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ABSTRACT

FPRE-2M is a coupled thermal-hydraulics point-kinetics digital computer code
designed to calculate significant reactor core parameters under steady state
conditions or as functions of tiwe during transients. Variable inlet coolant
flow rate and temperature are considered. The code calculates the reactor
power, the individual reactivity feedbacks, and the temperature of coolant,
cladding, fuel, structure, and additional material for up to seven axial
positions. yarious Plant protection System trip functions can be simulated,
and the control rod shutdown worth prescribed as 2 function of time from the
trip signal. By specifying appropriate hot channel/hot spot factors, the
transient behavior of an average, peak and hot fuel rod can be analyzed. The
heat of fusion accompanying fuel melting and the spatial/time variation of the
fuel-cladding gap coefficient (e.g., due to changes in gap size) are
considered. The feedback reactivity includes contributions due to the Doppler
effect, coolant density changes and dimensional changes (includes bowing and
radial expansion). FPRE-2M is vaiid while the core retains its initial
geometry.

The original FERE-1] computer model(‘) was renamed FPRE-2M following the
incorporation of several major changes which were made to the program.
Since then, additional modifications have been made to the FPRE-2M model.
These include updated modeling of gap conducicance heat transfer, changes
affecting material properties, modifications in transient coolant flow
characteristics, cimulation of inter- and intra-assembly flow and heat
redistribution, reactivity feedback and decay heat modifications, mode]
changes to allow for alternate fuel rod characteristics, program corrections
and program improvements to provide user flexibility. These changes are
described in this supplementary manual. The required input variables
associated with these changes are also presented.
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1.0 INTRODUCTION

The purpose of this report is to describe changes which have recently been
made to the FPRE-2M computer program. These changes were made to incorporate
additiona) models and/or to provide a greater degree of flexibility to the
user of the program and, in general, do not affect the basic models and
calculation methods. The information contained in the original FPRE-11
docmnent(l) and in the subsequent document(z) which described early
modifications to program is therefore still applicable.

Revisions which have been made to the program cover a wide variety of
subjects. To facilitate locating changes related to 2 specific topic, the
discussions of the modifications have been grouped into several major
cateqories. fach of these categories comprises a separate section of this
report. For example, there is 2 section dealing with gap conductance heat
trancfer (Section 3) in which ceveral modifications related to this subject
have been grouped. Likewise, there are separate sections dealing with changes
to material properties, coolant flow characteristics, reactivity feedback,
etc. (Sections 4 to 8).

Other changes described in the report (Section 9) deal with corrections to
programming errors Or revisions in the derivation of basic equations. These
errors were generally conservative in nature and did not have an appreciable

impact on the calculations.

several of the modifications made to the FPRE-2M program have been included in
provide the user with a greater degree of freedom in manipulating the output
from the program or for making input modifications during the course of the
transient without resorting to the stop and RESTART option. These changes are

described in Section 10.

Section 2.0 of the report lists all of the input data variables which have
peen affected by the modifications. Appendix A of the report is the complete
irput data list. Thare are on the order of 1700-1800 separate input variables
available for the FPRE-2M program. Wh.le these many input variables may
appear to offer an impossible task to the user in setting up 3 problem, it




should be noted that a typical problem uses only a fraction of these
variables. The large number of input variable available results from the many
possible optione contained in the program. Once a base deck has been
established which describes the geometry of the reactor being considered, only
a few variables are changed each time 2 different type of transient is studied.

Another factor which reduces the number of input variables actually required
for a given problem is that any zero values need not be specified. Since the
input storage locations are all automatically set equal to zero at the start
of the problem, only non-zero inputs need be listed. Therefore, although the
input data list appears formidable at first glance, the frequent user of the
program will soon discover that the amount of input data actually required for
a given problem is quite manageable.

0243E-58E:2 2
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2.0 INPUT VARIABLES AFFECTEY BY PROGRAM MODIF ICATIONS

This section contains a list and brief description of all the input variables
which have been affected by the modifications to the FPRE-2M program. B
complete listing of all input variables is contained in Appendix A. As noted
in the INTRODUCTION of this report, the amount of input data actually required
for a specific case is generally much smaller than would be indicated by the
number of possible input variables which are available. This {s pecause there
is a rather wide range of options in the FPRE-2M program, many of which will
not be used for any given problem.

A complete descrip.icn of the model changes which have affected the variables
listed on Table 1 1§ given in Sections 3 through 10.

0243F -58€ : 2 3
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Input
Number

20

e

3

32

58

357

358

g27-847

B84b

849-855

8506

857
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TABLE 1

INPUT VARIABLES AFFECTED BY MODEL CHANGES

Input

variable

égap

8k

s8p

EMISF

EMISC

TSWAP

ALTPEW(HM)

TJACK

PJACK

pescription of Change

Several new options on variable gap conductance
have been added.

A new option (&=3) on “fuel"™ thermal
conductivity has been added to cover the analysis
of B4C control S?ds and a new Pu-U07 egquation
from 110-26666(3) has been added (6k=4).

Option for ¢imulating inter- and intra-assembly
flow and heat redistribution (8g=1).

Option on number of alternate power shapes. (1f
=1, an alternate axial power shape is supplied
for Channel 3; Input 8182)

A new option (sap=-2) has been added which
allows individual flow coastdown to be specified
for each channel.

A new variable, emissivity of the fuel, has been
added.

A new variable, emissivity of the cladding, has
been added.

1f the new input 20 option (& ,p=2) is used,

the axial correction factors On gap conductance
are now re.d in as the actual gap conductance in
Btu/hr-£t€-0F.,

New option on changing axial power shape during
problem. TSWAP is time (in seconds) at which
alternate axial power shape (INPUT 849-855)
becomes effective.

Alternate power factor for axial sections 1
through 7 (see Section 10.1 of the text).

New option on changing printout time. TJACK is
time (in seconds) at which PJACK (INPUT 857)
pecomes effective.

For time equal to or greater than TJACK (INPUT
856), this parameter becomes the maximum time
between printouts in place of PMAX (INPUT 71).



Input
Number

948-954
955-961
Y6 -968

969

970-976
1181-1187
1188-1194

7768

7769

7700
777
7772-71781

7782

7783

7784

7785

7786

7787

Input
variable

RGAP(M,1)
RGAP(M,?2
RGAP(M,3

g (69)

FCON(M,Y)
FCBN(M,2)
FCYN(M,3)

IXIND

XRACL

XRACD
XRACS
XRAND

(up to 10
values)

XRAVDR

XVEST
Xven T

XDIHY

XDHT

XDIST

TABLE 1 (Continued)

Description of Change

If the new Input 20 options are used, axial
variations in radial gap size may be specified in
inches (see Table 2).

Option indicator on fuel conductivity hot channel
factor. If @E(69) > 0.0, axial variations in

hot rhannel factors on fuel conductivity will be
used.

If Input 969 is greater than zero, axial
variations in the hot channe)l factor on fuel
conductivity are specified (default value is 1.0).

Option for alternate geometry for Channel 3. If
1XIND=1, Inputs 7769 through 7790 and 8190 through
8206 must be supplied.*

Equivalent radius of coolant for alternate
geometry.

Cladding inner radius for alternate geometry.
Cladding outer radius for alternate geometry.

Outer radius of fuel nodes n for alternate
geometry; 1 <n < NMAX.

Radius of the central void for alternate geometry

Volume of structure per unit length for alternate
geometry.

Volume of additional material per unit volume for
alternate geometry.

Hydraulic diameter for alternate geometry.

Appropriate hydrauiic diameter for calculating
coolant heat transfer for alternate geometry.

Characteristic structura’ dimension for alternate
geometry.

A geom?tsic dimensions are in the same units as used in original FPRE-11

program-* 1

5131A-603A:2
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Input
Number

7788

7789

7790

7791-7797

7798

7799

7800-7819

7820-7839

7840-7859

7860-7879

7880-7899
7900-7919

Input

yariable

XDIMT
X6ST

XGMT
Pom
IFEEB

1PUMP

TIMEZ

(up to 20
values)

GPEAK

(up to 20
values)

GHET

(up to 20
values)

(6/65)
(up {8 }0
values)

(6/64n)2

6/Gin)
tup {8 30
values)

TABLE 1 (L tinued)

Description of Change

Characteristic structural dimension for alternate
geometry.

Structure surface-to-volume ratio of alternate
geometry.

pgditional material surface-to-vo\ume ratio for
alternate geometry.

Axial variation in hot spot factor on heat
generation for the alternate power shape in
Channel 3 (Inputs 8182-8188)*

Option on alternate Doppler and coolant density
reactivity feedback. § IFEEB=1, inputs 8140 to
8160 and 8161 to 8181 must be supplied).

Option on pump trip. If 1puMp=1, flow coastdowns
begi? at time of scram plus pump delay (Input
8189).

Table of times (seconds) for flow coast-down
values for Channel 2 and Channel 3 (Inputs
7320-7839 and 7840-7859). First value must be
equal to 0.0.

Normalized values of flow coastdown for Channel 2
corresponding to values of TIMEZ.

Normalized values of flow coastdown for Channel 3
corresponding to values of TIMEZ.

values of local flow rate in axial Section 1 of
Channel 3 relative to inlet flow of Channel 3
Values correspoind to times specified in TIMEZ
(Input 7800-7819)

Same as 7860-7879 but for axial Section 2

Same as 7860-7879 but for axial Section 3

F17 any value of Pom is equal to zero, a value of 1.0 will be used.

5131A-603A:2
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Input
Number

7920-7939
1940-7959
7960-7979
7980-7999
8000-8019

8020-8039
8040-8059
8060-8079
8080-8099
8100-8119
8120-8139
8140-8146

§147-8153
8154-8160

8161-8167

8168-8174
8175-8181
8182-8188

8189

8190

5131A-603A:2
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Input

variable

(G/Gin)l
(6/Ginls
(6/6in)e
(6/6in)7

QEXS (up to

20 values)

FUMP (M, 1)

FUBP(M,2)
FOgP(M,3)
COFBK(M,1)

CAFBK(M,2)
CEFEK(M,3)
XPPWR (M)

TPUMP

XRHOH L

TABLE 1 (Continued)

Description of Change

(As above but for Section 4)

(As above but for Section 5)

(As above but for Section 6)

(As above but for Section 7)

Excess energy (BTU/sec) supplied to axial Section 1
of Channel 3. Values correspond to times
specified in TIMEZ (Inputs 7800-7819)

(As above but for Section 2)

(As above but for Section 3)

(As above but for Section 4)

(As above but for Section 5)

(As above but for Section 6)

(As above but for Section 7)

Alternate Doppler coefficient for Charnel 1 axial
Section 1 to 7

(As above for Channel 2)
(As above for Channel 3)

Alternate coolant density reactivity feedback
coefficient for Channel 1, Axial Section 1 to 7

(As above for Channel 2)
(As above for Channel 3)

Alternate axial power shape for Channel 3.
(1 < M < MMAX)

Pump trip delay (seconds); value added to scram
time to determine flow coastdown if IPUMP = 1

Density of fuel (\bs/ft3) for alternate geometry



Input
Number

8191
8192
8193
8194
8195-8201
8202
8203
8204
8205

8206

8207

8208

§209-8211

8212-8231

8232-8251

8252-8271

5131A-603A:2
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Input

yariable

XL1Q
XSpL1D
XCAH
ACBH
XCCH(M)
XCHM
XCNH
XCRH
XRHZ1

XRHE2

IDECAY

IREG

FREG(K)

TOECAY
(up to 20
values)

PDLCAY(1)
(up to 20
values)

PDECAY(2)
(up to 20
values)

TABLE 1 (Continued)

pescription of Change

Liquidus temperature for alternate geometry

Solidus temperature for alternate geometry

Constants used in coolant heat transfer coefficient
equation (see Inputs 321 to 332, Appendix A)

Fractional density of as-manuf actured fuel for
alternate geometry

Fractional density of sintered fuel for alternate
geometry

Option for alternate decay heat model (IDECAY=1)

Option of using core or Channel K as reactor power
indicator. If IREG=0, core average power is used;
if IREG=K, Channel K power is used. (K=1, 2 or 3).

Fractionai power of reactor associated with
regions corresponding to Channels 1, 2 and 3.

4
Facr(K)=1.0
REG
&

Times (seconds) at which decay heat for individual
channels will be specified

Fraction of power attributed to decay heat for
Channel 1 for times corresponding to TDECAY.

Decay power values for Channel 2.



Input
Number

8272-8291

8282

8293-8312

8313-8332

8333

8334

8335

8336

8337

8338

8339

——————————————

Input

variable

PDECAY(3)
(up to 20
values)
I1XCp
XCPFIT
(up to 20
values)
XTEMP

(up to 20
values)

ISPEC

IREX

ISTART

1PRUP

1PLET

1 TMAX

1CPF

*See Section 7.4.

5131A-603A:2
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TABLE 1 (Continued)

Description of Change

Decay power values for Channel 3.

Channel to which alternate specific heat of fuel
applies.

Alternate fuel specific heat table (Btu/1b-oF).

Temperature (OF) corresponding to alternate
specific hea* table.

Option for selecting special reactivity feedback
subroutine.*

Index to determine which channel (i.e., 1, 2 or 3)
will be used with Inputs 165 and 320.

Indicator for start of decay heat curves (Inputs
8232 to 8291). If ISTART=0, time is measured from
steady state (1=0). 1f ISTART=1, time is
measured from point of scram.

Option for using curve fit of sodium properties:

IPREP=1 use curve fit
1PR@P=0 use tabular data

Option for storage of data on TAPE 2 for

subsequent use with a plotting routine.
selected data will be written on TAPE 2.)

(1PLAT=1,

Option for searching for maximum value of certain
critical parameters. (ITMAX=1, 2 or 3 depending
on which channel is of interest.)

Option for using curve fit of fuel specific heat:
ICPF=1 use curve fit
ICPF=0 use tabular properties
Note: If ICPF=1, INPUTS 8340 through 8345 must be
specified.



TABLE 1 (Continued)

Input Input

Number variable Description of Change

8440 A(Cp)¢ Constants used in curve fit of fuel specific heat

8ad) BC,)¢ Cp = A+ BT ¢ 4 0o 4 T

8442 C(Cp)f where T is in OF.

g443 D(Cp)f

g44a E(Cp)f

8445 F(Cp)f Effective heat capacity of fuel between the
solidus and liquidus temperatures.

§131A-603A:2 10
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One very important factor in calculating the steady state and transient fuel
temperatures 1s the determination of the conductance and evaluation of the
resulting heat transfer coefficient for the fuel/cladding 9ap. In FORE-2M,
two options for calculating heat transfer across the fuel-cladding gap were
available. For the first of these (Input 20 = 0), the user specified a single
valuve of gap conductance for the average channel which remained invariant
throughout the transient. [Input multipliers on this constant value were
available (Input 355 and 359) to alter the values for the hot and peak
channels. These values also remain constant throughout the transient.
Likewise, this option allowed fixed, but axtally varying, 9ap conductance
values to be tnput to all three channels via Input 827 to 847 ).

for the second of the two options (Input 20=1), a variable gap conductance
ts calculated based upon the local gap conditions existing at every point in
the transient. This model(l) was based upon the work of Ross and

Stoute(d). The local gap coeffictent for each position 1s calculated by:

= . **
Hgap (Hcont . Hcond) f
where:
Hgap s the overall gap conductance
Heont ts the portion attributed to so11d-to-so11d conduction
Hcond is the portion attributed to gap g9as conduction
and F** ts the channel multiplier on gap conductance
(Fex = 1.0 for average channel;
far = Input 359 for peak channel; and
Fa* = Input 355 for hot channel.)

11



gap conductance are calculated as follows:

The individual components of the

H . Km Pc
cont Qo 5’_ '

3

H d i + ( -

cond &, * (9¢ 9.)
where K 1s the harmonic mean thermal conductivity of the fuel (Kl) and
cladding (KZ) defined as:

al to the interference

P {s the contact pressure (proportion
1s zero (no interference),

between fuel and cladding); when P,
the contribution of Hcont is zero.

an experimental constant(a) determined to be approximately

0
0.001 ft}/2,

s the effective roughness of the two surfaces and 1s defined as:

2] 1/2

where 8¢ and Gc are the respective roughnesses (1n feet) of

the fuel and cladding.
Meyers hardness number of the softer material which 1s

v 1s the
(1) taken to be on the order of three times the yleld

usually
strength.*

sReference 5 provides additional information on the selection of values for

this paramaler.

12




uctivity of the gas in the gap and 1is calculated from:

K 1s the cond

2
K =A_+B°T + C 7
) - B9 avg g avg
B_ and C_ are input variables and Tavg 1s the

where Ag'
al temperature of the gap.

average loc

1s the accommodation distance (approx. 3.3 x 10's ft for heltum

(96 * 9
at 1 atmosphere)*
bg 1s the effective radial gap dimension. For a positive gap
69 . Ag + 80 (6f + GC)
and for a zero Qap
Gg = Bo (6f + Gc)
Ag s the calculated hot radial gap
60 is an exper1mentally determined constant which var\es(n) from
2.5 at low interfactal pressure (+1400 psi) to 1.5 at high
interfactal pressures (+£700C pst).
JER—
sReference 5 provides additional informatton on the selection of values for

this parameter.

13 .



3.1 RADIATION HEAT TRANSFER BETWEEN FUEL AND CLADDING

As can be seen from the equations, the Ross and Stoute model neglects radiant
heat transfer across the gap. This is understandable because in their
experiments, the curfaces were in contact and typically measured gap
conductances ranged from 500 to over 5000 8tu/hr-ft2-°F. Figure 1 shows

that for this range of values, the contribution due to radiation is quite
¢mall being on the order of a few percent at most.

When overall gap conductance is relatively low, however, the effect of radiant
heat transfer becomes important and could account for as much as 20 to 50
percent (Figure 2) of the total heat transferred when the overall gap

coefticient is on the order of 100 Btu/hr-ftz-of. Such a situation coulao

occur even with a pure helium atmosphere for large radial gap dimensions
(e.g., 0.015 inches or greater). While dimensions of this magnitude are not
typical of fuel rods, the radial gap size in a boron carbide control rods (see
Section 4.2) could, for example, be in the range where radiation heat transfer
becomes an important factor for reasonably large values of emissivity.* Fuel
rods containing a large percentage of fission gases might also be in the range
where radiant heat transfer could account for ten percent or more of the total
conductance. It was, therefore, considered prudent to modify the Ross and
Stoute moael to account for radiant heat transfer. The resulting equation is:

:(H

"k 4
anp cont F Hcond) d "

RAD

where

HRAD is the radiant heat transfer component and the other terms are

as previously described.

*[t should be noted that while the emissivity of bright stainless steel is on

the order of 0.2 to 0.3, heating of the steel can quickly increase the
emissivity to the 0.6 to 0.7 range (see Reference 6).

5131A-603A: 2
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The contribution to the gap coeffictent which 1s attributed to radiation can
be derived by noting that:

(a/A¢)

Heap =TT, = T

and
4 4
(q/A,) = o F |(T¢ + 460) - (T_ + 460)
f f <

where

q 1s the heat transferred by radiation

Af 1s the surface area of the fuel

o 1s the Stefan-Boltzmann constant

F 1s the emissivity form factor between the fuel and cladding

Tf s the surface temperature of the fuel

Tc {s the inside surface temperature of the cladding
Since the emissivity form factor 1s given by(7)

% F -
F-.-&K- —
5 ¢ \&

the radiant heat transfer coefficient across the fuel/cladding gap can be

written as:

0 [(r + 860) -(T_ + 460) 2 A

HR - f ¢ . I__—fr

AD 1 Af (1- ; ) ¢ - "
€¢ + IZ €c
where the previously undefined symbols are:

€5 the emissivity of the fue.

€. the emissivity of the cladding

A the inside surface area of the cladding

17



The additional factor [ZAf/(Af + Ac)] {s required to normalize the
radiant heat transfer to the mean area of the gap which is the parameter used
in FARE-2M as the reference heat transfer area.

Figures 3, 4, and 5 show some tvpical results obtained with and without
radiant heat transfer for a boron carbide control rod subjected to 2 transient
caused by insertion of the control assembly into the reactor. As can be seen,
the effect of radiant heat transfer has 2 marked impact on the results.
Figure 4, for example, shows that the maximum cladding temperature is reduced
by over 100°F when radiation is included. The extra heat transfer from
radiation (prior to shutdown) decreases the stored heat (i.e., temperature) of

the B,C (see Figure 5) and thus less energy is available to be deposited
into the coolant during the transient.

18
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3.2 Al TERNATE GAP CONDUCTANCE MODEL

In addition to modifying the Ross and Stoute gap conductance model to include
radiant heat transfer (Section 3.1), a new model has also been added to the
FQRE-2M computer program. This option (Input 20 = 2) allows the user to
specify an axial variation in the hot radial gap dimension (Inputs 948-968)
and to specify the overall steady-state gap conductance associated with each
of these input dimensions using Inputs 827 to BAT*.

Since the cteady-state values are specified by the user with this option, the
methed of handling the transient variation in the gap conductance it somewhat
different, a'though quite analogous, to the procedure used in Ross and Stoute
mode!. The basic gap conductance equation is given by

Haap * Heont * Heond * HRAD

(Note that the Fex multiplier is not used in this mode) since individual
values of "gap are specified by the user.)

With the steady-state value of Hga specified, an iterative procedure to
determine the proper steady-state conductance is not required as in the
modified Ross and Stoute model. However, once the initial temperature
distributions have been determined, the steady-state values of Hanp and
Heont (if appropriate) are determined using the same equations as in the
modified Ross and Stoute model. After these two components are subtracted
from the total, the remeaining portion of the steady-state (S.S.) gap
conductance is then assumed to be associated with conduction across the gas

nap. Thus,

(Hcond‘S.S. i Hgap - (Heont * HRAD)S.S.

swhen Input 20 = 2, the gap conductance (Inputs g27-847) are specified in
Btu/hr-ft2.0F; otherwise, Inputs 827 to 847 are dimensionless correction
faclors.
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At any position and at any point in the transient, the gap conductances
associated with Ho.p and H ¢ (1f appropriate) are calculated in the
1dentical manner as in the modified Ross and Stoute model. However, the
portion of the gap conductance attributed to conductance across the gap 1s
found by calculating the ratio between the steady-state and transiant value of
the parameters affecting conduction and multiplying these ratios by the
sleady-state value of H. .. The transient (t) value of the gas

conduction portion of the gap conductance at any position 1s therefore given
by:

s + | + 9 ) K
(Heond't * (Reona's. s " 1g(f =l - R +"'Tjg EXRE
e 9 9 ¢t %
5.5, T

where the nomenclature 1s as defined previously. The difference 1s that the
hot gap calculatton is init1alized using Inputs 948 to 968. The transient hot
qap (Ag) for this option 1s givey by*:

Ag « RAD(M,K) + AC - &F

where

RAD(M,K) 1s the tnput (hot, steady-state value of the radtal gap

dimension.

aC 1s the radial change in cladding dimension due to the change in
average temperature from the steady-state value.

AF 1s the radial change in fuel dimension due to the change in
average fuel temperature from the steady-state value.

The fact that the conduction portion of the gap conductance 1s obtained by the
method described above makes this mode) somewhat empirical in nature.

——————————

*This equation relpaces equations (33) and (34) of Reference 1.
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However , the model will yield the same results as the modified Ross and Stoute
mode| provided the input values of overall gap conductance are in perfect
agreement with the corresponding hot, radial gap dimensions which are
specified for this model. This model provides some additional user
flexibility for evaluating situations which may be considered non-typical of
an idealized fuel rod (e.g., evaluating explicit experimental data where the
apparent gap sizes differ from those expected).

1o demonstrate the application of this new FERE-2M capability, 2 typical
undercooling transient was analyzed for a large diameter, blanket rod. For
this type of oxide rod, the transient release of stored heat affects the
performance characteristics. The power decreases rapidly early in the
transient; however, the heat flux from the cladding remains relatively large.
In fact, the heat flux-to-flow ratio remains greater than 1.0 early in the
flow coastdown and results in & cladding temperature increase. Figure b shows
the FdkE-2M predictions with a fixed temporal value of gap conductance {Input
20 = ) and for a dynamically varying gap conductance (Input 20 = 2). The
initial conditions used for the gap dimensions and gap conductance for the
latter case were directly calculated with the LIFE-111 computer code(s) and
are listed below as a function of axial position from the bottom of the heated
length (X/L = 0.0):

‘A§ia\ Badia\ Gap Gap Conductsnce'.
position, X/L Size*, (in.) Btu/hr-Fté-OF

0.1 0.0005 1000.0

.28 0.0005 4641.0

V.39 0.0030 1209.0

0.50 0.0230 347.0

0.61 0.0020 1703.0

0.73 0.0000 8389.0

0.89 0.0000 1000.0

*prior to shutdown.
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As can be noted from the figure, the tomperature predictions are somewhat
altered by using the new option. Dur a gap conductance decrease (fram its
initial value) early in the trans....., the stored heat release is likewise
delayed in the transient and thus lower temperatures result initially. Later
in the transient, when the flow has decayed to lower values, more energy is
tr1s available and consequently somewhat higher temperatures result. The
jmportance of this example is simply to indicate that the new option is a
viable means of linking FURE-2M to a steady state fuel performance code such
as LIFE.
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3.3 COMBINATION GAP CONDUCTANCE MODELS

In order to provide still more flexibility to tie FPRE-2M user, some of the
features of the two variable gap conductance models were combined into two
additional models. For these models, the axial variation in the radial gap
dimension is specified (Inputs 948-968) and the gap conductance fis calculated
using the Ross-Stoute model modified with radiant heat transfer (Section

3.1). The difference between the two additional models is that either cold
gap variations (Input 20 = -1) or the hot gap variations (Input 20 = -2) may
be specified. Table 2 summarizes the pertinent information for all of the gap
conductance models.

These models allow the user to analyze many additiona) types of gap conditions
that may occur. For example, variations in cladding and fuel swelling,
variable pellet diameters or combinations of these conditions may be simulated
with this model. Again, it is noted that these models will yield the same
results ¢s the other two models if the input conditions are in agreement.
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82

value of
Mode | Input 20
A 0
B +1
C +2
D -1
E -2

TABLE 2

SUMMARY OF GAP CONDUCTANCE MODELS IN FPRE-2M

Type of
Jartiation
None (constant)
With time
Time and space

Time and space

Time and space

*With radiation heat transfer

Hot or
Cold Gap

Sggctfted

Cold (feet)

Hot (1nches)

Cold (1nches)

Hot (inches)

Inputs Required

For Gap

|

341

350
827 to 847
948 to 968}
948 to 968

948 to 968

Conductance
Model Used

Constant

Ross and Stoute*
Alternate Model
(Section 3.2)

Ross and Stoute*

Ross and Stoute*



3.4 REQUIREMENT FOR REALISTIC INPUT VALUES

A word of caution to the user of the variable gap conductance options in
FPRE-2M may be appropriate at this point. An examination of the equation for
"cont and "cond will show that 1t 1s possible to have a zero or near zero
denominator in these equations 1f certain input parameters are not properly
specified. The denominator for "cond' for example, 1s composed of three
components: the accommodation effect (gf + gc); the surface roughness
effect B, (8¢ + Gc); and the radia) gap dimension (69).

If the user would, for example, fatl to specify values for g¢, 9. and

8o (Inputs 346, 348 and 349), the denominator of H_ 4 would be

controlled completely by the radial gap dimension. If during the transient
the thermal expansion of che fuel and cladding were such as to make the
fuel/cladding gap dimension approach zero, the value of Hcond would become
infintte.

To prevent an indefinite condition (1.e., division by zero), the FPRE-2M
program automatically sets g¢, 9. and Bo to very small values (1.e.,

10'25) 1f the user fatls to specify an input value for any of these
parameters. However, this precaution does not prevent the value of Hcond
from sti1] approaching an extremely large value 1f the radial gap dimension
should approach zero. Thus, while the computer program will run, the answer
may, tn fact, be in error. To bring this potential problem to the attention
of the user, a "CAUTION" message 1S printed out at the beginning of the output
11sting, instructing the user to check those input parameters which could
possibly invalidate the gap conductance calculations. The user may then wish
to change the input values to more realistic values and rerun the problem.
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4.0 CHANGES AFFECTING MATERIAL PROPERTIES

In order to improve the computational efficiency of FPRE-2M, options have been
incorporated into the program to allow the user to either specify tabular or
curve-fit properties for the fuel specific heat and the sodium propert ies.
Several changes in the fuel thermal conductivity properties have also been
made and axial variations in the associated hot channel factor are now
allowed. These changes are briefly discussed in the following subsections.

4.1 NEW THERMAL CONDUCTIVITY EQUATION FOR FUEL

An additional equation (Input No. 22 = 4) has been added to the fuel thermal
conductivity option. This equation is of the form:

K = FP [ri—sf . cr3]

where

thermal conductivity, W/M - O

temperature, °K

1.079 (1-P)
FP = —5
(1.0 + 0.5P + 4.62P%)
fractional porosity
-6.0656 x 1072
3.04212 x 107°%

0.75137 x 10710

o ™ >» ©
"

If either thermal conductivity option 2 or 4 is selected, the initial and
as-sintered densities must also be specified. (Inputs 858 and 859; also
Inputs 8205 and 8206 if alternate geometry option 1s used.)

This new thermal conductivity equation for mixed oxide fuel is quite similar
to the equation previously 1nc1uded(2) in the computer program and has been
included to reflect the August 1977 revision to the Property Code 3112
equation in T10-26666.(3)
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4.2 THERMAL CONDUCTIVITY OF B,C

In addition to being used to evaluate the transient behavior of fuel rods, the
FPRE-ZM program 1s frequently used to analyze other cylindrical, heat
generating elements. One such application is the transient analysis of boron
carbide control rods. To improve the flexibility of the computer program for
this particular application, a new “fuel” thermal conductivity option (Input
rumber 22 = 3) has been added. When this option is selected, the thermal
conductivity of the B,C pellets 1s evaluated using the following

equat1on(9):

K = (zgr+—o0a5T) (1535) (010216 - 14.492)

where

K 1s the local thermal conductivity, Btu/hr-Ft-°F
T 1s the local, absolute temperature, %

¢ is the pore volume fraction

8 1s the irradiation temperature, O

In the program, it 1s assumed that the initial or steady state temperature 1s
the irradiation temperature. Local, steady state temperatures at each radial
and axial location are stored and the appropriate value 1s recalled when the
transient B4C thermal conductivity 1s required at any particular location.
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4.3 AXIAL VARIATION IN FUEL THERMAL CONDUCTIVITY HOT CHANNEL FACTORS

In the previous version of the FPRE computer program, 2 single tnput value
(Input No. 121) was used to specify a hot channel multiplier on the fuel
thermal conductivity. This multiplier was used to either increase

(Fy > 1.0) or decrease (F, < 1.0) the local fuel thermal conductivity in
the "hot channel® (1.e., Channel 3).

A new option has been added which allows the user to specify an axial
variation in the multiplier for all three channels. To use this option, the
user sets the fuel conductivity axial vartation indicator (Input 969 > 0.0)
and then specifies the appropriate correct factors ,FC!N(M.K) . Since the
program automatically sets the default value of 1.0 1f no value 1s given, only
those values which are not 1.0 need be specified. The values for the average
channel (Channel 1) are input into locations 970 to 976; values for the peak
channel (Channel 2) are input into locations 1181 to 1187; and those for the
hot channel (Channel 3) use locations 1188 to 1194.

It 1s tmportant to note that if this option 1is used, the original hot channel

multiplier on fuel thermal conductivity (Input 121) will be overr idden by the
specified FCON values for Channel 3.
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4.4 CURVE FIT OF THE SODIUM PROPERTIES

Calculation of values of the sodium properties 1s performed a significant
number of times during the course of a typical transient. Each calculation
using the tabular tnput option requires a systematic search through the
appropriate table ut111zing a Tinear interpolation routine. This procedure 1s
time consuming and results in an tnefficient use of the computer.

To provide the program user with the choice of using a more efficient method
of determining the sodium properties, an option (IPRPP) has been added which
allows the user to selecu a curve fit routine (INPUT 8336=1) for calculating
sndium properties. The equations which have been programmed into the FPRE-2M
program are quadratic temperature fits of the propert1es(l°) listed in
Appendix C. The resulting equations are summar 1zed below:

a. Thermal conductivity of sodium, Btu/sec-ft-OF

‘- 1.6072 x 1072 -5.2 x 107 « T+ 575 x 20710 . 7

b. Thermal expansion coefficient of sodium, OF-1
o = 44.514 x 107° + 9.0125 x 1009 - T+ 5.9375 x 10°

13, 2
c. Dynamic viscosity of sodium, 1b/ft-sec
For T > 600OF,
L= 3781 x 107% -3.0008 x 107 - T+ 81.25 x 10712 . 12
For T < 600°F,

u = 7.818 x 107 -1.564 x 106, T+1.1675 x 107 - ¥

d. Specific heat of sodium, Btu/1b-OF

C, * 0.34552 - 7.8906 x 107> + T + 3.3984 x 108 . 12
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e. Density of sodium, 1b/ft3
o = 59.588 - 8.0925 x 1073 . 7 -1.0625 x 107

? 4

ar and curve fit method of

alculations perf ormed using both the tabul
will reduce the

indicate that the latter method
| problem by nearly 15 percent.

Sample C
determining sodium properties
compute~ execution time of a typica
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4.5 CURVE FIT OF THE SPECIFIC HEAT OF MIXED OXIDE FUELS

For the same reasons discussed in the previous section, an opticn (ICPF) has
been included which allows the user to specify whether a tabular set of fuel
specific heat will be used (INPUT 8339=0) or whether 2 fourth degree
polynomial describing the fuel specific heat will be utilized (INPUT 8339=1).
Unlike the sodium properties, however, the fuel specific heat is not unique
and may vary depending upon the composition of the fuel being analyzed. The
user must, therefore, supply six constants (INPUTS 8340 to 8345) which define
the fuel specific heat. The mode] used is that described in the original
FPRE-2M manual(z) where an *effective heat capacity" is used to describe the
transition region between the s0lidus temperature and the 1iquidus temperature
for mixed oxide fuels.

This effective heat capacity is determined using the following expression:

Coerr) =4/ % * L= Ts)

where
CP(eff) is the effective heat capacity (Btu/\b-°F)
L is the latent heat of fusion (8tu/ft3)
3f is the average density of the fuel between the solidus &nd
liquidus (1b/ft3)
TL is the liquidus temperature of the fuel (°F)
Tg is the solidus (melting) temperature of the fuel (°F)

Table 3 shows three sets of values (-3o, nominal, +30) for mixed oxide
fuel heat capacity using the effective heat capacity for fuel melting and the

tabular input option (INPUT 8339=0).
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The following mixed oxide input information typifies the coefficients of the
minimum, nominal and maximum (-3¢, nominal, +30, respectively) fuel

specific heat equations using the curve fitting option (INPUT 8339 = 1). It
was found that a fourth degree polynomial fits the data (Reference 12) very
well with a maximum of 1.6% error difference.

Input Minimum Co Nominal € Maximum C
[8340] (A) 5.9205 x 1072 5.9841 x 1072 6.0477 x 10°°
(8341] (8) 2.4780 » 10°° 2.3804 x 107° 2.3008 x 10°°
[8342] (C) -1.5593 x 1078 .1.0642 x 1078 .5.6927 x 107>
[8343) (D) 4.7107 x 10712 1.9322 x 1072 .g.4621 x 10713
(8344] (E) -4.1776 x 10718 1.9405 x 107 '° 4.2168 x 10°'8
(8345] (F) 1.105 1.105 1.105

The heat capacity of the fuel at any temperature (T,°F) is then determined in
the following manner:

a. For T < TSOLIDUS

Co(f) = A+ BT 4 o1 + Do13 4 £2T4

b. For Teg pus < T < TLiquious

Cp(f) = F

c. ForT> TLIQUlDUS
. . .12 17 o1t
Co(f) = A+ B*Tgg ypys * € 20 1ous * ©*TsoLtous * BT soL1ous

where TSOL!DUS and TLloUlDUS are the appropriate solidus and 1iquidus
temperatures (Figure 7) defined respectively by INPUT 193 and INPUT 194, From
sample calculations made using the curve fit option for fuel specific heat, it
{s estimated that the computer execution time can be reduced 15 to 20 percent
over the tabular option, depending on the number of fuel nodes used in a
particular problem. Of course, when using this option, it will be necessary
for the user to determine the appropriate values of A, B, C, D, E and F in
order to properly represent the specific heat of the fuel being analyzed.
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TYPICAL TABLE OF HEAT
USING EFFECTIVE HEA

Tem?sgsture Hi?ig:? Cp
440.6 0.0664
1340.6 0.0751
2240.6 0.0792
3140.6 0.0873
4040.6 0.1056
4500.0 0.1126
4940.6 0.1203
4999.0 0.1218
5000.0 1.1050
5115.0 1.1050
5116.0 0.1218
7000.0 0.1218

*Special note to users of FPRE-2M
artificially high me

must be equal to or
heat vs temperature (?.e. f

vom the above table Tme)

5250A--606A
($12°0) 3

1ting point

TABLE 3
CAPACITY FOR MIXED OXIDE FUEL

T CAPACITY MODEL IN MELTING REGION

(REFERENCE 12)

Heat Capacity.

0.0685
0.0774
0.0817
0.0900
0.1106
0.1287
0.1523
0.1560
1.1050
1.1050
0.1560
0.1560

o ——

1b-OF
Nominal C

P

If this tabul
(INPUT Value 17)
less than the highest temperatur
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Maximum C

(+30) P

0.0706
0.0797
0.0842
0.0927
0.1156
0.1453
0.1843
0.1895
1.1050
1.1050
0.1895
0.1895

— i “——

Comments

values Computed
From Reference 12

Effective value

for melting region
values for liquid
fuel assumed equal
to pre-meiting value

ar procedure is used, an
must be used.
e in the table of specific
t < 7000°F).

This value
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4.6 ALTERNATE SPECIFIC HEAT TABLE

In many cases the properties of the fuel used in the blanket rods may be
different than that of the driver fuel (e.g., o, in the blanket and Pu-U in
the driver rods). To cover this possibility in the event that the alternate
fuel geometry option s used (see Section g.1), an alternate specific heat
table is also available.

The option for the alternate specific heat (Ixcp) is Input 8293. The tabular
values of specific heat as a function of temperature associated with this
option are Inputs 8293 to 8312 (specific heat values) and 8313 to 8332
(temperature values). A value of IXCP is selected to correspond to the
channel to which the alternate specific heat values will be applied. For
example, if IXCP is equal to 2, the alternate specific heat table will be
applied to the peak channel fuel (i.e., Channel 2). Normally, this option
would be used with the alternate fuel rod in Channel 3 (i.e., I1XCP=3).

However, note that it is not necessary to ytilize the alternate fuel rod
geometry option (Section 8.1) to specify an alternate table of fuel specific
heat. The alternate table of fuel specific heat may be used with or without
the alternate geometry option.
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5.0 MODIFICATIONS TO TRANSIENT FLOW CHARACTERISTICS

several modifications related to the transient coolant flow behavior were
included in the modifications to the FPRE-2M program. These changes are
discussed in this section.

5.1 PUMP TRIP AND TIME DELAY

The flow coastdown in the FPRE-2 program was controlled by specification of a
time versus flow table (Inputs 196 to 225 and 226 to 255). If the user wished
to begin the flow coastdown at a point in the transient other than time-zero,
it was necessary to modify the shape specified in the table to achieve the
desired coastdown.

This situation has been changed by the addition of a pump trip and delay time
in the program. Now, if the user specifies a pump trip (Input 7799=1), the
pump coastdown will not begin until a reactor scram has occurred. That is,
the times specified in the table (Inputs 226-255) will be referenced to the
time of scram rather than to time-zero.

An additional time delay may also be included by specifying the desired delay
intervail using Input 8189. When a value other than zero has been used, the
times specified in the flow coastdown table will be referenced to the sum of
the scram time and the delay time. With these changes, the user may now
include those features without having to generate a new set of table values
for each type of transient.

5.2 INDIVIDUAL FLOW COASTDOWN FOR EACH CHANNEL
The number of options available for pressure drop and/or transient flow rate
calculations (Input 58) has been increased. The new option (Input 58=-2)

allows the user to specify the relative flow rate between channels throughout
the transient. This is accomplished by specifying the following input.
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L2113

a)

b)

c)

d)

e)

f)

9)

h)

The mass velocity in Channe
VELEC(1) = 6

1f G0 is

33

Input 58=-2

Inputs 7800-7819

Inputs 7820-7839

Inputs 7840-7859

Inputs 196-225
226-255

Input 166

Input 191

Input 192

(6/6,),

TIMEZ

GPEAK (1)

GHET (1)

(6/64)1
TIME

1 1 1s given by:

(Option for selecting individual
flow coastdown)

Time entries (seconds) for flow
coastdown in Channels 2 and 3.
First entry is equal to zero.

Relative mass velocity in peak
channel (Channel 2) associated with
TIMEZ entries.

Relative mass velocity in hot
channel (Channel 3) associated with
TIMEZ entries.

Coolant mass velocity - Channel 1
Time for Channel 1 entries

If Inputs 196-225 are normalized,
this is initial mass velocity in
Channel 1 (lb/sec-ftz).

peak channel factor for mass
velocity in Channel 2.

Hot spot factor for mass velocity
in Channel 3.

equal to zero, the values of G/G_ are equal to the mass velocity

in Channel 1 soO that

VELBC(1) = (6/6,),

0243E-58E:2

(51320)
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For Channel 2, the mass velocity with the new option {s then given by:
VELEC(2) = VELEC(1) * F . * GPEAK(1)

and for Channel 3
VELEC(3) = VELEC(1) « F « GHRT(1)

Note that the correction factor for the mass velocity in both Channel 2 and
Channel 3 1s composed of two values. For Channel 2, the corvection factor is:

Fr x GPEAK(T1)
and for Channe’ 3
Fv x GHPT(T)

The flow coastdown for these two channels can be specified in either of two
ways. First F_ and F can be set equal to 1.0. In this case, the tabular
values of GPEAK and GHQT represent the flow rate of Channels 2 and 3 relative
to Channel 1.

In the second method, the values of Fr and Fv are selected to represent

the relative (steady state) flow rate of the two channels. The tabular values
of GPEAK and GHPT then represent the normalized values of the flow coastdown
in the representative channel. In this case, the initial entry on each of the
two tables would be 1.0 at time zero whereas in the previous case the values
at time zero would be equal to Fr and Fv.

The other pressure drop/flow relationships available with Input 58 remain the
came as previously documented.(z) These options are summar ized below:

a2



Value of Input 58 Option
-2 As described in this section

-1 No redistribution of flow. Flow in Channels 2
and 3 maintains same relationship to Channel 1
flow as exists in steady state

0 Original(l) FORE-2 pressure/drop flow
redistribution model

+1 Revised(2) FURE-2 pressure drop/tflow
redistribution model
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6.0 SIMULATION OF INTER- AND INTRA-SUBASSEMBLY FLOW AND HEAT REDISTRIBUTION

Coolant flow channels in the FBRE-2M program are not explicit duolications of
the configuration of the geometry used in most fast-reactor designs. Rather,
the actual flow area {s represented by an equivalent annular flow passage as
schematically shown on Figure 8. This simplified, one-dimensional
representation is adequate for most situations and provides 2 reasonable
approximation of the coolant flow characteristics surrounding a fuel rod.

Occasionally, however, situations arise in which the coolant flow adjacent to
a fuel rod cannot be adequately characterized by one-dimensional axial flow.
Intra-subassembly cross-flow and heat transfer between adjacent flow passajes
may result in 2 substantial deviation from the one-dimensional approximation.
Such a condition may occur at very low flow rates and/or when there is a large
nuclear or thermal gradient in the vicinity of the fuel rod. In order to
approximate such conditions, two models have been included in the FORE-2M
program which simulate intra-assembly heat transfer and coolant flow
redistribution. These models are only applied to Channel 3 in the program
(i.e., the hot channel).

5131A-603A:2
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Figure 8 Schematic of Fuel Rod Coolant Channel




6.1 INTRA-ASSEMBLY FLOW REDISTRIBUTION SIMULATION*

To simulate the channel cross-flow component, @ parameter (G/GH“)" has

been introduced which represents the local flow rate in any axial section M
relative to the inlet flow of Channel 3. The values of (6/510)" are
{ntroduced via Input numbers 7860 to 7999. A set of up to twenty input values
are supplied for each axial section. The input values correspond 10 the times

specified by TIMEZ (Inputs 7800-7819) .**

when this option is chosen (Input 31=1), the calculated inlet flow rate at any
time in Channel 3 is multiplied by the value of (G/G‘n)" at that time to
obtain the corresponding local flow rate in axial section M, The inlet flow
rate in Channel 3 is calculated using any of the available pressure drop/flow
redistribution options (Input 58) available.

The coolant enthalpy rise across the axial node is calculated using the local,
rather than the inlet, flow rate. Thus, if the steady state value (1.e., the
first value in the table) of (G/G‘n)" were, for example, 0.9 at axial

section 4, the modified temperature rise across the node would approximately*™™*
be related to the normal temperature rise as follows:

‘TNODIFIED = AT/(G/G‘n) = 1.11 aT

A similar relationship exists for the transient analysis procedure where the
calculated inlet velocity of Channel 3 at any point in the transient is
modified by the appropriate value of (Glsin)n to obtain the local velocity

*Note that interassembly flow redistribution can be modeled by the Section

5.2 individual flow coastdown method or incorporated into the
intra-assembly flow redistribution method of this section.

*#*Note that this is the same time table used for the individual flow coast-
downs described in Section 5.2.

s*+yariations in the value of specific heat will alter the answer somewhat.

5131A-603A:2
($1320) 46



at that point in time. 1t should be noted that the tables for (G/G‘“)" do
not have a scram delay or pump trip associated with them. For this option,

the transient time and corresponding value of (G/G‘n} are, therefore, taken
directly from the input tables. It should also be noted that in case the user
fatls to define sufficient data for this variable, the values for (G/Gm)M

are defaulted to 1.0.




6.2 EXCESS ENERGY SIMULATION (INTER- AND INTRA-ASSEMBLY HEAT TRANSFER)

As part of the intra-assembly flow redistribution process, 2 certain amount of
energy is removed or added as the cross-flow component enters or leaves the
coolant node at a given axial position. In addition, heat may be transferred
from one channel to an adjacent channel by conduction.

To address this problem using the present one-dimensional flow model in
FPRE-2M, a term “excess enerqy" was defined which represents the radial heat
conduction and/or radial mass transport energy transferred into or out of a
particular coolant node. In this simulation model it is not important whether
this energy was transferred by conduction or mass transport. It is only
necessary to define the quantity of energy which enters (positive value) or
leaves (negative value) the coolant node over any time interval.

The variables QEXSy (Inputs 8000 to 8139)* are supplied in a manner similar
to that of the previously discussed variable (G/G,n)n. Up to twenty

values are supplied for each axial node in Channel 3. Again, the values of
this variable are chosen to correspond to the times specified in the TIMEZ

table (Inputs 7800-7819).

During the steady-state calculations, the coolant temperature rise over any
axial coolant node is modified by the excess energy term as follows:

QEXSy

B AT -
C,EXS c Af P Steady State

where:

ATC EXS is the coolant temperature rise including the excess energy
. 0
term, (F)

*ln units of Btu/sec .
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ATC 1s the coolant temperature rise without the excess energy term,

(°F)

A 1s the coolant flow area, (ftz)

cp 1s the specific heat of the coolant ;::1uated at the mean
temperature of the coolant node, (W)

G" 1s the local mass velocity including the (G{F,“)"

correction previously discussed, (1b/sec-ft ")
QEXS,, is the excess energy, (Btu/sec)

During the transient, 2 similar calculation is performed. The modification to
the coolant nodal temperature 1s performed as follows:

[ ! QEXS, At ]
AT - A ’ . . .
C,EXS C o CyAr* By Transtent

where the previously undefined symbols are:

0 1s the coolant density evaluated at the mean temperature of the
coolant node, (lb/ft3)

AZ'4 s the length of the coolant node at axial section M, (ft)
At fs the time interval over which the calculation is performed,
(sec)

An excess energy ratio has been defined as:

Ratio = 9555
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where

jrectly to the coolant from the

Q s the amount of heat transferred d
cing materizls during steady state

cladding and other heat produ

fuel,
interval during the transient.

or over any time

values of this ratio are listed in the input at the same points in time as the

other relevant data.
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6.3 TYPICAL RESULTS OBTAINED BY INCLUDING INTER- AND INTRA-ASSEMBLY FLOW AND
HEAT REDISTRIBUTION

A typical hot channel, axial coolant temperature distribution as calculated
with and without the intra-assembly flow and heat redistribution techniques
described in the previous sections is shown on Figure 9. For this analysis,
input values for the (G/G‘n)" and QEXSy terms were obtained from a

detailed subchannel analysis code. As can be noted, good agreement is
obtained between the FPRE-2M mode] and the detailed subchannel analysis code
predictions.

Also shown on Figure 9 is the typical FGRE-2M prediction if the Section 6.0
techniques are not applied. In this latter case, the intra-assembly flow
maldistribution is set equal to a single value (spatially independent) which
results in the FERE-2M coolant temperature matching that of a detailed
subchannel analysis code at the point of maximum cladding temperature position
(approximately x/L=0.69 on Figure 9). As can be noted, this results in an
overprediction of the coolant temperature above this axial position. The new
techniques of Section 6.0 allow the designer to eliminate this
overconservatism in the hot channel modeling.

An interface is currently being established with the transient subchannel
analysis code, cosra-wC, (1) to enable (6/6,,)y and QEXS, data to be

easily input to FPRE-2M on transient basis for low flow/high core temperature
transients (e.g., natural convection cooling), where these effects are
important. Since COBRA-WC is a whole core detailed subchannel analysis code,
which models all of the core assemblies in parallel, the QEX5y, term will
account for both intra-assembly and inter-assembly heat transfer.

5131A-603A:2
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7.0 REACTIVITY FEEDBACK AND DECAY HEAT MODIFICATIONS

Several changes have been made to the reactivity feedback and decay hezt
models 1n the FPRE-2M program. These modifications are 2ll optional and can
be used in place of the models which were originaliy progrued“ into the
code. A description of these options are contained in the following
subsections of this report.

7.1 ALTERNATE DOPPLER AND COOLANT DENSITY REACTIVITY FEEDBACKS

A new option for calculating the Doppler feedback and the coolant density
feedback has been added to the program. If this option 1s selected (Input
7798=1), the local Doppler feedback &k (M,K) will be calculated using the
following equation:

) s Tf(n.x) + AGO.]
Ak(M,K) = Foao(M,K)
( 0gP ! TOM,K) + aso.J

where:

FMP("'K) 1s the local Doppler feedback coefficient

Tf(M.K) 1s the local, ave-age fuel temperature

Y:\M.K) 1s the local, steady state average fuel temperature

n 1s the natural o9
The local Doppler feedback coefficients (usually negaiive values) “or each of
the axial sections in the three channels are suppli=d using Inputs 8140 to

g146; 8147 to 8153; and 8154 to 8160.

The local coolant density feedback for this opticn 1s calculated from

Ak(M.K) - CFBK(".K) v [TC(MQK) - "2("'K)]
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where:

c,sx(n.l) s the local coolant density feedback coefficient

Tc(n.x) {s the local coolant temperature

12(H.K) is the local, steady state coolant temperature

The local coolant density feedback coefficients are supplied using Inputs 8161
to 8167; 8168 to 8174; and 8175 to 8181, Note that when this option is used
it is advisable to set the normal coolant density feedback coefficients
(Inputs 414-420) equal to zero to prevent duplication of feedback.*

The local Doppler feedback contributions and the local coolant density
feedback contributions are summed to obtain the total reactivity feedback used
in the kinetics calculations.

*The original Doppler feedback calculation is automatically bypassed to
prevent such an occurrence.

5250A--606A
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7.2 REVISED CHANNEL INDEX ON ONE REACTIVITY FEEDBALK OPTION

section 3.12 of Reference 2 describes two feedback mechanisms which had been
previously incorporated into FORE-2M. These feedback mechanisms were
originally programmed to use the temperatures of the average chainel (1.e.,
Channel 1) in calculating the reactivity feedback. However, with th:
alternate geometry option now available (Section 8.1) it is possible that any
one of the three channels may be the one of interest insofar as the radial and
axial feedback mechanisms are concerned. Therefore, the equaticns in the
program have been modified to allow the user to select which one of the three
channels will be used for calculating these feedbacks.

The variable IREX (Input No. 8334) controls this selection process. Either
Channel 1, Channel 2 or Channel 3 can be selected by setting IRCX equal to 1,
2, or 3. °f the user neglects to specify the channel, the option will default
to Channel 1. A description of these feedback mechanisms and the equations
used in the program are repeated here for completeness.

The two reactivity feedback mechanisms under discussion are an axial fuel
expansion feedback and a core radial expansion feedback. Although other
feedback mechanisms analogous to these are contained in the program, these two
feedback options vary slightly in their method of application and require a
more simplified input.

In the case of the axial fuel expansion feedback, the model uses the axially

averaged fuel surface temperature (rather than the average fuel temperature )
to compute the reactivity feedback. That is,
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MMAX MMAX
2. (J) al . 2 T(O) al

m=] Ts m,k

h| m m-1l 's,mk " m
(‘kFE) . .FE Z
m=1 ‘z'
where:
g is *'e axial fuel reactivity expansion coefficient (Ak/°F)
over ihe active core length (Input 320)
Ts 2k is the fuel surface temperature for axial increment m, Channel X
»Wiy
Alm is the length of axial increment m

and superscripts (j) refers to the jth time step and the superscript (o)
refers to steady state. The channel subscript (k) is selected using the
variable IREX (Input 8334).

This option, as opposed to other fuel expansion in the program, is a
simplified estimate of the reactivity feedback associated with (for example)
the case of a “dished fuel pellet" in which the outer edge of the pellet
controls the stack length (for fresh fuel). If axial blankets are specified
(Input numbers 55 and 56), only the active fuel length (axial sections 2
through 6) are considered in the equation. Note that a negative value of
g is required to produce 2 negative reactivity component for an

expanding (increasing temperature) core.

In the case of core radial expansion, the mode! differs from others in the
program in that the core expansion feedback is assumed to be proportional to
the average outlet coolant temperature.* The reactivity change is given by

3 . (J) (o)
(8k)ge *|°Re Te.out ~ Tc.Out "

—————————————

*The other model in the program utilizes a feedback mechanism which combines
bowing, axial pressure differences, and changes in the radial temperature

gradient across the core.
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where
o ¢ 1s the radial core expansion coefficient (Ak/°F)

0
Tc.out the channel outlet temperature (F)
and the superscripts (j and o) are the same as described previously. Again,
the channel selection (subscript k) 1s controlled with Input 8334. A r2gative
value of age (Input 165) would give a negative reactivity feedback during
a transient in which the core expanded due to an increase in temperature.

This feedback mechanism 1s particularly well suited for study of core
expansion, core restraint, and similar reactivity effects which can be
associsted with changes in the average coolant outlet temperature. The
magnitude of the reactivity coefficient (“RE) would obviously be selected
with consideration for the type of fuel =lement support involved (1.e., free
radial expansion or fixed-end fuel element support).

57



7.3 ALTERNATE DECAY HEAT MODEL

The present method for determining the fraction of the reactor power which 1s
attributed to decay heat 1s deteroined(I) using an empirical equation which
contains several constants which are usually obtained from exper imental data.
Frequently, the relative power resulting from decay heat 1s available from
another sourc:. Sor example, such information may be available as a result of
analyses performed for the purpose of establishing the nuclear characteristics
of a rea .or core.

To provide for this possibility, an optional decay heat model has been
tncluded 1n the FPRE-2M program. This option is activated using the variable
IDECAY (Input No. 8207). When IDECAY 1s set equal to 1, the smpirical decay
heat mode] 1s bypassed and the decay heat fraction for the three individual
channels 1s obtained from the following time versus decay fraction tables.

Inputs Variable Description
8212 to 8231 TDECAY (1) Times at which decay heat fractions are

supplied. (The first value in the
table 1s 0.0.)

8232-8251 PDECAY(Tt,1) Decay power fraction for Channel 1
corresponding to time values of
TDECAY(1)

8252-8271 PDECAY(1,2) As above, but for Channel 2.

8272-8291 PDECAY(t,3) As above, but for Channel 3.

The value of the time used to obtain the decay heat fraction can be referenced
to the time of scram rather than the actual transient time.* Thus, 1f In a
particular transient a scram were to have occurred at 0.1 seconds, the value
of decay heat used at (for example) 1.0 seconds would be the decay heat value
in the table corresponding to 0.9 seconds (1.e., T'= T - TSCRAM = 1.0-0.1=0.9).

Using ISTART=1, Input number 8335.
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If a transient were to proceed without any scram occurring, the steady state
value of decay heat, corresponding to time-zero in the tables, would be used
throughout the transient.

The relationship between the prompt neutron power at steady state and the
total power for this mode] 1s given by:

-10 FISSIONS
——

pr = vg(x-f)/a.s x 10
cm™ secC

where P* and Pg are respectively, the prompt fission rates and tota)

power 2s previously defined by Equation (102) 1n Reference 1. The vartable f
represents the steady state decay heat fraction and 1s determinrd by one of
the following methods:

1. If the “reactor power (Input 636)" and “tota)l volume of fuel in core
(Input 91)" are really representative of the total core, f 1s the
weighted average of the decay heat fraction for Channels 1, 2 and 3.

3
f = 3 PDECAY(1,K) * FREG(K)
k=1

where PDECAY(1,K) 1s the init1al (steady state) decay heat fraction

for Channel K and FREG(K) 1s the fraction of the total core power

represented by Channel K.

The three values of FREG(K) are Inputs 8209, 8210, and 8211 and must
be selected so that:
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3
B FREG(K) = 1.0

Example: FREG(L) = 0.6
FREG(2) = 0.3
FREG(3) = 0.1
Total 1.0

2. 1f the program input for “reactor power" and “total fuel volume" are,
in fact, only that associated with the "average" fuel rod (1.e.,
Channel 1), f is then given directly by the steady state decay heat
fraction of the appropriate Channel.

(k) = PDECAY (1,K)

The selection of which of the above methods is used is controlled by the
variable IREG (Input 8208). If IREG=0, the weighted average method is used;
if IREGFO, the Channel K decay heat values are used. The value of IREG is
also used to control the printout of the “prompt power" and "total power"”
during the transient as noted below:

IF IREG=0, Power printouts will be for Core Power
IF IREG=1, Power printouts will be Channel 1
IF IREG=2, Power printouts will be Channel 2
IF IREG=3, Power printouts will be Channel 3

For the "Channel" power printouts (i.e., IREG>0), the printout will
correspond appropriately to that of either an individual fuel rod; a
subassembly; or 2 region of the core depending on the magnitude cf the fuel
volume (Input 91) and power (Input 636) specified in the input.

Irrespective of which of the two methods are used, the individual decay heat
fractibn for each of the three rods is determined separately. The power
generation rate in any one of the three.fuel rods at the end of time step j is

then given by:
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PJ(K) 2 M PDECAY(1,K) + 8.6E-10 « PSTR

where PSTR s the fission power which is determined using the kinetics

equations programmed into the FPRE-2 program.

The average power over the time step for the fuel rod is given by:

P.(K) dt
VJ(K) . ,I__..L___

[ at

The value of VJ(K) is used to evaluate the local, transient heat generation

rate for the appropriate channel.
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7.4 SPECIAL SUBROUTINE FOR REACTIVITY FEEDBACK

Although FERE-2M contains a variety of options related to reactivity feedback,
there are occasions in the course of considering various design features when
these standard feedback mechanisms are not sufficient to analyze a particular
situation. The designer may, for example, wish to study the effect of
providing some mechanically or thermally actuated feedback mezhanism into the
design.

To provide for this contingency, the FPRE-2M program has been “"partially”
modified by the inciusion of a special feedback subroutine (subroutine SPEC).
At present, the subroutine 1s a dummy routine which, 1f this option were
selected (Input 8333=1), would return with a zero value of reactivity
feedback. However, the purpose of including the subroutine 1s to facilitate
{(1f necessary) modifications of the code to accommodate a special feedback
routine.

The subroutine SPEC has 1in CAMMPN all of the steady-state and transient
temperatures which would probably be required for any conceivable reactivity
feedback calculations. These temperatures are the coolant inlet temperature
and the followiig temperatures for each axial position of each of the three
channels:

Coolant nodal average;
Coolant nodal outlet;
Fue) surface;

Fuel average;

Cladding average;
Additional material.

R T L
......

The length (AZ;) of each axial increment 1s also contained in the

subroutine to allow for axtal weighting. To use the model, 1t will obviously
be necessary to program the equation(s) required to simulate the desired
feedback mechanism(s). However, this task 1s simplified with the special
subrouttine and does not require any changes to the main program.
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8.0 MODEL CHANGES TO ALLOW FOR ALTERNATE FUEL ROD CHARACTERISTICS

This section discusses & group of changes made to the program to permit the
user to specify an alternate set of characteristics for one or more of the
three fuel rods analyzed by the FQRE-2M program. In general, these changes
will allow several of the specified characteristics (e.g., geometry) of the
Channel 3 (hot channel) fuel rod to be significantly different than the
characteristics of the other two fuel rods. Previously, many of these
parameters had to be identical for all three fuel rods.

The addition of these modifications now aliows for the simultaneous analysis
of two entirely different types of fuel rods in the same study. Such a
cituation could arise, for example, in the study of a fast breeder reactor
which had driver fuel rods and blanket rods with different characteristics.

The modifications discussed in this section and in other sections do not have
to be used at the same time but can, in fact, be used individually. For
example, the alternate decay heat model (Section 7.3) can be used regardless
of whether or rot the alternate fuel rod geometry model is selected.
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8.1 ALTERNATE FUEL GEOMETRY OPTION

in the original version of the FPRE-2 computer program, the equations were all
directed at obtaining the solution of a fuel rod transient involving three
identical fuel rods. These three fuel rods were {dentified as an average rod
(Channel 1), the peak rod (Channel 2) and the hot rod (Channel 3). And while
the heat generation rates and heat transfer characteristics of the three rods
could be different, the geometry of a1l three fuel rods were the same.

Recently, it has been observed that with certain fast reactor core geometries
the feedback contribution of the blanket rods becomes a non-trivial portion of
the overall feedback. And since the geometry of the fuel rods and blanket
rods are not necessarily the same, the simultaneous treatment of more than one
fuel rod geometry becomes desirable. This feature has, therefore, been
included in these latest modifications to the FPRE-2M program.

To activate this option, it is mereiy necessary to set the option trigger
(input No. 7768=1) and supply a second set of geometric input variables
(Inputs 7769 to 7790 and 8190 to 8205). This alternate geometry will then be
assigned to the fuel rod in Channel 3 (i.e., the “hot rod"). Channels 1 and 2
(i.e., the average and peak rods) will use the values of the geometry normally
supplied in any problem.* Note that with this option, either two blanket rods
and one fuel rod, or two fuel rods and one blanket rod may be arnalyzed in the
same transient. The only restriction is that the geometry of the Channel 1
and Channel 2 fuel rods is identical while that of Channel 3 is different.

The relative heat generation rates in Channels 2 and 3 are controlled using
Inputs 179 and 180. Since the geometry of Channel 2 is the same as for
Channel 1, the heat generation of Channel 2 is related to the heat generation
of Channel 1 by the ratio of the power (P,) in the respective channels.

Thus, for the peak channel (Channei 2),

*Other information which has been explicitly defined for Channel 3 in the
original code version (Ref. ?2) is also automatically carried over for the
alternate geometry (e.g., axial variation in central void size; Inputs
915-921 ) .
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P. (Input 180) = (PZIP‘)

For Channel 3, the differences in geometry must also be considered so that the

correction factor on heat generation becomes:

p, (Input 179) * (Py/P) Ry /Rg 3)°

where

P i< the rod power of Channel K

f.k is the fuel radius of Channel K
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8.2 ALTERNATE AXIAL POWER SHAPE

Frequently, the axia) power shape of the fuel rods and blanket rods also
differ enough to warrant consideration. An alternate axia) power shape 1s
therefore avatlable to supplement the alternate fuel rod option discussed 1n
the previous section. However, the alternate axial power shape can be used
even 1f the alternate geometry option is not used. '

The option trigger for the alternate axial power shape 1S Input 32 (1.e.,
Input 32=1). Up to seven relative values, corresponding to the number of
axial sections (Input g) are then supplied using Inputs 8182 to g188. As iIn
the case of the regular axial power shape (Inputs 171 to 177), the values
should be normalized so that:

MMAX
T F, M

m=1

e - 10
Yy a

m=1

The alternate axia) power shape will be applied to Charnel 3 if this option 1s
chosen. The normal axial power distribution will be assigned to Channels 1

and 2.

Note that this alternate power shape option 1s entirely different that the
option described in Section 10.1 (Inputs 849 to 855). With that option, the
axtal power shape (Inputs 171 to 177) can be modified at one point in the
transient.. Since this transient alteration would apply equally to all three
channels (1.e., 2as 3 percentage change from the original shape), 1t 1s
suggested that both of these power shape options not be used simultaneously n
order to avoid the possible introduction of an unwanted change in the power

shape.
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8.3 AXIAL VARIATION IN HEAT GENERATION HOT SPOT FACTOR

To provide an additiona)l degree of flexibility to the program user, a spatial
variation in the factor on heat generation fo. the *hot rod" (1.e., Channel 3)
1s now available. This feature can only be used in conjunction with the
alternate power shape option (Inputs 32 and 8182-8188).

If the user wishes to use this feature, the axial variation in the hot spot
factor 1s supplied via inputs 7791 to 7797. If these inputs are suppl1ed,
this axial vartation in hot spot factor will be used in place of the normal
hot spot factor (INPUT 179) in computing the local heat generation rate in the
Channel 3 fuel rod.

The local heat generation rate in each of the three fuel rods 1s then computed
tn the following manner:

Channel 1 (The Average Channel)

Ql'“ (M) = 948.05 * PIN ° Am * FRFL/VOLFL
where:

Ql"‘(n) 1s the average heat generation in the fuel of Channel 1 at
axtal section M, Btu/sec-ft3

PIN 1s the tnput power (INPUT 636), Mw

A 1s the ratio of local power to 2verage power at axial
section M (INPUTS 171-177) :

FRFL 1s the fraction of power produced in the fuel

VBLFL  1s the volume of fuel 1 the core (INPUT 91), ft°
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Channel 2 (The Peak Channel)

0, (M) = 0" (M) ° Py

where:

I"r 1s the radial peak-to-average power density in the core
(INPUT 180)

Channel 3 (The Hot Channel)

a)

b)

c)

1f INPUT 32 1s equal to zero:
Q" (M) = Qg (M) " Py
where:

Ph 1s the hot spot factor used in calculating heat generation
in the hot channel (INPUT 179)

If INPUT 32 1s equal to 1 and INPUTS 7791 to 7797 are not specified:
Q," (M) = Qy"' (W) * Py " XPBWR(M)/A,
where:

XPOWR(M) 1s the ratio of local power to average power for the
alternate power shape (INPUTS 8182-8188)

If INPUT 32 1s equal to 1 and INPUTS 7791 to 7797 are specified:

0," (W) = Q"' (W) * PS, " XPOWR(M)/A,
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where:

PS- is the local hot spot factor on heat generation at
axial section M (INPUTS 7791-7797) for the alternate

power shape in the hot channel (INPUTS 8182-8188)

eature permits the user to easily account for any

The addition of this f
occur.

spatial variation in heat generatior uncertainties which may
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9.0 PROGRAM REVISIONS

puring the course of updating the FBRE-2M program, ceveral minor errors were
uncovered. These errors were either a result of an incorrect derivation of an
equation or were caused by a programming error. In general, the errors
resulted in either conservative predictions or had 1ittle or no effect upon
the overall results.

9.1 REVISION TO THE CALCULATION OF AVERAGE FUEL TEMPERATURE

One of the model changes made to the original FORE-2 program(‘) was changing
the location at which the temperature calculations were performed within 2
fuel node. If the original program, this location corresponded to the volume
weighted center of the fuel node. In the earlier revision to the mode 2).
it was shown that by changing the location a more accurate temperature
calculation could be obtained.

Figure 10 1s 2 schematic representation of the fuel node network for a four
region fuel rod (up to 10 regions can pe specified). Shown on the figure
schematically are three sets of radii:

1. the radii describing the fue) node boundaries (user specified)

2. the location of the volume weighted nodal centers

3. the radii at which temperatures are calculated using the improved
location discussed above.

The relationship between the boundary radii and the radii at which the
temperatures are calculated was derived by comparing an exact solution with a
solution obtained using 3 finite element approximation. The resulting

relationship was shovm(2 to be:

2 2
2 Rn*] - Rn

e * TTogR /R )
- 08 %a+1 "'n
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while this modification to the program improved the temperature calculations,
it introduced an error in the average temperature calculation since the
average node temperature is assoc iated with the volume weighted node center.
While this error did not significantly change the overall results obtained
from the program,* the value of the average temperature listed in the FPRE-2M
output was in error. To correct this deficiency, the average temperature of
each fuel node was determined by 2 parabolic interpolation of the two adjacent
fue) temperatures. For the example shown on Figure 10, for example, the
average fuel temperature of node 2 would be given by:

2 _ gl
.2 - Rl
e - |2
2 1
where:
T

1 and T2 are the temperatures calculated at Rl and Rz

and 3, is the radius at the location corresponding to the volume weighted
node center and is defined by

—-——-——_— -

*Since the Doppler calculation uses a transient temperature change rather than

an absolute value, the difference petween the values obtained at the two
locations is aquite small so that the calculated feedback resulting from a
change in the fuel temperature was not affected appreciably.
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9.2 REVISION IN DERIVATION OF A GAP CONDUCTANCE EQUATION

In performing the recent program modifications, it was noted that one of the
equations in the original FPRE-2 version of the variable gap conductance mode)
contained a minor derivation error. This equation was related to the decrease
in gap dimension resulting from fuel melting if the volume of molten fuel
exceeded the central void volume. The equation* was given in the form

+ 2
Relting - “’m}; . (‘V'Luzk = ‘K" 2"31 An(melt)
f f m=
where:
R¢ is the total fuel volume
An is the area of molten fuel
Re is the fuel radius
Ro is the radius of the central void
BRoe1ting is the change i+ radius due to fuel meliting
Vet je the fractional change in fuel volume associated with
melting
N is the number of fuel rings which have melted

The equation is derived by comparing the change in fuel volume associated with
melting with the amount of molten fuel that can be accommodated by the central
void. The excess molten fuel volume is then assumed to contribute to a change
in the radial expansion of the fuel rod.

N
Letting f = ]l ):] Am. we have for 2 unit length of fuel
f m=

y e = o8
«(RZ - RO)f Noere = Wo * 2% aR

2
. | Mmere B (8Vpee * VR0 | 2'_‘:
Rne1ting Z R K &, ‘mimert)

*fquation 34 of Reference 1.
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Comparison of this equation with the previous equation shows that the
multiplier on R% now contains a term 1/f rather than the value of unity
contained in the original equation. This error would have resulted in 2
slight underprediction of the expansion characteristics of the fuel if the
following four conditions existed:
1. The original variable gap conductance model (Input 20=+1) was used.
2. A central void was specified or occurred as 2 result of sintering.
3. Fue) melting occurred.
and 4. The molten fuel volume exceeded the volume of the central void.
In the event that all of the above conditions existed, the result would have

been that the calculated fue) temperatures would have been overpredicted.
This error has been corrected in the modified version of the computer program.
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10.0 PROGRAM MODIF ICATIONS TO PROVIDE USER FLEXIBILITY

In addition to the changes made to obtain model improvements, several features
have been added to the F@RE-2 program which do not affect the basic
calculations but which were added to provide some additional flexibility for
the user. The use of these additional features allows the user to either
obtain specific information or to have the ability to manipulate the output |
without having to stop and RESTART a problem. These features have been

included as options since it may not be necessary nor desirable to use them

for many cases.
10.1 MODIFY THE AXIAL POWER SHAPE DURING THE TRANSIENT

Certain types of analyses require that the axial power shape be changed at
some point in the transient. For example, for 2 control rod insertion
transient, the axial power shape changes when the rod is inserted from an
initially withdrawn position.

The analysis of this type of transient has previously been performed using the
RESTART option in the computer program. The insertion phase of the transient
is run. Then the program is stopped, the axial shape approprtate\y modified,
and the remainder of the transient analyzed.

To provide more flexibility for the user, 2 new option has been added which
allows the axial power shape to be modified without stopping the problem.
Input number B48 is 2 new variable (TSWAP) that defines the time at which the
alternate power shape will become effective. The alternate axial power shape
(Inputs 849-855) is defined by the variable ALTPEW(M)*.

After the time TSWAP has peen reached, the local heat generation js corrected
by multiplying by the ratio of the alternate shape factor to the original
shape factors (PPWRAT(M), Inputs 171-177) as shown below.

for v < TWSAP, ;

Qmodified) = & ALTP@W (M) /PEWRAT (M)

swhere 1| <M < MMAX
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10.2 PRINTOUT INTERVAL VARIATION DURING THE TRANSIENT

Printout intervals (i.e., the period of time between printouts) can be
controlled by several different input yariables in FPRE-2M. However, once
these variables are celected, the printout interval is fixed and is either a
function of the number of timesteps (Input 34) or 2 specified time between
printouts (Input 71).

In many transients, there may be 2 period of time during which the parameters
change quite rapidly while during the remainder of the transient changes occur
more slowly. Thus, while it may be important to have frequent printouts
during the one portion of the problem, the same printout interval might
produce 3 needless amount of output during the slower portion of the transient.

A new option has therefore been added which permits the user to change the
printout interval during the problem. 1f a non-zero value is input to
location 856, it will represent the point in time, specified in seconds, at
which a new printout interval will pecomd effective. This new printout
interval is specified as Input 857 and will override Input 71 once the problem
time exceeds the value of Input 856.
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10.3 OPTION FOR SEARCHING FOR PEAK VALUES OF CERTAIN CRITICAL PARAMETERS

In order to reduce the amount of output data, the user of FPRE-2M usually does
not print out the results from each calculation. Rather, he selects a
printout interval (INPUT 71) which will result in a reasonable quantity of
output data. Frequently however, particularly for transients in which the
values of the parameters change rapidly (e.g., rapid reactivity transients),
this procedure will fail to specifically print out the maximum value of
certain critical parameters.* The user must then attempt to estimate the

magnitude and time at which the maximum values of these parameters could occur.

To avoid the possibility of errors in this procedure, an option has been added
(INPUT 8338) which will key the FORE-2M program to search for and record the
time of occurrence and max imum values of: 1) reactor power; 2) maximum fuel
center line temperature; 3) maximum cladding I.D. temperature; and 4) maximum
channe) coolant temperature. The user can select either Channel 1 (INPUT
8338=1), Channel 2 (INPUT g338=2) or Channel 3 (INPUT 8338=3) as the channel
on which the search for maximum temperatures will be performed. The program
will then identify the time and axial location at which the maximum values of
these parameters occur.

Since this option will increase the computer execution time slightly
(<0.5%), it is recommended that this option be bypassed (INPUT 8338=0) for
slow transients were interpolation will usually produce satisfactory results.

*Such a condition usually occurs in the first few seconds of a transient.
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10.4 STORAGE OF DATA FOR SUBSEQUENT RETRIEVAL FOR A PLOTTING PACKAGE

An option has been included in the latest version of FPRE-2M which allows for
storage of selected parameters for possible use in a subsequent plotting
package. The original FPRE-2 program (1) did have 2 plotting packzge in it,
put this was later removed because it was somewhat incompatible with the
Westinghouse conputer facility.

The present version of FPRE-2M stores 169 selected variables (Tables 4 and 5)
on TAPE 2. This storage is initiated by setting option 1PLET (INPUT 8337)
equal to 1; if the option is not desired, this variable should be set equal to

zero (INPUT 8337=C).

Once the option is selected, the user must then save the data tape for
subsequent use by specifying the appropriate "CATALOG TAPE 2" command Rather
than write 2 general1zed plotting routine (which may not be compatible with
every computer facility), it is sugaested that each facility write its own
plotting program, retrieving the data stored on TAPE 2 and manipulating it as
required. The 169 variables are stored on TAPE 2 in 2 series of strings,
indexed according to the index numbers shown on Tables 4 ani 5. There will be
»N" strings (each 169 words in length) where “N* correspond . tO the number of
computer printouts that were obtained during the problem. The dimension of
this “dummy"* array is therefore given by DUMMY (N, 169) whe € N can vary
petween 1 (steady state) .nd the maximum number of printouts (NMAX) in a given
problem. The following metho. (for example) could then pe used to retrieve
the data:

DO 100 N=1, NMAX

100  READ (2) (DUMMY (N.l).l'1.169)
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Index Number

1

2
3
4
5
6
7

o o™

158
159
160
161
162
163
164
165
166
167
168
169

5250A--606A
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TABLE 4
VARIABLES STORED ON TAPE 2 FROM FORE-2M RUN

CORE DEPENDENT PARAMETERS
parameter
TIME (sec)
Tota)l Core Power (Mw)
prompt Core Power (Mw)
Channe) 1, Coolant Mass velocity (1b/sec-ft2)
Channel 2, Coolant Mass velocity (1b/sec-ft)
Channe) 3, Coolant Mass velocity (1b/sec-ft2)
Channel 1, Coolant Outlet Temperature (oF)
Channel 2, Coolant Outlet Temperature (°F)
Channel 3, Coolant Qutlet Temperature {F)
Maximum* Cladding Temperature (oF)
Total Core Reactivity (ok)
Programmed Reactivity (&)
Total Feedback (k)
Doppler Feedoack ()
Cladding 0D Temp. (°F), Channel 3, Axial Node #1
Cladding OD Temp. (°F), Cnannel 3, Axial Node #2
Cladding 00 Temp. (*¢), Channel 3, Axial Node #3
Cladding 0D Temp. (°F), Channel 3, Axial Node #4
Cladding 0D Temp. (°F), Channel 3, Axial Node #5
Cladding 0D Temp. (°F), Channel 3, Axial Node #6
Cladding 0D Temp. (°F), Channel 3, Axial Node #7

Coolant Inlet Temperature
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VARIABLES ST

Parameter

fuel Centerline Temperature (°F)

Average Fuel Temperature (°F)

Fuel Surface Temperature (°F)

Cladding 1.D. Temperature(°F)

Average Coolant Temperature (F)

Outlet Coclant Temperature (°F)

Surface Heat Flux (Btu/hr-ft2)

Cladding 0.D. Temperature (°F)

TABLE 5

CHANNEL DEPENDENT PARAMETERS

Channel

1

2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
3
3

1
11
109
18
67
116
25

74
123

81
130

137
95
144
53
102
15!

162

2
12
61
110
19
117

75
124

131

40
128

47
145
103
152
163

ORED ON TAPE 2 FROM FORE-2M RUN

Index Number

Axtal Sections 1 to 7
4

e 5
13
62

111
20

69
118

153
164

——

14
63
112

21
70
119

28
77
126

35
84
133

42
91
140

49
98
147

56
105
154

165

15
64
113

22
71
120

29
78
127

36
85
134

43
92
141

50
99
148

57
106
155

166

16
65
114
23

72
121

128
7
135
93
142
51

100
149

177
156

167

17
115
24
73
122
k)|
129
87
136
as
143

101
150

108
157

168
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A.1  INPUT DATA

The particular input for the data cards is discussed in Subsection A-3.
The format for the other cards are:

Case Card:
Column Contents
1 ) independent case designation
( dependent case designation

2-6 FPRE*

7-9 User's initials

10 . Column 2-34 \
11-14 Case Number are Optional |
15-27 Blank
28-34 Date

9999 Card (Sentinel Card):

|
|
Columns Contents
|
\

1-4 99399
5-80 Blank
Last Card:
Columns Contents
1-5 ) LAST Columns 6-9
g - are Optional

Because of tape-handling difficulties when a wrapup is requested, only
single c.ses can be run in this version of the code.

A1l 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 colum 4. Columns 5 to 80 contain
input valu . in free form; that is, there is no requirement that a
particular input appear in specified colums. Free form requires that




each nunber be separated by one or more spaces or by a comma, from its

neighbor. The input values in columns 5 to 80 are loaded in consecutive
order, with the first value corresponding to the location in columns

1 to 4. Input locations 1 to 60 are integer number. Input locations
beyond 60 must be external fixed point (F Field) or floating point

(E Field) numbers: that is, a decimal point must be used. ©

Repeat and skip options offer acditional input flexibility. The expression
1.0 sRna, for example, assigns 1.0 to n consecutive locations. The & is to
typographically emphasize that a blank must be used. Similarly, the
expression aSna skips n consecutive input locations. A1l 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
zlphanumeric input in columns 5 to 80 contained within parentheses is
edited in the printed output, but otherwise is ignored. This allows the
user to insert comments in the input deck to identify particular

portions of the input. Appendix B contains a listing of the input

for a sample problem. The input options and card format are illustrated
ir. this listing.

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

previous data.
A.2 RESTART

The user has the option in FPRE-2M for a final and two intermediate
wrapups, and for a restart with changes in input from any of these wrapups.
Table A-1 contains a list of input values that cannot be changed on
restart.

Because of the restart capability, the flexibility of FBRE-II has been
greatly extended. A typical use might be the coefficients of reactivity
terms which are single value input. For the particular transient

*Inputs 7768, 7798, 7799, 8207, 8208, 8292, 8333 to 8335, and 8336 to 8339

are exceptions to this rule. o



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.

The input deck for a restart is as follows:

Independent case card

Data cards for Irnput locations 29 and 52
Sentinel card

Dependent case card

Data cards with changes in input values
Sentinel card

Last card

A.3 DESCRIPTION OF INPUT DATA

Table A-2 describes the input data for the FPRE-2!1 program. Not all of the
variables are required for any given problem. The actual amount of input
data required depends upon the options selected for a particular case. It
should be noted that core flow and inlet temperature as a function of time
must be input to the code. These data are typically calculated with a plant
simulation model which analyzes the coupled thermal/hydraulics of the
primary, intermediate and steam loops.
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TABLE A-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 conditions
21 Number of channels
27 Additional material input
76 Equivalent radius of the coolant
77 Cladding inner radius
78 Cladding outer radius
79-88 Radii of the fuel nodes
90 Core outer radius
91 Volume of fuel in the core
94-100 Length of core axial sections
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INTEGER VARIABLES, LOCATIONS 1 to 60

Noda! and Tabular Options

TABL.

2

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks |
] 1 MAX 1 < IMAX < 6 Number of delay groups j
|
2 11MAX 1 < IMMAX < 3 - Number of terms in empirical fit to fission l
product decay [see Equation (102) of Ref. lL
3 INUM 2 < INUM < 30 - Number of mass velocity =ntries J
4 1SMAX 2 < ISMAX < 30 - Number of effective multiplication factor
entries (if this is input) ‘
d
5 JMAX - Maximum number of time steps !
‘£ KNUM 2 < KNUM < 30 - Number of T '" entries ;
7 LMAX 2<l <7 - Mumber of radial core regions ?
(L #0,1) ]
8 MMAX TeMc? - Number of vertical core sections
9 NMAX 1 <N <10 - Number of radii at which fuel temperatures
are calculated
10 NUMPWR 2 < NUMPWR < 30 . Number of power entires (if this is input) J
N Nivg10 2 < NMVEID < 30 - Number of entries due to sodium voiding '
(if this is an input) |
12 NMSCRM 2 < HMSCRM < 30 . Number of ak points due to scram (if ;
this is an input) :
13 NMCERL 2 < NMCERL < 30 - Number of bulk coolant boiling entries :
(if this is an input)
14 NMCLAD 2 < NMCLAD < 20 - Number of cladding burnout entries
o (if this is an input)
15 NHMTERM - Channel to which temperature limits should

be applied (1, 2 or 3). If 0, average
channc! will be used (including coolant
temperature scram).




Ly

A LR

INPUT FOR FPRE-2M

Nodal and Tabular Options

Input Number Variable Range Units Remarks
16 6f 0 - Equals 0 means use calculated v, which
assumes parabolic profile
1 Equals 1 means use input values for v
(locations 820 - 826)
17 Gbo ] - Cantilevered at inlet, pinned at exit '
y 2 Simply 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 8 1 1f coolant, cladding, structure and
9 additional material are not lumped
0 If Jumped
19 Sost 1 For extrapolation procedure (for feedback
approximation)
0 Otherwise
20 802 (1) (1 or 2 For variable conductance from fue! to
gap cladding
0 Constant conductance (see location 341)

(1) 1If 6gap=1' the Ross and Stoute model, modified to include radiant heat transfer, is used.

If 6gap=2‘ axial variations in conductances and radial gap dimensions are specified for each of the
three channels using Inputs 827 to 847 and 948 to 968 (see Reference 3 for a description of the model used
with this option).

If & = -1 or -2, the Ross and Stoute model (including radiant heat transfer) is used. Inputs 948 to 968

gap
are used to specify either the cold (Gga = -1) or hot (Gga = -2) radial gap dimension.

p n
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INPUT FPPE-2M
Noda)l and Tabular Options
Input Number Variable Range Units Remarks
21 L 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 ak(" 0 Use curve fit for fuel conductivity
(Input No. 118-120)
1 Uses table (Input No. B61-900)
2 Uses original TID-26666 Pu-UO2 conductivity
3 Uses irradiated B4C conductivity from
HEDL-TME-75-19
4 Uses TID-26666 (Rev. 1, 8/1/77) Pu-U0,
conductivity
23 " 1 Use power table
pr 0 Otherwise
24 5 1 If scram table of reactivity is input
scram 0 Otherwise
25 5 1 If sodium void reactivity table is input
void 0 Otherwise

(i) If 8 = 2 or 4 is used, Inputs 858 and 859 must be specified. If alternate gecmetry option (Input 7768)

is used, Inputs 8205 and 8206 must also be specified.




INPUT FOR FPRE-2M

Code Options

Input Number Variable Range Units Remarks
26 éstep 1 [f user has specified step size
0 For calculation of step size
27 6u 1 1f additional material is used
3 0 Otherwise (if 8, = 0, Gunnut be 0.0)
28 $cof 1 If hgil.k = 3 should be calculated at time
of void (set to 1 if no voiding table)
0 Otherwise
29 Grestart 1 If thi§ is a restart
0 Otherwise
30 S 0 If average fuel temperature is based on
core only
» 1 17 average fuel temperature is based on
w0 core plus blankets
31 ) 0 Option on coolant cross-flow component
. and excess energy. If as-l. Inputs 7860
1 to 7999 and 8000 to 8140° must be supplied
32 NS 0 Number of axial power shapes. If Ns-o.
only one shape supplied (Inputs 171-177).
1 If Ns=l, an alternate shape must be
supplied for Channel 3 (Inputs 8182-8188)




otl-v

Edit Options

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks |
3 $10n ] Print the long edit !
9 : . |
0 Do not print the long edit ]
34 NMLENG Number of steps/printout (long edit) |
35 6591 ! Print section D (precursor concentratinns)
0 Do not print section D
36 Sap2 ] Edit average channel only, sections E and F
(Fuel and Radial Temperatures)
2 Edit average and peak channels
3 Edit average, peak, and hot-spot channels
0 Edit all channels calculated
37 Gtem 1 Print fuel Equivalents
P 0 Print fuel Temperatures
38 MSKIP <MMAX Total number of axial sections to be
bypassed in the edit of sections E and F
39-45 MDELZ Axial section to be bypassed in the edit
of sections E and F
a6 6' 4 1 Print out section G (Coolant Temperature
P and Velocity)
0 Do not print section G '
47 Sa0a 1 Print section H (Cladding surface heat flu.)
P 0 Do not print section H
48 S5 1 Print section 1 (Coefficients and Gap Con-
= ductance)
0 Do not print section I
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Other Options

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks }
) |
52 KNTNV If your case is a restart: ;
0 means continue problem where original i
one left off |
] Means continue problem from first wrapup |
2 Means continue problem from second wrapup
83 1vary (1) Option for variable void ) See Section 3.2
|
54 1sinTR (1) Option for fuel sintering } oo & .
55 Baot Number of axial blankets at bottom of corng
56 Brop Number of axial blan‘ets at top of core ;
57 8 0 High-density coolant (liquid metal) :
coolant 1 Low-density coolant (gas or steam) ‘
58 aAp -2 to +6 Option for pressure drop(zy
59 SAFW Option for axial flux weighting
0 Axial weighting per Input 171-177
1 Axial weighting per Input 941-948
60 Smelt Option for melt routine:
. 1 Calculates percentage molten fuel
0 No calculation

(I)To obtain correct heat balance for core of non-uniform axial hole size in pellet (prescribed but not
calculated by code, e.g., "cored pellets"), a proper heat balance requires using [53] and [54] = 1.

(Z)See Section 2.2 of this addendum and Section 3.9 of Reference 2 for a description of the pressure drop/
flow redistribution options.
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Decimal Variable Locations Greater INPUT FOR FQRE-2M
than 60

Times and Termination Controls

Input No. Variable Range Units Remarks B
61 DELP - Maximum fractional power change per step
62 DELT sec Initial step size (must always be input)
63 . HMAX sec User's maximum step size (input only if !

Sorep = 1) ,

64 THAX (1) sec Maximum running time of transient
65 . °F Upper 1imit for temperature of fuel node 1|
66 T?i" °F Lower limit for temperature of fuel node ! |
67 Tnax °F Upper 1imit for fuel boundary node i
68 T:i" °F Lower 1imit for fuel boundary node
69 Tgax °F Upper 1imit for coolant temperatures
70 T:i" °F Lower limit for coolant temperatures |
n PMax sec Maximum time between printouts |
72 TSuin sec Minimum time step size (recommend 10°°)
73 | - Blank
74 - Blank

(1) NOTE: An additional time limit on computer running time is established with the control cards which precede
the FPRE-2M input deck. The program has a built-in 10-second delay on this specified value to permit
the printing of the output. For short running problem (TMAX < 308 seconds), the delay is reduced to

3 seconds.
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Si-v

Material Properties

INPUT FOR FPRE-ZM

[nput Number Variable Range Units Remarks
106* Fe - Hot spot factor for thermal conductivity
of the cladding - multiplier Input 107 for
Channel 3 B
107 ke (or A) Btu/Sec-Ft-°F Thermal conductivity of the cladding ]
108 K Btu/Sec-Ft-"F Therma] conductivity of the structure
S (must be non-zero)
109 Ky Btu/Sec-Ft-°F Thermal conductivity of the additional
material (must be non-zero)
1o Ce Btu/1b-°F Specific heat of the cladding
m Cs Btu/1b-°F Specific heat of the structure
112 AJiL, Btu/1b-°F Specific heat of the additional material
N3 o¢ b/t Fuel density
114 e b/t Cladding density
115 o lb/ft3 Structure density
116 I lb/ft3 Density of additional material
17 Tﬁt[T °F Fuel melting temperature (see note on pg. 37
18 K0 Btu/Sec-Ft-°F
1 2 Constants used in calculating thermal -
119 K Btu/Sec-Ft-"F conductivity of the fuel (only if quadratic
2 3 fit selected input 22=0)
120 K Btu/Sec-Ft-°F
121* Fk - Hot spot factor for fue)l conductivity

*Indicates hot spot factor.
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Material Properties

INPUT FOR FQRE-2M

Input Number Variable Range Units Remarks
122 By Btu/Sec-Ft-°F¢ Constants used in calculating fuel con-
3 ductivity at meIting (only if quadratic
123 CK Btu/Sec-Ft-°F fit selected Input 22=0)
124 gheL] Btu/Ft3 Fuel heat of fusion
125-144 c' Btu/1b-°F Specific heat of fuel
versus
145-164 °F Temperature
165 opp ak/°F Core radial expansion coefficient
166 Go Lb/Sec-Ft2 Initial flow rate in average channel(‘)
167 M 1.0 to 7.0 Channel 3 axial claddina section for
which Input 168-170 apply
168 i >0 HCF of cladding at 167 axial section(?)
169 s >0 HCF of film at 167 axial section(*)
170 F >0

Ratio of flux at exi{ {o flux at midpoint
of 167 axial sectioni?

(1) 1f G, = 0, absolute flow rates as a function of time must be specified using Input 196-225.

(2) Internally set to 0.0 if not specified.




(u-y

Power and Flow Factors

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks
171-177 Am T < m < MAX - Ratio of peak power to average power for
axial section m
178 F 4
Y - Fraction of power due to gamma and neutron
heating ;
179+ Py - Hot spot factor used in calculation of -eat |
generation rates in hot spot channel
180* Pr - Radial peak-to-average power density
ratio in core J
N |
181-190 = I YA =A - Ratio of heat generation rate in fuel node
n=1 n to fuel average heat generation rate |
191+ F - Peak channel factor used in calculating
Gg k=2 (mass velocity for channel 2)
192* Fv - Hot spot factor used in calculating
G (mass velocity for channe! 3)
c,k=3
193 TS@LID i Solidus temperature of fuel
194 TLIQ b Liquidus temperature of fuyel
195 TPLAS b Temperature at which fuel becomes plastic
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Coolant Flow Characteristics

INPUT FOR FPRE-21

Input Number Variable Range Units Remarks
: 2 (1)
196-225 Gc Lb/Ft"-Sec Coolant mass velocity for average channel
versus
226-255 T sec e
.lnlet °
256-2085 Te ¥ Coolant inlet temperature
286-315 T sec ¥$;:us
316 BOR k=2 - Sum of the local loss coefficients in
; ?eak channel (orifice, inlet, outlet and
ocal effects)
317 c - Constants needed to calculate COMP,
criterion for Reynolds number
318 e - Suggested values: C = 0.316
e = 0.25
39 Oy ft Hydraulic diameter of coolant passage
320 ae Ak /°F Axial fuel expansion coefficient

(1) 1f Input 166 is specified, a normalized flow rate (G/Go) should be used.
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Coolant Heat Transfer Coefficient Inputs

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks
321 A"
322 BH
323-329 CH'm
330 M Constants used in coolant heat transfer
H coefficient equation 1 < m < M Max,
131 Ny (See Equation 15 of Ref. 1)
332 Ry
333 DHT ft Appropriate diameter for use in calculating
the coolant heat transfer coefficient
3344 Fr - Hot spot factor for calculating coolant
heat transfer coefficient
335 ds ft Characteristic structure dimension (see
Subsection 3.4.4 of Reference 1)
336 d ft Characteristic dimension of the additional
. material (see Subsection 3.4.4 of Ref. 1)
337 Gs fr! Structure surface-to-volume ratio
338 Gu ft" Additional material surface-to-volume
ratio (if 6,0, G_must be 0.0)-(see Sub-
section 3.4.4 of reference 1)
339 h 5 Btu/Sec-th-°F Coolant heat transfer coefficient for
e hot spot channel at time of void (used
only if 6 ¢ = 0)
340 DEC@UP Option for decoupling additional material
DECAUP = 1.0 Decouples 1, 2, 3
DECAUP = 2.0 Decouples 2, 3
DEC@UP = 3.0 Decouples 3

*Indicates hot spot factor.
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Gap Conductivity Inputs

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks
kLY he Btu/Sec-Ft2-°F Heat transfer coefficient of fuel cladding
ga? (if location 20 is 0, only locations
41, 355, and 359 need be considered in
this section)
342 P Btu/Sec-Ft-°F
9 2 Constants used in equation for calculating
343 8 Btu/Sec-Ft-°F thermal conductivity of the gap (see
’ 3 Equation 38 of Reference 1) i
344 Cg Btu/Sec-Ft-°F
345 3, ft2 Constant used in gap conductivity
equation (see Equation 37 of Reference 1) J
346 8 - Constant used in gap conductivity equation
’ (see Equations 39 and 40 of Reference 1)
347 E, lb/in2 Modulus of elasticity of the cladding
348 9¢ ft Average jump aistances for the fission
gas at the cladding and fuel surfaces,
349 9¢ ft respectiveiy
350 (Re-Rf)co‘d ft Cold cladding radius minus cold fuel radius
351 bc ft Arithmetic mean roughness heights of
352 ef ft cladding and fuel, respectively
353 Y lb/ft247 Meyer hardness of material (use hardness
value for the softer of the two materials)
354 AVMELT " Volume increase of fuel due to melting
355* Fg B Hot spot factor to calculate gap

coefficient

Indicates hot spot factor.
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Gap Conductivity Inputs

INPUT_FOR FPRE-2M

Input Number Variable Range Units "~ Remarks
356 °.p. lb/in2 Elastic yield point of cladding
357 EMISF 0-1.0 Emissivity of the fuel surface
358 EMISC 0-1.0 Emissivity of the clad inner surface
359+ Fg'p Peaking factor for gap co.fficient for

peak channe)

*Indicates peaking factor.
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Feedback Inputs

INPUT FOR FPRE-2M

Input Numbar Variable Range Units Remarks
360 Cf - Relative worth of axial fuel expansion
(see Equation 90 of Reference \Y ‘
361 a op~! Linear thermal expansion coefficient of
structure in the radial direction
362 o, op”! Effective coefficient of thermal expansion
used in calculation of increase in core
radius
363 o’ o~ Structure coefficient of thermal expansion |
(see Subsection 3.5.3 of Reference 1)
364 e oy of"! Linear thermal expansion coefficient
’ of structure in the axial direction
(see Equation 97 of Reference 1)
J65 Eeo - Fit coefiicients for fractional expansion
- of cladding from 70°F. Of the form o =
366 Eg d 2 .
E,n *+Egy THE LT
367 EeZ .F-Z el el el
368 Efo -
1 Fit coefficients for fractional expansion
369 Ef‘ i of fuel from 70°F. Do not include dis-
-2 continuity due to melting in this fit
370 Efz oF
N €0 -
372 £ .F-l Fit coefficients for fractional expansion
ul of additional material from 70°F
o '2
373 EuZ r
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Feedback Inputs

INPUT FOR FPRE-2M

Input Number

Variable

Range Units Remarks
374-404 Blank
sk
405 Ry e - Core radius coefficient
k
406 Hy %“: 1 «m < MMAX - Core height coefficient
407-413 (0q 3%, 1 < m < MMAX - Density coefficient of reactivity of the
e cladding for section m
sk
414-420 (oc % 'm 1 < m < MMAX - Density coefficient of reactivity of the
c coolant for section m
6k
421-427 (of 55 )m 1 «<m < MMAX - Density coefficient of reactivity of the
f fuel for section m
428-434 (0, $5), 1 <m < MAX - Density coefficient of reactivity of the
u additional material for section m
k
435-441 (°s %3—)” 1 < m < MIAX - Density coefficient of reactivity of the
s structure for section m
“2-an Ilp.s - Table for effective multiplication
472-501 . sue versus Time
502-531 8k oid i sk due to sodium voiding versus Time
532-561 T;oid sec since initiation
562-591 8K vam 3 l sk due to scram versus Time since
592-621 Tscram soc | | TeiEietie
622 H ft Distance between core inlet and exit

support plates
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Feedback Inputs

INPUT FOR F@RE-2M

Input Number Variable Range Units Remarks
623 % Radians Measurement of the core lower support
plate's angular deflection from the
horizontal (at steady state)
624 Zo ft Distance from core inlet support to
actual core inlet
625 A - )
Dop Input constants used in Doppler feedback
. equations
626 BDop
627 b
628-634 Py < b < MAX - Spatial power weignting factor, radial
direction
635 CD - Doppler correction for temperature

profile
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Power Inputs

INPUT FOR FQRE-2M

[nput Number

Variable

Range Units Remarks

636 Pin MW Input power

637-666 o - Normalized Power Versus

667-696 T6 sec Time

697-699 A < im < IMMAX t* Terms used in empirical expression for
decay of fission products

700-702 o < im < IMMAX t® Terms used in empirical expression for
decay of fission products (cannot be
equal to 0.1)

703-705 an < im < IMMAX sec ferms used in empirical expression for
decay of fission products

706 S fissions/cc-sec | Source

707 To sec Length of time prior to start of problem
for which the reactor operated at the
constant power, Po

708-713 8, < i < IMAX Delayed neutron fraction, i group

714-19 Yi < i < IMAX sec'l Decay constants of ha group

720 v - Neutrons per fission

1 L sec Neutron lifetime

722-727 ¢, < i < IMAX cc'1 Delayed neutron precursor concentration
for 1th group

728 €y - Small constant determining appropriate
solution to power equations

729 ‘pwr - Criterion for power and energy accumulation

(suggested input: 1.0 x 107/)
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INPUT FOR FPRE-2M

Miscellaneous
Input Number Variable Range Units Remarks

730 € - Convergence criterion for initial fuel
temperature calculations

731 xa - Constant used to indicate location to
calculate coolant temperature

7132 Tzcram Scram initiation temperature

733 €5 - Scram constant to determine start of

cram -
scram reactivity
,BO” °
134-753 e ’ Coolant's bulk boiling temperature
754-773 pé ]b/inz versus absolute pressure
i .Burnout o

774-793 ' e ¥ Cladding burnout temperature versus

794-813 P; 1b/in2 absolute pressure

814 fz - Fraction of channel frictional pressure
drop inlet to void

815 Pe, 1b/in’ Static head pressure at channel inlet

816 PPump lb/inz Pump head pressure at channe) inlet

817 T¥apor " Fuel temperature at which vaporization
occurs

818 We typically 10'4 Convergence weighting factor for gap
coefficient in steady state

819 - Blank

820-826 W, Regional ueightin? factor for core radial

3

temperature prufile (must be input if

8 = 1)
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INPUT Fr - M
Miscellaneous
Input Number Variable . Range Units Remarks
827-813 (Fh)l <m< MMAX If Input 20 = 2 ézizleﬁo;regtio? fgr gap coefficient,
these values are ’ .
2o . . -
. BTU/HR-FT™-"F Axial correction for gap coefficient,
834-840 (Fp)y £mc MAX Channel 2, M = 1, 7
If Input 20 = 0
Axial correction for gap coefficient,
841-847 (Fp)s £m< MMAX |these are correc- | ..o 1 L M=1,7
tion factors
If TSWAP > 0.0, this is time at which
848 TSWAP > 0.0 seconds alternate power shape ?849-855) becomes
effective
Alternate axial power shape factor
849-855 ALTPOW(M) < m < MMAX - to use with TSWAP
If TIACK > 0.0, this is time at which
856 TJACK > 0.0 seconds Input 857 becomes effective
% Alternate printout interval, overrides
857 PJACK seconds Input 71 when time is greater than
TJACK
Fractional % e o .
858 0, 0-1.0 of Theoretical Initial density
Fractional % "
859 N 0-1.0 of Theoretica) Sintered density
860 TS Of Sintering temperature
861-880 K¢ BTU/FT-Sec-°F Table for fuel conductivity versus
a temperature (input only if 8, equals 1)
" F
881-900 Tfuel
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INFUI } “PRE-2M
Miscellaneous
Input Number Variable Range Units Remarks
(2) Axial variation in central void for
901-907 Riole-1 BTz " Channel 1; M =1, 7
908-914 RHole-Z(Z) Ocre r ft Axial variation in central void for
Channel 2; M =1, 7
915-921 RHole-3(2) Ocre ry ft Axial variation in central void for
Channel 3; M =1, 7
Fraction of r generated in the Note: Not an input variable;
922 cladding. cons e calculated by the code
923-925 FG(l 2.3) >0 Velocity correction factar for aP
S calculation, for Channels 1, 2, and 3
926-928 F Friction factor correction for
fr(1,2,3) >0 Channels 1, 2 and 3

¥ Exit loss coef
929-93) Kexit(l.?.a! >0 gty coefficient for Channels 1,
932-934 a . Area ratio for inlet of Channels 1,

" ) Area ratio for exit of nel
935-937 Sout(i.2.3) 0-1.0 g xit of Charnels 1,
938-940 1 Height of fluid above active core for

H(1,2,3) ft Channels 1, 2, and 3
941-947 AFFle 1 «m < MMAX :xiaggflux weighting factors for input
- - 0. =]

(2) NOTE: If the specified hole size exceeds the radius (Rl) at which the temperature of the first

node {s calculated, a warning message will be printed out at the beginning of the transient output.
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_.‘PUT FOn rPRE-2M

Miscellaneous
» : : . e
948-954 (1) RGAP(M, 1) 1 <m < MMA inches Prodicsced o dosong gf o B ch i
. Hot radial gap dimensions for variable gap
955-961(1) RGAP(M,2) 1 cm < MAX inches conductancegogtion Z (Input 20 = *2)
- i : . : , - ,
962-968(1) RGAP (M, MMAX i ot radial gap dimensions for variable gap
.3 &Lt e ct~ductance option 2 (Input 20 = *2)
1f value greater than 0.0, axial variat.on
969 pE(69) >0.0 - in fuel conduct}Yity factors need be spec-
ified [FCPN(M.K
_a2el2) Axial variation in fuel conductivity i
970-976 FCON(M,1) Lems X correction for Channel 1 [if PE(69)>0.0)
977-980

(Not Currently Used)

(1) If Input 20 = -1, the cold gap dimension is specified in inches.
(2) Default values for Inputs 970-976, 1181-1187 and 1188-1194 are 1.0.
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Built-in Tables

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks
981-1000 Kc Btu/Sec-Ft ‘ Thermal conductivity of coolant
versus temnerature
1001-1020 TL
1021-1040 . Coolant coefficient of expansion
10013088 . versus temperature
c
1061-1080 Ve 1b/ft-sec % Dynamic viscosity of coolant
versus temperature
1081-1100 TC
1101-1120 C. Btu/1b-°F ] Specific heat of coolant versus
121-1140 . temperature
c
) 3
1141-10 P 1b/ft ‘ Density of coolant versus
1161-1180 T Wiy
c
Axial variation in fuel con-
1181-1187 FCON(M,2) 1 < m < MMAX uctivity correction for Channel
2 |if PE(69)>0.
Axial variation in fuel con-
1188-1194 FCON(M,3) 1 < m < MMAX ductivity correction for Channel
3 (if PE(69)>0. o|
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Alternate Geometry

INPUT FOR FPRE-2M

Input Number Variable Range Units Remarks
7768 IXIND Dor 1l - Alterrate geometry option. If IXIND=1,
Inpu’s 7769-7790 and 8190-8206 must be
supr.lied
7769 ARACL ft Equivalent radius of coolant for alternate
geometry
7770 XRACD ft Cladding inner radius, alternate geometry
7 XRACS ft Cladding outer radius, alternate geometry
7772-7781 XRAND ft Outer radius of fuel node, alternate
geometry, 1 < n < NMAX
7782 XRADVD ft Radius of central void, alternate geometry
7783 XV@ST ft2 Velume of structure per unit length of
fuel
7784 XVOMT £t Volume of additional material per unit
length of fuel
7785 XDIHY ft Hydraulic diameter for alternate geometry
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Alternate Geometry

INPUT FOR FPRE-2M

Input Number Variable Range Urits Remarks
7786 XDHT ft Approor ate hydraulic diameter for
calculating heat transfer for alternate
geome Lry
7787 XDIST ft Characteristic structural dimension for
alternate geometry
7788 XDIMT ft Characteristic dimension of additional
material for alternate geometry
7789 XGST el Structure surface-to-volume ratio of
alternate geometry
7790 XGMT T Additional material surface-to-volume
ratio for alternate geometry
*
7791-7797 PSm Hot spot factor on heat generation for

the alternate power shape in Channel 3;
1 <M < MMAX

*1f any value of PSm is equal to zero, the normal hot spot factor (Input 179) will be used.




€ UOL3IIAS |RLXY 40) 3AOQR SY E=W (g /) 616L-006L
=W ul -
2 UOL3I3S |RBLXY 404 3AoqQe sy (""9/9) 668,-088L
(Z3W1L 3sn) g |3uuey) jo
MO|j 33|UL Y] 03 3ALIe|3J4 £ |3uuey) j0 I=W, Ut
[ UOL}J3S |PLXy UL 3JB4 MO[j |BD0| jO San|ep (" "9/9) 6.8L-098L
€ (Juuey) 404 3AOQe Sy 01> (*)1PH9 658L-0V8L
(Z3WIL asn) L
Z |BuuRy) J40j UMOPISIII MOLJ PazZ||ewiON 0°1> (2)av3d9 6c8L4-028L
6£18
03 028, SIndu] J0j Sawil j0 3|qey Spu0d9as ZIKWIL 618,-008¢
wesds 3o sulbag umopjiseod
dwnd “[=dWndl 41 ‘di143 dwund uo uoi3dg - [ 40 0 dWndl 66LL
pai|ddns aq 3snw 1818
03 Opl8 S)Oeqpaay ajeudal(® *1=83341 31 - [ 40 0 93341 86LL
S34PWAY s3iun abuey a|qeLJdep Jaquny 3ndu]

S43J3WRLRY MO[4 Pue }IeqQpPaa4 3JeuJally

A-33



INPUT FOR FPRE-2M

Alternate Feedback ard Flow Parameters

ve-v

r_ Input Number Variable Range Units Remarks

7920-7939 (G/Gin)n=4 Values of local flow rate in Axial Section &
of Channel 3 relative to the inlet flow
of Channel 3 (use TIMEZ)

7940-7959 (G/Gin)M=5 As above for Axial Section 5

7960-7979 (G/Gin)H=6 As above for Axial Section 6

7920-7999 (G/Gin)Mg7 As above for Axial Section 7

8000-8019 QEXS(M=1) BTU/sec Excess energy supplied to Axial Section 1
of Channel 3

8020-8039 QEXS(M=2) BTU/sec Same as above for Axial Section 2

8040-8059 QEXS(M=3) BTU/sec same as above for Axial Section 3

8060-8079 QEXS(M=4) BTU/sec Same as above for Axial Section 4

8080-8099 QEXS(M=5) BTU/sec same as above for Axial Section 5




INPUT FOR FPRE-2M
Alternate Feedback and Flow Parameters
-

{  Input Number Variable Range Units Remarks

8100-8119

QEXS(M=6)

BTU/sec

Excess energy supplied to Axial Section 6
of Channel 3

SE-V

8120-8139 QEXS(M=7) BTU/sec Same as above for Axial Section 7

8140-8146 FDPP(M,1) AK Alternate Doppler coefficient for
Channel 1, Axial Sections i to 7

8147-8153 FDAP(M,2) akK Alternate Doppler coefficient for
Channel 2, Axial Sections 1 to 7

8154-8160 FORP(M,3) aK Alternate Doppler coefficient for
Channel 3, Axial Sections 1 to 7

8161-8167 COFBK(M,1) AK/°F Alternate coolant density reactivity
coefficient for Channel 1, Axial
Sections 1 to 7

8168-8174 CPFBK(M,2) aK/°F As above for Channel 2

8175-8181 CPFBK(M,3) aK/°F As above for Channel 3
Alternate axial power shape for Channel 3

8182-8188 XPPWR(M) (1 <M < MMAX)

8189 TPUMP seconds Pump trip delay it IPUMP=1
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Alternate Decay Heat

INPUT FOR FQRE-2M

if the IDECAY=1 option is used.

Input Number Variable Range T Units Remarks
| 8207 IDECAY 0orl Option for alternate decay heat model
8208 IREG 0,1, 2or3 Option on using core or Channel K as reactor
indicator for the IDECAY=1 option. If
IREG=0, average core power is used; if
IREG=K, Channe! K power is used. (see
footnote)
8209-8211 FREG(K) 3 Fractional power of reactor associated
t FREG=1.0 with regions corresponding to Channels
K=1 1, 2 and 3 for determining average core
power for the IDECAY=1 option.
8212-8231 TDECAY Second Table of time for alternate decay heat
values
8232-8251 PDECAY(1) Fraction of power attributed to decay heat
in Channel 1
8252-8271 PDECAY(2) As above, but for Channel 2
8272-8291 PDECAY(3) As above, but for Channel 3
FOOTNOTE: IREG also is used to control printout of transient power (see Section 7.3)
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INPUT FOR FPRE-2M

Alternate Fuel Specific Heat Table and Other Miscellaneous Items

Input Number Variable Range Units Remarks

8292 IXcp 0, 1, 20r 3 Chann21 to which alternate fuel
specific heat applies

8293-8312 XCPFIT BTU/1b-°F Alternate fuel specific heat

8313-8332 XTEMP °F Temperatures corresponding to alternate
specific heat

8333 ISPEC Option for selecting special reactivity
feedback subroutine

8334 IREX 1, 2or 3 Channel to which Inputs 165 and 320 apply

8335 ISTART Indicator for start of decay heat
curves (Inputs 8232 to 8291). If
ISTART=0, time is measured from
steady state (t=0). [If ISTART=1,
time is measured from point of scram.

8336 IPR@P Oorl IPR@P=0; tabular sodium properties will

be used.

IPR@P=1; built-in curve fit of Appendix c
sodium properties will be used.




INPUT FOR FQRE-2M

Alternate Fuel Specific Heat Table and Other Miscellaneous Items

Input Number Variable Range Units Remarks
8337 IPLOT Dor 1l IPLAT=0 bypasses this option.
IPL@T=1, selected transient results will
be written onto TAPE 2 for subsequent use
in plotting package
8338 ITMAX 0.1, 2, o0 3 ITMAX=0 bypasses this option.
ITMAX=1, 2, or 3: prngram will print out
time of occurrence and maximum value of
reactor power and maximum values of fuel
cladding and coolant temperatures for
either Channel 1, 2 or 3.
8339 ICPf Oorl ICP¢=0; tabular specific heat of fuel is
- used (INPUTS 125 to 164).
3 ICP¢=1; curve fit of specific heat of fuel
will be used (INPUTS 193, 194 and 8340 to
8343 must be specified).
8340 A(C )¢ BTU/1b-°F Constants for curve fit of specific
P heat of fuel
2
8341 ta(cp)f BTU/1b-°F C, <A+ B.T+CTe+0 - eg -1
8342 C(Cpl¢ BTU/1b-°F>
8343 D(Cp) ¢ BTU/1b-°Fg
8344 E(Cp) ¢ BTU/1b-°F
8345 F(C )f BTU/1b-°F Effective specific heat of mixed-oxide fuel
P between the solidus and liquidus tenperaturfi
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B.1 MISCELLANEOUS INFORMATION

The purpose of this section is to assist the user in the preparation
of input for running the modified version of the FPRE-]]1 computer program.

The present program includes a restart option which allows for possible
restarts at three distinct points (user specified) in the transient.
This option can be used to either study a parametric variation in

some variable (for example, scram reactivity rates) from some point

in tne transient or it can be used to continue a problem from the final
timestep of a previous run. This latter usage is quite effective for
long running problems (for example, a continuous rod withdrawal from
“zero" power). The problem can be run for a short time to see if it

is progressing properly, and then can be restarted and run to completion.
The WRAPUP-RESTART option can also be used in long running problems to
assure that a set of restart variables are available in case of an
inadvertent ~roblem termination (e.g., “"time estimate exceeded"). The
restart variables are stored on TAPE 1 and read from TAPE 4 if a

restart is desired.

In FPRE-2M, the "hot channel factors" are used to decrease the value of
a variable rather than to directly increase the temperature rise
associated with that factor. For example, the hot channel factor on
enthalpy rise is used to decrease the flow in the hot channel rather
than to directly increase the temperature rise of the coolant in the hot
channel. Likewise, the hot channel factors on film, gap and thermal
conductivities are used to decrease the nominal value of these variables.
Therefore, because of the manner in which they are applied, the hot
channel factors used in FPRE-21 are the reciprocals on the normal hot
channel factors. The exceptions to this rule are the factors on heat
generation (INPUT 179 and 180) which are applied directly.



Another point to consider in running 2 FPRE-2i4 transient is that the hot
channel is treated as a complete and separate channel and that some
factors will affect more than one variable. The factor on heat generation
in the fuel will, for example, also affect the enthalpy rise since the
excess heat due to the increased heat generation will be transferred to
the coolant. Care must be exercised that a duplication of such
factors is avoided. As an example, since the normal hot channel
factor on enthalpy rise (FAH) includes the factor on heat generation
(Fao)' the appropriate factor to include in the FORE-2M program
(fv, input number 192) would be
F
b
F =
‘" Fan
A list of the hot channel factors available in FORE-2 is given below
and noted by an asterick in the input listing (Appendix AR).

Input
Number Symbol Definition
106 Fe Hot-spot factor for thermal conductivity
of clad
121 Fk Hot-spot factor for fuel conductivity
179 Py Hot-spot factor used in calculating heat
generation rates in hot channel (normally
180 Fe Radial peak-to-average power density ratio
in core (i.e. FR)
191 F Peak* channel factor used in calculating
¥ flow rate in peak channel
192 o Hot-spot factor used in calculating flow
rate in hot channel
334 Fr Hot-spot factor for calcula‘ing coolant
heat transfer coefficient
355 Fg Hot-spot factor for gap coefficient
359 Fg p Peaking factor for gap coefficient in

peak channel

*In FPRE-2M, Channel 1 = Average Channel; Channel 2 = Peak Channel;
and Channel 3 = Hot Channel.
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B.2 INPUT DECK STRUCTURE

The binary tape of the modified FERE-11 program is cataloged at the
Advanced Reactor Division as WMFRPREZM. Tables B.1 through B.5 show the

structure of input decks for various options of the program. The
“control cards" listed before the input deck are required for a specific
computer system and could therefore differ from site-to-site.
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TABLE B-1

STRUCTURE OF A REGULAR PROBLEM (NO RESTART)

ATTACH (A, WMFPRE2M, 1D = SARDC, MF = MFA)
SETCPRE (ZERP)
|

A.
7
8y
JFPRE*XYZ*1234 12-15-75
(Data)
; (See Table E-5)
(Data)
99499
JLAST *
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TABLE B-2
STRUCTURE OF A WRAPUP PROBLEM (PREPARATION FOR RESTART)

ATTACH (A, WMFPRE2M, 1D = SARDC, MF = MFA)
SETCPRE (ZERP)

A.

CATALPG (TAPE] ,WMNAMEIT,CN=CASE, I1D=USER, SC=S)

7
8
JFPRE*XYZ*5678 12-15-75
(Data)
‘ (Input 49 = 1, 2 or 3)
‘ (Input 50 and 51
H Specify Timesteps for
‘ Wrapups)
(Data)
9999
JLAST =
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TABLE B-3

STRUCTURE OF A RESTART PROBLEM

ATTACH (A, WMF@REZM, 1D = SARDC, MF = MFA)
ATTACH (TAPE4, WMNAMEIT, ID=USER, MF=MFA)**

SETCPRE (ZERD)

A.
7
&
JFPRE*XYZ*6942 12-15-75
gg See input for restart - Appendix A
9999
(FPRE*XYZ*6942 12-15-75
(Data)
E (Only data which is to be changed
s need be specified)
(Data)
9999
JLAST *

** WMNAMEIT must correspond to tape name previously reserved
from WRAPUP



TABLE B-4
STRUCTURE OF A RESTART PROBLEM WITH ADDITIONAL WRAPUP

ATTACH (A, WMFQREZM, 1D = SARDC, MF = MFA)

ATTACH (TAPE4, WMNAMEIT, 1D=USER, MF=MFA)

SETCPRE (ZERP)

A.

CATALPG (TAPE1,WMNEWHAME, CN=NEWCASE, ID=USER, SC=S)
7

8
JFPRE*XYZ*7865 12-15-75
29 Restart data input
52
9999
(FPRE*XYZ*7865 12-15-75
(D?ta)
§ (For additional wrapups, inputs
5 49, 50 and 51 must be specified)
(Data)
9999
JLAST *

(1) The name of the new restart tape may be the same as old
restart tape provided a PURGE (,WMNAMEIT, 1D=USER, PW=CASE)
preceeds the statement.
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R)

B)

INPUT DECK STRUCTURE FOR FPRE-2M

TABLE B-5

(See Appendix A)

Regular Problem - no restart

1)
2)

3) 9999 (Sentinel Card)
* (Last Card)

4)

Independent Case Card

(bata)

JLAST

RESTART Problem

Independent Case Card
Input 29
Input 52

(Data)

Data which is being changed

9999 (Sentinel Card

JLAST

* (Last Card

o

} Restart variables

9999 (Sentinel Card)
Dependent Case Card



APPENDIX C

BUILT-IN TABLES
OF
SODIUM PROPERTIES

From

G. H. Golden and J. V. Tokar, "Thermophysical
Properties of Sodium," ANL-7323, Argonne National
Laboratory, August, 1967

NOTE: These values may be over-ridden by using all or part of
INPUT values numbers 981 through 1180.
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Thermal Conductivity
L

of Sodium, K ¢

.014055 BTU/sec-ft-°F
.013572
.013089
.012619
.012164

.onnz
.011497
.011283
.011069
.010858

.010447
.010247
.010047
.009661
.00928

.00892

.008567
.008225
.007894
.007575

BUILT-IN TABLES
OF
SODIUM PROPERTIES

vS.

Temperature, T ¢

200°F
30C
400
500
600

700
750
800
850
900

1000
1050
1100
1200
1300

1400
1500
1600
1700
18C0

NOTE: These values may be over-ridden by using all or part of

INPUT values numbers 981

through 1020.
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NOTE:

BUILT-IN TABLES
OF
SODIUM PROPERTIES

Thermal Expansion Coefficient
L]

of Sodium, a

C vs.

46.
a7.
48.
49.
50.

51
51

52.
52.
53.

54.
54.
55.
56.
57.

58.
59.
60.
61.
62.

34 x 107

28
22
18
15

A2
.62

1
61
1

12
63
14
18
23

28
36
44
54
66

6 .F"

Temperature, T

C

200 °F
300
400
500
600

700
750

850
900

1000
1050
1100
1200
1300

1400
1500
1600
1700
1800

These values may be over-ridden by using all or part of
INPUT wlaues numbers 1021 throuah - 060.
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Dynamic Viscosity
'

of Sodium, p ¢

0.0004753 #/ft-sec
.0003699
.0003026
.0002565
.0002233

.0001983
.000188

.0001788
.0001706
.0001632

.0001505
.000145
.000'4
.000131
.0001234

.0001168
.000111

.0001059
.0001013
.0000972

BUILT-IN TABLES
OF
SODIUM PROPERTIES

Vs,

Temperature, T

C

200°F
300
400
500
600

700
750
800
850
900

1000
1050
1100
1200
1300

1400
1500
1600
1700
1800

NOTE: These values may be over-ridden by using all or part of

INPUT values numbers 1061 through 1100.
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BUILT-IN TABLES
OF
SODIUM PROPERTIES

Specific Heat

of Sodium, C vs. Temperature, T'c
0.3311 BTU/#-°F 200°F
3250 300
.3194 400
3146 £00
13105 600
307 700
.3055 750
3042 800
.3030 850
3020 900
.3006 1000
.3001 1050
.2998 1100
.2998 1200
.3004 1300
.3017 1400
.3036 1500
.3063 1600
.3096 1700
.3136 1800

NOTE: These values may be over-ridden by using all or part of
INPUT values numbers 1101 through 1140.
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BUILT-IN TABLES

OF
SODIUM PROPERTIES

Density of Sodium

P ¢ Vs, Temperature, T ¢
57.965 #/FT° 200°F
57.157 300
56. 344 400
55.527 500
54.705 600
53,881 700
53.467 750
53.053 800
52.638 850
52.222 900
51.389 1000
50.971 1050 3
50.533 1100
49.716 1200
48.878 1300
48.038 1400
47.198 1500
46.357 1600
45.517 1700
44.677 1800

NOTE: These values may be over-ridden by using all or part of
INPUT values numbers 1141 through 1180.
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