
integers. In addition, a DIVISR and RHO symbol must be used for each curve on a graph.

4.5 TERMINATION MODES AND RUNNING TIME

Normal, non-error stops will occur when the program has reached any of the following conditions
specified by the user:

Maximum time step number

Maximum transient time

Upper or lower limit for fuel temperature 1n node 1
Upper or lower limit for fuel surface temperature
Upper or lower limit for coolant temperature
Calculated time limit

N - R -

Under such circumstances, the particular reason for the stop will be 1dentified by a statement at the end of
the short exat.

Any of the following types of input errors will cause immediate exit from the computer, without any
calculation being performed:

Changes 1n input data at restart as prohibited by Table 4-1
Illegal input character
Fuel radn (R0 to RN) not 1n ascending order

Failure to use a dependent case card before listing the new data for a restart (see Appendix C,
C.3, for an example).

o 60 TR

e. Restart tape label not identical to label listed 1n restart input deck
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During the running of a problem, any of the following errors will cause termination:

a. Any system error (for example, square root of a negative number)
b. Programmed k range too small -
c. Turbulent mass velocity for peak and hot spot channel does not converge 1n 10 iterations

The programmed k at any time 1s not determined by the tabular look-up subroutine. As such, the last time
in the input table must be greater than the actual time during a transient. It 1s correspondingly recommended
that the last time in the 1nput table be set to some number two or three times the expected transient time. ~

For turbulent flow and non-zero local losses, the mass velocity for the peak and hot channels must be
determined by 1teration with the known value for the average channel at each time step as a starting point.
If this mass velocity does not converge within ten iterations, there are likely to be input values which are not
physically compatible, and the problem is terminated. A wrapup, if requested, will be obtained for all
normal stops and for all error stops that occur beyond the check of input values.

Table 4-2 gives the approximate time 1n minutes for running the sample problem for each of the codes

composing the FORE II system.

TABLE 4-2
TIME FOR RUNNING SAMPLE PROBLEM

10 usec 1 usec
Code Machine Machine
FORE 1I (EEEE) 35 4.5 .
FEDIT 3.2 2.0
FRCURV 6.0 0.8

Thus, the computers with low data access times can lead to moderate savings in calculation cost in spite of

the higher cost per unt time.

The transient time for the sample problem was 1.50 seconds. The calculation time for longer or
shorter transients can be estimated by the ratio of the transient times. Similarly, the calculation time for a
different number of channel types, axial fuel nodes, fuel rings, or edit frequency can be estimated by the
ratio of the appropriate quantities times the values 1n Table 4-2.
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A.1 MAJOR SUBSCRIPTS

>R B B B e &
1
)

Coolant
Cladding

E -- outer surface

GEAP-5273

APPENDIX A

NOMENCLATURE

a -- volumetric average radius

e -- 1nner surface

Fuel

Additional material

Structure
Fuel ring n

Axial section m

Channel type k

Radial core region

MAJOR SUPERSCRIPTS

ENGLISH

Analytic

Symbol

Time step }

Time step zero

(Inclusion of a single superscript within parentheses 1s optional)

Where
Calculated Defimtion
POWD Variable used 1n kinetics equation to simphify nomenclature
FINPT Cross-sectional area of the coolant
Input Constant used 1in Doppler equations
FINPT Cross-sectional area of the cladding
FINPT Cross-sectional area of the fuel
Input Constant used 1n calculating thermal conductivity of the gap
Input Constant used in calculating coolant heat transfer coefficient
Input Term used 1n empirical expression for decay of fission products
Input Ratio of peak power to average power for axial section m
FINPT Cross sectional area, nth node of fuel
Input Constant used 1n gap conductivity equation
Input Constant used 1n Doppler equations
Input Fuel heat of fusion



Analytic

Symbol

B
g

B
Bx
B

OR,k

o
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Where
Calculated Definition
Input Constant used 1n calculating theimal conductivity of the gap
Input Constant used 1n calculating coolant heat transfer coefficient
Input Constant used 1n calculating fuel conductivity at melting

INIT,(Input)

Input
Input

FINPT
INIT
INIT, COPH

Input

COPH
Input
Input

Input
Input
Input

INIT,FEEB
Input
Input
Input

INIT, COPH
INIT, COPH

INIT

INIT, COPH
Input
Input
Input

Input

Input

Sum of the local loss coefficient in particular channel (input for
peak)

Input constant used 1n Dopple:r feedback equation

Constant needed to calculate COMP criterion for Reynolds
numbei

Specific heat of molten fuel
Criterion for Reynolds number

Specific heat of the coolant based on the average of inlet and
outlet temperatur es

Doppler correction for temperature profile

Specific heat of the coolant based on core inlet temperature
Specific heat of the cladding

Relative worth of axial fuel expansion

Table of specific heat of fuel
Constant used in calculating thermal conductivity of the gap

Constant used 1n calculating fuel conductivity at melting

Delayed neutron precursor concentration for 1th group
Specific heat of the additional material
Specific heat of the structure

Constant used 1n calculating coolant heat transfer coefficient,
section m

Specific heat of the coolant 1n section m, channel k

Fuel cladding gap coefficient section m, channel k

Weighted gap coefficient {(used in iteration procedure for steady
state)

Specific heat of fuel node n, section m, channel k

Diameter of the fuel channel

Hydraulic diameter of coolant passage

Appropriate diameter for calculating heat transfer coefficient

Characteristic dimension of the additional material used 1n heat
transfer equation

Characteristic structure dimension




Analytic

Symbol

Ee

]
Eln

Tk

Foxokk

&)
jos)
g~

vz =
os] oy
=< R« s

[e]

fuel

o

g, p

~ =

’!1"!:1’1"11’1:1"11'11":1’11”1
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Where

Calculated Definition

Input Modulus of elasticity of the cladding

INIT, COPH Nuclear energy addition to core since time zero

POWD Total energy at end of time step )

POWD Prompt energy during time step )

INIT, COPH Net energy removal from core since time zero

INIT, COPH Fuel boundary equivalent temperature (includes heat of fusion)

INIT, COPH Fuel equivalent temperature of node n, section m, channel k

INIT, COPH Center fuel equivalent temperature, section m, channel k

Input Constant needed to calculate COMP

INIT Factor to calculate coolant heat transfer coefficient for a specific
channel

INIT Factor to calculate gap conductivity for a specific channel

INIT Factor to calculate fuel conductivity for a specific channel

FEEB Cumulative feedback Ak due to density changes

FEEB Cumulative feedback Ak due to core height change

FEEB Cumulative feedback Ak due to core radius change

Input Hot-spot factor for thermal conductivity of the cladding

INIT Fraction of heat produced 1in fuel

Input Hot-spot factor for gap conductivity

Input Peak factor for gap conductivity

Input Hot-spot factor for calculating heat transfer coefficient

Input Hot-spot factor for fuel conductivity

Input Peak channel factor for mass velocity

Input Hot-spot factor for mass velocity

Input Fraction of power due to gamma-neutron heating

FEEB Averaged nodal temperature across core region 1 for node n,
section m

POWD Empirical expression for decay of fission products

Input Fraction of channel frictional pressure drop inlet to void

INIT, COPH Average mass velocity
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Symbol

Grn,m,k

Bt

gc,m,k

c,m,k

*@)
hc,m,k

j
K(:,m,k
i
Kg,m,k
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Where

Calculated Definition

Input Table of coolant mass velocity 1n average channel (versus time)

Input Surface to volume ratio, additional material and structure

INFLOW Mass velocity in channel k

FEEB Equivalent temperature used in calculating Doppler feedback

Input Average jump distance for the fission gas at the cladding surface

Input Average jump distance for the fuel

INIT, COPH Structure-to-coolant heat transfer coefficient

Input Distance between core inlet and exit support plates

Input Active core height

Input Core height coefficient

INIT Temperature calculated at steady state and used in Doppler feed-
back calculations

Input Heat transfer coefficient of fuel cladding gap

Input Coolant heat transfer coefficient for hot-spot channel at time of
void (input only 1f & =0)

cof

INIT.COPH Cladding-coolant heat transfer coefficient for non-lumped system

INIT, COPH Cladding-coolant heat transfer coefficient modified by temperature
ratio

Input Number of decay group

Input Maximum number of time steps

- Used as a superscript to denote a particular time

Input Constants used 1n calculating thermal conductivity of the fuel

FINPT Thermal conductivity of the coolant (versus temperature)

Input Thermal conductivity of the cladding

Input Thermal conductivity of the structure

Input Thermal conductivity of the additional material

INIT,COPH Harmonic conductivity of the fuel-cladding interface at contact,
section m, channel k

INIT, COPH Thermal conductivity of the coolant in section m, channel k

INIT, COPH Thermal conductivity of the gas in the fuel-cladding gap, sec-

tion m, channel k
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]
Kn,m,k
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Where
Calculated Definition
INIT COPH Thermal conductivity of the fuel in node n, section m, channel k
- Subscript used to denote a particular channel type
FEEB Total effective multiphcation factor
FEEB Total feedback Ak
FEEB Programmed Ak for time step
Input Table of effective multiplication factor (versus time)
Input Neutron lifetime
- An 1ndex to denote a particular core region
Input Constant used 1n calculating coolant heat transfer coefficient
Input Constant used 1n calculating coolant heat transfer coefficient
INIT Reynolds number for channel k
INFLOW
Input Hot-spot factor for calculating heat generation rates
Input Input power
POWD Total power per umt fuel volume at end of time step }
POWD Prompt power per umt fuel volume during step }
POWD Average power per umt fuel volume at end of time step )
POWD Average power per unit fuel volume during time step }
Input Core radial power factor
INIT Initial power per umt fuel volume
Input Pump head pressure at channel inlet
Input Radial peak-to-average power density ratio in core
Input Static head pressure at channel inlet
FEEB Absolute pressure at axial location Z
INIT, COPH Pressure between fuel and cladding, section m, channel k
POWD Intermediate variable used to simplify nomenclature 1n kinetics
equation
INIT, COPH Cladding surface heat flux section m, channel k
INIT, COPH Heat generation rate 1n x, section m, channel k where x equals
e - cladding
¢ - coolant
f - fuel
u - additional material
n - fuel node n
s - structure
Input Constant used in calculating coolant heat transfer coefficient
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Analytic Where
Symbol Calculated Definition
R POWD Intermediate variable used to simplify nomenclature 1n Kkinetics =
J equation
Rx Input Radius to X where x equals
e - 1nner cladding 4
E - outer cladding
¢ - coolant
f - fuel
n - fuel node n
0 - fuel pin center
T - outer radius of core
RT —El—{~ Input Core radius expansion coefficient
6R
T
Input Source "
T Input Length of time prior to start of problem for which the reactor
0 was operated at constant power P0
17
TCBOll Input Table of coolant bulk boiling temperature (versus absolute
pressure)
T—((:])inlet INIT, COPH Average core inlet temperature
T((:])Olltlet INIT, COPH Average core outlet temperature
’
TeBurnout Input Table of cladding burnout temperature (versus absolute pressure)
T}/apor Input Fuel temperature at which vaporization occurs
T%VIELT Input Fuel melting temperature
T]c Kk INIT, COPH Average coolant temperature 1n channel k b
b
—
m. 1 FEEB Average temperature of section m, core region 1
Tin 1 INIT, FEEB Average temperature of section m in core region 1
T::n(]nz K INIT, COPH Coolant inlet temperature to section m, channel k
’ b
TOut(d) INIT,COPH  Coolant outlet t t
¢, m,k , oolant outlet temperature
Tc m. k INIT,COPH Average coolant temperature, section m, channel k
Té m. k INIT,COPH Volumetric average temperature of cladding
T% m. Kk INIT, COPH Average fuel temperature, section m, channel k
b 2
Ti m. k INIT, COPH Temperature at section m, channel k for x equal

e - inner cladding surface
- average cladding

- outer cladding surface
- nodal coolant

fuel

- additional material

- fuel node n

- mner fuel surface

o sErome
1
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Where

Calculated Definition

FINPT Volume of the core

Input Total volume of the fuel i1n core

Input Volume of structure per unit length of fuel

Input Volume of additional material per unit length of fuel

Input Convergence weighting factor

FINPT or Used to calculate core radial temperature profile

Input

FINPT Distance from core inlet support to actual core inlet, section m

Input Ratio of heat generation rate 1n fuel node n to fuel average heat
generation rate

Input Distance from core inlet support to actual core 1inlet

Input Total distance from channel 1nlet to outlet

Where

Calculated Definition

Input Linear thermal expansion coefficient of structure in radial
direction

Input Effective thermal expansion coefficient of structure for core
radius change

Input Thermal expansion coefficient of structure for bowing calculations

Input Term used in empirical expression for decay of fission products

Input Linear thermal expansion coefficient of structure in the axial
direction

FEEB Coefficient of expansion for coolant based on average coolant
temperature

POWD Total delayed neutron fraction

Input Delayed neutron fraction for the xth group

Input Constant used 1n gap conductivity equation

Input Decay constant of a 1th delayed neutron group

INIT, FEEB Average radial temperature drop across outside fuel bundles

FEEB Change 1n core radius due to fuel bowing, section m

FEEB Density change 1n x, section m where x equal

¢ - coolant

e - cladding

f - fuel

u - additional material
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Ardalytue Wacre
sSymbol Calculated Definition
(AF )2 ore INIT . COPH Chanee 1n core energy density since time zero
(AKDUI))] FFEB Cumulative Doppler feedback delta k, section m, core region 1
m. 1
(Ao )In K INIT COPH Calculated separation distance of peaks of fuel and cladding
' sutfaces
(AV)MELT Input Peicent volume mcrease of fuel due to melting
(AZ)m Input Leneth of core axial section m y
(AK)%)OP FEEB Total cumulative Doppler feedback for the core
J , < N e
(.ﬁ.K)Scram FEEB Total Ak due to scram
] 4 r
(AK)vOld FEEB Total Ak due to voiding
]
(é—L_) FEEB Fractional linear expansion from 70°F where x equals
L e - cladding
X, m.k { - fuel
u - additional material
AHp\!
—_ FEEB Core heicht change
Hp
ée Input Arithmetic mean roughness height of the cladding
éf Input Arithmetic mean roughness height of the fuel
53 m. k INIT ,COPH Fuel-cladding cap size including average separation when peaks
g, m, 1n contact
5?‘4};1"11;(]) INIT,COPH Melting indicator, node n, section m, channel k
,In,
€ Input Small constant to determine solution to power equation
‘r Input Convergence criterion for initial fuel temperature
cpwr Input Criterion for power and energy accumulation
'\a Input Constant used to indicate location to calculate nodal coolant
temperature
“]c Kk INIT Dynamic viscosity of coolant in channel k based on T]c K
’ INFLOW ’
“]c m. Kk INIT,COPH Dynamic viscosity of coolant 1n section m, channel k, based on
T T
T c,m.k
Py Sk Input Density coefficient of reactivity for sections m where x equal
6/)X e - cladding
m ¢ ~ coolant
{ - fuel
u - additional material
s - structure -
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]
ART
R
T P,m
p
7!
v
1
o]
R
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Where

Calculated Definition

FEEB Core shape change due to axial pressure difference across core,
for section m

Input Density

STAB Length of ]th time step

Input Neutrons per fission

Input Angular deflection of the core lower support plates from the
horizontal at steady state

Input Meyers hardness of softer material

A-9/A-10
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]
Thermal Conductivity VS. Temperature, TC
1]

of Sodium, KC

.0145 BTU/SEC-FI-F 200° F
.0136 300
.01303 400
.01248 500
.012 600
.01155 700
.01136 750
.01117 800
.01097 850
.0108 900 -
.01047 1000
.01031 1050
.01017 1100
.00989 1200
.0096 1300
.00937 1400
.00915 1500
.00894 1600
.00875 1700
.00857 1800
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1
Thermal Expansion Coefficient vs. Temperature, TC

|
of Sodium, a,

47.48 X 10°° 200 T
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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1
Dynamic Viscosity vs. Temperature, TC
1

of Sodium, yu
c

.000489 #/ft~sec 200° F
.000372 300
.0003 400
.000256 500
.000224 600
.0002 700
.000192 750
.000190 800
.000178 850
.000169 900
.000157 1000
.000150 1050 7
.000144 1100
.000133 1200
.000125 1300
.000117 1400
.000111 1500
.000106 1600
.0001 1700

. 0000944 1800
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1
Specific Heat vs. Temperature, T
1]

of Sodium, CC ¢

0.33 BTU/#-F 200 F
0.3245 300
0.3195 400
0.3145 500
0.3105 600
0.307 700
0.306 750
0.3045 800
0.3035 850
0.3025 900
0.301 1000
0.3005 1050
0.300 1100
0.300 1200
0.3005 1300
0.3015 1400
0.304 1500
0.3065 1600
0.3095 1700
0.314 1800
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Densitv ?f Sodium vVsS. Temnerature, TC ]
e
57.7 #/FT° 200 F
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,

U
o]

1800

-6
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APPENDIX C

c.1 INPUT FOR SAMPI E PRORBLEM

YEFFFERFI_#TC1AD 19°FDAA

11
16
21
26
30

31
36
44
5=
54

61
66
71
72

75
76
81
86
91

(NNTF | FTTERS EFEF NAM CASF CATD T AVNID CANFUSING WITH FNDF 1)
(LISF OF FEFF 1S MANDATORV )
(R24NO/SFCe RAMP RFACTIVITY INSFRTION. SAMPLS PR FOR MANUJAL)Y
¢ 1007 MuwE RPEACTOR)
(XY XX XKYXUYY YK KEXXRYXXXXYRYXNXYX YN Y YV VYV VY VYV Y VYV Y VY Y VY YV Y YN Y )
(XXXXXYYXXYXXXYYYXVVYVYYYVQVVVVYVYVYYVYVYYYXYYYXXXXXXXXXXXXXXYYXYYX)
CINTEGFEP VARTAQLFQ¥RIRHE | TN AN H XX RN LU LN IR I KR R F %I )

6 3 3 b 1
2 7 7 1N o]
4 n /N /N 1
A 1 1 1 1
3 1 n al 1
fa) 1 " s} N
1 (AVFRAGE TFMPFRATIIDF 1S RASEN AN CARE O (J§ R_ANKET)
(EDTT OPTTONM R HHHH NI NH N Y 2L AN R H R R HLH LR RE K )
1 ~ 1 a1 1
3
1 1 1
1 (A¥YTAL RLANKFT - CNDRDFE RNOTTNAM)
1 (AXTAL RLANKET ~ CAPE TAD)
( TIME ANP TEDMINAT TON ORN T 33 03 0y 0 paeie s 50y &y (R Y 30090300 X 3% #3322 565% 3¢ )
Ne 10 NN i 1475 9570 ¢ O
107 o1 655740 10N 40 217N gn 500 ¢ N
o« NG5 3
Nelalalal]
(GFOMETRY #3833 KK H I BRI R FH R H I HHH R H R RFRHKE R )
Ne6S
«eN113R72 010292 «N11125 «N0ORPTH Yalardakote;
eNN48 25 NNS5N e NNE378 «NO715N e NNT79 25
oNOGTN e 009475 «01N0292 NeN25 S5e75
17”264 0 OBE~4 e HNA4FE -4 1e5 e 25
QO=27~66

PAGE 001

€L25-dVHD



€-D

€,28~dVHD

96 « 5 e337 «”5 Py 15
1M1 y2%ala
MATFRTAL PROPFRTIF SRR H LR EF RN R R LR R RH AR R LR R RRRLRR X )
1NA 1eM5 e NN 3H e NN1K NeNNQ 1 3%
111 o135 Nel A 583 4N 486 e¢N 486N
114 189,.,N 492R 4" WNNIPNATHER ~(458333E=«7 14278333E~-1"
121 10N NeM NeN 623NN N
125 (SPFCIFIC HEATS OF FUF| Fop L nw «NAY
1726 Nalvd N7 748 oNT7A «NT77
131 «N78 «N79 «eNBN oN815 «NB873
13A «NAR3H «NB4a Peak=1o «NBER 286
141 W NART7S o NBR s NRQ ¢NBQ9
14K (TEMPR FOR SPFCIFIC HFATS FENL AWy SNN N
146 TEN N 10NN N 1250 4N 150040 175NN
151 20NN 4N 225N 0 PENN ¢N 2750 eN 3nANeN
156 IPBEA N 35NN, N 370 ¢ 0 4nnNen 425N ¢ N
161 45nn 0 475NN 50NN 4N  alalal¥a
POWFR AND FLOW pAcTOQQ;{_.\L\p.\av_V.\g R A A R e A R /‘LJ'.)',_%{.};."_\L,VV.\L.}()
17 177 MID-CYCI F DOWFD CHADPE)
171 o231 2e5NYG PeRN? 2e9A39A4 PeRN?
176 Pe5N4 ¢ 231 Net 1«38 1e27
121 1.7 167 1e7M 1en 10
184 1e0 147 1eN 1en 1en
191 1273 1627
CONLANT FI OW CHARACTEMD ST (O w ¥ 10an v s v Vs oo 1300 v ¥ e V305l S e it 3 )
194 Qas 4N =75~ e} QAP ¢ 0O (CNOLANT MASS VFL)
22A NeN NeNNnNi 1" eN (Ve TINME)
56 ann 0 8NN N (CODQLANT INLFT TEYD)
°86 Nel 1NeN t Ve TIME)
316 P 66N Ne316H Ne?5 «NNT76A n
COOLLANT HFAT TRANSFER COREFRF A IENTE M35 030300V Y 300 M N Mgt ge 030 3030 3030 303030 Y et )
321 Sed7
331 s2 «0ONT7H6N l1en «NN133
335 N223 375eM 18NeN
3G N, (HC3 CONSTANT)
( GAP CONNUCTIVITY TNPUITH %33 033 X3 3 3 36 36363 33 3630 3036 36 3 3 96 363 36 336 6 HH 3633 % )
(MID-CVCLE GAS IN GAPeee o 1N HE, ¢e90 FISSION GAS)
341 Ned? 1 eS6E=6 Pe”RE~-9 NeN NeNG 1N
46 ?eB ?eBE+7 e 31 PE=S 0 317PF=5 «83°F =4
351 ] «BE=-6 3eNE«6 o 864E+7 eN3GK 1eN
356 PONNN 4N e 1325F~-4 e IF =5

09=27-66 PAGE 002



359

AN
361

365
368
371

ans
anv
414
421
478
4735
442
47>
505
=2>
622
A28
)
635

636
637
702
N7
7n8
713
718
728

2730
734
738
74>
746
75n
754
762
770
774

1e"n
( FREEND AMK TRNPUTHEH R 63330 I M0 LM LI 0L My e My M 3 LYY Y 33y
1"
13e1E-6 13e¢1F -6 13e1F=6 13e1FE=5A
—FHelBFE -4 RGTEF—A AelPEF-1N (DFLLTA L/ VS T FOD CLAD)
~4 ¢ ORFE =4 3 L,B4E—-6 Q¢TNAF-—-1N (NFLTA L/L VS T FOP FUFL)
—1 eNOF ~d 4 ¢ 16F—HA 4 47P35E~1N (DELTA L/L V& T FOR BEO )
WNUPD A 2R (DENSTTV CAFFE . 407 TN a41)
—eNNNDDD, L NNURT, —qgNNERAR, —qNNRTE, — ¢NASALAE, —¢NN43Te —oMNNNDBDD
~aNNNNG3y —g"NONBTs —g"NNTNR. —~gNNTAZ. ~40N108s —40N0R7s —eNNNNLT
dONPRAL  GNR7My  ¢NTNRY 4 TNAN 4" TNAR. ¢N5T7" 77289
...f\f\ﬁ]pq __.(\f\2’26, .__.f'\ﬂ?Q'Q' _.(\0440, _.nﬁ?oq, _.ﬁﬁ??'F), .._.ﬂf\r\]?
—qODNPRD,y g NVLR T4 —gNNRUT, = gNNATE, —.0“%4?,'-.“04?7s —eNNND2 D
].f\ 1.(\7 (L'\FZ'/_\(“I"]\/ITV)
NeN 1NN (Ve TIMEY,
ﬂ.ﬁ, (\.f\l’\h?jg ﬁ.f‘f“z,ﬁ,, f’.(“’“‘:ﬁ, (Qf\r)[[“"' \/(‘ID]'\IG DFACTI\/ITY5
Ny NeaMNR, NalR, 1Ne" ( VS o TIMFE CINCF INMITIATINANY
P37 Na0 NeBR7 ~eNNQP
1a1971 1e1314 1 eNA=7T 1 3alalala (SPATIAL PWR WET FACTOR)
NeQR47  NGgRARA NeANPO (SPATIAL PWR WET FACTODR)
a3 %
( POWFEDR tNPUTCRRHHIAIE NI NN YN MY MMMV YRR R IR HH SRR )
qu‘\ﬁ.f\
e NPN -e174 Ne 'Y 2
o2 1NeN 2 eNF+7 l1en
1 «53E+7
T aOF -4 NaT745F -7 N e AAPF =3 Nel PRE=?2 NeBATF =3
D elRET~T eN173 NS o135 349
1738 3eR P 05 N eBT7H6F=A
T elF =4 1 e NF-7
 MTSEE] L ANFEOUISH K333 33 36 30003 3030 3030 36030 3 303 3030 3030 30 303096 30 30 3036 3036 56 36 363 303630 3 36 3 )
alalal| NeS
15604Cs 1A4ND 4N, 1AGF N,y 1740 N (COOLANT R'L< ROILING TFNVND
1780609 18154MNs 1R42P404 18R2,N (CONLANT RBRULY BA2ILING TE"™)
190540y 103NN, 19554Ns 19754N (COCLANT RUL'™ 87LING TFVD)
PRON GO, DNIGeNy 2N4NgN . PAGH LN TCONILANT BUILK BOTLING TEVD)
PATN 4N 21NNGN, 2P284Ny 23NN (CONLANT RULK BOILING TEMD)
1N NI 1S aN 4PN gN 2T gN 4 BN gN AR GN 44N gN 3 484N (VS 4 ABSOLUTFE PREFSSURF)Y
SN g0 eE T eN s BN gNIAS N e TN eNeTRgM 1 RNgNsRF ¢gN (VR g ARSOLUITE PRESQURE)
QNP eN 1IN NG IBN N, PN N (VS 4 ABSNHLUTE PRESSUDE)
1560608 164N eNs 1AT7ReNs 1740eN (CLAD BURNDOUT TEMPERATURE)
09=27-66
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‘ . .

g-0

778 178040, 1815¢Ns 1842eNy 1882,N (CLAD BURNOUT TFVRFRATURFY

7R> 1ONF g0y 19N gN, 10FF 4N, 1075,M (CLAD RURNONT TFAPE?ATUQE)

78A P2N0NgNy PN1SKgNy PNLNgNy PNARK N (CL_AD RUSNAUT TFUDE-ATUDF)

790N PRTNgNy PINNgNy 2P2228eMNa 233NN (CLAN BURNAUT TFYDFEDATUTE)

T4 17N g0 1 TN P20 gN 1 254MNaRNgN g 3F5,N 44 NgNs TN (VS g ARSOLUTE BLESTUDE)
BND BN N g BB g N AN aN 1 A5 eMN 17 M aN e 7S¢ N eBNgNsRF N (VT g ARBSNHL'TF DTESSUDE)
B10 OGN gNa 10T gNy 15NN 2NN N (VS e ABSOHLUTE DPPESS''DE)
814 Nelt ?1e8 H5 ¢ N AENN N Ne8B

_]RaN HEHTFSTDR

A1 A e OARF -t Ao MN4F =4 SePNF .y 4 ¢ L 4F 4 4 o NEF =4 B eRPF 4 (K OF FHFL)y
RA7 UGRLF _&4 A JEBAF -4 Qe NF—lt 2 GgAPF =4 T e POF =4 F¢3INF 4 (< NF F 7)Y
8773 Re36E -4 I e4NF-4 Red4yF -~ Qe FRE=4 Qe TP =4  3B492F~4 (< OF FUEL)
]79 4 ¢4 "F -4 4 4" FE—¢

Rat Nel 5NN | RALAIA RS 1577 eN 18NN eN PANT N = TESY
aRy P20NgN Parn g PENNGN PRAN gN 3INOA g R4nngn (VS TEYD)
1917 RBAN N 4007 N 420 gN 4anngn 46NN 4800 g (VS TE P)
Raq 4Q7R 4,0 15NN gNn

{ APF YOU DFANDV COMDUITED)

[olelalql

YLAGT *

N144 CARDS 09-27-66

DAGE Nnnh4g OF nng

€L25-dVHD



C.2 RESTART FOR SAMPLE PROBLEM

YEEEFE *TC10? 21 SEP66

29 1 (THIS 1S A RESTART)

52 0 (CONTINUE FROM FINAL WRAPUP)
850 SHTESTPB (OLD TAPE LAREL)
851 EHTESTPR (NEW TAPE LAREL ¢sNEED NOT BE THE SAME AS OLD LABEL)
9999
(EEEE *TC102 21SEP66

] 90N (NUMBER OF TIME STEPS)

64 1¢75 (MAXTMUM PROBLEM TIME)

31 1 15 1 15 (o]

49 3 3no 6800

(NOTE | OCATION NUMBERS NEED NOT BE IN SEQUENCE)

9999
ILAST *

(RESTART OF $2¢00/SEC REACTIVITY INSERTI!ON)

002% CARDS 09-20-66 PAGE 001 OF 00t
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C.3 PLOTTING TNRPUT FOR SAMPLF PROR| FM

YFRCOUPRPFL¥TCIN? PTRFDAR
REACTY = $ (TOTAL NDFLTA K. GRAPH 1)

PROGMO = 1 F (PROGRAMMED D TA «4 GRAPH 1)

RFEFDRK = 1 F (TOTAL. FFEFDRACKY DE[_ (A Ky GRAPM 1)

QH(1 1Y = 24 %7 & (HFAT'FLUXqAVFQAGF « AL 7 AXTAL SFCTTONSy GRAPH 2)
TVINO (1 a1 Y = Pa~7 SIFUFL CENIFR TFEMP4AVGs 7 AXTAL SFErTIONS, GRAPY 1)
TCL(1e1Y = 44 #7 S(COOLANT T=MP4¢ GRAPH 4)

TcL(44¢1y = 5 % (rOOLANT TFMP FOR AXTIAl QECTION 4 NONILYes ROTH AVC g aa )
TCL(44e3Y = & $ (a0 e AND HOT SRNT CHANNFIL Sy VSLTIME, CRARH S\

PSS TRNM = A £ (NORMAI 17D DRNAMDT OOWEDR, CRAPH A)

PWRNM = 6 b (DITTO TOTAL POHWFR)

FWRLOG = & & (INDICATES SEFVMI-LTGARITHMIC SCALF S0OR aGraRPH &)

MINY = Ny %6 & (START WITH TIMF STFR Ny AL SIX TiwmE GRAPHS)

MAXJ = B87,¢ #¥6 $ (A0 TO TIME QTEP =7 —~ Al L SIX GRAPHS)

INFILJl1 Y = 24 6 & (PLOT Al TFRNATF STHEPS. INNFX t 1S ORTIONAL
CONTRLET41Y = 14142 & (GRAFH 14 0O TO X=AXIS CONNFCT ROINTS | ARFLL Al Ta)
CONTRL (1 e2) = 19142 $ (GRAPH 2 )

CONTRL(143) = 181e2 & (GRAPH 1 )

CONTRL (1 ¢4) = 14142 & (GRAPH 4 )

CONTRL(1+45Y = 14142 $ (GRARPH 5 )

CONTRILL (1 +46) = 141472 & (GRAPH A )

PKNOP = 1 & (NDOPPLFR NFLTA «wo GRAPH 1)

DKVOIN = 1 $ (SONDTUM VOINMNING DEFLTA Ky GRAPH 1)

(CURVFR FOR A GRAPH NFFD NOT aF QPFCIFIFD TOAETHERY

KFEF(1e1a1)

1R/H1~-=VOIN DFLTA K $ (L

KFF(1424a1) = 1RH2=--DOPPLFR NK % (.
KFF(14341) = 1RH3~=TOTAL FFFDRACK $ (s
KFF(led441) = 18H4=—TOTAL DK $ (o
KFE(]1 4541 1 RHE-—PROGAMMED Nk S (e
KFE(le 14 2)Y = 36H1 - AXTAL SFCTION 1
KEE(ls 24 2) = 36H? - AXTAL SFCTION 2

ARKFLS £00 INDTVIUAIL FUDVFS aaa)
e ON GRAPH 14 NOTE CURVES aaa)
ee ARF PLOATTED IN OPDFR 444 )
ee SYMROLS ARF DFFINSD IN see)
e e MANUAL )

3

%

01=-07-67 PAGF 001

€L8S~-avVidD



8-0

KFF(1e R4 2) = 13AHZ — AXIAL SFCTION 73 %

KFEF(ls 4y 2) = 3BAH4 — AXTAL SFCTION 4 %

KFF(1le Se 2) = 3AHS — AXTAL SFCTION S *®

KF-(1y 6a PY = 3AHA — AXTAL SFCATION A <

KFEFF(1e 74 2V = A7 = AXTAL SFCTION 7 +

KEE(l1e 14 3y = I6H1T ~ AXTAL SFCTION 1 b

KFF({1s ~2¢ 3)y = 3I6HP? - AX1IAL SFECTION 2 %

KFE{(ls 3« 3) = 136H3 - AXIAL SFCTION 73 %

KEF(1a 49 ) =  3AH4 — AXTAL SFCTION 4 x

KEF(ly S5 3 = RGHS -~ AXTAL SFCTION S %

KFF{ls Aa 3)Y = 3HA — AXTAL SFCTION A F

KEF(le 7e¢ 3)Y = 13AH7 — AXTAL SCTION 7 3

KFEF(1lele5) = AHTI—-—AXTAL SFCT 44 AVEG CHANNFL *®

KEF({1e4245) = 3AH2=—=AXTAL SFCT 44 HOT SPOT CHANNFL x

NDIVISR (1 1=280N,7 & (NORMAI 17t1NE FACTNR FOR POWER ryURVE ONF )

NDIVISR(2)1=2500.0 &« (NORMA! I7ING FACTOR FOR RPOWFR CUDPVE Two )

KCHAX (1Y = 7 s (GRAPH 7 TS AN AXTAL. PI OT)

TCL(1s1Y = 7 % (PLOT COOLANT rEMP4AYG CHANNFKL . VS AXTAL POSITIONGARAPH 7))
(NOTF SIXTH FXPRFSSION [S FFFFCTIVFILY 7 INSTRUCTIONS IN ONFE)
(THFSF ARF TCL(1e1) = 44 TCL(Pe1) = 4« FTC
(LAST INSTRUCTION TCL(1s1) = 7 OVFRIAYS TCL(141)Y) = 4 )
(AI_SO SEVENTH EXPRFESSTON 1S Tri (441 = 5)

(THTS AGATN OVFRLAYS Tl (441 =4

(THF RFESULT 1S GRAPH 4 WTL L ONLY CONTAIN & CURVFQ)
(SFCTINN P4Rs546¢AND 71

(THF I_ARFI S CURVFS FOR 4 @IFCOMF )

KFF {1y 14 4) = 73AH2 — AXITALL SFCTION 2 $

KFEF(1y 24 4)Y = 7AH7R — AXTAIL SFCTION = %

KFF(1s e 4 = 3AHS ~ AXTALL SECTION S5

KEF(1e 44 4 = 3AH6E - AXTAL SFCTION 6 %

KFF(1s Se 4) = 13AH7 = AXTAL SFCTION 7 %

CONTRL (147)= 14141 B (ON GPAPH 740 X—AXTIS,CONNSCT POINTS, LLA~FI. FVFRY PT)
KETEP(1s1)z NgO0P 418232724342 4457 4,587, & (TIMF STFPS SELFCTED FROM PRINT.e") !
LARLMH (1 47 4274 INGFRTION OF 04,0070 DFLTA K PFR <SFCOND %
LARLXY (1Y «7) F6HAXTAL LOCATION=1TN, COOI_ANT TFMP %
LARLSH (1419 7) = 30H PLOT NO. 7—= AVEDRAGF CHANNFL £
LARLMH( 141 42H INSFRTION OF 04,0070 DFILTA K PFR SFCOND
LABLMH (1 42) 42H INSFRTINN OF (060070 DFLTA K PFR SECOND
LARLMH (1 43 474 INSFRTION OF 060070 DFLTA K PFR SFCOND (MAIN TITLFE)
LARLMH (1 44) 424 INSFRTION OF 040070 DFLTA K PFP SFCOND {(MAIN TITLE)
LARL M (1 45) 424 INSFRTINAN OF 040070 NDFLTA K PFR SFCOND % (MAIN TITLF)
01=07-67 PAGE 002

noH

(MAIN TITLE)
(MAIN TITLE)

[ I TR
® A A A

i)

€L2S-dViID



6-0

LABLMH (1 ¢65)
LARLXY (1«1
I_ARLXY (1 42)
LARLXY (1 ¢3)
LARLXY (1 44
LARLXY (1 +5)
I ARBRLXY (1 45K
LARLSH (141
LARLSH (Y a1,
LARLSH( ' o 14
| ARLSH( 141,
LARLSH(] o1,
WEFF (14147
KEF(14247)
KEF (19347
KEF (164447
KFEFF (1457
KEF(14547)
VEFE(14a747)
TALRAD = 1
NCHANN(® o1
NAXNOD (441

NSTFP(141)
CONTRL_ (1 «Q)
LLARLMH (1 48)
I ARLXY (1 48)

I ARL_SH(1 41,
KEE(1e1 R
KEF (1 424R)
KFFE(1+3+8)
KFEFF(10448)
KEF (1l s5eR)
KEFE (146.)
KEFE (1 4748)
LABLSH(1 4P,
LARLSH(1 43,
LARLSH(1 44,
%
YERCUREL*TC1IN?

(NOTF TAPF
KCHAX (1Y =

18H
6H
36H
36H
36H
AH
= AH
1y = 30
2y = 3N
3) = 30
4) = 3N
5) = 30
P4H1
P4 P
24H73
24144
FYASIS
P4HA
2447

([}

I}

Hode oo N

& (ONF RADT Al
(AVFERAGH
(AXT A1
NsBP G 1BZ242724362441B2 42587 &

X—AY TS eCONNECT

1 %
1 %

]

1els1
47H

i

!y = 30
P4H1
244>
P4H7
24H4
= P4HS
= 24HA
PaH7
= 30

3n
an

H

1
1)
1

Hn

WITH
1 %

00070 DI

T IMF
TIMF
TIMF
T IMF
TI1M~
T IM-

H
H
H
H
H

=

H

H
H

b
!

IAHDANTUS

LONG EDIT
(GCRAPH 1

(SFCO
(SFCO
(SFCO
(SFCO

PLOT NN,
PLLOT NO,
PL.OT NO.

AT Nenn
AT Ngr2Hn
AT'ﬂ.ﬂﬁ
AT NG 75
AT 1eN0O
AT 1 e7P5S
AT 140

[ =]
SFCT

(0 TO
NQERT T NN
TNC
PLOT NN,
AT Oe0N
AT DePs
AT Ne&N
AT Ne75
AT 100
AT 16725
AT 1 ¢5HN

NFLTA

SAMPLF PRORLFM FOR

TC102

POSFPA6

K/&FC
NDS )
NS )
NDS )
NS )

(SFCONNQY
(SHCONDS)

PLOT NO
Po——
3-— AVF
G—= AVF
PLOT NO
SECONDS
SE- CONDS
S=CONDS
SFE CONDS
SETCONDS
SECONDS
SECONDS

CRAPH )

AN )
TON 4)

NF 0NN
HE <

8—= AVF
<F CONDS
SECONNS
QFCONDS
SFCONDS
SF CONNS
SF CONNS
SECONPS
PRV

R F LAw

IS STILL AVAILABbLE
TS AN AXITAL PLOTH

$ (MAIN HFEADING

NDFELLTA K
HFAT FLUX
FUFL
CNOI ANT TEMP
COOI_ANT TFMP
POWFR
*® 1

AVFRAGF CHANNFL

RAGF CHANNFL
DAGF CHANNSL

Py B

A H AR A A A

M- TA

TFMD-DATUIRE

(HANN- L
%

70

DAGF

N A B AR

A

TIME
MANUAL
LFR

CFNTFR TFMD

A A A B R

(F)
«

POUT T Selark-
I DPED aF CNOND @

%

)
%

%

k)
£ )
%
%
%

SFMT=L0G)Y

(AXFS LARFLS)

T VERY RPTe<xADTAL GR)

%

(SFCOND LINF)

(THIRD LINF)
(FOURPTH LINF)

01=-07-67

FU~ ADDITIUNAL PLOTTING )
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01-O

YWLAST

CRILCL (1

1

CRLCL (1 a7y

CONTD] (1
WATED (1,
I ARLMH (]
L ARLXY (!
L ARLSH(
KEE (141
WhE (] 92
CEL (143
KEE (1 gbe
5T

Ly

1)
19
1)
« 1)
a1
1
1)
)
)

i

1

il

1 & (GAP O-F+ 1 1ENTe AVGe GRAPH 1)
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C4 PLOTTED OUTPUT

The basic purpose of the sample problem 1s to demonstiate the use of FORE II and FRCURV rather than
provide a totally accurate investigation of a $2 00/sec 1eactivity msertion  For this reason some of the
input to FORE II should be viewed as estimates and not the results of detailed 1ndependent investications
However., some of the significant features of this problem are discussed

In the mput, it was specified that when the temperature 1n the mner fuel pin node for the hot-spot channel
reached the vaporization temperature at any axial location a specified positive Ak as a function of time would
be inserted This positive Ak was the contribution due to sudden vaporization of the sodium when brought 1n
contact with the hot. exploding fuel pin  The vaporization temperature 1n the hot channel was achieved 1n
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 1s so large that eventually the top
blanket acts like a heat sink  The seemingly irregularity in the curves for axial sections 2 to 4 1s primarily
due to the increase 1n the gap coefficient with time (see Plot 9) A small improvement 1n the smoothness of
the curves can be obtained by taking an edit every 10 steps instead of 15, and by plotting every edited step
instead of alternative steps.

In Plot 3. note the dwell time required to melt all the fuel 1n the 1nner fuel node Comments in the
listing of the input to FRCURV explain the reason for only five axial coolant sections to be plotted on Plot 4
An understanding of the overlay feature 1s essential for accuratelv labeled graphs.

In Plot 5, the decrease 1n the coolant temperature for the hot-spot channel results from the low film
coefficient used at the time of voiding The magnitude of the drop reflects the value of the input film coef-
ficient As previously indicated. the true voiding time occurred at 1 408 seconds The indicated break time
in Plot 5 results from the inherent characteristics of the plotter when a coarse data point spacing 1s used

In Plot 6, the increase 1n power with the start of sodium voiding can be observed Plot 7 again indicates
that the top blanket becomes a heat sink as the transient progresses Plot 8 indicates the change 1n the
temperature profile across a typical fuel pin section with time

Plot 9 shows the variation 1n gap coefficient with axial position. channel type. and time for the particular
set of input data. The hump 1n Curve 4 1n the center of the core 1s due to the sodium voiding 1n that region
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SUBROUTINE FINPT N

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

REZ . ReZ
a R = N
a 2
Re = By
2 2
b. Ac = T (R - RE ) -
2 2
Ae N n (RE - Re ) Y
2 2
Af = n (Rf ~R 7
A = T (R 2 - R 2) for n =1
n n o
2 2
An = n (Rn - Rn—l) for 2 <n <N
2. Specific Heat of Molten Fuel
Melt ot ! Melt
Cr = T Cps T )
3. Active Core Height
oM
HT = ) (Az)rn
m=l -




5.

GEAP-5273

Distance from core inlet support to actual core inlet

X = z +
o

m=1 (Az)m=l

2
for 2 <m < M:

(AZ)Z + (AZ)m
=1 2

Thermal conductivity of Molten Fuel

KMelt - K(0) . K(1) TMelt . K(2) (TMelt)Z
£ f f

Melt _ ! ! Melt . _
Ke = f (Kf, Teo Tg )y if §,=1

Radii at which fuel temperatures are calculated

!
r = | R2 + R 2 for n=1
n © . n [
|
2
for
r = }Rz + R2 2 <n<N
n i'n n-1 - =
i
¥ 2
Logarithms
rn +1
(LN)n = In for 1 <n < N-1
r
n
Rn
(LN)n = 1n - for n = N
r
n
I R
Y
In fl
R
o
In EE
R
a
m
R
e
In EE
R
e

if 6, =0
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8. Miscellaneous Groupings

2n Ee (RE - Re) 144
2
41 Ra
21 RC // ) £ 1
8 + 48 4
a £ e 1{
o\
21 Ry B (8p + 8))
d -0
Ks A
a
du
— if §. =0
K L
u
W = 29 -1 for 1 < 2 <L
LT - -

D. End of FINPT
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SUBROUTINE INIT

Calculates initial conditions based on steady-state power.

A.

PROCEDURE

Evaluate core inlet temperature and determine channel types.

1. By linear interpolation, find inlet temperature

Inlet (0 'Inlet '
T‘:n 0) _ { (TC nle LT, T
] 1
where TCInlet and T are inputs.

2. Initialize K, number of Channels

If dH = 1, calculate average channel; set K = 1

If 6H = 2, calculate average & peak channels; set K = 2

If 6H = 3, calculate average, peak & hot spot channels;
set K = 3

Calculate steadv-state conditions.

1. Initial power

P2 94805 Fin
° v
£
2. Initial velocity
(O) _ 1] t
Gokml = { (T, 6., T
(0
(0) G, . F
Gc,k=2 c,k=1 r
0) - A0
Gc,k=3 - vc,k=l Fv



3.

Setting up constants

a. TFor k = 1:

T* = 1.
Fik =
Fh%kx = 1.0
PCON = 1.
b. For k = 2:
F* = 1.0
Fh% F
g,P
Fhk%x = 1.0
PCON =P
r
c For k = 3
ok =T
“h
TR =7
g
ThEA = T
k
K =K ¥
e e

GEAP-52173

Sections B.4 through Bll. k are calculated for 1 < k < K

4.

Coolant temperatures and properties; heat generation rates.

a. Find CC as a function of

~(0)
e Vc,m,k
2) ;Old

(3) for m=1

in(0)
TC,m,k

(0)
Tc,m,k

T =
m

=(0) : .
Tc,m,k by an iterative procedure.
' - . Inlet(0)
fc,. 1T, )
7(®)
c.m,k
Tinlet(O)
d
TznﬁOi . Aa Am(PVQN) Po Af (AZ)m
T (0
e,k Te,m,k e
T(O) + T(O) _ Tin(O) 1 «Aa
c.m, Kk c,m,k c,m,k | -

/ \\ Ay

-6
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if 2 <m<M

in(0) _ TOut(O)
c,m,k c,m-1,k
T(0) _ TOut(O) Y Am(PC¢N) Po Af (AZ)m
c,m,k c,m-1,k a ) )
- G C A
c,k c,m,k ¢
Out(0) _ (0) 0) _ oin(0) 1 -x
N Tc,m,k - Tc,m,k (Tc,m,k Tc,m,k) (a2
A
a
for 1 <m <M
=(0) _ in(0) Out (0)
Tc,m,k - Tc,mlk + Tc,mlk

for m = M

out(0) _ ,Out(0)

Tc,k c,M,k

4y if /TEO; LT 0ld, . 001
s ’

find by linear interpolation

(0} - ! ' =(0)

v Oc,m,k - } (pc’ Tc’ Tc,m,k)
(0)] _ ! ' =(0)

cc,m,k - { (Cc’ Tc’ Tc,m,k)

g0 to B.4.a.2 and continue the iteration.

(5) if /T(O) - TOld/ < .00l continue loop on m.
c,m,k -
b. Coolant Properties.

(1) Conductivity

k(0 = 4 &, 1,19

c,m,k c c c,m,k
(2) Dynamic viscosity.

(€0)] _ ! = ()
uc,m\k h } (Uc’ Tc’ Tc,m,k)
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(3) Structure-to coolant heat transfer coefficient.

© | / ) L© O .
0) K K +B HT c m k m,k F*
Boom,k - —Safbk AtBy <o>

DHT ; c m,k c m, k

(4) Clad-coolant heat transfer coefficient (for lumped system)

K0 (0) ‘ (0) (0) (0} N % p
c ,m, " c m,k AH+CH o D Gc,k MH “c,m,k Cc,m,k H F

0)
D u ¢ (0
HT I \\g,m,k \\\ c,m,k
L——. 7
Heat generation rate constants.

for 1 <m <M

A F A

(MULT) = R (03 £

Pe Af + Pe A + Pe m,k Ac + s vs + *u Vu

- (0)
(OU)c,m,k = (MULT) Oc mk (PCON)
(OU)e m,k = (MULT) oe (PCON)

= M N
(OU)S, X (MULT) p_ (PCON) .
(OU)u m.k = (MULT) ou (PCON)

Ae AC V
(OU)f,m,k - Am(PCON)— Af <OU)e m,k Ag (QU)C m,k A (v s,m,k
VU
- X; (OU)u,m,k
for 1 <n <N
N
o, ok Y (00) | (NOTE: Loy A =4
n=1

Fraction of Heat Produced in Fuel

M
- ey (0w
Fouel m=1 m fom,1

M

DA

m=1 v
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e. Heat generation rates

for 1 <m <M

Ok = Wi P
O;?%,k = OO, L PcEO)
Of((,)rza,k = QU P<§0)
i(,)zl,k = (OU)u,m,k PéO)
or(l?il’k = (ou)n,m,k PO(O) l<n<N

5. Structure Temperatures

a. No structure area, or lumping (GS = 0.0 or 6c = 0)

for 1 <m <M

)} _ =(0)
Ts,m,k B Tc,m,k
Go to B.6

b. With structure area and no lumping (GS # 0.0 and dc

for 1 <m < M

g (0)
OO N () S U O m,k
s,m,k c,m,k (0 K &
gc,m,k s s
Go to B.6

6. Temperature of Additional Material
a. Not present (if 6u = Q)
for 1 <m <M

2(®

o = 00

Go to B.7

1y
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b. Present. but no area (Gu = 0.0 or GC = 0)

for 1 <m <M

(O _ =0
u ,m,k c ,m,k
Go to B.7 <

¢. Area included (Gu # 0.0 and 6c # 0)

for 1 <m < M

/ 0(®
(0) - —(0) 1 u u m,k
u m,k c ,m,k ( K
u G
c u
pd
Go to B.7

Check for clad, coolant, structure and additional material lumping.

[V
>
]

1, go to B.9 (not lumped)

b, & =0, go to B.8 (lumped)

Clad temperature when clad, coolant, structure and additional

material are lumped together.

(5c = 0)
for 1 <m < M
a —(0) - —(0)
: e m,k c m,k

b. Go to B.1l0

Clad temperature and clad-coolant heat transfer coefficient when
clad, coolant, structure and additional material are treated in-

dividuallv.

(6 =1
c

for 1 <m <M

O
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a. Initial guess

f
1
(0) . =0 ————r ' ~(0)
TE.m,k B Lc,m,k * 2m RE h*(o) K ?Of,m,k
ML
R
0 _ * = H
hc,m,k - hc,m,k Tc,mzk + 460
0)
TE,m,k + 460
01d _ 0)
b. Tg = TE,m,k
(0) _ =0 (0)
¢ TE,m,k - Tc,m,k + %0) Of,m,k
2m RE hc,m,k
. 0 01d
d. if /TE,m,k - TE /> €r

then continue the iteration

. (0) _ .01d
€ /Mo — T /2 5

(0

recalculate h
c,m,k

RE>
T(0) S e (;(O)

and continue loop on m.

f,m,k

0) _
e- Ta,m,k -~ E,m,k a
2n Ke -
=(0) (0)
£. Te,m,k - Ta,m,k
Go to B.10

Obtain first set of Fuel Temperature values

for 1 <m <M

)] _ Prk
Coom,k = Pt

01d _ (0)

eomk = Cgonid Ve

Af + Q

A, + 0

f

(0)

e,m,k

e,m,k

e
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[N
[
=3
1l

0. go to B.10.d (Clad. coolant, structure, etc.
are lumped)

if § # 0, go to B.10.c (Clad, coolant, structure, etc.
not lumped)

¢c. Clad, coolant, structure, etc. not lumped (éc 4 0)
for 1 <m < M and the subscript N referring to the fuel

boundary node (i.e., n = N)

R
n ;53 "
(V)] . () e (0)
Te,m,k - Ta,m,k + 27 Ke ‘ Of,m,k Af
[
() _ (0) 0) 1
Temk = Temuk ~ O b T (R, + RGO
£ € Yg,m,k
i€ ék > 0, go to (2): othervise continue.
if Tf(oi > Tt then
i
(0) _ _Melt | (0)  Melt
D Kok - K L+ By E_Tf,m,k Te )+
() - Melt 2| s
CK (Tf,m,k Tf ) J F
N
if Téozl k<T‘;elt then
_ 1.0 (1) (0) (2) ;.(0) 21 xs
Bymk = (¥ + K Tkt K (Tf’m,k) | F
Go to (3)
(o) _ vt ($))
(D Kynmx = Fo®e, T, T m k)
/
‘£
Qn&;: r—
(0) () i} (0)
B Tyax = Teax T 108 m,k Af
2n K(O) i
N,m,k —

Go to B.10.e
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Clad, coolant, structure, etc. lumped (GC = 0)
for 1 <m < M and the subscript N refering to the fuel

boundary node (i.e., n = N)

(0) )] R
@ 1 7O @ (Qf’m’g%+ Ocm,k % |on £
f,o,k c,m,k f,m,k °f (0) R
O ok ¢ —_—
> 2n K
e
| L
n* (O or g T (R ¥ RJc(0)
c,m,k E e fg,m,}
if 6k > 0, go to (2); otherwise continue
RPN (1)) Melt
if Tf,m,k < Tf then
_ (0 1)y (0 (2) 0y (2 Sk
Kymix =K 7+ T ¥R ) F
() Melt
if Tf,m,k i_Tf then
_ Melt ’ (0) Melt (0) elt,2
Komk = K¢ Lif By Mg mu Tg O CK(Tf,m,k"T? )| Fex
Go to (3)
) _ ' ' (o)
2 KN,m,k - { (Kf’ £’ Tf,m,k
Re L
/
(3) T(0) - T(O) + 2n Ty / (0)

for 1 <m<Mand n=N

if 6k > 0, go to (2); otherwise continue

. (0) Melt
(1) if TN,m,k < Tf
O 2
) _ (0) (1) (0) (2) (0)
Ky-lmi -~ |X 7 *R 7 Typ*k TN,m,k Fro

Go to B.10.f
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(0) R TMelt

(@) Ty k2T

(0) Melt E (0 ety o (@O _glele;2) gy,

KN—l,m,k = Kf 1L +B (TN ,m,k £ N,m,k
-
Go to B.10.f
0 _ ! ! 0)
G Ky lma = T & Ty Ty 2y)

Fuel Temperature and Conductivity fer nodes 1 < n < N
If N=1go to B.10.g

If N > 1 then

for 1 <m < M and

for J =1, N -1

set n = N - J (i.e., n = N-1, N-2, . . . . 1)
n \\ /
M(O) (0) + T oA 0&U) (LN)
n,m,k nnl ,m,k L% Ypomk |
| =1 ) \ 2n K(O)
/// n,m,k
if dk > 0, go to (3), otherwise continue.
.o - (0) ~Melt
(1) if Ln,m’k < T then
(0) - (O (1) (0 2) (1 (0) 2 .
Kn—l,m,k =K + R n n,k + K n m, k) F

Go to B.10.g

(O) N Melt
(2) n m,k = Tf then
< (© Melt 2(0) Melt (0) . Melt 2| .0
Ko-1,m,k - K¢ B Ty ok T M C (T T DT |F
Go to B.10.g
(O) _ ot ! ! (0)
3 n -1,m,k ¥ (Kf’ Tf’ Tn,m,k)
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g. Fuel Temperature and Conductivity at Center

(1) If CSk > 0 Kg,m,k =5 (Kg T% T?,m,k)
Go to h
Go to h

(3) If T?’m’k i_TﬁELT

0 _ MELT ) ELT (0)
Kom,k = K? (L+ B (T 0y - T¥ )+ G (T 4

h. Fuel Center Temperature

2 2 2. 1)
(1) IER 40 X =rs - RS - 2% en L
RO
2)IfR =0 Xo=r°
(2) o = =T
(0)
0 .0 U m,x
Tomk > Timx " (N
ax9)
0,m,k

i. Average Fuel Temperature

N
z T(O)
n,m,k 'n
7(0)  _ n=1
f,m,k A
f

Steady-State Temperatures (Start of iteration)

for 1 >m <M

- TgELT)Z] . (F*re)

Iterate for Steady-State Temperatures (converge one section (i.e., m = 1)

before proceeding to the next.
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Fuel-clad gap conductivity

If § 0 gotob
gap 7 0 gotod

If égap = 0 then )
Cé?%,k = he B -
eomk * gk Vs

Go to d

Melting Indicator

for 1 <n <N

0) elt o _

e T :_T? , then 62 | =1
((0)

(0) <  Melt 8 _
1f Tn,m,k Tf , then n,mk T 0
Go to ¢
8 =0
gap

If Ry # 0, go to c.1

If Ry = 0, go to c.2

(1) R, # 0:
MELT Y Melt(0) 2
£ AV TS A < TR
n,m,k n — [
n=1
0 (0)
B30 = (Rg = R Re(é%> " Re (é%>
’ e,m,k ) f’m:k
Go to ¢.3




n,m,k n

£ AVMelt z éMelt(O) _— Ro
n=

(0) ®
© . - apt g () g ()
bop e = Re ~ Ry +Re(L>emk Rf(L

f,m,k

avtielt (avielty 1)R(2) 1 ZN RONEN
2 - 2R, Ay pep WMk D
Go to c.3
@ 268 =@ kMG R @O 700 R (@D -70)- <AvM‘alt =)
m,k e f,m Af
N
(0)
( nzl n,m,k An)
(3) if A¢(Oi > 0.0 then
(0) _
m k= 0.0
if A¢(O) < 0.0 then
k —
(0)
(O) - A¢ K Ee (RE - Re) (144.0)
m,k - R2
e
) © _ oy p. Rg ~ R (144
If P m, k PMax’ then P ,k Max (where P ax = Re
(0)
20y nd
K(Ol)c = (0) + K_
’ KN,m k e
if A¢é0; > 0.0 then
(0) _ (0)
g,m k m k + Bo (6f + 6e)
if A¢(O) < 0.0 then
(O) ,
Somk = 5o (gt 8

)
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(0) (9]
kKO o v Temk t Tk
g,m,k g g
. ? Y.
~
2
0 (0)
+¢ Temk T TEmk
& 2
(0 (0 (0 -
CCalcl.((O)= m, k m,k + g m,k Pk
g’mﬁ /_
a 4 0
° dg,m,k * (gf + ge) .
wt (0) _ 0ld _ Calc(0)
Cg.m,k B cg,m,k + (.0 wf) cg,m,k )
01d(0) _ wt (0)
Coymk T Coum,k Vg

Fuel Node temperatures and conductivities
for n = N

T(0) + T(O)
if _f,m,k N,m,k . Melt

9 z

then
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l (O
(0 Co@ L D Temk T Tnmk
= 1 K + K v
KNm,k ; \ 2
0 © \ 27
T + T
e ( £.m,k . N,m,k .
(0 )
if T + T
f,m,k N,m,k S TMelt then
2 —_ f
)/
- (0 (0)
T + T
(0) Qdele | L, // £,m, Kk N,m,k Pelt

(0) (0)
/ fomk T TNomk - relt Fhokk
+ C f
K \\
Temperature for Nth fuel node and fuel boundary
If 6C # 0 go to B.1l1l.f
If GC = 0 then for n = N
0ld _ )
Ty - TN,m,k
(0 _ = (0) (0) 0
Temik™ To,mk Q¢ nx Af)\(loe,m,k Ag * 0 nok B¢
A
AN (0)
Of m,k At
/
R
(_?n(ig
\e + 1 + 1
2n K «0) wt (0)
l e hc,m,k 2n RE n(Rf + Re) C m,k
|__
Ve
R
(0) (0) Re /
Nok ™ Teme T RONEN
‘f,m,k “F

Go to B.ll.g
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§ # 0and n=N
c

01d ()
Tx B TN,m,k
(0) (0)
= + 1 ((0))
Tem K Teum,k et Of m.x AP

W(R + R ) C .m,k

N m,k fom,k (O)
.M,k

Tennerature for remaining fuel nodes N-1 to 1

if N =1go to B.1l.g...
if N > 1 then
for J =1, N -1

setn=N-J (i.e., n = N-1, N-2, . . . 1)
0ld _ (O)
Tn - n ,m,k
,(0) 1 (O
i n+l,m,k n ,m,k TMelt then
2
7.0 , (O
(0) _ KMelt n+1 ,m,k n m, k TMelt
n,m,k Tf f
(0 (0 2
. n+1 m, k n ,m, Kk elt .
+Ck - ’1"1\; Fr*x
2
(0 (9
if n+l ,m,k n m, k TI\f/lelt then
2




GEAP-5273

(0) (O)\
T + T
/
K(O) - K(0) + K(1) { "n+l.,m,k n,m,k +
n,m,k \
AN 2 /
. /< 2—
T(Ei K + T(O) k
(2) K\\n 20 2.0, Fhkk
K
2
4
(0) (0) 2 (0) (LN)
T =T +f = A
n,m,k n+l,m,k 2 %2,m,k
=1 27 k(0
n,m,k
g.2 Temperature for center
01d 0
Ty = TO,m,k
.0 _ 0 0
l\o’m’k— f ]\f’Tf’ G:m,k + To’m,D/z
4 o2 2 2
if Ro 0 yx = rl - RO - “Ro n R;
. 2
if RO =0 yx = r
(0)
TO - T0 . Ql,m,k
o,m,k 1,m,k 4 KO
0,m,k
h. Clad-surface heat flux
3 £
if 6C # 0 then
()] 0 0) =(0)
Oh,m,k - hc,m,k (TE,m,k “e,m,k
if ¢ = 0 then
c
1
0y _,..(0 =0 | o
On,m k" T m Tem, ) y —
0 A 2R !
£,n,k °f E . Rg
(0) (6 (-1 R_n ==
O it e ik fe g m, kBeRe/ | E R, 1
kL *(3-1)
¢ h c,m,k
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i. Average fuel temperature

N

=(0) (0]
Tf,m,k nzl Tn,m,k An
A
f

j. End of iterative loop. Check for convergence

If for 0 <n <N

01ld 0)
/Tn Tn,m,k/ = &7

then continue loov onm. Whenm =M go to B.1ll.l

If for 0 <n <N

04 1

/! > ¢
n,m,k T
return to B.ll.a anc continue the iteration.

k. End of loon on k

12. If K = 3 then set X =K /F
e e''e
Go to C.

C. Equivalent Temperatures

1. Fuel nodes

for 0 <m<*, L <m<Mand 1< k < 2
0) Melt 0) )]
If Tn,m,k < Tf then En,m,k = Too,k
0) ~Melt '©)) _ gMelt . (0)
I Tn,m,k S then En,m,k - g—;—— n,m,k
elt
nC
f
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2. Fuel boundary

Feedback Temperatures

(0)
Hn,m,l

*(0)
Tm,R

T
m, &

DOP (0) _

—
E(O) - n Ei ] O(O) A
N,m,k N ! f,m,k f
o =
2NKN,m,k
for 1 <n < Nand 1< 2 <L
0) (0) (0)
Tamk=2 = "1 Tnnk=2 = Taomk=1) * 460
for 1 < 2 <L
N
T g0 A
L n,m,4 n
n=1
Af
; /% (0) © "\’
*(0) | Tmiﬂ HNLmLQ
T 2 b1 - CD
m, ] T*(O)
m, 2

D-23
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3. Average temperature of the core

if BBot

if o >
Ave

otherwise set mb

and MT

and BTop

= 0, go to D.3.a

0, go to D.3.a

= Bgoe v1

=M- BTop

Go to D.3.b to calculate average temperature of core only.

b. Average

() »

Specific Heat

R (0) Melt
T mk Te
(0 !
Cn.m,k N { (Cf
0) Melt
if Tn,m,k > Tf

a. Setmb =1
MT = M
MT L
—(0) *
b. Téore— ) ) Tm(g) (88)
m=mb =1 ’ '
4. Temperature Drops
a. Radial
0y _ 2D
(AT)B.m = B

Ry (1 - V/ 1%?; )

(0 _ %0

( m,L m,L-1

for 0 <nm <N, 1 <m<M, and 1 < k <K

t(0)
£ Tn,m,k

then

D-24
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C(O) - CMelt
n,m,k

Average Coolant temperature in the three channel types; clad and

fuel coefficients of expansion

1. for 1 < k <K
M
) 7¢O (62)
me1 c,m,k m
‘.1:(0) =
c,k %
(a2)
m=1 m
2. for 1 < k <K

for 1 <m <M
Find fractional linear thermal expansion of the clad and fuel

(0) 2

AL ©) , (1)=(0) @) =0

(L ) ; Ee + Ee Te,m,k + Ee (Te,m,k)
e,m,k

AL, 2O | D) L (2) 50) 2

L £ m.k f f f,m,k f f,m,k

if 6H =1, go to H.

Orificing Coefficient

\$
64 \l-e
1. COMP = C

!

2. Coolant viscosity

Evaluate using linear interpolation:

1l <k <K
3y - (0)]
uc,k - { (uc’ Tc,k
where ué and Té are built in fits
(0)
O R NS
© “R,k=1 )
uc,k=1
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() _ 0)
4 I‘R,k=2 = F Gc,k=1 H -
Uc,k=2
5. By linear interpolation
oéoi = f (o . T, Tﬁoi) for 1 < k < K -
inlet(0) _ ' ! inlet (0) >
e - f (pc’ Tc’ Tc )
6 If NR,k=2 < COMP | then
Z
64 t
— — (0) 2 (0) 2
= ( G 3
(2g) AP (0) D, ‘fr o k=1 + B0R5k=2 (F, 6. k=)
T, k=2 (0) _inlet (0)
Pe, k=2 c
go to 7
(0) \
7. 1If NR.k=2 > COMP, then
= ) 2 (0) 2 .
(2g) &7 = C EE_ (Fr Gc,&:l) + BOR,k=2 (Fr cc,k=1)
L(0) e D (9] inlet (0)
(Mg k=2’ i Pc k=2 Pe
Al
£
8. 1If NR,k=1 < COMP then
_ inlet {0) inlet (0)
Bor,k=1 = (2e) &P o, _ 64 El fe
(0) D (0)
(c§°i=l)2 Mokl B Po k=1
go to 10.
0)
9. If NR.k=l > COMP then
inlet (0) inlet (0)
Bor.x=1 (22) 87 o, ~ c Ep Pe
(0) 2 (0} eD 0)
g k=1 (g k=1’ H Pc k=1
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10. If 8§, =2 go to I

If §, = 3 go to G.11

H
0) _ (0)
M. Npk=3” o k=1 Pn
Mo k=3
)
2. If Npi_g < COMP
inlet (0) inlet (0)
BOR.k=3 (2e) v Pe _ 64 EE Pe
0) 2 (0) (0)
(F, Go k=1’ Npw=3 Py P, k=3
go to H
(&P
13, If NP . > CoMP
_ inlet (0) inlet (0)
N B B c B P
(0) 2 (0) e (0}
(&, 6 k=1’ Frk=3 Dn Pekm3

Set up initial values needed to calculate energy removal from and

energy addition to Core.

1. 6(0) = A 3‘(0) E(O) (T (0)Outlet E(O)Inlet]
@uT c c c c c
where 3(0) = 3(0)
c c,l
¥(O)Outlet - T(0)0ut
c c,l
T(O)Inlet _ T(O)Inlet
c c
—(0) /%QO)Inlet . E{O)Outlet
Cc C c
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2. Egup 0.0
(0)
3. Epy = 0.0
(0)
4 AECORE 0.0

I. Delayed neutron precursor cecncentrations

* Pg
Po = — —
™ '—; -a -0,
1+ 7 . dm (a, “im -(a, + T ) im
L | == "Tim im o
im=1 o
; im

-
1f Ci # 0.0 for i=1, I,go to J

I£ C, = 0.0 for i=1, I, then

J. End of INIT
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SUBROUTINE FEEB

FUNCTION

This subroutine finds the programmed k at anv 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

A. Core Reactivity

If § # 0, go to B

pwr

If § =0 and § = 0, to to A.1l
pwr

If § =0 and § # 0, go to A.2
pwr

1. 1Initialize the following:

1 _
kf = 0.0
(1 _
k = kp,s=1
C I
p p,S=l
G-n_ . G-2) _ L G=3) _
kf = kf = kf = 0.0
scram _
Tinit 0.0
vold _ g0
init
(A‘)scram = 0.0
(An)void = 0.0
o 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

a. 1If T(j_l)OUt > TSCTAM o6 to AL2.b
¢, k - c
. 3
1f T(J-l)ﬂut . gpScram
c,k c
p _ v .2,
(1) 1f 5 0 2 €gcrap® RO to A.2.D
)
o
(2) If e, -P < € , 20 to A.2.d
1 o scram
P
o
b. Tf TSCTAM 4 o o pSCram _ . ,scram
init init
o to A.2.C
scram
= 0.0
TE Tinit
(1) Teram =t ‘
init
(2) TSCTam  _ g

fo to A.2.c

(1) ! ! cram
. } = in T
¢ (AK)scram j ( rscram‘ scram’ )
Go to A 3
d. P 200
scram
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Check indicator for feedback approximation- calculate programmed
k and total k.

a. If Gest = 0:

(1) Programmed k
(-1 _ k("l-l)

If § = 1, set k
P
D] k -k .
k™" =k p,s+l P,S 1)
D p,s +( ) (e-t )+(k) o
t -t
s+1 s

where t < t < t
s — — s+l

(2) Total k
k(j) - k(1’—1) + k(1') + k(j—l)
P P £

2

Go to B

b, If 6est # 0

(1) Programmed k

H
o]

If 4

1, set (Akf)est

() (-1
If § = 2, set (AkF) i kf

f“est ————7?:17——
T
If § >3
D . 3 T G-D L (-2)
(klege = 7 ke - ke N
TG
A, L G-D ASE NG RN LR
G-D, G- ) a0 G0

D-31
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~
' N .
k(J) = k _.Pqi"'—_p:.. it -t ) + (Ak)h)
b P,s \\s+l - t‘ scram
(2) Total reactivitv
(i-1) ) . -
. k + k (-1 )
kD D D . ke + 1 (ak )est
2
2
Y
B. Doppler Fffect
For 1 <m <M, 1 <n <N
1. Doppler Temperatures
G- | L0 gG-1  _ (o)
n m,k " ,m,k + n m,k n ,m,k Lgk<2
For 1 <% <L
LG-D G G-1)  _ (G-D
n,m,R - n ,m, k=2 wR (Gn,m,k=2 Gn,m,k=l) + 460
1f H(o) s TMelt + 460
n,m,, — f
[
21;13 _ §1;13 + BMelt
c-D
f n ,m,k=1
e @ o T 4 460
n ,m, % f
(J -1 (J -1
n ,m. L n ,m,%
e pU-D o Melt e
n,m,% f
FG-D L pGeD
“n ,m,% n ,m,L
e pU7D L Plelt e

n,m,2 -~ f
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BMelt
If F(j_l) > TMelt + 460 + —_—
n,m,& — f ()
Pe “n,m, k=1
Then
. Melt
€ VU G S DI s
n,m,? n,m,4% C(j—l)
Pf “n,m,k=1
Melt
1 7D <oele 0 4 B
n,m,% £ > cG-D
f "n,m,k=1
(5=
G- gMelt o0
n,m,% f
N
*(9-1)
—%(§-
T 1-1) = z Tn,m,l An
m, 2 n=1
Af
If 6pwr # 0. go to 3b then F.
- = (4-1) *(3-1)
(4. —k -
TDoE\J L. F#3U-D 1- ¢ Tt Ty m,g
m, m,2 . D T
T*(3-1)
— m,L -
4Dop (§-1
k-1 . 1\ Far ) *
kDop m,L ADOP I opte
m.2
BDog (TDOP(j~15b+l B (TDOP(O) )b+1
b+1 m,L m,e
Total Doppler Ak
M L
(i-1) 2 2
. y Y (s ) P A~ (AZ)
(Ak)(J 1 _ m=1l  g-1 kDop m, e 9 m m
Dop
O I I
7 ZPQ A (AZ)
m=l 2=1 " "

D-33
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3. Average temperature of the core

I1f BRot and BTop =0, go to a.
If dAve > 0, go to a.
Otherwise set mb = B + 1 and MT =M - B

Bot Top

GCo to b and calculate average temperature of core only.

a, Setmb =1
and MT =M
MT L
k(5
. TOD_ ] D
. Core — m=mb 2=1 *
MT
Ly (87)
m=mb
4. Doppler Weighting Factor
5(1"1) .
(Kk)(j D 1n <--%2§e ) 4 n b =(§-1) b+l
Dop ADop T Dop (T ! ) -
Core SII— . Core
L
-y (1-1)
o= A
z ( K)Dop
= (-1
(AK)DOD
Go to C.
Bowing
1. Check for fuel bowing
It 6bow =0
ART\ (-1
\-R—'—) =0forl<m=<M
T B,m
AN
Go to D

—(0) b+l
(TCore)
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If ébow #0
47y (1) p FO-D -1
( )B,m - R_(1 - -2 m,L " 'm,L-1
T L
M
. -1
s s S S D NI R . O
. B m=1
HT
2. Change in Core Radius as a function of type of bowing
a. Centilivered at inlets, pinned at exit (ébow =1)
(i-1) "
AR’I‘ - X2 < 1 -X \>
o = s 'm ‘m
%
T B,m 4DB RT H
vy (11D = (0)
T -
GON 1) Lemew
b. Simplv supported at both ends (6bow = 2)
/ s "
* / BR,, G4-D o ) .
( R_ = (X - Xm H)
\ T B,m 2DB RT
N 7
tanD o @@ 1 e
. B B ="z
‘__ —
c. Centilivered at exit, pinned at inlet ((Sbow = 3)
i r3 "
AQ'I?\ 4 %s 2 X3 *
LR = — (2Xm - m - H
*
T Bm g Rp H
N
(XT)él_l) (KT)éo) l1<m<M
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d. Centilivered at exit, free at inlet (ébow
// A . l 1"
//ART (-0 as 2
[ = — (X - 2X
' Ry 2D mn m
\ B.m B RT
) )
= (i-1) - (0)
(AT - (Mg
. 3
e. Centilivered at inlet, free at exit (8
bow
(-1 "
ARy s 2 = (i-1)
-— = X (AT)
\ RT M R m B
7/ B, BT

Various Core Changes

'
\

for 1 <m <M

= 4)
* *2
H +H )
l<mze™
-_-5)

@D 1< m o<

Core Shape Chanee due to axial nressure differences across the core

D-36

p ) —
ART\\ G- < G(i—l)z
o = m o 2,k=1
T R (0)2
P T
N o : Gc,k=l
Thermal Expansion of the Core
AR \ -1 . .
T ] a (T(T—l) _ T(O) )
RT ' s s,m,k=1 s,m.k=1
T.m
Total Core Radius Change
TN . N . AN . .
AR (-1 AR\ (i-1) BRy (G- AR (3-1)
T = L + | L + | —%
R TR . R R
. T m T B.m \ T ,/ P,m T T,m
~ AN A \ 3 /' ’
Core Height Change
e -
M .
(G-1) I R S L8y
AH i1 L . L _
T - m f,m, ke f,m,k=1l _
H )
T
HT
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Density Changes

for 1 <m < M

1 /AE > G- AL (D) 5L, (0)
e e D ) .+ 20
\_ ) fﬁL £.m, k=1 L “f,m,k=1 s
pf,m —
-1 (o)
Com,k=1 ~ Ts,m,k=1’ 1
c N G-D -
2./ a AL, j-1 AL, (0
Pem ) - O
_ / e,m,k=1 e,m,k=1
pe,m
(1-1) (0) *
+ 2 s ( s,m, k=1 s,m,k—l)j
AL, (3-1) AL, () B AL, (5-1) AL, (0) ﬁl
3. 1 @) S 2% @) Sl
e,m,k=1 e,m,k=1 f,m,k=1 f,m,k=l‘
_ _ _
then
REEDININCION I Ly @
e,m e,m,k=1 e,m,k=1
!_AL G-1) AL, (0) - _L (j-1 AL, (0
b 16, H O L LG @HUTD O
| e,m,k=1 e,m, k=1 f,m,k=1 f,m,k=1
— -
(3-1) _ AL, (5-1) _ AL, (0)
fem T e @ )f m, k=1 T )f kel |
o sty sty _J

5. Using linear interpolation,

L0 TU-1)

1 ] T 1 ] . .
c,m { (ac, Tc, c,m,k=l) where al and TC are input fits



GEAP-5273

_ (3-1) -
A .
Pc,m - _)3(1(_‘]—1) d-1 )
- . com c,m,k=1 c,m,k=1
oc,m ~
G- _ ()
+ 20Ls (Ts,m,k=l Ts,m,k=1
2 G-1)  _ () 2, (-1
_ ZRC 0Ls (Ts,m,k=1 Ts,m,k=l) -2 Re Ae,m
R2 _ RZ
c e
— (j"l) —
6/ 4
Ds'm\ - - 2 (T(j-l) —T(o)
_ J s s,m,k=1 s,m,k=1
o ’
et @ ]
s,ax  s,m,k=1 s,m,k=l) i
-
7. If 6u =0, go to F

If éu # 0, go to E.8

8. Find fractional linear thermal expansion of the additional material

ALy G-D L p0) @) G @) (- 2
L u u u,m,k=1 u u,m,k=1
u,m,k
G —.
A
_:_pum = _i<’(&)(j”1) - (_A_I.:.)(O)
— | L L _
pu,m LJ\> u,m,k=1 u,m,k—%
+ 20 (e gl
s s,m,k=1 s,m,k=1—J
F. Check for sodium voiding
If 6void = 0, go to G.
If & # 0, calculate absolute pressure:
void
4 2g0p 87D c 2gap D)
1. PZ = PSt + Ppump ZgAP(o) A (64.4) (144)
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3 1] T s .
TB01l . f e, TB°11, Péj))

for 1 <k <K
1

and

|~
=]
| A

6] Boil
If Tc,m,k < Tc , go to F.3
¢ T > rheil
c,m,k — ¢
1H _ ! ! void
(Ak)void h { [(Ak)void’ Tvoid’ ]
Burnout _ f (P' T'Burnout P(j))
E E’ E ’ z
For 1 < k <K
and 1 <m <M
1£ T(j) < TBurnout o to F.4
E,m,k E > B :
If T(j) > TBurnout continue
E,m,k — "E ’
(1 _ ! ! void
Akvoid - jc(Akvoid’ Tvoid’ T )
Go to G.
Check for fuel vaporization
for 1 < k <K
and 1 <m <M
3) Vapor
If Tl,m,k < Tf , 80 to G.
If T > TVapor continue
l,mk — °f ’
. ' ' .
D) = {(k T pvoidy

void void void’
_f Jpwr # 0, go t7» H

r ¢ ¢t (. c.ntaue
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G. Total Feedback Reactivity

B (3-1
o (D) kM -
B = H == —
H T & H
T
: (3-1) »
N
G-1) S i ART\ (82)
FBR = RI, 3 I zl -R-T——/I m~
R, m=1 m \
¥ - |
N T /
N\ N G-D) \ S
. M N\ -\ _
(3-1) - 8§ \ Ap ) Ap
FB Do ko __f.ﬂ/\ + P X} em
m=1 &5 L= \ 85 =
£ ' / e 0
\\ o\ f,m \\ m \\\e,m
N _ (1‘l> \\
- 5k Apc,m\, - 6k
+ p T = + o ¥
c o \ ) P
€ o oc,m s m
~ N N ’
Y (-1 (3-1) )
Ap [ Ap
S,m + 5 k u,m
_ u — Vo= .
Qs,m ¢6 n \\Su,m
(3-1) (i-1) (3-1 (-1 -1 (3-D
kf (Ak)Dop + FBH + FBR + FBD + (Ak)void

H. END OF FEEB
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SUBR@UTINE P@WD

FUNCTION

Calculates prompt power, average power and prompt energy during the jth 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 6pwr 4 0, go to G.

If 6pwr = 0, go to B.

B. On the first time step (when j = 1) calculate

1. Total delayed neutron fraction

2, Initialization

*
E, = 0.0
J
E, = 0.0
3
*
P, = P
3

C. Kinetics Equations

(i)
1. R, =k ""(-8) -1
J 2
4) 1 . B
2. A, =X B T W1 S e
] V& jop 101
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2
% s s
. Py L3y A D
= 2
P
L@
If J > 1, go to (2)
If J =1, go to (1)
—% * —k
1) 1f ‘ P, - P /P, < €
J [¢] j — Tpwr
—% *
Set P, =P
i o
Go to C.3.b
[ % * | —%
If | Pj - po I /Pj > € L BO O C.3.b
ke —*% —k
(2) 1f ‘ P, P, /P. < ¢
3 j-1 i = Tpwr
et T —%
Set P, = P
Go to b
—% —% | =
If Pj - Pyl /Pj > Epwr’ go to C.3.b
Pf = A.r(j) + Pf
J N} j-1
If J >~ 1, go to (2)
If J =1, go to (1)
I % * { *
(1) 1If P, - P /P, < ¢
i o | 3 ~ Tpwr
* *
Set P, = P
o
Go to D
* * *
If ’ P, P j /P, > ¢ , go to D.
J o j pDWr’
* * i *
(2) 1f | P, - P, /P, < ¢
3 =1l 73 = Tpwr
Set P+ = P
b j-1
Go to D
| * f *
If ‘ Di - Pih11 /Pj ~ Epwr’ go to D.
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K
A,
R
R,
]
If R, )5 80, then
! * + R
7 I P S i
P, = ) ! -
J 73 \ R, /
N
(1)
* * R, 1 R
P = P, e + 0, (e
i 3-1 ] ]
Go to C.b4.c

k]
//‘p* i (\\
- 1 ' 1-1 ~:\
P, = - - 3 - 0
3 L3 R 3
. i
A,
S
B R.
’ ]
Go to C.4.c
If J> 1, go to (2)
If J =1, go to (1)
@ 1 | P p” /7
- <
3 o i - “pur
— %
Set P, =P
i o
* *
If ’ P, -~ P /P < €
i o - pwr
* *
Set P, = P
i o
—% *
Ifi - P /P s
j o 3 pwr
*
1f P, - P /P > €
j o pwr
Go to D.

La.
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| =% - %
(2) 1f | P, - P, /P, < £
P j-1 i - pwr
—% %
Set P, = P,
b j-1 )
* * *
If ’ P, - P, ‘ /P. < &
h| j-1 i - pwr
3
* *
Set P = P,
3 j-1
—% % —% —% —%
If ’ P, - P, I /P > € N P, = P
] j-1 pwr ] h|
l * * * *
If | P - P, ' /P, > e, P = P,
[ 3 j-1 pwr 3 J
Go to D
D. Excess Energv
* * ()
1. = - ]
E Eiq + O P)
2, For 1 < im < IM
If T =0, set T = l.OxlO25 y
o o
X = t
a, + T
im o
If x > .05, set
_ A ' \
= —EE-( .+ T )l %im ' x - N (l+x)1-a1m -1
im a, im (l-a, )
im L )
— —
If x < .05, set
1l-a, ”_
_ Aim(aim + To) im 2 (1 + aim)
g . = —_— X 1- X
im 3
2
. (1 + aim) (2 + aim) x2 _ 1+ aim)(Z + aim)(3 + aim) x3
12 60

+ (1 + aim) (2 + aim) (3 + uim) 4 + aim) 4 -

360 -
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for 1 <im < IM

im

If y

00|
5l

im

1f

If

i

—

>

im 1-o
~n 1 — 1 +y) im -1
o L y(l Otlm)
Aim a, —(l+on
(1 + y)
0Lim y
.05
Aim [ 1+ alm) . 1+ aim) 2+ aim)
2 aim y i__ 3 y 12
A+e) @+a ) Gtoyy) 3
y
60
(l+a)(2+(x)(3+a)(4+a,) 4
im y
360
(1 +a (1+a)(2+0L
-(1 + 0o, )
Aim Zim im 1 2 vy o+ 6
(1+a )(2+a1m) (3+o¢im 3
24
(1 + aim) (2 + aim) (3 +a, ) (4 + aim) y4
120 -
1 1
* - —
Ej E Eim o Z Eim
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a. 1If Ej / (5? T(j)) > g , go to E.

RN
B /@ ) < e

pwr
Set E, = 0.0
J
Go to E.
=* (i)
b. If ‘Ej - Ej-ll /(Pj ™7y > epwr’ go to E
=* i)
1f (E, - E. P. T < €
’ J J-lf /< i ) < pwr
Set E, = E,
h| j-1
Go to E.

Delayed Neutron Precursor Concentration

. . ok . . .
S R SR S~ LR SRS A DS b
i i i i i i
Average Power
- I I A -a
.k * —_ % .
1. P, =P, + E, Y E,. o+ P ) = a, =@
j 3 3 . im o . a, im
\\ i=1 i=1 im
TN
(a +t+T )_a' ; & C here C =8 6x10—10
o im ‘ h W h .
- /)
2 P = P + " E, - E
3 o G % 5-1)
Go to H.

By linear interpolation find
Pj as a function of T

. \} . 1
PI:atlo - f(P?atlo’ T, T)
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1 : 1
where P ?atlo and T are input values.
p* = p_ /8.6x1071°

o o
* * i
p. = p. x pRatic
h| o h|
* -
p. = P (8.6x1071%)
J J
P, = (P, , +P)/2
h] ( j-1 j>
End of POWD
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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 2

A. By linear interpolation, find coolant velocity for the average channel and
core inlet temperature.

&) _ A ! A o .
Gc,k=l = f (Gc, T , T) where GC and T are input.
. . -
Tinlet(Jl f (TZIT, T‘IT, T) where T:IT & TFIT are inputs.

B. By linear interpolation, find dynamic viscosity of the coolant for

1 <k <K

(-1 _ ' EsD,

Mok (> T o,k

s S

C. Calculate Reynolds number for all channels

&) _ (D
Nek=1 = Cclk=1 P
(3)
Mo k=1

for 2 <k <3

(1) _ ~0G-D
"ok T Sk Py
(3-1)
uc,k
If N = 0.0, set G(j) and G(j) equal to 0.0 and go to H.
R,k=1 ’ c, k=2 c, k=3
If # 0.0, continue

Np k=1




E.

Compute pressure dron.

el
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It N COMP . then
R, k-1 N
. (i)~
SPTLN R i (c“'him— + 8
o Ne)) N (=D PR k=1
pLk=1 n Yek=1
Co to E.
If N(i) Y C@MP, then
r, k=1 ’
(1 2
. 2 ()
2‘:”)(1) - _C_..— t .ilkl_ + BWR,k=1
o) ye Py G-D
R, k=1 ¢, k=1
o to I,

< CPMP, go to F

(1)
If Nph

A3 "D '
If NR,k CAM™, oo to €

I

'

C

. 2
(C(J) )

c,k=1
inlet(i-1)

(o

+

Laminar Flow. Calculate the velocity of the coolant for 2k K
1. Iflin’l\ =0
(i) (i-1) 2
¢ =
c.k c,k Py (2g AP)(j)
64 l|(1'~1) 2
e,
Go to G.
5
2 If nmR,k 40 N
- _ , . . o .
. 32 U(] ) Oinlet(1 Doy, u(1 D, pinlet(1 IBN (Qu/\P)(‘). inlet(31)
F(J) - c,k t c c,k 't ¢ )k c
‘e, k 2 B (i=1) 2 (i-1)
Py PR o0k Vi Bk ek 7 PR .k
Go to H.
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G. Turbulent Flow. Calculate the velocity of the coolant for 2 <k <K

1. 1If BQR,k =0
[ — 1
2-e
(1+e) (3-1)
G(j) _ (25 4P) DH pqik -
c,k (j-1),e
LiZt (“c,k )
»
Go to H.
2, If BﬂR,k #0
a Al = 2g AP
_ (3-1),°
b AZ € Zt (Uc,k )
(j-1). l+e
Dc,k DH
c A3 = B¢R Kk
inlet(j-1)
°c
(»
Iterate for value of GC K «

= o)
d. Let G0 = Gc,k=l

e. For 1 <R <10

i 1
R ; -e
”q Ay (Gpy)  + 4y
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g. If (G, -G

R R-1 > ,0001 and R < 10, return to e

h. If |G, - G

R R-1

> .0001 and R > 10, error

H. End of INFL@W
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SUBROUTINE C@PH

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

>
Find average heat generation rates based on calculated average power
for this time step
for 1 <m <M

=(1) 5
L Oe,m,k (OU)e,m,k Pj

=3 - 5
2. Oc,m,k = (OU)c,m,k Pj

=(1) _ =
3. 0s,m,k B (OU)s,m,k Pj

._.;) —

< =
4 Ou,m,k (OU)u,m,k Pj
() ‘

—(3 _ —
5, of’m’k (OU)f,m’k Pj

=1 - 5
6. 0 < LT 1<n<N
Coolant Temperatures and Properties.
1. 1Inlet temperature whenm = 1 and j = 1; if § =1, calculate C

coolant 7’ m,k
oin(3) - pinlet(3)
c,m,k c
6coolant = 0, go to B.2
if écoolant =1
- (o) in(o) 1 -
Cm,k - (Tc,m,k Tc,m,k) y a
a -
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Coolant nodal temperatures for 1 <m <M

a. 1if 8 = 0:
c
(j) _ (j -1) " (.‘])
cmk— cmk G- (jl)
(pCA +p,mk cmkA +pCV +pCV)
=(3) =(3) 7@
< Qc,m,k Ac + 0s ,m,k Vs u m,k Vu
G-1) _ =(-1) c(3-1)
Y TNmk " Teimk ek Ae (Ot G-D(=1) _0ut(-D(3-1))
- kT -1,k k
DEN@M (s2)_ ek Comk Te,m ‘cm,
h DENgM =| ¢ ;h: Q(J)
where It 1 £om,k Of
[ *(3- 1) (J) =(3)
L2k 20 Rgh Uk Ae* Tnk Re
R
In £
1 . h
(j-1) (G-1)
TR, * R C 0 2w K
Go to B.3
b. If dc # 0 ., check coolant: If dcoolant # 0, go to C
A= L3 If écoolant = 0, continue
(J - G-D
c m,k c,m.k
v G
s s @G-D | 5G-D)y
1 d s,m,k c,m,k
A < =
B = ci{ (-1 >
k
c,m,k s
C = v G
W 2D L FU-D,
/ 1 d u,m,k c m,k
A " L
cl (*—l)) X
Y em,k u
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(j-1) =(j-1)
Ta,m,k - Tc,m,k
D =
R .
E
in r
Ac 1 + a
(G-1) 27 K
2w RE hc,m,k €
U= LD
E = c,k (TOut(j-l)_ TOut(j—l) )
(3-1) c,m,k c,m-1,k
(Az)m Dc,m,k
=(3)
F = Vu Qu,m,k
A
c
=(3)
G = Vs Qs,m,k
A
c

(1) and Gs $0, Gu# 0

- N

+A /Lﬁ(j) + B+C+D}’\—E

G _ .3G-D
T T c,m,k

c,m,k c,m,k
(2) and GS # 0, Cu =0

T(j) = T(j'l) + A \ja(j) +B+F+D\ -E
c,m,k c,m,k . c,m,k I

(3) and G_ = 0, G # 0

c,m,k c,m,k c,m,k I

. , (s
T3 o 3D +AX0(J) +c+c+DX -E

(A)andGs=O,G =0

u
: R
(1 - -1 (3 _
TC,m,k— B Tcsm’k *A Oc’mak FEHEHD } E

-

3. 1Inlet and Outlet Temperature for Each Section

1 <m<M
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in(3) - in(j-1) i) (G-
Tc,m,k h Tc,m,k + (Tc,m,k Te ,m,k )
out(j)  _ Out (3-1) ®H (G-
Tc,m,k - c,m,k + (Tc,m,k c ,m,k )

Core Outlet Temnerature

Out(J) - TOut(j)
c k c,M,k
Average Temperature of the Coolant
form <1 <M
=(3) Tln(J) Tln(J)

= -+
Tc,m,k c,m,k c,m+l, k

Average Coolant Temperature

M
=(3)
mz Tc,m,k (Az)m

T3
c,k
L (z)
m=1
() (1 (3 (1 . ) .
Calculate pc,m,k R Cc,m,k’ Kc’m,kand u m,k by linear interpolation.
Coolant Heat Transfer Coefficients
for 1 <m <M
a. Structure-to-Coolant
DN
e /By s\ D
i) _ c m,k + B c k Heom,k c ,m,k
Bem,k N Ay CHNE) D)
HT N c m,k c,m,k
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b. Clad-Coolant (For Lumped System)

*(3)
hc,m,k

§
~
—~
-
~—
P
+
O
jas]
=]
o
jav}
—
D
0O~
b
L
==t
=
0~
| PR
8 ~
P
~
@]
[e N
e (s
g~
,x‘/
Z
o
Leo ]
%

c. Clad-Coolant (For Non-lumped System)

=(3-1)
. . - + 460
C I IC) cym,k
c,m,k c,m.k

(3-1)
+
TE’m‘k 460

d. Coefficient for Hot Spot Channel

If k < 3, to to C
If k = 3-

If ¢§ =0, go to C

If T > T , set h = h
c,m

If T < TBOll, continue

B
> T urnout’ set h = h

T E c,m,3 c,3

go to C

Burnout .
If TE,m,B < TE , continue

e 73, qVapor

1,m,3 2 ¢ , set hc = h

,m,3 c,3

Vapor (&) _ (3)
i Tl,m,3 ) Tf ? hc.m,3 hc,m,3




c.

D.
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Structure Temperature

1. IfG6_=0o0r & =20
s c

(3 _ =(H
Ts,m,k - Tc,m,k
Go to D.
2. If G #0, 8 =1
s c

for 1<m < M

() - -1 T - =(3)
Ts,m,k Ts,m,k + p C Qs,m,k
s s |
G .
+ =] (T(J_l)
1 ds c,m,k
B ) + —
(-1
c,m,k K,

Added Material Temperature

It
o

1. 1I£ 6
u

for 1 <m <M

(1 -
Tymk = 00

Go to E.

2, If G
u

i
o
o
=
>

0

I
o
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3. If & 4 0.0 and § =1 )
u c

. . () s
() (-1 T =(3)
Tomk = Tumk ¥ 57T Womx ¥
u u .
G .
u FG-D PGy
c,m,k u,m,k
1 u
G- T
c,m,k u
E. Clad Temveratures
1. 12§ = 0 go to E.2 *

If ¢ #0 o to E.3

(!
-

-5~
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3. Temperature of the middle of the clad.

for 1 <m < M

) (3~ T =(3)
T - = T + s — o A
m, k
a,m, aamak pe Ce Ae E.m,k e
(-1 G-1)
. (TN,m,k - Ta,m,k
R R
ln-—-Zi in £
R 1 T
e . n
27 K G-1) (-1)
L
e (Rf+Re) Cg,m,k) 2n Kn,m,k
(-1 (G-1)
(Ta,m,k B Tc,m,k
R..
In RE
e 1
+
2m K

(j-1)
© m RL hC,m,k

4. Average Clad Temperature When éc # 0

for 1 <m <M

=(3) _ (i

Te,m,k . Ta>rn,k

If écoolant =0, go to G
If Gcoolant # 0, go to F

F. Coolant Temperatures (when § = 1 and éc + 0)

coolant
Conl = —i 1
A
¢ R..
In —L
1 Ry
+

G-1) 27 K

2
2m RE hc,m,k e



Con

Con

Con

Con
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2 = v n
s s
A 1
c -D + EE
c,m,k K '
s
3 = Vu Gu
A i a, )
(3-1) = )
c,m,k “u
. ()
L = .
N js Qs,m,k
A
c
- (1H
3 Vu Qu,m,k
A
c
- L(3-1)  (G-1)
6 = YcLk ?E;m;k
[N
If 5 # O0Oand G # 0
s u
3 _ gy, ) (1 1 -
Tc,m,k = [{Con 1) T + (Con 2) Ts,m,k + (Con 3) Tu,m,k (Con 6)
a,m,k
(© _ TOUt(f) ) L O(i) ] /(Con1l + Con 2 + Con 3 + Con 6)
m,k ~ Tec,m-1,k c,m,k
Go to F.5
If G # 0 and G =0
s u
(i _ (N ay m(3) - _out(3)
Tc,m,k = [(Con 1) Ta,m,k + (Ccn 2) Tk + Con 5~ Con 6 (Cm,k Tc,m—l,k)
(i) N
+n ] / (Con 1 + Con 2 Con 6)
c,m,k
Go to F.5
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3. If Gu # 0 and GS =0
EJ; . = [(con1) Tgf;,k + Con 4 + (Con 3) Tif;’k S R Tzf;Eizk)
con @-* O( ] / (Con 1 + Con 3 + Con 6)
Go to F.5

4, If G -~ 0and G =0
s u

(1)

c,m,k

(1)
[(Con 1) Ta,m,k

Out ()
+ C 4 + C 5—-¢C 6 -
on on on (Cm,k Tc,m—l,k

éji J / Con 1 + on 6)

In(j) TOut(J) 7() Lout(9) - =(3)

3. Calculate T c,m,k> “ec,m,k’ c m,k* "¢,k c k

coolant properties, and coolant heat transfer coefficients as

specified in Section C.3 through C.8.

Then go to G.

Fuel Boundary Node (n=N)
for GC # 0:

for 1 <m <M

(-1
2w K
OIS SR AL P D N-1,m,k
N,m,k N,m,k (-1) < N,m,k "N (LN)
PfLNJ A N-1
G- 10G-D )
(-1 =10 N,m,k a m, k
N 1,m,k N m, k R R &
f a
n - n T
N . 1 . e
G-1) (3-1 2m K
2w KN,m,k n(R +R ) Cg m, k e )
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for S =20
¢
- (n
L(J) - (_') l) . 6 (J) A
bk (3-1) Nom, kA
or CNomk AN
. . 3
2q k371 ) (;(3_1) i T(J )
b N-Im ko ((5-1) +G-1) Nom, k comk
N'lxm:k B N,m,k -
Ny T DENPM
where
R
E
G) n gl o=
DENﬂM = f’m’k f e,m,k e e . 1
i 2w K G-1)
RN € Zm Ry hc:,m,k
R
&n ;i
+ 1 . N
(-1) (3-1)
R -
T\'(Rf+ e) Cg,m,k 2w l\N,m,k
for 1 <m >M
elt
If EN,m,k > T? go to G.2
Melt
1f EN,m,k < Tf go to G.1
N _ (i)
1 TNymak B EN,m,k
o fo &3 Melt . Melt
) Melt L — S DS ) _ B
2. IfE > T Melt ° N,m,k N,m,k Melt
Nom,k £ pgC pgC
Go to G.3
Melt
&) Melt B (1 _ oMelt
B STt ere FeTe Ty = Tt
£

3. End of loop on m.

H. Fuel Boundarv Temperatures
1. If & = 0 go to H.2

If 5c # 0 go to H.3
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. =(ji-1)
(i-1) (3-1) T~
2Ry mLk TNm, k —c.m.k _—
- A = + RE l
Re ol-Dy 4pli-1), o g= ]
LN o f,?,klg e,m,k e e " ( ) + 1 ( )
N i *(j-1 j-1
0f,m,k Af 2n Ke 2 Rehc, Wk H(]?eﬁzf)(:,c_v,,xr1,l<
Zfﬂ((jnl)
B = Nym,k - 1 —
‘ R RE |
R SRS VL 1
N _f,m, ,m, e e ‘+
(3-1) an pr(i-1) (-1
of’m,k A 21 K 2iR D cm, k (R +R.) cg’m,k
] Y
1H
T = A
f,m,k B
Go to H.4
3.1 Clad outer surface temperature
for 1 <m > M
,
. ()
K T . .
e a,m,k () =)
——2—— + R, h T
E ¢,m,k c,mk
‘ R
E
In =
. R
(1) - 2
E,m,k K
R h(J) + €
E ¢,m,k
R..
in —E
R
a

3.2 Iterative loop for outer fuel and inner clad surface temperatures.

a. T'ézi,k = T%:;,k (initial guess)
2 K
(Re+R ) (5-1) () “ e .
f e’ C T' + —— . (])
g,mk  f,mk R Taim,x
n Ei
b T(J) - e
e,m,k > K
¢ L(3-1)
- + (Rf+Re) Cg,m,k
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N,m,k N,m,k (-1 ,(G-1)
Rf * (Rf+Re) Lg,m,k 1e,m,]\
Ql]r—
e, 1)L n
’ f,m,k
2k (271 O-D)
sM, K J-
Rf * (Rf+Re) Lg,m,k
Rnr——

N
Go to b, Repeat 10 times.

Continue

(1) Melt -
4. If TN,m,k< Tf , 80 to H.5

If TSJ; > Igelt, go to H.7
Ny Ly A

] ) »
5. 1If Tf(i)k < T?Elt, go to (.6

's
(GD) R TMelt

Tk 2T

Set T = T

=3
L
1
1

(@) _ (i
Eemik = Teak

Continue

I, Conductivity and Specific Heat for Fuel Node n = N, for 1 <m <M
if ék > 0, go to 1.4

() (1)
T + T
N,m,k f,m,k . T?elt go to 1.3

1. If
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RO
1f TNy, k famk T?elt go to I.2
2
[—_ //<J) b 1@
3) _ Melt f,m,k N,m,
2. Kymk = K¢ L < 2
< <j> 2
f,m,k N m,k Fhkk
go to 5
1) (J)
T +
R f,m,k N m,k
i) _ 0) (1 —= =2
R K + K )
(J) (J)
N e Tem,k m,k -
1 _ ! ! (J) (j)
b Kyma = F Ry To T Ty, k)
2
(j) _ ! ! (i)
5. Cymkx = F Cp Ten Ty )
Continue

Temperature, Conductivity, and Heat Transfer Coefficient for Fuel Nodes
n=1, N-1,

If N=1go to b.1.1 if Ro = 0.0, otherwise b.,2.1.
If N > 1 tlean

for 1 <m
for n -1, N -1

set n = N -1 (i.e., n=N-1, N-2, . . . 1)

1. Temperature

a. for 2 < n < N-1:
C) €T D I LA £/ BN
n,m,k n ,m,k C(j—l) A n,m,k n
pf n,m,k n
(3-1) (3-1)
Gl S 00T S C IS SN € 15 N 0 W
+ n-1l,m,k n,m,k
aw__, )
G- G-1 1
(T n,m,k Tn+l,m,k)
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.1 For R = 0.0, n=1
o
. =(3)
. . A . . .
LG) G, YD Gomk M, G ((GRD L GD)
n,m,k n,m,k G-1) 2 0,m,k 0,m,k n,m,k
Pe Cn,m,k An
(G-1)
2m K . .
n,m,k (G-1) _ LG-1)
- I mk ~ Tnsl m,k
(LN) 3 s’ E] s
n
.2 For R = 0.0,n = 0.
o
; =(j)
. . A . . .
(G) LG, 9 WM, G-D (G- G-
0,m,k 0,m,k (5-1) (A1 ) o,m,k \"0,m,k 1,m,k
C J- ) .
Pg 0,m,k
2
Go to c.
.1 For RO # 0.0, n=1.
G . _ _ « O) ~(5) 2, 0
Em,m,k = (Eq. for Ro = 0.0, n=1) + - Qn,m,k 2w R, n e
o C(J'l) A 0.
f n,m,k 'n
.2 For R0 # 0.0, n=0.
() _ _ ) =(3) 2, 1
Ejim,k = (Ba- for Ry = 0.0, n = 0) - —————s Q77 | 27 RJ 40 =
o -1 L o
f o,m,k \2
g g9 s el oo il
n,m,k f
&) Melt
If En,m,k :_Tf go to J.1l.d
(6] )
Tn,m,k - En,m,k
Go to J.1l.h
Melt
(1) Melt B
1f En,m,k > Tf + —~——p CMelt go to J,1.f
£
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BMelt

&) elt B
If En o,k < < T? + Melt go to J.l.g
ofC
Melt
P G ) R ¢
: n m,k n ,m,k Melt
peC
Go to J.1l.h
(j) - elt
& n ,m,k T?
if dk > 0, go toJ.2.c, otherwise contine
(3 + 73
h. If n+1 m,k "n am,k > T?elt go to J.2.a
2
@ . @
1 ~otl.m.k Tamk T}fielt go to J.2.b
2
2. TFuel Conductivity for Fuel Nodes n = 0, N-1
R — (D . @
i) _ Melt i n+1 Lk n m,k
a. n nk - Kf | 1+ BK 3
[ S——
/T (1) + 7@ __1
" CK \n+le Lk : n,m,k Fhkk
go to J.3 _
) (J) + @®
b, ) g L @O Totl,m,k Tn,m,k
n,m,k \
; o 2
/o : )
p(3) + @
. K(2) n+l,m,k ; n m,k Fhk%
go to J.3
g3 _ ! "D (J)
e Ky ;m,k f (Kf’ o T n+l,m,k v TALALk
2
Continue



GEAP-5273

3. Specific Heat for Fuel Nodes n=1, N-1 \d
(GD] Melt
a. If Tn,m,k > T
C(j) - CMelt .
n,m,k
Go to J.4
1
() Melt
bo If TS0 < T
(1 - ot ()
Cn,m!k - 7( (Cf’ Tf’ n,m,k)

4. End of Loop on m.

K. Clad-surface Heat Flux
for 1 <m <M
1f 6(: =0, gotolL.1

If dc # 0, go to L.2
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1
3 _,.G-D (j -1)
L. Qh,m,k—(Tf,m,k c,m, k) / Re
QU-1) 4 2 R Retnm
£,k Of E . e 1
(3-1) (-1, \.G-D T*(3-1)
Qf,m kAf+Qe ,m k e Cg m, k(R R ) ke hc,m,k
/
Go to M.
2. Q) o LGD G-D 5=y
' h m,k c m,k E,m,k c m,k

Average Fuel Temperature

)
—(J) _ z Tn ,m,k n
f ,mk
Ag

Fuel-Clad Gap, Conductivity and Heat Transfer Coeffic