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ABSTRACT

The Fuel Rod Analysis Program - Transient (FRAP-T5) is a
FORTRAN IV computer code that calculates the transient response of
light water reactor fuel rods during hypothesized accidents such as a
loss-of-coclant accident or a power-cooling mismatch. The code
calculates the temperature, pressure, deformation, and failure
histories of a fuel rod as functions of time-dependent fuel rod power
and coolant boundary conditions. The phenomena modeled by the code
include: (a) heat conduction, (b) elastic-plastic fuel and cladding
deformation, (c) fuel-cladding mechanical interaction, (d) fission gas
release, (e) transient fuel rod gas pressure, (f) heat transfer
between fuel and cladding, (g) cladding oxidation, (h) cladding
annealing, and (i) heat transfer from cladding to coolant. The code
contains all the needed materi»” properties, water propcrties, and
heat transfer correlations.

The code includes a user's ootion that automatically provides a
detailed uncertainty analysis of codu calculated response parameters.

FRAP-T5 1is programmed on the CDC 7600 computer and is structured

to enable direct linkage to a thermal-hydraulic code for transient
analysis.

ii



CONTENTS

MESTRAET & . 5 + o 6 v 66 o6 50 o 8 B0 oin o w v s e le Y
I. INTRODUCTIOR . « & o « ¢ ¢ o ¢ & o5 0 o 5 s o 5 6 ¢ 6 o 0 »
I1. GENERAL CODE DESCRIPTION . . ¢ « ¢ o oo s 6. 5 5 5 5.5 o o &
1. CODE STRUCTURE ANL CALCULATION PROCEDURE . . . . . . . .
o INPUT REQUIREMENTS . . . « ¢ ¢« . 4 o o « 6 ¢« o s ¢ & o »

O NS B e

« CUTAUT INFORMATION < &+ + 5 o o« % 5% s «n 5 » & % & &b

3
4. NODALIZATION, ACCURACY, AND COMPUTATION TIME
CORSIDERRTIONS 2° 4 o 5.5 & aco & 0 o' % 2% & 5.5 & a = & ' I

IT1. DESCRIPTION OF MODELS . . & & ¢ 4 ¢ ¢ 4 o o o ¢ o o s s o &« 1R
1. FUEL AND CLADDING TEMPERATURE . . . « ¢« o« v ¢« s o » o« » 16

1.1 Local Coolant Conditions . . +« « & &« « « &« « « » « 18

1.2 Heat Generation in Fuel Pellet . . . . . . « . « & 18

1.3 Gap Conductance . . . « « « « &+ « ¢ o & o« & PR |

1.4 Thermal Conductivity of Cracked Fuel . .. . ... 23

1.5 Fuel Rod Surface Heat Transfer . . . ., . ¢« ¢« « « « 25

1.6 Heat Conduction . . v v v 4 v & « v o o« o+ « o« «» 29

2. TRANSIENT PLENUM TEMPERATURE . . . . . T

2.1 Plenum Temperature Equations . . . .. . . ... . 38

2.2 Heat Conduction Coefficients . . « ¢ ¢ + o o« « o 485

2.3 Gamma Heating of the Spring and Claddina . . .. . 50

3. FUEL ROD DEFORMATION AND FAILURE . &+ & & ¢ ¢ o o = o o » 51
3.1 General Considerations in Elastic-Plastic

ANATYSTS & & & ¢ ¢ 2 ¢ o 4 o s 5 o o & s « s > %w. .09

3.2 Small Deformatlon Fuel Rod Models . . . + « + . . . 66

3.3 Cladding Ballooning Model . . . . . . . . « . . P [

3.4 Fuel Rod Failure Models . . . . . . e 120

4, FUEL ROD INTERNAL PRESSURE ., + v v &4 v o o o » & .+« « « 128

4,1 Static Fuel Rod Internal Pressure . . . « . + . .« 130

4.2 Transient Internal Gas Flow . . . . . . . I -

5. FISSION GAS PRODUCTION AND RELEASE . . . . . . A

IV. UNCERTAINTY ANALYSIS OPTION . . . . . . nd b ek ok E 137



1. METHODOLOGY . . . . . . - . B S
2. APPLICATION . . & ¢ 4 o ¢ o o o o o o o o s s s o o s
v. REFERENCES . . . . . « « « & D R A o
¢ - NDIX A - COMPUTER C"“TROL CARDS AND INPUT DATA
ReUIREMENTS . & & v 0 ¢ 4 ¢ o ¢ o o ¢ o o o o o 2 s o o .5 b
1. CONTROL CARDS FOR CDC 7600 COMPUTER . . . . « « « « .+
2. INPUT DATACARDS . & v ¢ v o o o o - o o o s o s s o » .
3. REFEREMEES . . « o s o« o 0 o0 o 2 0 @ a0 o oo oo
APPENDIX B - SAMPLE PROBLEM . . . & ¢ ¢ & ¢ ¢ o o ¢ o o o o o o« »

APPENDIX C - CALCULATIONS OF CLADDING SURFACE TEMPERATURE
APPENDIX D - HEAT TRANSFER CORRELATIONS AND COOLANT MODELS . . . .

1. HEAT TRANSFER AND CRITICAL HEAT FLUX CORRELATIONS . . .
2. INFLUENCE OF ROD BOWING UPON CRITICAL HEAT FLUX
3. VOID FRACTION . « v o o 5 s o 2 ¥ w5 5. 22 & 6 6 o » 3
4. COOLANT ENTHALPY MODEL . « & « &« o o o o o ¢ o o » o o o
B REFERBILES .+ ¢ ¢ ¢« v % 6 5 w8 670 4 8 - 5 &5 5 8
APPENDIX E - FRAP-T PASSIVE LINK WITH THERMAL HYDRAULIC CODES
1. CONTENTS AND FORMAT OF COOLANT CONDITION DATA SET
N o e T T R S
Bl MENE =8 OBEION 5. ¢ 5% o %-v s 5 6.8 4 5 F v o 8§

2. CONVERSION OF RELAP PLOT TAPE TO FRAP COOLANT TAPE . . .
APPENDIX F - CONFIGURATION CONTROL PROCEDURE . . . « « « &« & & & &
APPENDIX G - NUMERICAL SOLUTION OF THE PLENUM EVERGY EQUATIONS . .
APPENDIX H - LIST OF INFORMATION IN ACTIVE LINK OF FRAP-TS

WITH THERMAL HYDRAULIC CODE . & &« & ¢ & ¢ & o o o o s o o o & o »
1. SUBROUTINE ARGUMENT LIST LINK . . « v ¢ o ¢ &« ¢ o & &
2, COMMON BLOCK LINK . < 2 s o s s o s« ¢ o s s s s o o » »

iv

145
147
156
246
249
285
293
295
302
312
312
316
319
321

321
323

324
329
333



10.
11.
12.
13.
14,
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

FIGURES

Simplifieﬂ FRAP-TS f]ON Chart B e e R e i s

Example of fuel rod nodalization . . . . . . . « + « + &

Flow chart of fuel and cladding temperature calculations

Heat transfer modes considered in FRAP-T . . . . . . .

Geometry terms in finite difference equation for heat
CODBUEETION 2 5 &% b ole o o) s 0 W0 - e AT e W

Mesh configuration for R-& heat conduction . . . . . .

Flow chart of plenum temperature calculations

Plenum energy flowmodel . . . . + « v & & ¢ o « o « &

DrINgDOIING < s s 5 5 5 b n s e e e s E S

Cladding noding . . . . + « « « « + . PR

Geometrical relationship between the cladding and spring . .

Flow chart of deformation subcode . . . . . . . .

Typical isothermal stress-~strain curve . . . . .

Schematic of the Method of Successive Elastic Solutions

Fuel rod geometry and coordinates . . . . . ..

Calculation of effective stress O from dsp ........
Schematic of trapped stack . . . . . . . L E R

Typical isothermal stress-strain curve . . . . + + v « « « &
Computations in subroutine STRESS . . . . . . « + ¢« & « .« .
Axial thermal expansion using FRACAS-1 . . . . . . . . . .
FUBL-PRYIOCREION + v v v v 5 v 6 v 5 % s 6 3 5 s 5 2 v s 5 5
Node and annuli geometry . . . « v & ¢ & o o o o = o « o o &
Membrane swellingmode! . . . ¢« ¢ ¢ & ¢ 4 & ¢ ¢ o s o o & &
Radius of curvature in axial direction . . . . . . . . . . .

Radius of curvature in circumferential direction .

12
17
26




i

26.
27,
28.
29.

31.
32.

33.

A-1.
A-2.
A-3.
A-4.

A-9.

A-10.
A-11.
A-12.

8-30

Surface area and cladding thinning model . . . . . . . . . .
Incremental deformation at node i . . . . . . . . ¢ & . . .
Balloon model flow ciagram . . . . . « « ¢ & & 4 ¢ & & & & &
Mean failure stress versus temperature . . . . . . . + « +
Internal pressure distributionmodel . . . . . « + + + + « .
Hagen number versus gap thickness . . . . « ¢« « & o « & « &«
Uncertainty in calculated cladding surface tempera:ure due

to fual rod related uncertainties during the blowdown phase

Of a Lm A - - - - - d - . Al . . - - . . . - Ll . . - - . - .

Fractional contribution of the seven most influential
variables to uncertainty of cladding surface temperature . .

OVEFIGy structure Of FRAP-TS R SR SRR R R ST S T SR T O
Overlay structure of Branch 3 . . . . . ¢« ¢ ¢ ¢ ¢« v ¢ o & &«
Overlay structure of Branch 5 ., . . . & v ¢ ¢ ¢ v ¢ & o « &

Example of evenly spaced axial node mesh for case
NA:XN = 5 - - . - - . - . - - - - - - - - - - - LI I O .

Definition of pellet shoulder radius . . . . + . . « « « « &
Me h configuration for R- heat conduction . . . . . . . . .

Example of time step history specified by
Card Group 1.10 . & & & & 4 4 v 4 4 4 & o o o o s o o o o »

Example of data input for Card Group 1.11 (ccolant
channel data) . . . 4 4 4 4ttt e e e e e e e e e e e e e

Example of axial node mesh specified by Card Group 1.12

FOF CAse BRI = § L, i v s a v b v e b s A
Exaple of radial mesh layout . . . . « v v v v ¢ ¢ v o & a
Concave parabolic power distribution . . . . . . . . + + . .

Example of axial power profile specified by data on
card Group 4.4 - - - - - - - - - - - - - . - - - . . A - - .

Fuel rod internal pressure history . . « « « v« v ¢ « v o « &
Cladding surface temperature history . . . « « + + + « « « &

Fuel centerline temperature history . . .. . . . . . . iy

vi

113
116
118
123
133
134

140

141
153
154
155

170
178
183

187

188

190
208
214



B-4.

I1.

II1.
v,

Cladding hoop strain history . . « « « « « o o + o o« « &
Gap conductance history . . .« . & ¢ ¢ ¢ & ¢ & o &« « « o
Plenum gas temperature history . . . . . « « « « - « « &

Cladding lencth change history . . . .« « « v o « & &« + &

TABLES

Burnup Dependent Data Requirecd to Initiate FRAP-TS . .
FRAP- TS Output I T T T S S S R « * & = = % » T Y

Heat Transfer Mode Sel¢ “on and Correlations . . . . .

Nomenc lature for Plenum Thermal Model . . . . . . . .

Elastic-Plastic Governing Equations . . . . . . . . .

Tape Files Used by FRAP-T . . . v & ¢ ¢ o ¢ o v & & o «

SEGLOAD Directives for FRAP-TS . . . . . . Y =N

Information Contained in Each Data Block . . . . . . .

Default Uncertainty Factors . . . . v v ¢ & & o « = & &
Responses . . « « v« v « « & S R W Rk Sk A S
Examnles of Time Step Histories . . . . . . . S

Card Groups Required for Coolant Condition Data Block

Fuel Rod Data (Cold State) . . . . . > o A b kA B

Symbol Definitions for Tables D-I and D-III . . . . ..
Critical Heat Flux CorrelationsS . ¢ ¢ v o v o o o« o o =

Input for FCOOL Subcode . . . ¢« v « ¢ ¢« & o« o o o o &
Control Cards for FCOOL and STRIP4 Subcodes . . . . . .

Input for STRIP4 Subcode . . . . . . . . . T EEEE

54
255
256
256






FRAP-TS
A COMPUTER CODE FOR THE TRANSIENT ANALYSIS OF
OXIDE FUEL RODS

I. INTRODUCTION

The ability to accurately predict the performance of light water
reactors (LWRs) under hypothesized accident conditions 1. a major
objective of the Reactor Safety Research Program being conducted by
the U.S. Nuclear Regulatory Commission (NRC). To achieve .his objec-
tive, the NRC has .ponsored an extensive program of analytical com-
puter code developmer: as well as both in-pile and out-of-pile experi-
ments against which to benchmark and assess the analytical code
capabilities. The computer code being developed for the prediction cr
tF2 transient response of a single fuel rod under hypothesized
accident conditions is the Fuel Rod Analysis Program - Transient
(FRAP-T) code. This report describes FRAP-T5, which is the fifth in a
series of code versions released at approximately one-year intervals.

FRAP-TS5 predicts the transient behavior of LWR fuel rods during
any hypothesizec accident ranging from mild operational transients to
design basis accidents soch as the loss-of-coolant accident (LOCA) and
the reactivity ini.iated accident (RIA). The code calculates the
variation with time of uJl1 significant fuel rod variables, including
fuel and cladding temperature, cladding hoop strain, cladding
oxidation, and internal pressure. No restrictions are placed on the
power or coolant boundary condition histories of the fuel rods being
analyzed.

As a user-specified option, FRAP-TS calculates the uncertainties
in the predicted fuel rod variables due to uncertainties in fuel rod
fabrication variables, material properties, power, and cooling., The
uncertainty analysis calculations are based on the response surface
method. No additional analysis is required on the part of the code
user to use this option, and only minimal additional input is required.

[



The coolant conditions needed as input by FRAP-TS consist of the

coolant pressure, flow, a:d enthalpy histories. These variablrs can
be taken from the output of a thermal-hydraulic code such as
RELAPdl. The data can be input either on cards or magnetic tape.

Since a number of the fuel rod variables that must be specified
at the start of a transient are burnup dependent, a steady state fuel
rod analysis must be performed if the fuel rod to be analyzed has
undergone significant prior irradiation. The FRAPCON-1? code has
been developed at EG&G Idahe, Inc., to generate initial cunditions for
FRAP-TS. FRAPCON calculates such burnup-dependent variables as
fission gas inventory, fuel densification and swelling, and clad”ing
cre2p strain, which are passed to FRAP-T5 by means of a restart tape.
(If the transient event is occurring at beginning-of-1life, FRAP-T5 can
determine the initial conditions of the fuel rod, so that a restart
tape is not needed.)

The accurate prediction of fuel rocd behavior during a transient
also requires access to accurate material properties over a broad
range of temperatures. To meet this requirement, FRAP-TS is linked
with the HATPRO-]IZ subcode so that the user is not required to
provide any material property input. This subcode is composed of
modular subroutines that define material properties over temperatures
varying from room temperature to temoeratures above the melting
temperature. Each subroutine defines only one material property. For
example, MATPRO contains subroutines which define fuel thermal
conductivity as a function of temperature and fuel density; fuel
thermal expansion as a function of temperature; and the cladding
stress-strain relation as a function of temperature, strain rate, cold
work, and fast neutron damage.

The FRAP-T5 development procesc includes two separate assessment
efforts designed both to provide configuration contrel and to test the

a. FRAPCON MOD 001, MATPRO Version 10A, EG&G Idaho Code Configuration
Control Number HOO7301B.



analytical capabilities of the code. In each assessment effort,
experimental data on fuel r)d response parameters, such as centerline
temperature and cladding deformation, are compared with FRAP-TS
calculated values. The first effort, Developmental Assessment, is an
ongoing assessment process whereby model additions are checked for
correctness, and the performance of the code is checked for any
unanticipated perturbations. This effort is completed before the code
is released for oeneral use. Independent Assessment 1s the second
assessment process that takes place after a code version has been
frozen to further changes and involves comparisons with a much larger
fuel rod response data base. The results of this comparison will be
presented in the FRAP-T5 Independent Assessment report to be released
at a later date.

This report serves as both a model description document and a
user input manual. An overview cf FRAP-TS is given in Section II,
which is designed to give a general description of the code structure,
input, output, and solution scheme., A detailed descriptior of each
analytical model in the code is given in Section III. The uncertainty
analysis option is described in Section IV. A complete description of
the required control and input data cards for FRAP-TS is given in
Appendix A. A sample problem solution which illustrates the code
input and output is given in Appendix B. Appendices C and D provide
additional details for the heat transfer calculations. Appendix E
describes the passive link between FRAP-T5 and any thermal-hydraulic
systems code. Appendix F outlines the configuration control procedure
that assures the :>produ:ibility of succeeding versions of the FRAP-T
code. Appendix G presents the numerical scheme used in obtaining the
plenum temperature solution, and Appendix H describes two schemes that
have been used to link FRAP-TS5 actively with a thermal-hydraulic
systems code.
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[I. GENERAL CODE DESCRIPTION

In this section, the code structure and computation scheme are
outlined and the input data requirements and cutput information of
FRAP-T5 are summarized., The link with the FRAPCON-1 code, which can
be used to provide initial conditions, is also described. Finally,
the code user's means of contrclling computation accuracy and computer
running time are outlined.

1. CODE STRUCTURE AND CALCULATION PROCEDURE

FRAP-T5 is a modular code composed of several subcodes that
iteratively calculate the interrelated effects of fuel and cladding
temperature, fuel rod plenum temperature, fuel and cladding
deformation, rod internal pressure, and fission gas release.

The calculation procedure is illustrated in Figure 1, which shows
a simplified flow chart of FRAP-T5. The calculations begin by the
code processing the input information. If the fuel rod has an
irradiation history, a tape created by the FRAPCON-1 code is also
read. Next the fuel rod state at the start of the transient is deter-
mined through a self-initialization (steady state) calculation. Then
time 1is advanced according to the input-specified time step, a
transient solution is performed, and the fuel rod state at the new
time is determined. The new fuel rod state then provides the initial
conditions for the next time step. The calculations are cycled in
this manrer until a complete solution for the user-specified transient
has been obtained.

The complete solution at each time step sists of (a) the tem-
perature distribution throughout the fuel and the cladding, (b) the
temperature in the fuel! rod plenum, (c) the deformation of the fuel
and cladding, (d) the pressure ‘nside the fuel rod, and (e) the
release of fission products inside the fuel rod. FEach of these
calculations is made in separate modular subcodes. These subcodes are
called iteratively, so that all significant interactions are taken
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Fig. 1 Simplified FRAP-T5 flow chart.



into account. For example, the deformation of the fuel affects the
fuel rod gas pressure since the internal volume of the rod is changed.
The deformation of the fuel also affects the temperature in the fuel
and cladding because the flow of heat from the fuel to the cladding is
critically dependent on the gap size between the fuel and cladding.
These and all other interactions are taken into account by the
solution procedure described subsequently.

As shown in Figure 1, the transient fuel rod response is deter-
mined by repeated cycling througn two nested loops of calculations
until convergence occurs. In the outside loop, the fuel rod temper-
ature and deformatior are alternately calculated. On the first cycle
through this 7~op, the gap conductance 1s computed using the gas gap
size from the past time step. Then the fuel rod temperature dis-
tribu“ion is computed. This temperature distribution then feeds into
the deformation calculations and influences such variables as the fuel
and cladding thermal expansions and the cladding stress-strain
vrelation, A new gas gap is com *2d, which is used in the gap
conductance calculation on the next cycle of calculations. The
calculations are cycled until two successive cycles compute the same
temperature distribution.

The inner loop of calculations shown in Figure 1 is cycled
through in a manner similar to that used for the outer loop, but with
the internal gas pressure being the variable driermined by iteration.
fhe fue! rod deformation and gas pressure are alternately determined.
The temperature distribution remains the same. On the first cycle
through this loop, the deformation is computed using the past time
step pressure. Variables that influence the pre-sure solution, such
as gas gap and plenum volume, are computed. Then tne pressure
calcilation is made and an updated cladding pressure is fed back to
the deformation calcul cions. The calculations are cycled until two
successive cycles cor. ute the same pressure.

After the two loops of calculations have converged, fission gas
release is determined. The fission gas release is determined only
once per time step.




A complete description of the five major calculations is
presented in Section III.

2. INPUT REQUIREMENTS

T e required input information for FRAP-T5 consists of data
describing fuel rod design, burnup effects, fuel rod power, and
boundary conditions. Also needed is specification of model options
and accuracy of the numerical snlution. The input information is

.

cumpletely described in Appendir .

The fuel rod design is described by input data cards that specify
the fuel pellet geometry, fuel density, cladding geometry and cold
work, and the amou~t ard type of fill gas. More detailed data, such
as the fuel sintering temperature and plenum spring dimensions, are
also required,

As a fuel rod undergoes burnup in a reactor, significant changes
occur to the fuel and cladding dimensions, cladding ductility, and gas
inventory. These changes greatly affect the response of a fuel rod
during an accident. To account for these changes, FRAPCON-12 which
calculates steady state fuel rod response, can be linked to FRAP-TS by
magnetic tape. The data transferred by means of the tape link are
shown in Table I. Except for the fission gas inventory, the data are
supplied as functions of fuel rod elevation. If significant fuel rod
buraup has not occurred, this link with FRAPCON-1 is not needed.

Coolant conditions are usually obtained from the output of a
thermal-hydraulic systems analysis code such as RELAPdl. The
coolant conditions are input to FRAP-T5 either by input data cards or
by a magnetic tape. If the coolant conditiens change significantly
with time, however, input by tape is less cumbersome. The required

a. FRAPCON MOD 001, MATPRO Version 10A, EG&G Idaho Code Confiluration
Control Number HOO730IB.



TABLE I
BURNUP DEPENDENT DATA REQUIRED TO INITIATE FRAP-TS

(1) Gas pressure

(2) Radial gap thickness

(3) Interfacial pressure

(4) Firssion gas inventory

(5) Temperature distribution

(6) Axial node elevation

(7) Fuel surface displacement due to densification and swelling
(8) Fuel burnup

(9) Peak average cladding temper .cure attained
(10) Permanent cladding strains

(1i; Volume fraction on open poros’ty

(12) Zircaloy oxide thickness

tape content and format for the coolant condition data are shown in
Appendix E. An auxiliary subcode to FRAP-T5 can be used to convert a
RELAP4 plot tape into a coolant condition data tape of the proper
content and format. Instructions for the use of this subcode are also
given in Appendix E. If the coolant flow and pressur2 are only slowly
varying or constant, boundary conditions from a thermal-hydraulic code
are not needed. In this case, steady state thermal-hydraulic calcu-
lations internal to FRAP-TS can be used to calculate the coolant
conditions as a user option.

The fuel rod power history is input to FRAP-TS by data cards,
which requires that the ... rod power distribution and power history
be determined by a reactor physics code prior to FRAP-T5 calculations.
The radial power profile, axial power profile, and history of linearly



averaged rod power must be input. The radial power profile is assumed
not to change with elevation or time, and the axial power profile is
assumed not to change with time.

3. OUTPUT INFORMATION

The FRAP-TS ou*tput gives a complete description of the fuel rod
response to the user-specified transient. This output includes, for
example, the fuel and cladding temperature histories, internal pressure
history, and cladding ceformaticn history, a!l of which are both
printed and plotted. Quantities such as peak cladding temperature and
time and location of cladding failure are readily determined from the
code output. If the wuncertainty analysis option 1is wused, the
uncertainties of the code outputs are also given.

A complete list of the FRAP-TS output information is gqiver in
Table IT. An example of the code output is given in Appendix B, where
both the printed and plotted output for the solution of a simplified
LOCA problem are shown.

4. NODALIZATION, ACCURACY, AND COMPUTATION TIME CONSIDERATIONS

The code user has four means of controlling accurac. and computer
running time. These are through input specifications of (a) ncdal-
ization, (b) temperature accuracy, (c) pressure accuracy, and (d) time-
step size. The nodalization input data specify the points at which
variables such as temperature, stress, and strain are to be computed.
Increasing the number of node points provides greater spatial detail at
the rest of computer running time. The nodalization data consist of
thre« types: (a) axial nodalization, (b) radial nodalizction, and (c)
azimuthal nodalization. If the azimuthal temperature distribution is
not computed, the azimuthal nodalization data are not required.

The axial nodalization data specify the eleiations at which the
radial distribution of the fuel rod temperature and deformation are to

C77 -
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TABLE 11
FRAP-TS QUTPUT

(1) Fuel rod radial temperature distribution at an arbitrary
number of elevations

(2) Fuel diameter, gas gap thickness, and cladding outer
diameter at an arbitrary number of elevations

(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(18)
(17)
(18)
(19)
(20)

Length change of fuel stack and cladding
Pressure of internal fuel rod gas

Time and location of cladding rupture
Cladding surface heat transfer coefficients
Critical heat flux at fuel rod surface
Gas gap heat transfer coefficients
Plastic strains in cladding

Radial stress at fuel-cladding interface
Elastic and permanent s.rains in fuel
Stress distribution in fuel

Void volume

Probability of fuel rod failure

Cladding oxide thickness

Energy generated by cladding ~- . _.tion
Stored energy in fuel

Radial extent of fuel melting

Plenum gas temperature

Coolant conditions
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be r ywuted, Each of these elevations is defined as an axial node. In
parti ry the axial n-des are considered to be points on the longi-
tudina! axis of the .uel rod. A minimum of one and a maximum of 20
axial nodes may be defined. Unequal spacing of the axial nodes is
permitted.

The radial nodes lie in planes that pass through the axial nodes
and are perpendicular to the fuel rod axis, that is, the centerline of
the fuel rod. The first radial node is the point at the intersection
of the plane and axis. Other radial nodes are placed at the fuel
pellet surface and at tie cladding inside and outside surfaces. In
addition, up to 16 more radial nodes can be placed within the fuel and
cladding.

An example of fuel rod nodalization is shown in Figure 2. The
axial nodes are numbered from bottom to top. The radial nodes are
numbered from the fuel rod centerline to the cladding outside surface.

The computer running time is directly proportional to the number
of axial nodes but not as sensitive to the number of radial nodes. If
the number of axial nodes is doubled, the computer running time is
doubled. if the number of radial nodes is doubled, the running time is
increased about 15%. In general, about ten axial nodes and eight
radial nodes are recommended. If cladding ballooning can occur, and an
accurate calculation of the ballooning length 1is wanted, a closely
spaced axial nodalizat.on is required in the region of anticipated
cladding ballooning. In this region, the axial nodes should not be
spaced farther apart than a distance equal to ten cladding diameters.

The temperature accuracy is specified by inputting a single para-

meter, This parameter is the maximum permissible fractional

difference? in temperature calculated by two successive cycles

a. Fractional differencc: (TN - TN-ly/Tn-1 4here TN = temperature
computeg by n-th cycle through the temperature-deformation loop,
«nd TN=1 = temperature computed by the previouc cycle.

11 77 N7
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Fig. 2 Example of fuel rod nodalization.
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through the temperature-deformation loop, as shown in Figure 1. If the
temperature difference between the two successive cycles at any point
in the fuel rod is greater than the value of this parameter, another
cycle of calculations occurs. The temperature calculations, however,
are not vrepeated at the axial nodes at which the temperatuve
differences at all radial noues were less than this value.

The pressure accuracy is similarly specified by one parameter.
This paramete- is defined as the maximum permissible fractional
difference in the internal fue” rod pressure calculated by two
successive cycles through ths deformatior-pressure loop of calcu-
lations. If the pressure difference between two successiv: cycles is
greater than this number, ai.-_her cycle of calculation occurs.

By making the temperature and pressure accuracies large (-1), each
loop is cycled through only once, which results in an exnlicit solution
of the transient. This approach reduces computer running time and
precludes convergence problems. If sufficiently small time steps are
specified, adequate calculational accuracies can be assured. In
general, the explicit solution is recommended. If an accurate pre-
diction of the onset of cladding balioconing is needed, however, an
implicit solution should e used. In this case, the temperature and
pressure accuracies parameters shouid each be set equal to 0.001.

The time step input is a table of time-step versus time data. If
a constant time step is desired, only the value of the time step is
input. Otherwise, a different time step can be specified for a maximum
of ten intervals of problem time. This permits a large time step to be
used when coolant conditions and power are changing slowly with time,
and a small time step to be used when either the power or coolant
conditions are changing rapidly. In general, the time step should not
exceed 0.1 seconds during the time span in which boiling at the clad-
ding surface changes from the nucleate to the film boiling mode.



For a LOCA, time steps in the range of 0.05 to 0.2 seconds are
adequate. For an RIA, time steps in the range of 0.001 to 0.C1
seconds are required. If the convergence criteria are small (<0,001),
the upper range of the time step is permissible. If the input
temperature and pressure accuracies are large (-0.05), the lower range
of the time step is required.

The code has the capability of restarting and continuing calcu-
lations from a previously terminated job. This capability is useful
in case of computer failure o~ underestimation of the end time of
transient behavior. The restart process is simple, requiring only two
additional cards to be added to the normal deck of control cards.

14



ITT. DESCRIPTION OF MODELS

As outlined in the general code description (Section II), the
calculation of the transient fuel rod response has been separated into
five essentially independent analyses. In this section, the
individual models that constitute the five areas of analysis are
described in detail. The models and their subcodes are described in
the order in which they occur in the calculational scheme, as wac
shown in Figw 1.

Thus, the analysis of the temperature distribution in the fuel
and cladding is descri~ed in Section 1. This analysis involves models
for gap conductance between the fuel and the cladding, models for
determination of the appropriate heat transfer coefficicnts at the
outside of the fuel rod, and finally mcdels for the calculation of the
temperature distributicn in the fuel and cladding.

The analysis of the temperature in the fuel rod plenum is
described in Section 2. The basic model used is a lumped mass thermal
model including the effects of radiaticn heat transfer and gamma
heating of the plenum region.

The analysis of the deformation of the fuel and cladding is
described in Section 3. The deformation of the fuel may be modeled as
either due to thermal expansion alone (as in the FRACAS-1 subcode) or
due to both thermal expansion and stress-induced deformation (as in
the FRACAS-2 subcode).

The analysis of the fuel rod internal pressure is presented in
Section 4. The fuel rod pressure may be modeled as either a static or
transient response at the option of the cnde user.

Finally, the production of fission gas and its release is
described in Section 5. The calculation o fission gas production and
release in FRAP-T5 1is based on the GRASS3 subcode developed at
the Argonne National Laboratory.

o~
cD
™)
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1. FUEL AND CLADDING TEMPERATURE

The temperature distribution throughout the fuel and the cladding
is calculated at each axial node. Either a one-dimensional (radial)
or two-dimensional (radial plus circumferential) temperature
distribution solution can be specified by the user. In either case,
the models and sequence o. calculations are essentially the same. A
flow chart of the temperature distribution solution is shown in
Figure 3.

First, the local coolant conditions (pressure, quality, and
enthalpy) are determined, either from a steady state enthalpy rise
calculation or from c~ input coolant boundary condition tape. Then
the distribution of heat generated in the fuel pellet is found from
the user-input average fuel rod power history. Through use of the
most recently computed gap size, a value of the gap conductance across
the fuel-to-cladding gap is computed. This calculation requires that
the gap gas material properties be obtained from the MATPRO subcode.
In addition, values of the fuel conductivity are also obtained from
MATPRO and are modified to account for the effects of fuel cracking.
Finally, the surface temperature of the cladding is found from the
coolant boundary conditions (that is, the appropriate regime of heat
transfer on the outside surface of the cladding) and tke complete
temperature distribution throughout the fuel and cladding is found.

The models used in the temperature calculations involve a number
of assumptions and limitations, the most important of which are:

(1) No heat conduction in the longitudinal direction

(2) Steady state critical heat flux correlations are assumed
to be valid during transient conditions

(3) Steady state cladding surface heat transfer correlations
are assumed to be valid during transient conditions

n
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Fig. 3 Flow chart of fuel and ciadding temperature calculations.




(4) No convective mode of heat transfer occurs across the
gas gap

(5) Cladding oxidation does not influence the cladding
thermal properties.

Nonetheless, extensive code assessment and benchmarking have demon-
strated the appropriateness of the models chosen for the thermal

calculations. These models are described in detail in the following.

1.1 Local Cooiant Conditions

The pressure, mass flux, and enthalpy of the coolant specify the
conditions of the coolant and are needed to calculate fuel rod
cooling. The pressur is also needed to calculate the cladding
deformation. In general, the coolant conditions must be computed by a
thermai-hydraulic code and input to FRAP-T. The coolant pressure and
mass flux must always be specified by user input. Depending upon the
option selected by the code user, the coolant enthalpy either can be
specified by user input or calculated by energy balance, as described
in Appendix D.

The coolant condition input is either on cards or magnetic tape.
If the input is on tape, the tape is read as the problem time advances
to find the two times on the tape that bracket the current problem
time. The coolant conditions at the current time are then determined
by interpolation. The coolant conditions must be stored on the tape
according to the format shown in Appendix E.

1.2 Heat Generation in the Fuel Pellet

Heat is generated in the fuel by fission of uranium or piutonium
atoms and by radioactive decay of fission products. The heat gener-
ation must be determined by a reactor physics code and input to
FRAP-TS by cards. Alternatively, only the heat generation due to
fission is prescribed by card input, and that due to radiocactive decay

18



is calculated by the ANS Standard formulad. If the reactor is
scrammed at initiation of an accident, so that no heat is generated by
fission during the accident, the last option is preferable.

The heat generation input consists of three sets of tables:
(a) linearly averaged rod power versus time, (b) power versus
elevation, and (c) power versus radius. The tables are input on
cards. The power versus elevation table, which prescribes the axial
power profile, is assumed not to change with time. The power versus
radius table, which prescribes the radial power profile, is assumed
not to change with elevation or time.

1.3 Gap Conductance

The heat transfer coefficient across the gap between the fuel
pellets and the cladding (usually called the gap conductance) plays a
critical role in determining the transient temperature response of the
fuel rod. In general, the gap conductance has different forms depend-
ing on whether the gap is open or closed. The model used in FRAP-TS
is basically a modification of the formulation due to Ross and
Stoutes, and is based on the assumptions tnat:

(1) The gap between fuel and cladding is axisymmetric. If
the gap is closed, the interface pressure is axisym-
metric.

(2) Elastic cladding deformation occurs at the points of
fuel and cladding contact after the gap is closed.

The models for the open and closed gap cases are described separately
in the following paragraphs.

1.3.1 Open Gap. If the fuel and cladding are not in contact,
heat is transferred across the gas gap by conduction through the gas
and by radiation. The heat transfer coefficient across the gas gap is
determined by the equation

19
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h, = +h
9 tgtlg +g) r

(1-1)

where

| h = gap conductance

K = conductivity of gas in gas gap

t = gap thickness

9" * temperature jump distance at cladding inside surface

9, = temperature jump distance at fuel outside surface

b~
"

radiant heat transfer conductance,

The radiant heat transfer coefficient is computed using the following
equation

he = oF (T2 + T2)(T, + T ) (1-2)
where
h B radiant heat transfer conductance
o = Stefan-Boltzmann constant
F B emissivity factor
1 Yg. ® temperature of outside surface of fuel

T. =  temperature of inside surface of cladding.

The emissivity factor is computed by the equation

~ea}
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P = — (— - 1)] (1'3)
e [ e r. e

where
F = emissivity factor
e, = emissivity of fuel surface
e = emissivity of cladding inside surface

re = outside radius or fuel

-
"

e inside radius of cladding.

The temperature jump distance term (gl + 92) is computed by
an empirically derived equatirn presented in the GAPCON-THERMAL-1 code
reports. The equation is

g +9, = 5.488 5 (p)°/° (1-4)

where

(97 + 95) = Jjump distance (cm)

u = vyiscosity of gas (g/cm-s)
P = pressure of gas (psi)

T =  temperature of gas (K)

M = molecular weight of gas.

1.3.2 Closed Gap. If the fuel and cladding are in contact, the
etuation for contact conductance used in the GAPCON-THERMAL-1 code6

~nAr0
K75 Uso
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is used. This equation agrees with the gap conductance data presented
by Ross and Stoutes. The equation is

E Ko Py i Kg .
g " 05y TR TR+ g v o) M (1-5)

m
ao R

h = gap conductance (cal/s cm’ °C)

9
P -
" IEf X IEc

P fuel conductivity (cal/s-cm-OC)
K = cladding conductivity (cal/s-cm-°C)

P1 = interfacial pressure between fuel and cladding (psi)

a = a constant, 0.5 cmll2

R2 4+ q2. 172

R = 1_1117_111

R = arithmetic mean roughness height of cladding (cm)
;F * arithmetic mean roughness height of fuel (cm)

H = Meyer-Hardness of cladding (psi)

Kg =  thermal conductivity of gas (cal/s-cm-°C).
The coefficient, ¢, in Eguation (1-5) is computed by the empirical
equation

-0.00125 P,

c = 1.98 e (1-6)
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where

P1 = interfacial pressure between fuel and cladding

(kg/em?).

1.4 Thermal Conductivity of Cracked Fuel

The fourth calculation shown in Figure 3 is performed by the
cracked fuel conductivity model. This model calculates the increased
resistance to heat flow that occurs when fuel relocates and forms
circumferential cracks. The cracks are a resistance to the flow of
heat from the center to the outside surface of the fuel. Tc account
for this resistance, the thermal conductivity of fuel computed by
MATPRO is modified by the equation

Kegg = RKg (1-7)
where
Keff = effective thermal conductivity of relocated fuel
Kf = fuel thermal conductivity computed by MATPRO,
which assumes no cracks exist in the fuel
R = correction factor to account for cracks formed by

fuel relocation.
The correction factor R is computed by the following equations:

R=1 - 250 Cogy (8/re)(1 = Kgo/Ke)  (Tg < Tgppr)

Red (Te 2 Topyr)

R > 0.45 (Tower limit)
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R = correction factor to MATPRO fuel thermal conduc-
tivity

¢ = as-fabricated radial gap between fuel and cladding

(m)
re = as-fabricated outside radius of fuel pellets (m)

¥ = thermal conductivity of ¢as in cracks, not includ-
ing Knudsen domain effect (W/m-K)

K¢ = fuel thermal conductivity determined by MATPRO
(W/m-K)

§ = fuel temperature (K)

SINT = fuel sintering temperature (K), assumed to be
1773 K.

The coefficient CREL is computed by the equation

where

U = radial displacement of fuel surface due to relocation.
The empirical factor R was derived from centerline and off-center

thermocouple data taken on fuel rods irradiated in the Power Burst
Facility at the Idaho National Engineering Laboratory.
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1.5 Fuel Rod Surface Heat Transfer

The fifth model shown in the flow chart, Figure 3, determines the
fuel rod cooling. This model calculates the heat transfer coeffi-
cient, heat flux, and temperature at the cladding surface. A fuel rod
is cooled by the transfer of heat from the cladding outside surface to
the surrounding fluid. To calculate the amount of heat transfer, two
independent equations are simultaneously solved for cladding surface
heat flux and surface temperature.

One of the equations is the appropriate correlation for con-
vective heat transfer from the fuel rod surface. This correlation
relates surface heat flux <o surface temperature and coolant
conditions. Different correlations are required for different heat
transfer modes, The surface heat flux given by the various heat
transfer modes is shown in Figure 4. Logic for selecting the
appropriate mode and the correlations available for each mode are
shown in Table III. The correlations are described in detail in
Appendix D.

The second independent equation containir- surface temperature
and surface heat flux as the only unknown quantit.cc is derived from
the finite difference equation for heat conduction at the mesh border-
ing the fuel rod surface. A typical plot of this equation for the
nucleate boiling mode o» heat transfer is also shown in Figure 4. The
intersection of the plot of this equation and that of the heat
transfer correlations determines the surface heat flux and temperature.
The derivation of this equation and the simultaneous solution for
surface temperature and surface heat flux are described in Appendix C.
Neither of the two equations solved simultaneously contains past
iteration values so that numerical instabilities at the onset of
nucleate boiling are avoided.

A separate set of heat transfer correlations7 is used to calculate
fuel rod cooling during the reflooding period of a LOCA. During this
period, liquid cooling water is injected into the lower plenum and the

25
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Fig. 4 Heat transfer modes considered in FRAP-T.
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TABLE III

HEAT TRANSFEK MODE SELECTION AND CORRELATIONS

e e e e e aa.

Heat Transfer Mode Range® Heat Transfer Correlation’
1. Forced convection to liquid Tw < TSat or 02 < Q1 < chit Dittus-Boelter8
2. Nucleate boiling Oy < Qp < Qupyqs Ty > Toqes @ < 0.9 Thom®
3. Forced convection vaporization Q « chit; a = 0.9 Shrock-srossmanlo
4. Flow transition boiling Gy O Qg > Qupies O > Qg McDonough, Milich, and King')
6 > 200,000; P > 500 or Q4 < 09 Tong-Young12
Cendie-Bengston13
5. Flow film boiling Q2 or 03 > chit; Q5 > Uy Groeneveldl4
6 > 200,000 or Qg - Qg (a < 0.6) Dougall-Rohsenow!®
or @y (2 > 0.6) Tong-Young12
Condie»Bengston13
6. Pool film boiling Q, or Qy > Q.05 6 < 200,000 Modifie¢ Bromley®
06 > 05; a < 0.3
. @
7. Free convection 02 or 03 > chit; G < 200,000 Free convection

and 07 > QS; a > 0,3



TABLE 111 (continued)

82

Heat Transfer Mode Range® _ Heat Transfer Correlation”

8. Forced convection to gas X221 Dittus-Boeltera

9. Low pressure film boilingc P < 500 and range of mode 5 Dougall-Rohsenou15

a. The symbols used are:

Qi = surface heat flux for i-th heat transfer mode a = coolant void fraction
chit = critical heat flux X = coolant quality ?
TH = cladding surface temperature G = mass flux (1bm/hr-ft")
TSat = saturation temperature of coolant P = coolant pressure (psia)

b. For each heat transfer mode shown, only one of the listed correlations next to the parameter limits
describing the range of the heat transfer mode is used. The correlation to be used is specified on
the card input.

c. If a flow film boiling correlation other than Groeneveld is specified, mode 9 is not considered.

d. Correlation generated at INEL.




liquid level rises up along the length of the fuel rods. The complex
heat transfer conditions which exist in the reactor core during
refiooding are modeled by a set of empirical relations derivec from
experiments performed in the FLECHT faciiity. A full description of
these models is presented in Reference 7. Theze models replace the
previously described heat transfer correlations at the user-specified
time of initiation of core reflooding.

1.6 FKeat Conduction

Once values for the gap conductance, modified fuel conduc-
tivities, and surface temperature have been obtained, the complete
temperature distribution in the fuel and cladding can be obtained from
the heat conducticn equations, in either one or two dimensions as
spec ified by the code use'.

1.6.1 Radial Heat Conduction. Heat conduction in the radial
direction in both the fuel and the cladding is described by the
equation

i - -Tn(r) :Tn(r) '
For kr—— *+q,(r) = o0, —5 (1-8)
where
Tn(r) =  temperature at axial node n and radial coordinate r
- = time
r :  radius
qn(r) =  heat generation rate per unit volume at axial node
n and radius r
CP = specific heat
+ 7
5 P J v
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[ = density
k = thermal conductivity.

The parameters CP and k are temperature-dependent. The follow-
ing boundary conditions are used with Equation (1-8)

aTn
e e
r=20 (1-9)
Tn : Ts
e, (1-10)

where
r = outer radius of fuel rod
T = fuel rod surface temperature.

The numerical sclution to Equation (1-8) is performed by a
modularized version of the HEAT-1 code16. The solution is obtained
using an implicit finite difference approximation. The solution
accounts for temperature- and time-dependent thermal properties and
boundary conditions as well as a transient, spatially varying heat
source. Phase changes are handled by iteratively computing the
fictitious negative heat source required to keep the temperature equal
to the value of the phase change temperature. The source is removed
when the heat subtracted sums to the heat of fusion.

With Figure 5 as a reference for geometry terms, the finite
difference approximation for heat conductic. sed by the HEAT-1
subcode is

™ e WY s b))

n n in ' oin rn_ rn’ _ "
at '(Tn 1 Tn-l) Kon P an
S v v
+ (Tn+1 - Tn) krn h L Qm h e an h g (1-11)
n73 897
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Fig. 5 Geometry terms in finite difference equation for heat

conduction.
where
T"m+1 = temperature at radial node n and time point m+l
at = time step
Cin = volumetric heat capacity on left side of node n
Cen = volumetric heat capacity on right side of node n
. = thermal conductivity at right side of node n
kin = thermal conductivity at left side of node n
h:n = volume weight of mesh spacing on left side of
radial node n = mar, o (rn - E:%ﬂ)
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h;n = volume weight on right side of node n

Ar‘rn
+
- ﬂAl‘rn (rn -—4—)

hsan = surface weight on right side of node n
- 2n (r - Arrn)
AFyn D 2
h®.,, = surface weight on right side of node n
s A. (r +Arrn)
ar o, n 2
Qin = heat generation per unit volume.

The finite difference approximations at each radial noce can be
combined together to form one tridiagonal matrix egrztion. The
equation has the form

1
b ¢ 0 0 o 4,
. !
By B W0 0's T"z" d,
1
0 3; by g 3 ds
. 1
0°s ay, by Sy T™N-1 N1
1
0 ay by -4 dy

(1-12)

Equation (1-12) is solved by Gaussian elimination for the radial
node temperatures. Since the off-diagonal elements are negative and
the sum of the diagonal elements is greater than the sum of the
off-diagonal elements, little roundoff error occurs.
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When the forward reuuction step of Gaussian elimination has been
applied to matrix Equation (1-12), the last equation in the trans-
formed matrix equation is

m+1 « ol .
A TN + B ay (1-18)

where
T:+1 = cladding surface temperature
aN = cladding surface heat flux

A,B = coefficients that are completely defined in
Appendix C.

Equation (1-13) is plotted in Figure 4.

1.6.2 Radial and Azimuthal Heat Conduction. Optionally, heat
conduction in both the radial and azimuthal (circumferential)
directions is modeled. Two dimensional heat conduction is necessary
in cases of skewed fuel rod power or offset fuel pellets. Azimuthal
heat conduction due to azimuthally varying coolant conditions cannot
be modeled in FRAP-T5, however. For the two-dimensional calculations,
the one-dimensional (radial) HEAT-1 subcode is still used to determine
the fuel rod temperature distribution. The heat generation rate for
each HEAT-1 mesh is modified to account for heat addition (or loss)
due to azimuthal heat conduction. The HEAT-1 subcode then determines
the radial cemperature distributicn in each azimuthal sector.

The mesh configuration used for the calculation of two dimen-
sional heat conduction is shown in Figure 6. The user specifies the
number of angula’ sectors to be used. The dashed lines denote the
boundaries of control volumes. The radial control volume boundaries
lie midway between the radial nodes. One radial nocde is used for each
control volume. The temperatures of the radial nodes along a ray are
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Fig. 6 Me,n cenfiguration for R-8 heat conduction.

determined in the HEAT-1 subiode by simultaneous solution of the set
of equations describing vadiat heat conduction for the sector.

| The only new equations required to model two-dimensional (R,&)
. heat conduction are those that compute the heat added (or subtracted)
| from each HEAT-1 subcode control volume by azimuthal heat conduction.
In continuous form, azimuthal heat conduction is computed by the
equation

alr,e) = +2%I (1-14)

W
~d
N
c. ~
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wshere

q(r,s6) = vrate of azimuthal heat conduction at radial
coordinate r and azimuthal coordinate s (W/m.unit
length)

¥ = thermal conductivity (W/m:K)

T = temperature (K).

Referring to the mesh configuration shown in Figure 6 the finite
difference form of Equation (1-14) is

" kQ,n+1/2 (T%1n+1 B TEJ") (1-15)
q1,n+1/2 r. A8
where

9 nel/2 ° rate at which heat is conducted in azimuthal
direction across the common boundary of the
control volumes centered about nodes i,n and
Lyntl,

kl,n+1/2 = thermal conductivity = 0.5 (k,',’n + K<.n+1)

r. = radial coordinate of radial node ¢

Tl A E temperature at radial coordinate ¢ and azi-
muthal coordinate n

A8 = azimuthal span between ray n and ray n+l

(radians).

The volumetric rate at which heat is added (or subtracted) by azi-
muthal heat conduction into the control volume centered about the node
Ly with corners at nodes «-1/2, n-1/2; 1#1/2, n-1/2; +1/2, n+l/2;
and ¢-1/2, n+l/2 is
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0.5(r -r, . )
Y%.n *- rl+lag A -ln [kl.n+?/2 (Tt,n+l ) Ti.n)
' L,n
* kg one172(Te 01 - Tz.n’} (1-16)
where
qp’n = rate at which heat is added by azimuthal heat

conduction to control volume centered about node
Ly (u/m3) (height of control volume assumed to
be one unit)

A =  area of mesh

2 12
= (48/2) [O'S(rl,n + r“]'n)] - [0.5(?‘ at ri_]’n)l ;

The quartity q " is added to the heat generation term at the
&M radial node in the HEAT-1 subcode equations to account for
azimuthal heat conduction. This equation is used for all radial nodes
except the center node.

For the control volume associated with the center node, the heat
generation term in the HEAT-1 subcode is modified in a different
manner. The first radial node of each azimuthal sector must be at the
same temperature. To force this condition, the azimuthal heat
conduction is set equal to the heat generation required to bring the
temperature of the first radial node of each azimuthal sector to the
average center node temperature at the end of the past time step.
This heat generation is computed according to the equation

a4 = cCp (T

3 - Tin)/aT (1-17)

avg

where

p = fuel density
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CP = fuel specific heat at temperature Tavg
At = time step
Tin =  temperature at first radial node of nth azi-
muthal sector at the end of the last time step
N
Tavg = (1/N) £=1 Tln
N = number of azimuthal sectors.

The description of the calculations for the temperature distri-
bution in the fuel and cladding is complete at this point. The
calculation of the temperature of the gas in the fuel rod plenum is
then needed to complete the solution for the fuel rod temperature
distribution. This calculation is performed by a separate subcode and
is described in the following section.

2. TRANSIENT PLENUM TEMPERATURE

To calculate the internal fuel rod pressure, the temperature for
all gas volumes in the fuel rod must be calculated. Under steady
state and transient reactor conditions, approximately 40 to 50% of the
gas in a fuel rod is located in the fuel pelilet expansion chamber
(plenum) provided at the top of the fuel rod. The plenum temperature
mode! (subcode PLNT) computes the temperature of this gas. This model
includes all thermal interactions between the plenum gas and the top
pellet surface, hold-down spring, and cladding wall.

The transient plenum temperature model is based on three assump-
tions:

(1) The temperature of the top surface of the fuel stack 1s
independent of the plenum gas temperature

(2) The plenum gas is well mixed by natural convection
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(3) Temperature gradients in the spring and cladding are
small.

The first assumption allows the end pellet temperature to be treated
as an independent variable. The second assumption permits the gas to
be modeled by one lumped mass with average properties. The third
assumption allows the temperature response of the cladding and spring
to be represented by a small number of lumped masses.

The plenum temperature model consists of a set of six simul-
tanecus first order differential equations that model the heat trans-
fer between the plenum gas and the structural components of the
plenum. These equations involve heat transfer coefficients between
the various components. The heat transfer equations for the plenum
temperature are described in Section 2.1, the required heat transfer
coefficients are described in Section 2.2, and finally, the calcul-
ation of the gamma heating of the plenum hold-down spring and c¢'adding
is described in Section 2.3. A flow chart of the calculations is
shown in Figure 7.

2.1 Plenum Temperature Equations

The plenum thermal model calculates the energy exchange between
the plenum gas and structural components. The structural components
consist of the hold-down spring, end pellet, and cladding. Energy
exchenge between the gas and structural components occurs by natural
convection, conduction, and radiation. A schematic of these energy
exchange mechanisms is shown in Figure 8. The spring is modeled by
two nodes of equal macs (a center node and a surface node) as shown in
Figure 9. The cladding is modeled by three nodes (two surface nodes
and one center node) as shown in Figure 10. The center node has twice
the mass of the surface nodes. This nodalization scheme results in a
set of six ens~gy equations from which the plenum thermal response can
be calculated. The transient energy equations for the gas, spring,
and cladding are as follows (Table IV defines the nomenclature used in
the equations):
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Fig. 7 Flow chart of plenum temperature calculations.
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Fig. 8 Plenum energy flow model.
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(1) Plenum gas:

aT
-y 8 H 1 ol
- “g Vg C9 at 4 (Tep Tg) * A P (Tclt Ty)

ep hep g

+ ASS hS (TSs - Tg). (2-1)
(2) Spring center node:
aT A K (T._ =-T_))
sC _ = sC 'S ''ss sC *
Ve Cs P58 = 9V * L e (2-2)

~ SS "’ -
Vos Cs Ps 30 = 9 Vgg * Age K (Tge = Tgg)

+A _h (T

ss 'rads - Tge) * "ss Ms (TQ -1

c1i ss

) (2-3)
. Ass hcons ~Tc1i ) Tss)

)

SS

where hcons is the conductance between the spring and cladding. The

conductance, hcons’ is used only when a stagnant gas condition
exists; that is, when the natural con -ction heat transfer coefficient

for the spring (hs) is zero.

(4) Cladding interior node:



Rgg = radius of spring Tss _~—— Spring cross sections

INEL-A-2480-1

Fig. 9 Spring noding.
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Fig. 10 Cladding noding.

(5) Cladding central node:

(2-5)




TABLE IV
NOMENCLATURE FOR PLENIM THERMAL MODEL

Quantities

ID

—

surface area

heat capacitance

diameter of the spring coil
diameter of the spring wire
gray-body shape factor from body 1 to body 2
view factor from body 1 to body 2
Grashof number

surface heat transfer coefficient
radiation flux

inside diameter of the cladding
thermal conductivity

length

outside diameter of the cladding
Prandt] number

energy

surface heat flux

volumetric heat generation

radius

thickness of the cladding (0D-1D)/2.0
temperature

volume

Stefan-Boltzmann constant

heat capacitance of gas, set equal to the value of
1.24 Btu/1b-9F, which is the heat capacitance of

helium.
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TABLE IV (continued)

Quantities

density

absorption coefficient

£ = emissivity
8 = spring to cladding spacing (ID-DIAC)/2.0
t = time
Subscripts
cl = cladding
cle = cladding center node
clhi = cladding interior node
clo = cladding outside node
cool = coolant
conc
and =  conduction between the spring and cladding
cons
conv = convective heat transfer to coolant
ep = end pellet
9 = gas
p = plenum
sC = spring center node
SS = spring surface node
S = spring
rads
and } = radiapion heat transfer between the spring and
radc | cladding
m,m¥l = old and new time step
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(6) Cladding exterior node:

T T (2-6)

clo cool’

For steady state, the time derivatives of temperature on the left side
of Equations (2-1) through (2-5) are set to zero, and the temperature
distribution in the spring and cladding is assumed to be uniform.

To obtain a set of algebraic equations, Equations (2-1) through
(2-6) are rewritten in the Crank-Nicolson17 implicit finite
difference form. This formulation results in 2 set of six equations
and six unknowns.

The details of the difference formulation of Equations (2-1)
through (2-5) and the programming logic of subcode PLNT are given in
Appendix G.

2.2 Heat Conduction Coefficients

Heat transfer between the plenum gas and the structural
components occurs by natural convection, conduction, and radiation.
The required heat transfer coefficients for these three modes are
described in the following three subsections.

2.2.1 Natural Convection Heat Transfer Coefficients. Energy
exchange by natural convection occurs between the top of the fue!

pellet stack and the plenum gas, spring and plenum gas, and cladding
hep’ hs’ and hets
in the equations described above, model this energy exchange. To

calculate these heat transfer coefficients, the top of the fuel stack

and plenum gas. Heat transfer coefficients,

is considered to be a flat plate, the spring a horizontal cylinder,
and the cladding a vertical surface. Both laminar and turbulent
natural convection are assumed to occur. Correlations for the heat
transfer coefficients for these types of heat transfer are obtained
from Kreith!® and McAdams1?.
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The flat plate natural convection coefficients used for the end
pellet surface heat transfer are:

(1) For laminar conditions on a heated surface,

- 0'25 ==
hep 0.54 Kg (Gr x Pr) /1D (2-7)

(2) For turbulent conditions, Grashof number (Gr) greater than
2.0 x 107, on a heated surface,

: 0.33 .
hep = 0.14 K (Gr x Pr)?3/10 (2-8)

(3) For laminar conditions on a coolec surface,

’ 0.25 _
hep 0.27 Kg (Gr x Pr) /1D (2-9)

The following natural convection coefficients for horizontal cylinders
are used for the film coefficient for the spring:

(1) For laminar conditions,

hg = 0.53 K (Gr x pr)9-2%/p1AS (2-10)

(2) For turbulent conditions, Gr from 109 to 1012,

- 0.33
hy = 0.18 (Tg - TSS) (2-11)

The vertical surface natural convection coefficients used for the
cladding interior surface are given by:

(1) For laminar conditions,

h

1 = 0.55 K (6r x Pr)O'ZS/Lp. (2-12)
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(2) For turbulent conditions, Gr greater than 109,

hep = 0.021 Ky (6r x Pr)°‘4/Lp (2-13)

These natural convection correlations were derived for flat
plates, horizontal cylinders, and vertical surfaces in an infinite gas
volume. Heat transfer coefficients calculated using these corre-
lations are expected to be higher than those actually existing within
the confined space of the plenum. However, until plen.. temperature
experimental data are available, these coefficients are believed to
provide a good estimate of the true values.

2.2.2 Conduction Heat Transfer Coefficients. Conduction of
energy between the spring and cladding is represented by the heat
transfer coefficients, hcons and hconc’ in Equatiors (2-3) and
(2-4). These coefficients are both calculated in subcode PLNT when
stagnant gas conditions exist. The conduction roefficients are
calculated on the basis of the spring and cladding geometries shown in

Figure 10, and the assumptions that:

(1) The cladding and spring surface temperatures are uniform

(2) Energy is conducted only in the direction perpendicular
to the cladding wall (heat flow is one-dimensional).

On the basis of these assumptions and the geometry given in Figure 11,
the energy (q) conducted from an elemental surface area of the spring
(LiRd6) to the cladding is

o KQSTSS - Tcli) (LS Rs sin (&) ds)
q (@ +R_ - R sin @)

(2-14)

where

= the azimuthal coordinate.
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Fig. 11 Geometrical relationship between the cladding and spring.

By integration of Equation (2-14) over the surface area of the spring
facing the cladding, the total flow of energy is given by

k A
= 9 5SS b
9= =5 U - Tewy) |- :
S e:?
Y 1 & Tan'l [(Tan(%) 5 Rs ) (1 i Rg )]
rS l-RE lc+2§sj (“-‘3—-?"‘2‘25)
(s+2as)2 -
(2-15)
The two conduction heat transfer coefficients are given by
"eons = WAss (Tsg = Tens) (2-16)
and
heone = Peons Ass/Aer (2-17)

When natural convection heat transfer exists, hcl or hS > 0.0,
energy is assumed to flow to the gas from the spring and then from the
gas to the cladding wall, or vice versa. Under these conditions,



hCons and hConc are c<et to zero. Therefore, in the current

version of PLNT hcons and hconc are used only when the temperature
is uniform throughout the plenum. Future plenum data or analytical
analysis may indicate that natural convection flow between the spring
and the cladding does not exist, in which case non-zero conduction

coefficients will be used at all times.

2.2.3 Radiation Heat Transfer Coefficients. Transport of energy
by radiation between the spring and claddi g is included in the plenum
model by use of the heat transfer coefficients, hrads and hradc’
in Equations (2-3) and (2-4). These coefficients are calculated in
subcode PLNT and are derived from the radiant energy exchange equation
for two gray bodies in thermal equilibrium18 as follows:

= 4
ql-z = Al Fl-zo (T? - Tz) (2-18)
where 9.2 is the net rate of heat flow by radiation between bodies
1 and 2.

The gray-body factor (Fl_z) is related to the geometrical view
factor (FI-Z) from body 1 to body 2 by

: 1
Az * = VA 1A, * (7R, (2-19)

Using Equations (2-18) and (2-19) and approximating the geometric view
factor from the cladding to the spring (Fc1-s) by

F R Ass N (2Ac) = Asg) Asg
i SR " 4 ¢ (2-20)

the net radiant energy exchange between the cladding and spring may be
written as

4-
cli

4

Tss)

q'“]-S = A, F (T

g cl "cl-s (2-21)
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The radiation heat transfer coefficients, Mo adc and "rads' are
calculated by
Prade = 9c1-s’Acr * (Tery = Tgs) (2-22)
and
Meads = (Prade * Ac1)/Ass (2-23)

2.3 Gamma Heating of the Spring and Cladding

The volumetric power generation term, g, shown in Equations (2-2)
through (2-5) represents the gamma radiation heating of the spring and
cladding. A simple relationship is used to calculate g in subroutine
PLNT. The relationship used is derived from the gamma flux atten-
tuation equation

-dI(x) * I, I(x) dx (2-24)

where I(x) is the gamma flux, ry is the gamma ray absorption coeffi-
cient, and x is the spatial dimension of the solid on which the gamma
radiation is incident. Since the cladding and spring are thin in
cross section, the gamma ray flux can be assumed constant throughout
the volume. Of the gamma flux (I) incident on the spring and clad-
ding, the portion absorbed (AI) can be described by

-4l = Iy Ix (2-25)

where x is the thickness of the spring or cladding. Therefore, the
volumetric gamma ray absorption rate is given by

Al

X

= Iy I. (2-26)
Equation (2-26) can also represent gamma volumetric energy deposition
by letting I represent the energy flux associated with the gamma
radiation. Approximately 10% of the energy released in the fissioning
of uranium is in the form of high energy gamma radiation. Therefore,
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the gamma enerqy flux leaving the fuel rod would be approximately
equal to 10% of the thermal flux. The gamma energy flux throughout
the reactor can then be estimated by

I = 0.10q.4 (2-27)

where ﬁrod is the average fuel rod power. For zirconium, 1y is
approximately 11.0 ft'l. Therefore, the gamma energy deposition

rate is given by

rod

=
—

=g = 1.1 (2-28)

><|'

Equation (2-28) is an estimate of the gamma heating rate for the
spring and cladding.

3. FUEL ROD DEFORMATION AND FAILURE

An accurate analysis of the fuel and cladding deformation is
necessary in any fuel rod response analysis because of the fact that
the heat transfer coefficient across the fuel-to-cladding gap is a
strong function of the gap size. In addition, an accurate calculation
of stresses in the cladding is needed so that an accurate prediction
of the onset of cladding failure (and subsequent release of fission
products) can be made.

In analyzing the deformation of fuel rods, four physical situ-
ations are encountered. The first situation occurs when the fuel
pellets - and cladding are not in contact. Here, the problem of a
cylindrical shell (the cladding) with specified internal and external
pressures and a specified cladding temperature distribution must be
solved. This situation is called the “open gap" regime.

Second, the situation is encountered in which the fuel pellets
(which are considerably hotter than the cladding) have expanded so as
to be in contact with the cladding. Further heating of the fuel
results in "driving" the cladding outward. This situation is called
72 (70
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the "closed gap" regime. Alteirnatively, this closed gap regime can
occur due to the collapse of the cladding ontc the fuel pellets due to
elevated cladding temperatures and a high coolant pressure.

A third situation occurs in which a number of pellets not in
contact with the cladding are trapped between the lower end of the
fuel rod and a fuel pellet which is in firm contact with the
cladding. Then, the axial expansion of the stack of trapped fuel
pellets is imparted to the cladding. Here, the problem of a thin
cylindrical shell, with not only prescribed internal and external
pressures but also a prescribed total change in length, must be
solved. This situation is called the "trapped stack" regime.

The preceding three regimes of fuel rod deformation are charac-
terized by small cladding strains, and by the cladding retaining its
essentially cylindrical shape. By contrast, a short region of
cladding might swell locally when a net outward pressure differential
exists and the cladding temperature is elevated. This so-called
"ballooning" regime is often predicted and observed during LOCA type
transients. This regime of deformation is essentially different from
the first three regimes described, and requires a completely different
type of analytical model because of the large displacement nature of
the deformation.

As shown in Figure 12, the deformation analysis in FRAP-TS
consists of three parts: (a) a small deformation analysis, (b) a
large deformation (ballooning) analysis, and (c) a cladding failure
analysis. First, a small deformation analysis of the stresses,
strains, and displacements in the fuel and cladding is performed for
the entire fuel rod. This analysis is based on the assumption that
the cladding retains its cylindrical character, and includec the
effects of:

(1) Fuel thermal expansion, creep, swelling, densification,
and relocation
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Fig. 12 Flow chart of deformation subcode.

| (2) Cladding thermal expansion, creep, and plasticity
[ ’ (3) Fission gas and external coolant pressures.
|

As part of the small displacement analysis, the correct regime of
Jeformation (open gap, closed gap, or trapped stack) is determined.
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Two models are available for the c¢..culation of the small dis-
placement deformation of the fuel and cladding. The more simplified
model neglects the stress-induced deformation of the fuel, and is
called the rigid pellet model (FRACAS-1). The - econd option includes
the stress-induced fuel pellet deformation, and is called the
deformable pellet model (FRACAS-2).

After the small strain analysis has been performed for the entire
fuel rod, the cladding strains are compared with the value of an
instability strain obtained from MATPRO. If, at any point along the
rod, the instability strain has been exceeded, then the cladding
cannot maintain a cylindrical shape and local ballooning has occurred.
For the local region at which instability is predicted, a large
deformation ballooning analysis is performed using subcode BALLOON.
This analysis allows for nonaxisymmetric large deformation of the
cladding, and can take into account local axial and circumferential
temperature variations. Modification of local heat transfer coeffi-
cients is calculated as the ballooning progresses and additional
surface area is presented to the coolant.

The last step in the deformation anaysis is the cladding failure
calculation. Computed stresses and strains in the cladding are passed
into the FRAIL failure analysis subcode, and a statistical prediction
e« fuel rod failure is made.

In both the small deformation analysis (rigid or deformable
pellet models) and the large deformation ballooning analysis, plastic
behavior of the cladding must be considered. The plasticity equations
used in the two small deformation models are the same, and are based
on the general theory of multiaxial plasticity. A more simplified
plastic analysis is used in the ballooning model.

In Section 3.1, the general theory of plastic analysis is out-
lined and the method of solution used in FRAP-T5 is presented. This
method of solution is used in both the rigid pellet and deformable
pellet models. In Section 3.2, the equations and subroutines for the
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rigid pellet model and deformable pellet model are described. Section
3.3 describes the large deformation analysis model (BALLOON) and,
finally, Section 3.4 describes the cladding failure analysis package,
FRAIL.

3.1 General Considerations in Elastic-Plastic Analysis

Problems involving elastic-plastic deformation and multiaxial
states of stress involve a number of aspects that do not require
consideration in a uniaxial problem. In the following, an attempt is
made to briefly outline the structure of incrementa' plasticity, and
to outline the Method of Successive Substitutions (also called the
Method of Successive Elastic Solutions), which has been used success-
fully in treating multiaxial elastic-plastic problemszo. The method
can be used for any problem for which a solution based on elasticity
can be obtained, and this method is used in both the rigid pellet and
deformable pellet models.

In a problem involving only uniaxial stress, s the strain,
€1» is related to the stress by an experimentally determined
stress-strain curve, as shown in Figure 13, and Hook=2s's law is taken
as

c]:;]—-heq +/udT
(3-1)
where s; is the plastic strain and E is the modulus of elasticity. The
onset of yielding occurs at the yield stress, which can be determined
directly from Figure 13. Given a load (stress) history, the resulting
deformation can pe determined in a simple fashion. Increase of yield
stress with work-hardening is easily computed directly from Figure 13.

In a problem involving multiaxial states of stress, however, the
sit_acion is not so clear. In such a problem, z method of relating
the onset of plastic deformation to the results of a uniaxial test is

i o no-
SO'J b\./(z

55



—— )
\
v
I

I
{ |
| {
/ -t

-

INEL-A-2484

Fig. 13 Typical isothermal stress-strain curve.

required, and further, when plastic deformation occurs, some means is
needed for determining how much plastic deformation has occurred and
how that deformation is distributed among the individual components of
strain, These two complications are taken into account by use of the
so-called "yield function" and "flow rule,” respectively.

A considerable wealth of experimental evidence exists on the
onset of yielding in a multiaxial stress state. The bulk of this
evidence supports the von Mises yield criterion, which asserts that
yielding occurs when the stress state is such thut

0.5 [(o) = o) *+ (o = 09)° + (c3 = 01)) = 0f (3

where the Cy values are the princiral stresses, and sy is the
yield stress as determinec in 2 unicxial stress-strain test. The
square root of the left s de of this equation is referred to as the
"effective stress", Oas and this effective stress is one commonly
used type of yield {unction.
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To determine how the yield stress changes with permanent defor-
wation, the yield stress is hypothesized to be a function of the
equivalent piastic strain, ep. An increment of equivalent plastic
strain is determined at each load step, and sp is defined as the sum

of all increments incurred:

P
€

" e

Z dcp . (3-3)

Each increment of effective plastic strain is related to the
individual plastic strain components by

P

de = %—[(d:? - dé:;)2 + (de; - dcg)z

P P\241/2
+ (dey = deg)°] (3-4)
where the dc? are the plastic strain components in principal coordi-
nates. Well-known experimental results indicate that at pressures on
the order of the yield stress, plastic deformation occurs with no

change in volume, which implies that

P P P
dcl + de2 + d€3 = 0 (3-5)
and hence, in a uniaxial test with Gy ®= 9 0, = 0, = 0, the
plastic strain increments are
A S L P
df.z = d_3 1/2 del -

o ™

de’ = dci’ (3-6)

Thus, when the assumption is mide that the yield stress 1s a function

of the total effective plastic strain (calied the Strain Kardening

£77 oA
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Hypothesis), the functional relationship between yield stress and
plastic strain can be taken directly from a uniaxial stress-strain
curve by virtue of Equation (3-6).

The relationship between the magnitudes of the plastic strain
increments and the effective plastic strain increment is provided by
the Prandt1-Reuss Flow Rule:

P
P 3 de
dci = ?T S'i i s 1. 3 (3'7)

where the S1 values are the deviatoric stress components (in princi-
pal coordinate;) defined by

L1
5% %503

Q

1t o) i=1,3 (3-8)

Equation (3-7) embodies the fundamental observaticn of plastic defer-
mation: plastic strain increments are proportional to the deviatoric
stresses. The constant of proportionality is determnined by the choice
of the yield functionzo. Direct substitution shows that Equations

(3-2), (3-3), (3-4), (3-7), and (3-8) are consistent with one another.
Once the plastic strain increments have been determined for a

given load step, the total strains are determined from a generalized
form of Hooke's law given by

P P
Cl L 1! {d‘ . V(OZ + 03)} - C] + dE] * f adT
Cz = 'é’ (02 * ‘J(C] > 03)} + Eg * dﬂs + f’ldT
\ P
C3 = é’ (03 - U(Uz + U])} + Cg + d€3 + f QdT (3_9)

in which c;, cs, and eg are the total plastic strain components at the
end of the previous load increment.

Lh
-}
[
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The remaining continuum field equations of equilibrium, strain
displacement, and strain compatibility are unchanged. The complete
set of governing equations is presented in Table V, written in terms
of rectangular Cartesian coordinates and employing the usual indicial
notation in which a repeated Latin index implies summation. This set
of equations 1is augmented by experimentally determined wuniaxial
stress-strain relation.

3.1.1 The Method of Solution. When the problem under consider-
ation is statically determinate, so that stresses can be found from
equilibrium conditions alone, the resulting plastic deformation can be
determined directly. However, when the problem is statically indeter-
minate, and the stresses and deformation must be found simultaneously,
then the full set of plasticity equations proves to be quite for-
midable, even in the case of simpie loadings and geometries.

One numerical procedure which has been used with considerable
success is the Method of Successive Substitutions. This method can be
applied to any problem for which an elastic solution can be obtained,
either in closed form or numerically. A full discussion of this
technique, including a number of technologically useful examples is
contained in Reference 20.

Briefly, the methed involves breaking the loading path up into a
number of small increments. For example, in the present application,
the loads are external pressure, temperature, and eitker internal
pressure or prescribed displacement of the inside surface of the
cladding. These loads all vary during the operating history of the
fuel rod. For each new increment of the loading, the solution to all
the plasticity equations listed in Table V is obtained as follows.

First, an initial estimate of the plastic strain increments, dc?J,

is made. On the basis of these values, the equations of equilibrium,
Hooke's Law, and strain-displacement and compatibility are solved as
for any elastic problem. From the stresses so obtained, the

59 Ji



TABLE V

ELASTIC-PLASTIC GOVERNING EQUATIONS

Equilibrium

s K

pfi'o

where Gji = stress tensor

= mass density

§ = components of body force per unit mass

Stress Strain

+ ‘:j + de?j
Compatibility

®ij.ke

ke,ij ° Sik,gr T Sje,ik ¢ O

Definitions Used in Plasticity

WE
% * ¥ 7 55 iy

1
Sig * S

p 2 P P
de é«-:dz” d‘ij

Prandt]-Reyss Flow Rule
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deviatoric stresses, Sij’ may be computed. This "pseudo-elastic"
solution represents <ne path in the computational scheme.

(#]
Independently, through use of the assumed d‘ij values, the incre-

ment of effective plastic strain, dcp. may be computed, and from
this result and the stress-strain curve, a value of the effective

stress, Jes is obtained.

Finally, a new estimate of the plastic strain increments is
btained from the Prandt1-Reuss flow rule

(3-10)

and the entire process is continued until the dc?i converge. A sche-
matic of the iteration scheme is shown in Figure 14.

The mechanism by which improved estimates of dc';j are obtained
results from the fact that the effective stress obtained from de’
and the stress-strain curve will not be equal to the effective stress
that would be obtained with the stresses from the elastic solution.
The effective stresses will only agree when convergence is obtained.

The question of convergence is one that cannot, in general, be
answered a priori. However, convergence can be shown’® to be
obtained for sufficiently small load increments. Experience has shown
that this technique is suitable for both steady state and transient
fuel rod analyses.

3.1.2 Extension to Creep and Hot Pressing. The method of
solution described for the time-independent plasticity calculations can
also be used for time-dependent creep and hot pressing calculations.

In this context, the term creep refers to any time-dependent constant
volume permanent deformation, whereas the term hot pressing refers to
any time-dependent process which results in a permanent change in
volume. Both creep and hot pressing are stress-driven processes, and

are usually highly dependent on temperature.
ET7 nen
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The only change required to extend the Method of Successive
Elastic Solutions to allow consideration of creep and hot pressing is
to rewrite the Prandtl-Reuss flow rule, Equation (3-7), as

it - o (O $0_ 40U )

c . e At V- at ‘1 2 3
dr.l 3.5 R Sl + -5 3

c o (0 ¢+ 0, + 0,)

e . e At V- at ‘1 2 3
dcz 1-5 po Sz + -T- e

e m
- V- (0, # 0, + 0,)
- e At V- at ' 1 2 13

The first term on the right hand side of each of these equations
computes the constant volume creep strain, whereas the second term in
each equation computes the permanent change in volume. To use this
form of the flow rule, two additicnal material property correlations
must be available. The first is a correlation for constant volume
creep strain cc(taken in a uniaxial test) as a function of stress,
time, temperature, and neut-on flux; that is,

€ = flo, T, t, F)

where
g, * uniaxial stress
T B temperature
t = time
F = neutron flux,

In FRAP-T5, the strain hardening hypothe51520 is assumed, which

implies that the creep strain correlation can be differentiated and
solved for creen strain rate in the form

.1
~J
~
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EC b h(co Ec' T' F)

which is no longer an explicit function of time. This equation is
obtained from the MATPRO subcode during the creep calculations.

The second additional correlation required is a relationship

between the rate of permanent volumetric strain and the applied loads,
that is,

v - Ieps T by vavai1)
where
Gm = 01 + 02 + 03 is the mean stress
T = temperature
t = time
vavail = meast * of maximum permanent volume change

possib. .

The permanent volumetric strain increment dV© is related to the
plastic strain increments by the eguation

v = dsg + dcg + deg.

In "RAP-T5, hot pressing is considered only in the fuel. The source
of the permanent volume change is assumed to be the closing of cracks
in the relocated fuel. The maximum amount of volume available for
permanent volume change is thus the amcunt of volume generated by fuel
relocation. The equation for the permanent volume change was
generated by comparing FRAP-TS calculated and measured length changes
for experimental fuel rods irradiated in the Power Burst Facility and
the Halden Test Reactor. The correlation which reculted in the best
agreement with measured fuel rod length changes was found to be

1
)
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Vo= Ak (W a v ) exp (-15800/T)
where
Qc = rate of volumetric strain (1/s)
A = 3.64 x 10718
o = mean stress (N/m?)
ve = volumetric strain
T = temperature (K)
Veeloc 2Ur,/rp in which U. is the relocation dis-

placement and r_ is the cold pellet radius.

P

The relocation displacement for the deformable pellet model
(FRACAS-2) is computed by the equation

U. = (2/3)s

where

§ = as-fabricated radial gap between fuel pellets and
cladding.

This equation for relocation displacement is based on the assumption
that the fuel has not been subjected to repeated power cycles, as does
the equation for relocation displacement shown in Subsection 3.2.1(2).
No permanent volume change is permitted if 2 is positive, and as
the volumetric strain V© apprc ches the volume available from
relocation (V.,i..), the permane t volumetric strain rate goes to
zero. This hot pressing correlation has been incoiporated in FRAP-TS
in subroutine FPRESS, and is called only when the deformable pellet
option is specified.

—y = .,-\',-)
5/3) b/f—
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3.2 Small Deformation Fuel Rod Models

Two models are availabie for analyzing the small deformation of
the fuel and cladding. The first model considers the fuel pellets to
be essentially rigid, and to deform due to thermal expansion and
relocation only. Thus, in the rigid peliet model, the displacement of
the fuel is calculated independently of the deformation of the clad-
ding. This rigid pellet analysis is performed in the FRACAS-1 subcode.

The second model available for the small deformation analysis is
a2 more general analysis in which the fuel is assumed to deform due to
stress, and in this case the deformation of the fue! and cladding must
be determined simultaneously. This deformable pellet analysis is
performed in the FRACAS-2 subcode.

The code user has the option of choosing either the rigid pellet
or deformable pellet nodel. In general, the rigid pellet model
(FRACAS-1) is less time-consuming, and has proven to be quite adequate
for a wide variety of reactor transients in which pellet-cladding
interaction is not the dominant failure mechanism. When failure due
to pellet-cladding mechanical interaction is anticipated, however, the
deformable pellet model (FRACAS-2) gives a more accurate calculation.
Guidance for choosing between these two models is given in Appendix A.

3.2.1 Rigid Pellet Cladding Model. The cladding deformation
model in FRACAS-1 is described in Subsection (1). The fuel defor-
mation model is described in Subsection (2). If the fuel and cladding
gas gap is closed, the fuel deformation model will apply a driving
force to the cladding deformation model. The cladding deformation
model, however, never influences the fuel deformation model.

The cladding deformation model in FRACAS-1 is based on the
following assumptions:

L
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Incremental theory of plasticity
Prandt1-Reuss flow rule
Isotropic work-hardening
No creep deformation of cladding

Thin wall cladding (stress, strain, and temperature
uniform through cladding thickness)

If fuel and cladding are in contact, no axial slippage
occurs at fuel cladding interface

Bending strains and stresses in cladding are negligible

Axisymmetric loading and deformation of cladding.

The fuel deformation in FRACAS-1 is based on the following
assumptions:

Thermal expansion and fuel relocation are the only
sources for fuel deformation

No resistance to thermal expansion of fuel

Axial thermal expansion of fuel stack is equal to
thermal expansion of a line projected through the dish
shoulder of the fuel pellets

No creep deformation of fuel

Isotropic fuel oroperties.

(1) Cladding Deformation Model. The rigid pellet

(FRACAS-1) cladding deformation subcode consists of six individual

£77 v 4
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subroutines, each of which is independent of the others. Hence, the
model contained in each subroutine can be modified or replaced without
requiring changes in any part of the subcode.

Deformation and stresses in the cladding in the open gap regime
are computed in subroutine CLADF. The model considered is a thin
cylindrical shell with specified internal and external pressures and a
prescribed uniform temperature.

Calculations for the closed gap regime are made in subroutine
COUPLE. The model considered is a thin cylindrical shell with
prescribed external pressure and a prescribed radial displacement of
its inside surface. The prescribed displacement is obt2ined from the
fuel thermal expansion models described in Subsection (2). Further,
since no slip is assumed to take place when the fuel and cladding are
in contact, the axial expansion of the fuel is transmitted directly to
the cladding, and hence, the change in axial strain in the shell is
also prescribed.

Calculations for the trapped stack regime are made in subroutine
STACK. The model considered is a thin cylindrical shell with
prescribed internal and external pressures and a prescribed total
change in length of the cylinder. In contrast to CLADF and COUPLE,
which solve for the stresses and strains at only one axial location at
a time, subroutine STACK simultaneously solves for the stresses and
strains in all axial nodes which are being strained axially by the
trapped stack of fuel pellets.

The decision whether the gap is open or closed, and whether to
call COUPLE, STACK, or CLADF is made in the executive subroutine FCMI
(Fuel Cladding Mechanical Interaction), which is the only subroutine
that must be called by FRAP-T to initiate the fuel-cladding inter-
action analysis. At the completion of this analysis, FCMI returns
either a new gap size or a new interface pressure between the fuel and
cladding for use in the next iteration of the thermal calculations.

68 JiJ
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In each of COUPLE, STACK, and CLADF, an elastic-plastic solution
is obtained. Two additional subroutines, STRAIN and STRESS, compute
changes n yield stress with work-hardening, given a uniaxial stress-
strain curve. This stress-strain curve is obtained from the MATPRO2
subcode. Subroutine STRAIN computes the effective total strain and
new effective plastic strain, given a value of effective stress and
the effective plastic strain at the end of the last loading increment.
Subroutine STRESS commputes the effective stress, given an increment
of plastic strain and the effective plastic strain at the end of the
last loading increment. Depending on the work-hardened value of yieid
stress, loading can be either elastic or plastic, and unloading is
constrained to occur elastically. (Isotropic work-hardening is
assumed in these calculations.) These six subroutines are described
in detail in the following.

(a) Subroutine FCMI., Subroutine FCMI performs the basic
function of determining whether or not the fuel pellets and the
cladding are in contact. The decision as to whether or not the fuel
is in contact with the cladding is made by comparing the radial
displacement of the fuel with the radial displacement that would occur
in the cladding due to the prescribed external (coolant) pressure and
the prescribed internal (fission and fill gas) pressure. Both of
these values are passed to FCMI through the calling sequence. This
cladding free radial displacement is obtained in CLADF. Then, if

fuel > clad | ¢ ~
u. U ¢ (3-11)

where ¢ is the initial (as-fabricated) gap between the fuel and the
cladding, the fuel is determined to be in contact with the cladding.
The as-fabricated gap, &, is a constant that does not change through-
out the loading history of the rod. The loading history enters into
this decision by virtue of the permanent plastic cladding strains
which are used in the CLADF solution, and which are updated at each
call to CLADF or COUPLE. These plastic strains (and total effective
plastic strain, ep) are stored in the main calling program, and are
passed to FCMI through the calling sequence.

-
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If the fuo' and <cladding displacements are such that
Equation (3-11) is not satisfied, the gap has not closed during the
current locad step, and the solution obtained by CLADF is the
appropriate solution. The current value of the gep is crmputed and
passed back to the main calling program. The plascic strain values
may be changed in the solution obtained by CLADF if additional plastic
straining has occurred.

If Equation (3-11) is satisfied, however, the fuel and .he clad---
ding have come into contact during the current loading increment. At
the contact interface, radial continuity requires that

clad _  fuel

U. U - & (3-12)
while in the axial direction the assumption is made that no slip
occurs between the fuel and the cladding.

Note that only the additional strain which occurs in the fuel
after "lock-up" has occurred is transferred to the cladding. Thus, if
cglgd is the axial strain in the cladding just prior to contact, and

’

c:"QI is the corresponding axial strain in the fuel, then the no-slip

condition in the axial direction becomes

clad clad _ fuel fuel
€ - ez.o = €, - €0 (3-13)

fuel and eC]gd, are set equal to the

The values of the "prestrains," Ez.o ”

values of the strains that existed in the fuel and cladding at the
time of gap closure and are stored in the main calling program and
passed to FCMI in the calling sequence. The values are updated at the
end of any load increment during which the gap closed.

After u?lad and E;lad have been computed in FCMI, they are passed
to subroutine COUPLE, which considers a thin cylindrical shell with
prescribed axial strain, external pressure, and prescribed radial

displacement of the inside surface. After the solution to this
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problem is obtained in COUPLE, subroutine FCMI passes a value of the
interface pressure back to the main calling program, along with new
plastic strains and stresses.

‘) Subroutine CLADF. This subroutine considers a thin
cylindrical shell loaded by both internal and external pressures.
Axisymetric loading and deformation are assumed. Loading is also
restricted to being uniform in the axial direction, and no bending is
considered. The geometry and coordinates are shown in Figure 15. The
displacements of the midplane of the shell are u and w in the radial
and axial directions, respectively.

For this case, the equilibrium equations are identically
satisfied by

o, » r; Pi ; o Po (3-14)
o "ri P1 - nl“g Po
z ,(,g . ,,71) (3-15)
where
Oa = hoop stress
6, axial stress
ry = inside radius of cladding
£, * outside radius of cladding
Pi = internal pressure of fuel rod
Po = cooiant pressure
t - cladding thickness. 5,3 G:S
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For a membrane shell theoryZI. the strains are related to the mid-

plane displacements by

= ._.‘w -
€, ¥ (3-16)
e, = Y (3-17)
v ;

where r is the radius of the midplane. Strain across the thickness of
the shell is allowed. In shel! theory, since the radial stress can be
neglected, and since the hoop stress, g s and axial stress, 0,4 are
uniform across the thickness when bending is not considered, the
radial strain is due only to the Poisson's effect, and is uniform
across the thickness. (Normally, radial strains are not considered in
a shell theory, but when plastic deformations are considered, plastic
radial strains must be included.)

The stress-strain relations are written in the incremental form

T
€q = ]! {og = vo,} ¢ e; + deg + f a dT (3-18)

~N
-
—ﬂ\ o
o —

ez'-]g(oz - vae}'*e: + dep + a dT (3-19)

e = - ¥ {o 4'f:r‘*tp‘"dsp* a dT

r E ‘“s z’ r r . (3-20)
0

in which To is the strain-free reference temperature, o is the coef-
ficient of thermal expansion, T is the current average cladding tem-
perature, £ is the modulus of elasticity, and + is Poisson's ratio.

The terms eg, ez, and et are the plastic strains at the end of the last

load increment, and dc:, daﬁ, and des are the additional plestic strain

increments which occur due to the new load increment.

L
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The magnitudes of the additional plastic strain increments are
determined by the effective stress and the Prandtl-Reuss flow rule,
expressed as

172

- _1 2 o 2 2
Oe - '-;2—{{ 8 . Gz) . (VZ N ("a) } (3'21)
3 dcp
de, = & i Si for 1 - r,8,2 (3-22)
e
S1 = o, - % (\76 +az) for 1 =r,8,2 (3-23)

The solution in CLADF proceeds as follows. At the end of the last lead
increment the plastic strain components, eE, cg, and c': are known, and
also the total effective plastic strain, sp, is known.

The loading is now incremented with the prescribed values of
Pi’ Po’ and T. The new stresses can be determined from Equations

(3-14) and (3-15), and a new value of effective stress is obtained
from Equation (3-21).

The increment of effectivg plastic strain, dep. which results
from the current increment of loading, can now be determined from the
uniaxial stress-strain curve at the new value of Ve» @ shown in
Figure 16. (The new elastic loading curve depends on the value of
sp.) This computation is performed by subroutine STRATN.

Once dep is determined, the individual plastic strain
components are found from Equation (3-2Z), and the total strain
components are obtained from Equations (3-18) through {3-20).

e
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Fig. 16 Calculation of effective stress o from deP.

The displacement of the inside surface of the shell must be
determined so that a new gap width can be computed. The radial
displacement of the inside surface is given by

U(l"i) b ;Ee -'Zcr (3-24)

where the first term is the radial displacement of the midplane (from
Equation (3-17)) and €n is the uniform strain across the thick-
ness, t.
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The cladding thickness, t, is computed by the equation

t = (1+e) t,

t = (3-25)

o cold state, unstressed thickness of cladding.

The final step performed by CLADF prior to returning control to
FCMI is to add the plastic strain increments to the previous plastic
strain values, that is,

(eep)neu (cep)old ¢ dagf

(Ez)new (E:)old ’ d‘:

LA (P)gpq * der

(P ey = (= g1q * d€ (3-26)

and these values are returned to FCMI for use at the next load incre-
mnt‘

Thus, all the stresses and strains can be computed directly
since, in this case, the stresses are determinate. In the case of the
driven cladding displacement, the stresses depend on the displacement,
and such a straiyhtforward solution is not possible.

(c) Subroutine COUPLE. This subroutine considers the
prcblem of a cylindrical shell for which the radial displacement of
the inside surface and axial strain are prescribed. Here the stresses
cannot be computed directly since the pressure at the inside surface
(the interface pressure) must be determined as part of the solution.

As in CLADF, the displacement at the inside curface is given by

(3-27)

u(ri) = U - % €,
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where u is the radial displacement of the midplane. From Equation

(3-18), u = reg and

u(ri) = 7 € = Epe (3-28)

Thus, prescribing the displacement of the irside surface of the shell
is equivalent to a constraining relation between € and €pe fis,
before, Hooke's law is taken in the form

cg * ]E- (ae -V az) B c; + dcg ’_jadT (3-29)
0
., * é- (az - ce) + ¢: + dc: jadT (3-30)
0
T
er"-i(ae*az)*tt *dc:,*fadT . (3-31)
TO

Use of Equations (3-28) and (3-31) in Equation (3-29) results in a

relation between the stresses Tgs Ty and the prescribed displacement
u(ri):

:
u(r,)
oy el [

:
T
T 0
- (g *d;g#-:r/‘ GdT}"]E'{(]"'i'%)OG
Q
tviz Lo, 0. (3-32)
r

Equations (3-30) and (3-32) are now a pair of simultaneous algebraic
equations for the stresses o, and o,, which may be written as

v
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STLITY i B B
Ay Al | B,
where
t
A = 1+V_
11 2 =
) 1t
A2 “(?:'1)
-
Apg = =V
i
u(r,)
Bl = E i + 3 (!'-) 4ep* de_ + / adT!}
- - r r
T &
(5]
r
-E cg+ds:+ / adT
T
.
82 = E e =-Ee *deg*/ adT }.
LA

Then the stresses can be written explicitly as

By Ay - By Ay
8 A Ay - A Ay

b
"

SRR o o M
2 A Ay - A Ay

These equations relate the stresses to u(ri) and €29 which are prescrib-

P P

ed, and to de, de
ing equations which must be satisfied are

78

2 and dcr, which are to be determined.
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e {log = )" * (o e (o, ) (3-35)

o 5

2 172

2 2
P e Z{(af - af) + (o] - o)+ (0] - ac]) ] (3-36)

de

and the Prandtl-Reuss flow equations [defined in Equation (3-22)]

& %9;" (og - %‘ (og * o,)]

P
P .3 de .1
de; * 7 5— [0, = 3oy *+0,)]
P P (3-37)
der = . dee - dez .
The effective stress, o and the plastic strain increment, ch.

e'
must, of course, be related by the uniaxial stress-strain law.

Equations (3-33) through (3-37) must be simultaneously satisfied for
each loading increment.

As discussed in Section 3.1, a straightforward numerical solution
to these equations can be obtained by means of the Method of Succes-
sive Elastic Solutions. By this method, arbitrary values are
initially assumed for the increments of plastic strain, and Equations
(3-33) through (3-37) are used to obtain improved estimates of the
plastic strain components. The steps performed by COUPLE are as
follows for each increment of load:

(1) Values of de:, deg, and d‘t are assumed. Then, de is
computed from Equation (3-28) and the effective stress

P

is obtained from the stress-strain curve at the value of
P by calling subroutine STRESS.

wn
e
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(2) From Hooke's law, still using the assumed plastic strain
increments and the prescribed values of u(ri) andez.
values for the s.resses can be obtained from Equations
{3-33) and (3-34).

(3) New values for deg, dc;, and deﬁ are now computed from

the Prandt]l-Reuss relations,

. . S >
T oull RS ACRAY) AR

using e 23S computed in Step (1), and 7y as computed

in Step (2).

(4) The old and new values of deg, dc:, and d£$ are compared

and the process continued until convergence is obtained.

(5) Once convergence has been obtained, the interface
pressure is computed from Equation (3-14)

P E 2.2 (3-38)

When Steps (1) through (5) have been accomplished, the solution is
complete, provided that the interface pressure is not less than the
local gas pressure.

Due to unequal amounts of plastic straining in the hoop and axial
directions, however, upon unloading, the interface pressure as
obtained in Step (5) is often less than the gas pressure, even though
the gap has rot opened. When this situation occurs, the frictional
"locking" mechanism (which is assumed to constrain the cladding axial
deformation to equal the fuel axial deformation) can no longer act.
The axial strain and stress adjust themselves so that the interface
pressure just equals the gas pressure, at which point the axial strair
is again "locked." Thus, upon further unloading, the axial strain and
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the hoop and axial stresses continually readjust themselves to main-
tain the interface pressure equal to the gas pressure until the gap
opens. Since the unloading occurs elastically, a solution for this
portion of the fuel-cladding interaction problem can be obtained
directly as follows.

Since the external pressure and the interface pressure are known,
the hoop stress is obtained from Equation (3-7) as

ri Piﬂt 0 0 (3-39)

From Equation (3-28), the following expression can be written

ufue‘ -5+ t/2 €,

€ = - (3-40)
e r

Substitution of € and ¢, as given by Equations (3-29) and (3-31),

into Equation (3-40) results in an explicit equation for 0,0

vr, o, = (F*vt/Z)cG*Y.‘E(/adT"‘cg)
-tE(/adT+ap)-Eu(r) (3-41)
2- r i A

in which % is known from Equation (3-39). With o, and o, known,
the strains may be computed from Hooke's law, Equations (3-29) through
(3-31). This set of equations is included in subroutire COUPLE and is
automatically invoked when a value of Pint 1ess than the local gas

pressure is computed.

As in CLADF, the last step performed by COUPLE before returning
control to FCMI is to set the plastic strain components and total
effective strain equal to their new values by adding in the computed

increment(s dr:'iJ and dcp.
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(d) Subroutine STACK. Subroutine STACK 1s called when one
or more fuel pellets are trapped between the lower end of the cladding
and a pellet in firm contact with the cladding, as shown in Figure 17.
In this case, the axial expansion of the fuel will be imparted to the
cladding even though the cladding and fuel are not in contact.

The total change in length of the trapped cladding is computed in
FCMI, and passed to STACK in the calling sequence. For each axial
node in the trapped cladding, the axial strain is given by

T(1)

Cz(i) . E%T) [oz - (1) oo(i)] + ii(i) + diz(i) * J/. adT (3-42)
T
0

in which i denotes the axial node number. Axial force equilibrium
requires that % be the same in each node. Since the total length
change is prescribed, the following expression can be written.

n
a4 =Z [(‘z(” - '73(")) dz(i)] (3-43)

i=]

in which dz(i) are the cladding axial node lengths, and eg are the

axial strains in the cladding at the end of the last load step.
Insertion of Equation (3-42) in the preceding equation y' lds

N
e 1)y N EGEXS
1, = : AL dz(1i
b4 z daz(1 et T
=1 = a

T(1)
+ eg(i) - e;(i) - ds?(‘i) -[«‘1dT

T
0o

(3-44)

The equation for the effective cladding stress {defined in Equation
(3-21)] is

op(t) = [;5 + :g(i) - o, .~.-,6(i)]1’2 (3-45)

The equation for the increment of effective plastic strain defined in
Equation (3-4) s
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2 2
de’ (1) 'Vr%— Hde (1) - dc:(i)] *[aa_’z’m . aefm]

2)1/2
+ [dr_i(i) - deg(‘)J ‘ . (3-46)

As defined in Equation (3-22), the equations for the components of the
plastic strain increment are

de (1) 3 9..{14. ’ o + 0, (1‘]’
p
' de (i 1
aei(1) = c—ﬁrl {% | [°z *°e“’”

deb(1) = « deb(1) = den(1) . (3-47)

Equations (3-44) through (3-47) must be simultaneously satisfied for
all the trapped cladding axial nodes. Since the nodes may nave
different temperatures, different stress-str2ir curves are used at
difrerent nodes.

As before, the Method of Successive Elastic Solutions is used.
In contrast to subroutine COUPLE, however, the method is applied
simultaneously to several axia! nodes. Because more than one node is
; being considered, two additional possibilities arise.

and Poisson's effect, some (or all) of the cladding nodes may come
into contact with the fuel pellets, although contact would not occur
due to internal and external pressure alone. In this case, the hoop
stress in Equation (3-44) is no longer given by Equation (3-14), but
now depends on 7, and the radial displacement of the fuel. While
contact occurs, however, radial compatibility as expressed in Equation

(3-28) requires that

' The first is the possibility that, due to the axial stretching
| 84 c1t 110
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. fuel
regi) -05¢ <r(1) ' % (1) - &. (3-48)

Through the substitution for ee(i) and ‘r“) from Hooke's law,
Equations (3-18) and (3-20), a single equation 1is produced which
relates oo(1) at each node to the axial stress o,. This equation
can be solved for 09(1) explicitly to obtain

- fuel
[E-(-ﬂ-+ O—E-‘(’-S-LEJ agl1) = u, (1) = &

T(1)
- r[%{-ﬂ- 0, + eo(i) + dep(1) + f a@dTJ
To
_ T(1)
+ % [A\E)%-;- cz + g:(‘i) + d':(i) - f QrdT] (3'49)
To

which applies at each node where contact has occurred. Finally,

Equation (3-49) is used to eliminate ae(i) from Equation (3-44) for
those nodes at which contact has occurred. Thus, an equation is
obtained for 7, involving summations over all nodes not in contact

plus summations over all nodes, denoted j*, where contact has
occurred. This equation, solved explicitly for 9, is

&# 1) : dz(Eig‘v’J'—)‘i LF-U'StLV(") ' = - go %
!TST [(F*O.St) v(i)] > %7 ak z z( ) dz(1)

i jaj* ’ i

T(1)
. ;B(i) + deZ(i) +f 'xsz] dz(i)

T
0
P.(i) r, = P (i)r
u( i 1 i Q
F ;j* ’E{T% [ Fo = "4 °]dz(i)

M
~
N
™S
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i (i)

- O.Stle‘:(i) + dez(i) + [ cvrdT] l

) (3-50)

0
This modified equation for o allows for an arbitrary number of con-
tacting nodes, and is solved for o_ at each step in the iteration

z
for the plastic strain increments. Locations of nodes that may be in

contict are not known a priori. However, for given values of the
plastic strain increments (the iterates in the Mothod of Successive
Elastic Solutions), the equations are linear. Thus, a feasible
approach is to solve for %28 assuming no pellets are in contact,
then compute the gaps, and if any negative aaps are found, recompute
gy with those nodes now assumed to be in contact. This process is
repeated until all calculatea gaps are either positive or zero. At
most, N steps are required where M s the number of nodes in the

stack, since the equations are linear.

The second possibility to be considered is that in the iteration
for the plastic strain increments, some of the nodes may only be
strained elastically. Here, the plastic strain increments for these
nodes approach zero, which causes difficulty when a check for con-
vergence is made. This difficulty is circumvented by checking the
absolute values of the plastic strain increments at each iteration,
and when they become smaller than some predetermined value, those
nodes are deleted from the iteration scheme.

Thus, 1in this application, the Method of Successive Elastic
Solutions becomes an iteration within an iteration, and one in which
the set of variables iterated upon is determined as the solution
progresses.
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(e) Subroutines STRAIN and STRESS. These two subroutines
are called by COUPLE and CLADF to relate stress and plastic strain,
taking into consideration the direction of loading and the previous

plastic deformation. A typical stress-strain curve is shown in
Figure 18. This curve represents the results of a uniaxial stress
strain experiment, and may be interpreted (beyond initial yield) as
the locus of work-hardened yield stresses. The equation of the curve
is provided by the MATPRO subcode at each temperature.

To wutilize this information, the usual! idealizations of the
mechanical behavior of metals are made. Thus, linear elastic behavior
is assumed until a sharply defined yield stress is reached, after
which plastic (irrecoverable) deformation occurs. Unloading from a

H '
| [
ol SETAta | [y

Fig. 18 Typical isothermal stress-strain curve.
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state of stress beyond the initial yield stress, 03' is assumed to
occur along a straight line having the elastic modulus for its slope.
when the (uniaxial) stress is removed completely, a residual plastic
strain remains, and this completely determines the subsequent yield
stress. That is, when the specimen is loaded again, loading will
occur along line BA, and no additional plastic deformation will occur
until point A is again reached. Point A is the subsequent yield
stress. If o = f(c) is the eguation of the plastic portion of the
stress-strain curve (YAC), then for a given value of plastic strain,
the subsequent yield stress is found by simultaneously solving the
pair of equations:

(o = f(e)
o= E(c-¢) (3-51)
which may be written as
N o P
o = f(E + e ), (3-52)

The solution to this nonlinear equation may be computed very
efficiently by Newton's iteration scheme:

0! 1! 2! . (3'53)

7("'"’1) = f[gé."i«b EPI m

The initial iterate, J(O), is arbitrary, and, without loss of
generality, is taken as 5000 psi. For any monotonically increasing
stress-plastic strain relation, the iteration scheme in Equation
(3-53) can be proven to converge uniformly and absolutely.

The computations in STRAIN and STRESS are described in the
following. Note that STRESS is called only when additional plastic
deformation has occurred.

(i) Subroutine STRAIN. Values of plastic strain, ep,
temperature and stress are passed to STRAIN through the calling

sequence.

N
~J

(S
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0 For a given temperature, o = f(¢) is obtained
from MATPRO function CSIGMA

P

. The yield stress Oy for given ¢ is obtained

from Equation (3-53)

v For a given value of stress, o,

1fo?cy. a’%* ep

P . &
“new “old

where E is computed by MATPRO function CELM@D.

if o> °y' e = f(o)

Cign = €° a/E
PR S
. “new ~ “old .

(i) Subroutine STRESS. Values of plastic strain, P
temperature, and plastic strain increment, dep, are passed to STRESS
through the calling sequence.

W For a given temperature, o = f(e) is obtained
from MATPRO function CSIGMA

. The yield stress % for given ef is
obtained from Equation (3-53)

. Given def (see Figure 19),

p N 8
“hew - €old * g€
Since dep > 0, the new value of stress and

strain must lie on the plastic portion of the

89 r;f_/ \



g

/
/

]
|

l
|
|
|
|
|
l
I
|
|
I
|
|
|

"
PP ' '
¢t

¢
Old New Total INEL-A-2490

Fig. 19 Computations in subroutine STRESS.

stress-strain curve ¢ = f(¢). So, ¢ and ¢
are obtained by simultaneously solving, as
before,

fo = fle)

s ® et

(e E(e Enew)'

(2) Rigid Pellet Fuel Deformation in FRACAS-1. The analytical
models used to compute fuel deformation in FRACAS-1 are next
described. Models are availablz to calculate fuel stack 1length
change, fuel radial displacement, fuel crack volume, and fuel open

porosity.

(a) Fuel Stack Length Change. The length change of the
fuel pellet stack is assumed equal to the thermal expansion of the
line projected through the shoulders of the fuel pellet dishes, as
illustrated in Figure 20. The length change is given by the equation

515
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Fig. 20 Axial thermal expansion using FRACAS-1.
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where

aL

€T(T)

sn

AZ

o
—
"
218

f a1 [e1(Tg) = 5¢(To) 122, (3-54)

= fuel stack length change

= thermal expansion of fuel at temperature T
(obtained from the MATPRO subcode)

- fuel temperature at pellet shoulder at axial
node n

= strain free fuel reference temperature

= fuel stack length associated with axial node n.

(b) Fuel Radial Displacement. Fuel radial displacement

is caused by thermal expansion and relocation, and is computed by

the equation

where

-

(3-55)

radial displacement of fuel pellet outer surface (m)

radial displacement of fuel due to thermal
expansion (m)
r

s | d
%y (r)]dr

thermal expansion of fuel

as fabricated fuel pellet outer radius (m)
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T(r) fuel temperature at radial coordinate r (K)

n._
"

radial displacement of fuel due to relocation (m).

The relocation displacement 1is computed by two different
equations, as a user option. The first mod21 (the variable relccation
model) allows the relocation displacement to vary with the cold gap
size, whereas in the second model (the constant relocation model) the
relocation does not vary. With reference to Figure 21, the equation
for the variable relocation model displacement is

Relocated gas gap

Unrelocated gas gap

/ Hot cladding inside surface

—_ As fabncated fuel pellet
radius

“~~__As fabricated claddim
inside surface

INEL-A-8659

Fig. 21 Fuel relocation.

1. Open Gap Case

Uc = & - O.OOSrf
X 2. Closed Gap Case
Uc = 6§ UT - U(ri)
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where

8 = as-fabricated radial gap between fuel pellets and
cladding
U(ri) = radial displacement of inside surface of cladding

[given by Equation (3-24)].

If the user specifies the preceding relocation model, the gas gap
used in thermal and internal pressure calculations includes the fuel
relocation, while the gap used in the structural calculations does
not. The fuel conductivity is modified according to Equation (1-7) to
account for the cracks formed by fuel relocation.

Alternatively, fuel relocation can be specified a~cording to the
constant relocation model, which is

=
"

" 0.0025 re =~ 0
Uc = 0.0025 re (1 - PI/SOOO) 0« PI < 5000 (3-56)
Uc = 0 PI > 5000
where
PI = fuel-cladding interface pressure (psi).

[f this relocation option is used, the gas gap in structural cal-
culations accounts for fuel relocation, whereas the gap used in
thermal and internal pressure calculations does not.

(c) Fuel Crack Volume. The fuel crack volume is the sum of
the volume of the fuel radial cracks and void volume generated by fuel

relocation. The cracks create space which is occupied by the fuel rod
internal gas. Axial cracks are not considered. Closed radial cracks
are ¢ sumed to exist in the fuel even in the cold state. As the fuel
rises in temperature, the cracks open, with the crack width increasing

94

L
-}
(e

-’



with radius. The width of the radial cracks is the difference between
circumference change caused by radial displacement and circumferential
thermal expansion. The total width is independent of the number of
cracks, and is computed by the equation

ac(r) = 2=n (‘/o-r ET[T(r)] dr - r f-T[T(r)]\’
where
ac(r) = sum of widths of all radial cracks at radius r.
The first term in the parentheses is the circumference change at
cold state radius r due to radial displacement. The second term is

the circumference change due to circumferential thermal expansion.

The volume ot the radial cracks is

s
VCR =f ac(r) dr

0

The total crack volume is then computed by the equation

vcn = Vep * n[(rf + Uc)2 - rfz] (variable relocation)
(3-57)
or, vcn = VCR (constant relocation)
where
Vcn = volume of cracks per unit length at axial node n

Uc = radial displacement of the fuel pellet outer sur-
face due to fuel relocation.

(d) Fuel Open Porosity. The open porosity of the fuel is
empirically correlated with fuel density. The open porosity is
multiplied by the fuel volume to determine the volume of gas in the
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fuel pores that is connected to the fuel rod gas gap. This quantity
is used in the calculation of fuel rod internal pressure.

Depending on fuel density, one of the following correlations is
used to compute fuel open porosity.

P = 16.9297 - 0.232855 (D-1.25)
- 8.71836 x 10°% (D-125)°

+ 1.52482 1073 (D-1.25)° (D < 92.5)
(3-58)
P = 1.20196 x 1073 (95.25-D) (92.5 < D < 95.25)
P = 0 (D > 95.25)
where
P = open porosity of fuel (fraction of theoretical
volume)
D = fuel density (percentage of theoretical maximum

density).

3.2.2 Deformable Pellet Deformation Model The deformable pellet
deformation model (FRACAS-2 subcode) is used to calculate the fuel rod
deformation when stress effects on fuel deformation become important.
This model computes the stress and strain distributions in both the
fuel and cladding. Elastic and plastic strains in both the fuel and
cladding are considered. The stresses and strains in the fuel and
cladding are obtained by the transfer matrix approach. The plastic
strains are obtained by the Method of Successive Substitutions, which
was outlined in Section 3.1.

A transfer matrix approach is wused for determining pellet
stresses and stiains. The “ollowing paragraphs describe the method of
obtaining the "pseudo-elastic" solution for fuel rod stresses and
strains required at each plastic strain iteration in the Method of
Successive Substitutions.
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The geometric model is a right circular cylinder (either solid or
hollow) in a state of generalized plane strain. The applied loads are
external pressure, internal pressure (if the cylinder is hollow), and
axial force. The cylinder may be made of a single material, or may be
a composite cylinder consisting of two layers of different materials.
An arbitrary radial temperature distribution may be prescribed, and
all material properties may be arbitrary functions of temperature.

The case of the single layer (homogeneous) cylinder is used to
analyze the fuel pellets and the cladding separately before they have
come into contact. The case of the two-layered (composite) cylinder
is used to analyze the fuel and cladding after the fuel has expanded
out so as to be in firm contact with the claddinga. For the
composite cylinder case, the stress and strain distributions are
permitted to be discontinuous at the interface between the layers, and
the discontinuity in radial displacement and axial strain must be
determined. (The discontinuity values are obtained from the
displacements which existed in the fuel and cladding at the instant of
contact.)

The method used to solve for the stresses, strains and displace-
ments in the composite cylinder is the transfer matrix approach, as
described in Reference 20, and modified to consider the state of
generalized plane strain. In addition, the technique has been
extended to consider displacement discontinuities and both axial and
radial cracks in the cylinder. This solution is obtained in a
subroutine called TRANSF.

First, a complete homogeneous cylinder with no discontinuities,
but variable E, v, and o (modulus of elasticity, Poisson's ratio, and
coefficient of thermal expansion, respectively) is considered. Only
radial variations in temperature T and material properties are con-
sidered. Generalized plane strain deformation is assumed, so that
for all r,

a. The trapped stack regime is not considered in FRACAS-2.
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€, = constant. (3-59)

The value of the constant axial strain €, will be determined from

the condition of axial force equilibrium,

[ [o,n = ¥, (3-60)

where Fz is the axial force resultant. Fz is determined from the
known internal and external pressures.

The governing equations of equilibrium and compatibility in the
absence of any dislocations (disp!acement discontinuities) are given by

d‘J g - g

r r ~8 - L
=" — 0 (3-61)
de € = &

6 6 ro_
& + ~ = 0 (3-62)

The elastic-plastic stress-strain relations are

1
& * - v(cv + cz) + arT + C: + dct (3-63)
£ * % ce - v(ar - cz) - oeT + cg - dcg (3-64)
1 P P
2 B loz=lop *og)]*aTte, +de (3-65)

Substitution of Equations (3-63) and (3-64) intc Equation (3-62)
results in

a |°

d 1% v, 0 Pl
o [T "E%* 9 toTrey +de
P _ P
1 lag - o) . agl = a,T , 8 “r
[ & r r r
4P - de (3-66)
- - =0
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Equations (3-59), (3-61), and (3-66) relate the stresses as they vary
across the cylinder. A number of node points are introduced along the
radius of the cylinder, and the stresses are evaluated only at the
nodes. Thus Equations (3-59), (3-61), and (3-66) can be written in
finite difference form, and a set of recursion relations

GI‘ [o4
o § = L(i)] oy + Imid)
2 )iw J %2 ) (3-67)

are obtained. This matrix equation relates the stresses at node i+l
to those at node i. The matrices [L(i)] and {M(i)} depend on the
material properties, geometry, and plastic strains only.

By successive application of Equation (3-67), a relation between
the stresses at any node and the stresses at node 1, the node at the
inside of the cylinder, can be obtained. This relation takes the form

foh,, = [A(i)} tel +§em§ (3-68)
where
{9 » ;’r'ga"zf

The matrices [A(i)] and {B(:)} may be determined from [L(i)] and
M(i)}, the result being

)] = [Lo) [aci-1) (3-69)

B = L) lsGi-nd + el (3-70)
for i greater than 1, and for i equal 1,
[a)) = [L)] (3-71)
B(1)] = m(1)- (3-72)
573 126
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By recursion, [A(i)] and {8(i)} across the cylinder wall can be obtained,

with the result that

!
by = [av1)] toh + fs(n-1)| (3-73)
whers N 1is the index of the node at the outside surface of the
cylinder. At the outside surface, o, 'Po' where P0 is the

external pressure acting upon the cladding. Thus, the following
condition can be obtained:

Py = A (N-1) o (1) + Apo(N=1)og (1) + Aja(N-1) o (1) + BI(N-133_74)

At the inside surface of the cylinder, one of the following conditicns
holds:

o.(1) = <Py if vy #0

0.(1) % (1) if ry = 0. (3-75)

Finally, the condition of axial eguilibrium

ffgsz =30, (3) dAy) = F,

must be satisfied. Using che recursion matrices, this becomes

ZG(J)dAJ' _ 2 [I] dA] + IA]I dAz +...* IANJI dAN szcﬁf
SENPRENON
a[c) o} +fol. -
& o

The axial force condition is the third compcnent of this matrix
equation, which can be written as

F7. - C31 Ur(l) + c32 '_‘6(1) + C33 Oz(l) + 03- (3"77)
i
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Equations (3-74), (3-75), (3-76) are solved simultanecusly for the
stresses at the inside node Qoil, after which all the other stresses
and strains can be determined from the recursion relations given in
Equation (3-68).

Thus, once the trarsfer matrices [L(i)] and {M(i)} in Equation
(3-67) are known for each annulus ir the cylinder, finding the
stresses throughout the cylinder becrmes a straightforward procedure.

The advantage of using the transfer matrix approach in solving
for fuel rod deformations is that different transfer matrices can be
used, depending on whether the fuel is cracked axially or radially or
both, and whether or not the cladding and fuel are in contact. The
basic solution technique is not changed. The various transfer
matrices required are illustrated in the following.

(1) Homogeneous Cylinder. Here the transfer matrices for a
cylinder which is not cracked, and in which the radial displacements
and axial strains are everywhere continuous, are presented. The

temperature and material properties, however, vary (radially) in an
arbitrary manner.

The cylinder (either hollow or solid) is broken up into N-1
annular regions, with N node points, where 1 is the radius to the
first node as shown in Figure 22. (For a solid cylinder ry = 0.)
Values of stresses, elastic strains, and plastic strains are found at
each of the node points.

The derivatives are evaluated at the center of each annular

region, that is, for the jth annulus, at

r = 0.‘;3(|r'j+1 + rj).

Equations (3-61) and (3-66) are written for the midpoint of each

annular region. Thus for the jth annulus, for example,

i !
.
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Fig. 22 Node and annuli geometry.

a {% :3(j+1) ?6(j)
a(r o A 1 AT I

and
7.;(j+” 7.(3)

'S [—m fEm| 2

where function values at the midpoint are taken as the average of the

function values at the end points. Denoting Arj = T < rj'
Equations (3-59), (3-61), and (3-66) become
____]_ + __]_ ( -}
: i+
Fisl - . 2 Fis1 ]9y j*1) o+ 5 Fn oS(J 1)
] ] : 1l st (3-78)
it . weed g (3] R
[G*]-rj 2%] r [Z?]
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and

-v (j+1) vl(j) g (j)
{Eiaf%i Arlji} °z‘j+‘) A {Elji Ar?j‘} Z

-v (j+1) 1+ u(j+l) or(j+1)
E(3+1) ary T2 E(IHry,

] + v (j+1) o (j+1)
M LI T F Gty

+vlj) 1+ v(j) o (j)
N {E(j) arl) 2"&'1j§"?} ¥

J

]*'J( )

& -1 S o;fj)
1’7‘7—‘(‘“ (3 2 E(3 5 °

| : Py P, . 1 1

. ; . -1 ]
+ { [.‘L:’T(J) - p(,]) + d p(J)] m - ZTJ
‘ Py Py
. ‘ 2-1 er(J+1) + _r(3+1) + abr(J#l) }
1 Fisl
+

; -1 a T( D P N
j) + (j) + de (3) =0
l?rj r Ep r (3-79)

s
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and finally

|
E(k+1) %}‘k*‘\ - J(k*1)[ar(k+1) + :j(k+11§

L
- [JZT + ,'z + ds‘;z]
k+1

=ﬂ]'ﬂ' ‘Jz(k) -v(k’[vr(k) + Je(k)]}

(3-80)
+[,32T + Eg + d:g] .
k
For the jth annulus, Equations (3-78), (3-79), and (3-80) may be

compactly written as

Jr Jr

bo| R o] e el
g z
2544 j

where [E], [F], {6} depend only on the material properties, plastic
strains and thermal strains. The axial strains €, do not occur in
the above. Multiplication of this equation by the inverse of [E]
results in:

T “p
1o ]
)in 7);

Since neither [E] ror [F] depend on the plastic strains, the matrices
[E]'1 and [L] need to be found only once for each load step. Hence
only [E] -1 1G} need be recomputed at each step of the iteration in
the Method of Successive Substitutions.

(2) Transfer Matrix Across a Surface of Displacement Dis-
continuity. One annulus of zero thickness is used as a surface of dis-
continuity, across which the radial displacement and axial strain may

be discontinuous. The displacements on each side of the surface are
related by - 7
C‘f 9
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ur(k) - ur(k+1) + su, (3-81)
zz(k) = sz(k+1) + te, (3-82)

where k is the annulus corresponding to the surface of discontinuity.
In addition, the radial stress must be continuous, so that

cr(k) . or(k+1)- (3-83)

Then by use of the compatibility equations and € = ur/r. Equations

(3-81), (3-82), and (3-83) can be written in matrix form as

[P]k+1 *0; ktl = [P]k Mk'*[Q]. (3-84)

The inverse of [P] is easily evaluated explicitly, so that, finally,
the appropriate transfer relations across the pellet cladding inter-
face are

tohey = [P]:rl [Py toy + [P];il 1o}

which is in the form of Equation (3-68). Similar transfer relations
are used for different combinations of axial and radial crack patterns.

3.3 Cladding Ballooning Model

After the small cladding deformation has been calculated by
FRACAS-1, a check 1is made to determine whether or not the cladding
ballooning subcode should be called®. This step was previously
illustrated in the flow chart shown in Figure 12. The check consists
of comparing the cladding effective plastic strain, which is part of
the calculated deformation, against the cladding ir<tability strain
given by the MATPRO subcode. If the cladding effecti .. plastic strain
is greater than the cladding instability strain, the ballooning
subcode is called and FRACAS-1 is bypassed at that axial node.

a. Ballooning calculations are not performed in FRAP-TS when the
FRACAS-2 option has been specified. c77 |
1 e
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The ballooning subcode (BALLOON) computes the extent and shape of
the localized large cladding deformation that occurs between the time
that the claddirg effective strain exceeds the instability strain and
the time of cladding rupture. The cladding is assumed to consist of a
network of membrane elements subjected to a pressure difference between
the inside surface and the outside surface as shown in Figure 23. The
equations for the model in the subcode are derived from the thin shell
membrane equilibrium equation and geometric constraints. In addition,
the model accounts for the extra cooling the cladding receives as it
bulges outward.

The ballooning model is based on the following assumptions:

(1) Stability of the deformed shape can be described by the
thin shell membrane theory

a Axial

7 Axial
INEL-A-2401

Fig. 23 Membrane swelling model.
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(2) Stresses and temperatures are uniform thrcugh the clad-
ding thickness

(3) Axial and circumferential stresses at a point can be
defined as a function of temperature, strain, and
strain rate by a single relationship

(4) The centroid of each nodal element remains on an
extension of the radial vector to the undeformed
element centroid

(5) Cladding hoop stress and axial stress are equal

(6) No change in cladding volume due to deformation

(7) No heat conduction in axial or azimuthal directions

(8) Heat flux through cladding changes slowly with time

(9) At the ballooning region, the surface heat transfer
coefficient is a factor of two higher than that of the
nonballooned claddiny adjacent to the ballooning region

(10) The cladding thickness at the point of initiation of
ballooning (cladding weak spot) 1is 99% of input-

specified cladding thickness

(11) The length of the cladding balloon region is four
inches.

3.3.1 Equilibrium Equation. The equilibrium equation for the

membrane element in Figure 23 is

(e)

N
o

a
+ £ = B (3-85)
rC tC

o

1
-4

e
[
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where

p = difference between internal gas pressure and cool-
ant pressure

g - axial stress

o = hoop stress

8

k. axial radius of curvature

P circumferential radius of curvature
£ e cladding thickness.

Considering the assumption that no significant deformation is
obtained until both axial and radial stresses have exceeded the yield
stress, Equation (3-85) is expressed as

1 1 P
g —_— — = f
y\r, . t. (3-86)
where
T yield stress of cladding
f B node stability factor.

For a given internal pressure, P, cladding thickness, tes clad-
ding yield stress, Tys and local curvatures, r, and Fes the
value of f given by solution of Equation (3-86) determines whether an
element is stable or will deform under the applied pressures. If the
value of f is less than one, the element will displace outward.
Otherwise, the element remains stable. When an unstable element is
detected, the cladding is deformed in such a manner as to make the
system more stable. This adjustment in the geometry of the cladding

is described in the following paragraphs.
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3.3.2 Geometric Models. To compute the radius of curvature in
the axial direction, the configuration shown in Figure 24 is assumed.
The angle between the chord connecting nodes i-1 and i+l and the fuel
rod centerline is given by the equation

6 = tan") d-‘i&i‘-‘l (3-87)
where
d, = perpendicular distance between node i and fuel rod
centerline
w' = specified mesh spacing in axial direction (set to

0.2 inches in balloon model subcode).

One-half the length of the chord connecting nodes i-1 and i+l is
w = w' /cose. (3-88)

If the radius of curvature, Fas is assumed to be constant
between nodes i-1 and i+l, the radius of curvature at node i and the
chord connecting nodes i-1 and i+l are perpendicular to each other.
Then, the perpendicular distance between node i and the chord connect-

ing nodes i-1 and i+l is given by the equation

) di41 - 941
S

§ = [di ] coss. (3-89)

Application of the Pythagorean theorem gives the following
relation between the radius of curvature ra chord length 2w, and 3:

{r, - )2 + Wl = rg.

Solving for r,,

2
ry =l—7—"‘ - | _ (3-90)
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To compute the radius of curvature in the circumferential
direction, the configuration shown in Figure 25 is assumed. By assum-
ing that the local radius of curvature can be computed by averaging

the radial coordinates dj.; and d;,, one-half the length of the
chord connecting nodes i-1 and i+l is

4.1 * din
w = sin ﬂ ——2-—-— (3-91)
i
—_ ‘d
-1 & - W‘X i+ 1
X
AN \ N 7
A“‘. - Q /// 4
4 *\' LN . '
: ~ |
4 © /s
\/ /b\‘

X

“~ Fuel rod center

INEL-A-24931

Fig. 25 Radius of curvature in circumferential direction.
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where

W = one-half length of chord connecting nodes i-1 and
i+l

@ = angular mesh spacinc /set to /7 balloon model
subcode)

d

distance from fuel rod center to node i.

The perpendicular distance between node i and the chord connect-
ing nodes i-1 and i+l is

. 1 ¥
5 = [di]-l%—ﬂ]cose. (3-92)

By application of the Pythagorean theorem, the radius of curva-

ture at node i is related to & and w by the equation
2 2 _ 2
(ro=8)" +w = Fee

Solution for r. gives the equation

. (3-93)

Calculation of the surface area and cladding thickness at each
node is based on the assumption that the volume of the cladding does
not change with deformation. The calculations assume the configuration
shown in Figure 26. The surface area of node i in the deiurmed state
is calculated by the eyuation

Ap. = 4.0 w (3-94)

1 1

where

cladding surface area at node i

c)'a
"

)

g
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Fig. 26 Surface area and cladding thinning model.
di = radial coordinate of node i
0 - circumferential nodal spacing (radians)
w = axial node spacing after swelling (see Figure 24).
. Assuming constant element volume, the following relation is obtained
for local cladding thickness
. tC " T'o@w‘to/ADi (3-95)
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where

t = cladding thickness at node i

r = original cladding radius

@' = axial mesh spacing (see Figure 24)

to = original cladding thickness.

The volume of the region inside the cladding is required for
input to the fuel rod pressure model., Incremental nodal volumes are
calculated as the node is displaced and summed to produce a new,
swelled volume for each time step. The relationship defining the
incremental nodal volume is

where

Adi = incremental displacement of node i during the time
step.

The total swelling volume for the time step is then

n

-

V = V +, aV

ot 1 § (3-97)

where
n = number of nodes
\I0 = volume from previous time step.

3.3.3 Numerical Analysis. The analytical sequence used in the
cladding ballooning model consists of

"
)

L
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(1) Solution for the stability of each nodal point on the
cladding using Equation (3-86)

. (2) Modification of the ciadding gecmetry as a function of
cladding instability.

. The stability of each node is determined by solution of Equation
(3-86) for the lacal stability factor fis with f, > 1 indicating a

stable node.

With the assumption that unstable nodes (fi < 1) will deform,
the solution is to specify a deformation for these unstable nodes.
Specification of these deformations 1is bLased on the following
assumptions:

(1) Nodal deformations are a function of the nodal insta-
bility at that node which is the most unstable (Fm =
max imum fi) and will deform the most

(2) The specified displacements must be small encugh that
adjacent stable nodes are not unrealistically affected.

The process of specifying deformations consists of the addition

of a finite deformation to the nodal deformation calculated during the
last time tep as

i + dh, (3-98;
where
B the new radial coordinate of node i
. d; =  the old radial coordinate of node i

| dhi = specified incremental radial displacement of node i.
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The effect of adding an incremented deformation to node i is
shown in Figure 27 to decrease the radius of curvature at i, Exami-
nation of Equation (3-86) shows this decrease in curvature to increase
the stability function f, and, thus, the local stability at node i.
An additional effect to be noted from Figure 27 is that an increase in
deformation at node i causes an inc-ease in curvature at node i+l and
i=1 (possibly to the point of producing negative curvature).

AN k)

P PR -~ " \_\ ‘dh'

INEL-A-2495

Fig. 27 Incremental deformation at node i,

Examination of Equation (3-86) shows an increase in curvature to
decrease the stability function and, thus, local cladding stability.
The effect, therefore, of locaily deforming a weak spot is to
strengthen the weak spot but propagate the weakness into the surround-
ing material, possibly causing additional new instability and further
propagation. Carefu. examination of membrane instabilities on
ballooning tubes indicates that initial deformation is quite localized
and then proceeds to either rupture or an enlarged stable geometry.
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Deformations are specified according to the relation

1-f.,2
dhy = dn (irr‘-)—) + 0.1 (3-99)

where

dh; = incremental radial displacement of node i

agh = maximum displacement to be added to any node
"B instability factor at node i

'y * max imum instability factor.

A value of dhm equal to the cladding thickness has been found to
produce a rapid convergence with no apparent numerical or structural
instabilities. The 0.1 factor in Equation (3-98) serves to “push" the
function past the stability point, since corrections very close to
stability are very small. Thc overall numerical procedure for the

balloon model is shown in Figure 28.

3.3.4 Conduction Model. As the cladding extends away from the
hot fuel pellet surface, the cladding temperature will change due to
the combined effects of:

(1) Decreased gap conductance with increasing gap thickness

(2) Increased surface cooling due to increased area

(3) Increased surface cooling due to local flow phenomena

(4) Increased fuel surface temperature due to decreased gap
conductance

(5) Heat capacitance of cladding.

117



e S RIS, M — . T —— e A R — S —

Tm\sier n c!mmg and
environmental conditions

— WRN———

Caiculalo curvatures, wall
thickness and temperature
for each node

To——

Calculate
yield stress

Calculate nodal
sltbility factors

]
LA«ﬂvance hmel nodes\ 5
S— " smble .
IC
Deform cladding at
unstable nodes

Does

No strain exceed

. failure strain

~~

Yes

~ stop |
INEL-A-2496-1
Fig. 28 Balloon model flow diagram.



The conduction model formulated to include these combined effects
considers the cl-*: .9 temperature as a function of the local power or
surfre b~ ux value. The major assumptior of the model is that
the wcat tux, G, from an area of the fuel, Af, is transferred
through a corresponding area of cladding, Ac]. throughout the tran-
sient. Considering this assumption, the temperature o. the cladding
is determined by

aCPvc]i;%l = QA+ Aclhs(TB - Tcl) (3-100)
where
C = cladding heat capacity
- = claqying density
v B cladding nodal volume
= cladding average temperature

TB = bulk coolant temperature

h = cladding surface heat transfer coefficient (see
following section)

A = cladding nodal area

Re = fuel nodal area

q = fuel surface heat flux
t = tine.

Solution of Equation (3-100) for the time-dependent cladding
temperature gives

“7
]
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[
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-At
Tl (T, - B/A) ™" + B/A (3-101)
where
To = initial cladding temperature
A= Ag/(eCpVey)
B =

(6 Af + Ac] h TB)/(CCPVCI).

Additicnal cladding cooling will result as the cladding swells
into the coolant channel. This additional cooling is modeled as an
increase in the surface heat transfer coefficient by the relation

he = 1+ (Cy = 1) (dy - rc)/ro] ho (3-102)

where

, = cladding heat transfer coefficient for ballooned
cladding

hg = cladding heat transfer cuefficient calculated by
the HEAT-1 subcode of FRAP-T, which assumes that no
local variation in geometry exists

di = current radial coordinate of ith node
; ) th
r = initial radius of i~ node

C1 = heat transfer enhancement factor (assumed to be 2.0).

3.4 Fuel Rod Failure Models

After the cladding stresses and strains have been computed by
either the FRACAS-1 or FRACAS-2 subcodes, a check is made to deter-
mine whether or not the cladding has failed, as illustrated in the

-7
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flow chart shown in Figure 12. If the cladding has failed, the
internal gas pressure is set equal *o the coolant pressure, which
eliminates the differential pressure loading on the cladding and also
changes the gap conductance.

The determination of whether or not the cladding has failed
(suffered 1loss of integrity) is made by the FRAIL??+23  subcode.
Models for predicting four types of fuel rod failure are contained in
the FRAIL subcode. The failure types are: (a) overstress, (b) over-
strain, (c) oxide layer wall thinning, and (d) eutectic melt. The
models assume fuel rod failure to be a function of the following para-
meters:

(1) Temperature history
(2) Cold work
(3) Irradiation dosage
(4) Effective strain
(5) Effective stress
(6) Strain rate.
Because of scatter in the experimental data and uncertainties in
the characterization of the experiment specimens, the FRAIL subcode
uses a probabilistic approach. Instead of simply computing whether or
not a fuel rod has fa. ', the subcode computes the probability of

fuel rod failure.

2.4.1 Model for Overstress. The assumptions in the overstress
failure model are:

(1) The mean hoop stress at failure can be correlated with
temperature by least-square fittirq to the failure

stress data base :

o B i 0B
121 570 R



(2) The distribution of failure stress about the mean failure
stress can Dbe approximated with a Beta probability
distribution

(3) The failure stress is not an explicit function of the
hydrogen, cesium, iodine, or oxygen content of the clad-
ding

(4) The failure stress is not a function of stress rate

(5) The failure stress is not a function of neutron irradi-
ation,

The overstress model is based on an empirical correlation which
relates average failure stress to cladding temperature. The data used
to develop the correlation were taken from a number (305) of iso-
thermal and transient temperature burst tests24-31, These tests
include burst tests on tubing with varying degrees of irradiation and
cold work. Since hoop stress at failure was not a measured quantity
for these tests, that stress was computed using the maximum measured
internal pressure and the equation of static equilibrium for a
cylinder. The empirical correlation was generated by least-squares
fitting of the failure stress data. A1l points were assigned a weight
of one since the experimental errors were not reported. The best fit
(minimum standard deviation) was found to be given by the equation

log op = 5.00 + 3.27 x 1077 - 1,14 x 10°%12 + 2,56 x 1071073
o = failure stress (psi)
T = temperature (°F). (3-102)

This correlation is plotted in Figure 29.

To compute the probability of failure as a function of stress and
temperature, a distribution of failure stress about the mean line must
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be defined. The beta distribution was chosen because this distri-
. bution is limited to a finite interval. Estimates of the shape para-
| meters of the beta distribution were found from the equations
\
|

n = 1-1‘—2-—7) x (1-x) - e (3-103)
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and

-

"
x|
>

- (3-104)
1-x
where
X =  normalized failure stress
s = normalized standard deviation
n,y = shape parameters.
The normalized failure stress is found from the expression
R A (3-105)

where
X =  normalized failure stress (0 < X < 1)
% = mean failure stress
and B and T define the interval of allowable failure stresses. This
interval was chosen to be three standard deviations above and two

standard deviations below the mean failure stress. These limits are
depicted in Figure 29.

The normalized standard deviation is found from the equation

S = .3 'T: = T——:—B- (3-1%)
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where

S = normalized standard dcviation, that is, the
standard deviation of x

s' = standard deviation of o = 0.305 O .
Because of the large spread in the failure stress data, the
overstress failure model does not currently distinguish between the

failure of irradiated and unirradiated fuel rods.

3.4.2 Model for Overstrain Failure. The assumptions used in the
overstrain failure model are

(1) The mean failure strain can be correlated with temper-
ature by least-squares fitting to the failure strain
data base

(2) The distribution of the failure strain about the mean

failure strain can be approximated by a Beta probability
distribution

(3) The failure strain is not a function of the hydrogen,
oxygen, cesium, or iodine content of the cladding.

The overstrain failure model calculates the probability of failure
as a function of strain and temperature. The strain at failure is
assumed to be distributed according to the beta distribution. The
upper and lower limits are set at +2 and -2 standard deviations,
respectively, from the mean failure strain. The standard deviation is
16% of the mean failure strain.

The mean failure strain as a function of temperature is obtained
from the MATPRO subroutine CMLIMT. The effects of cold work and
irradiation level are taken into account.
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3.4.3 Model for Cxide Layer Wall Thinning Failure. If the
thickness of the oxide layer is greater than 17% of the orig nal
cladding wall thickness, failure of the claddina is assumed to occur.
No probability of failure by this mode is computed. If the oxide
layer thickness is less than 17% of the original wall thickness, the
probability for failure is zero. If greater. the probability for
failure is one.

3.4.4 Model for Eutectic Melt. This model requires the cladding
temperature at the point of contact of the cladding with the spacer
grids. Since the temperature distribution subcode only computes
cladding temperature in the absence of spacer grids, this failur»
model contains an equation that estimates the temperature at spacer
grids. Basically, the equation modifies the temperature calculated in
the temperature distribution subcode in the vicinity of the spacer
grids according to the ratio of the heat transfer coefficient at Lhe
spacer grids to that in the absence of spacer grids.

The assumptions in the model for eutectic melt are
(1) The fuel rod heat transfer coefficient at a spacer grid
is 1.4 times the heat transfer coefficient in absence of

the spacer grid3?

(?2) The total heat transferred at a spacer grid is 1.06
times that transferred in the absence of the spacer grid

(3) The cladding temperature at a spacer grid is governed by
the equation

where

T = temperature

L
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h = heat transfer coefficient
q N total heat transferred
and the subscripts are
c = coolant
1 = fuel rod cladding at a spacer grid

2 < fuel rod cladding in absence of spacer
grid

(4) At the position of a spacer grid, there is no oxide
Tayer on the surface of the cladding because of fretting
action

\5) Nickel from the spacer grids is the only material that
can react with the cladding to form a eutectic

(6) The melting temperature of the zircaloy-nickel eutectic
is 1233 K.

(7) If the cladding temperature reaches 1233K at a spacer
grid, the zircaloy-nickel eutectic forms instantly,
which results simultaneously in localized cladding
melting.

By application of assumptions (1) and (2) to the equation which
constitutes assumption (3), the equation for cladding temperature at a
spacer grid is

T1 = 0.666 (T2 + 0.5 Tc) (3-107)

)
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where

cladding temperature at a spacer grid

—
n

cladding temperature in absence of the spacer grid
(as computed by the temperature subcode)

T - coolant temperature.

The cladding is assumed to fail if T1 exceeds 1233 K. No
probability of failure for this mode is computed. If the cladding
temperature at the spacer grids is less than 1233 K, the probability
of failure is zero. If the cladding temperature is greater than
1233 K, the probability of failure is unity.

4. FUEL ROD_INTERNAL PRESSURE

After the temperature and deformation calculations have been
compieted, the pressure of the gas in the fuel rod is computed. To
calculate the pressure, the temperature and volume of the gas are
required. The temperature subcode output gives the temperature of the
gas in the fuel rod plenum, gas gap, and fuel voids. The ceformation
subcode output gives the volume of the fuel rod plenum, gas gap, and
fuel voids.

The internal gas pressure can be computed by either a static
pressure model (which assumes that all volumes inside the fuel rod
equilibrate instantaneously) or by a transient pressure model which
takes into account the viscous flow of the fill gas in the fuel rod.
The transient model is an input option. Unless the gas gap is small
(<25 microns) or closed, the static and transient models give
identical results.

The static fuel rod internal pressure model is based on the fol-
lowing assumptions:

128



(1) The periect gas law holids
(2) The gas pressure is the same throughout the fuel rod

(3) The gas in the fuel cracks is at the average fuel tem-
perature.

The transient fuel rod pressure model is based on the following
assumptions.

(1) The gas behaves as a perfect gas

(2) The gas flow past the fuel column is a quasi-steady
state process

(3) The gas flow is compressible and laminar

(4) The gas flow past the fuel column can be analyzed as
Poiseuille flow (that is, by force balance only)

(5) The gas expansion in the plenum and ballooning zone is
isothermal

(6) The entire gas gap can be represented as one volume
containing gas at a uniform pressure

(7) The flow distance is equal to the distance from plenum
to centroid of the gas gap

(8) The minimum cross-sectional area of flow is equivalent
to an annulus with inner radius equal to that of fuel
pellet radius and a radial thickness of 2.5 microns.
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4,1 Static Fuel Rod Internal Pressure

The static pressure is computed by the perfect gas law, modified
to include volumes at different temperatures:

P. =
p n=1 Gn “aven Dn aven fsn csn
(4-1)
where
PG = internal fuel rod pressure
Mg = moles of gas in fuel rod
R = univer-.al gas constant
VP = plenum volume
TP = temperature of gas in plenum
n = axial node number
N =  number of axial nodes
¥ on = radius of inside surface of cladding at axial
node n
fn = radius of outside surface of fuel at axial node n
TGn = temperature of gas in gas gap at axial node n
AZn = fuel rod length associated with axial node n
vcn = fuel crack volume per unit length at axial node n
575
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h

temperature of gas in fuel cracks at axial node n

volume of fuel pellet dishes per unit length of
fuel stack at axial node n

temperature of gas in fuel dishes at axial node n

volume of gas in fuel open pores per unit length
at axial node n

volumetric average fuel temperature at axial node n

volume of gas in voids due to fuel surface rough-
ness per unit length at axial node n

temperature of fuel surface

volume of gas in voids due to roughness on
cladding inside surface per unit length

temperature of cladding inside surface.

4.2 Transient Internal Gas Flow

annul

where

Transient flow of gas between the plenum and gas gap of a fuel
rod is calculated by the Poiseuille equation for viscous flow along an
The equation is

us'

2 2
) ” (Pp - Ps)
1; t1T1Ha
Ru ST e
D.D (4-2)
1-15 gh
£73 15
mass flow rate Ji
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gas viscosity at temperature Ta

Ti gas temperzture at node i

T volume averaged temperature of gas in gas gap

7 axial length of node i

tgi gap thickness (radial) at rode i

Ip number of top axial node

i number of axial node closest to centroid of gas gap
(see Figure 30).

Ha Hagen number (defined below)

PP fuel rod plenum pressure

Ps pressure in gas gap

R universal gas constant

Dg mean diameter of gas gap

Dh hydraulic diameter of gas gap = 2tgi for a smail
gap.

The Hagen number is computed by the equation
Ha = 22 + 0.24558/(2tgi - 0.0007874). (4-3)

A plot of the relation between Hagen number and gap thickness

given by Equation (4-3) is shown in Figure 31. For gaps smaller than
1 mil (25 microns), the function is cut off at a value of 1177.
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Fig. 30 Internal pressure distribution model.

To calculate the gas gap pressure, a modified form of Equation
(4-1) is used. The plenum term is deleted and the moles of gas in the
gas gap substituted in place of the moles of gas in the fuel rod.

The subroutine GSFLOW is programmed to solve Equation (4-2) and
calculate the transient gas flow within a fuel rod. Operat_jo{- of the

!

computer mode! is as follows: . ¥
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(1)

(2)

(3)

During each iteration step of FRAP-T, the subroutine
GSFLOW is called to calculate the pressure distribution
along the length of the fuel rod

At each call, FRAP-T supplies the following information
to GSFLOW:

(a) Moles of gas in plenum at start of time step

(b) Moles of gas in gas gap at start of time step

(c) Fuel-cladding gap at each node

(d) Gas temperature at each node

(e) Axial length of each node

(f) Volume of plenum

(g) Volume of gas gap

(h) Axial location of centroid of gas gap (Figure 30)
(1) Time over which flow is to occur (FRAP-T time step)

Using the above input data, the subroutine GSFLOW
calculates the following:

(a) Plenum pressure at the end of time step
(b) Gas gap pressure at the end of time step

(c) Moles of gas in plenum and gas gap at end of time
step

(e
~d
~}
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(d) Axial pressure distribution as a function of plenum
pressure and gas gap pressure (this distribution is
shown in Figure 30).

5. FISSION GAS PRODUCTION AND RELEASE

Transient fission gas production and release is calculated by the
GRASS® subcode, which calculates the generation of fission gas
within 002 grains, the migration of fission gas from the interior of
the grains to the grain boundaries, and the subsequent release of
fission gas to the fuel rod gas gap and plenum. The fission gas
production is a function of the fuel rod power. The gas is retainea
within the fuel grains, among the fuel grains, and ir. closed porosity.
The fission gas migration and release is a function of the fuel
temperature and microstructure. In  particular, grain boundary
separation increases fission gas release. The calculation of fuel
swelling due to retained fission gas is also calculated, but is not
passed to the deformation subcode.

The GRASS subcode was developed at the Argonne National Labor-

atory. The reader is referred to Reference 3 for a detailed descrip-
tion of the GRASS subcode.
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IV. UNCERTAINTY ANALYSIS OPTION

The FRAP-TS uncertainty analysis option has been developed so
that a user may easily obtain estimates of the uncertainty in cal-
culated code outputs. The option has been specifically designed so
that a user may perform an uncertainty znalysis on any FRAP problem in
an understandable, systematic manner. To aid the user, default uncer-
tainty values for approximately 50 input variables have been built
into the code. Tne option further provides for a sequential develop-
ment of output complexity by allowing the user to restart and continue
an analysis from intermediate points. One gonal of the option is to
provide to all wusers a straightforward technique based on s.und
methodology for estimating code uncertainties.

1. METHODOLOGY

The uncertainty analysis option is based on the response surface
method. Any of the outout variables of a coiputer code may be termed
a response. There i: some functional relationship between a response
and the input variables. In the space of the input variables, this
relationship defines a surface, and hence the term “response surface."
When the code is rather simple, this surface may be determined analy-
tically over the entire range of the input values. More often, as in
the case of the FRAP-T5 code, the surface may be known only through
the code, and the rarge of inputs and problem types is very large.
Thus, the complete trie-response surface cannot be determined analy-
tically. The response surface method of uncertainty analysis is based
on a systematic sampling of the true surface which is then approxi-
mated by a polynomial equation in the independent (input) variables.

In effect, the true surtace is approximated by a smooth surface33.

The polynomial equition approximating the true surface is derived
as follows. Let Y(x;) denote the code response as a function of
Xj = Xps Xgs o s Xy inputs. The Taylor's series expansion
about any point u; is then given by: o 5 7 \
r*..‘_) fw”

o !
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Truncating the Taylor's series at second order terms, the desired
polynomial equation is obtained by identifying the coefficients of the
polynomial with the partial derivatives of the series expansion. The
coefficients are estimated from sample values of the true response
surface obtained by perturbing the nominal inputs. For a second-order
polynomial to reasonably approximate the true response surface, the
region of the surface being sampled must be small enough so that large
irregularities are nct present. Experience has shown that a range of
plus and minuc one standard deviation (#12) in the input variable
uncertainties will usually satisfy this requirement for the FRAP-TS
code.

The polynomial approximation may be used to examine the behavior
of the true surface in the region of the samrle space without the
burden of excessive cost. In particular, the polynomial can be used
to study the propagation of errors through the code and their effect
on the uncertainty in the computed outputs. Thus, an estimate of
response uncertainty and the relative contributions of input variables
to this uncertainty may be obtained using the response surface method.

Once the user has selected a base-case problem and made a choice
of output responses and input variables, the following procedures will
be followed by the code to obtain the estimates of response uncer-
tainties.

(1) An experimental design will be chosen. This is simply a

pattern for perturbing the independent variables of the
problem. The pattern is obtained in matrix format where
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the columns correspond to inputs and the rows correspond
to the individual analyses that must be computed. The
problem is run as many times as the design dictates,
#ach time varying the input variable perturbations
according to the pattern,

(2) The response surface equations are then generated using
the information derived from step one. Basically, a
multiple regression routine s wused with certain
simplifications arising from orthogonal prcperties of
the experimental design.

(3) The response surface equations are used to generate
uncertainty distributions for the response parameters.
Second-order error propagation analysis is wused to
estimate the means and variances of the responses.

(4) Finally, estimates of the fractional contributions to
the response variances are made to indicate the relative
importance of individual input variables.

2. APPLICATION

Calculations illustrating the use of the FRAP-TS uncertainty
analysis method have been performed. The base case was a nominal PWR
fuel rod subjected to a 200% cold leg break LOCA at normal operation
power. Only the blowdown phase of the LOCA was analyzed. Thirty-
seven input variables representing almost all material properties and
fabrication parameters, and a few operating conditions, wcre chosen as
independent variables. Seven responses selected from both thermal and
mechanical parameters were used as dependent variables. Since the
fuel rod response during a transient can be significantly affected by
variations in thermal-hydraulic boundary conditions, the results of
the calculations are conditional. A more realistic analysis would
inc”ide nondeterministic boundary conditions. However, when these
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conditions are available (either from analysis or experiment), they
can easily be incorporated in the uncertainty analysis structure as
currently progranmed.

Figure 32 shows the nominal calculated rod cladding surface tem-
perature with a calculated uncertainty of one standard deviation due
to fuel rod related uncertainties. Figure 33 shows the fractional
contributions to the total variance of cladding surface temperature of
the seven most influential fuel rod variables in the analysis. As the
calculation of the problem progresses, both the absolute and relative
contributions of different variables to the total uncertainty are
shown to vary significantly.

These results demonstrate how an uncertainty analysis can be used
to identify the significant sources of uncertainty in a computed
response. Such knowledge provides insight with which to formulate

direction for planning experimental programs and code development
efforts,
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Fig. 32 Un-ertainty in calculated ciadding surface temperature due
to fuel ruu related uncertainties during the blowdown phase of a
LOCA.
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APPENDIX A

COMPUTER CONTROL CARDS AND INPUT DATA REQUIREMENTS

The job control cards for compiling and executing the FRAP-T5 code
on the CDC 7600 computer at the Idaho National Engineering Laboratory
(INEL) are shown in Section 1 of this appendix. The input data

requirements are shown in Section 2.

1. CONTROL CARDS FOR CDC 7600 COMPUTER

The control cards below will compile the tape transmitted source
cards of FRAP-T and execute an example input data deck stored on the

transmittal tape.

Job Card

Account Card
STAGE, TRAN ,PE ,PRE, VSN = T91234,

COPYBF , TRAN, FRAPSCR,

COPYBF , TRAN, STH20T,

COPYBF ,TRAN, FRPL.

COPYBF ,TRAN,FCOQL.

147

(Stage FRAP-T tape.)

(Copy source cards of FRAP-TS,
which are on file 1, to data
set FRAPSRC.)

(Copy water properties table to
data set STH20T. This data set
consists of one record that is
several thousand words long.)

(Copy source cards of plot code
to data set FRPL.)

(Copy source cards of FCOOL
subcode, which is defined in
Appendix E.)



COPYBF ,TRAN ,STRIP4,

REWIND,FRAPSCR, STH2@T.

RFL,160000.
FIN,I = FRAPSRC, @FT = 1, R =

SEGLOAD,B = FRAPABS,I = INPUT

LOAD,LGO
NOGO.
COPYBF ,STH2QT ,TAPELS,

RETURN, STH20T.
REWIND,FRAPABS ,TAPE1S .

REWIND, TAPE17.
RFL,160000.

FRAPABS.

EXIT,U.

UNLQAD, TAPE2.

3,L

= 0.

148

(Copy source cards of STRIP4
subcode, which 1is defined in
Appendix E.)

(Compile FRAP-T source cards.)

(Create load module, named
FRAPABS, of entire FRAP-T pro-
gram. Directives for segment-
ation are given by input data
cards.)

(FRAP-T reads water properties
table with FORTRAN Logical
Unit 15.)

(Information for FRAP-T plotting
program is written to file
TAPE 17.)

(Execute FRAP-T. Input data
supplied by input cards.)

(If restart tape created, save
it in case of abnormal termi-
nation.)

w
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TABLE A-1
TAPE FILES USED BY FRAP-T

File File
Name Status Type of Data

TAPEL Input Restart information for single rod
calculations. Tape must have been
created by TAPE2 file of run to be
restarted.

TAPE2 Output Restart information.

TAPE3 Input Restart information for multirod
calculations. Tape must have been
created by TAPE2 file of a pre-
vious run.

TAPE 4 Input Coolant conditions according to
format shown in Appendix E.

TAPE10 Output Output tape of plot code. This
tape is input to the FR-80 at
INEL for microfiche copies of
plots.

TAPE1S Input Water properties table.

TAPEL17 Output Input tape to plot code.

TAPE31 Input FRAPCON-1 created tape of burnup
dependent variables.

TAPE44 Input Data for restart or refinement o1
uncertainty analysis.

TAPE4S Output Data for restart or refinement

of uncertainty analysic,

To avoid exceeding the small core memory space (which is 160,000
octal words) of the CDC 7600 computer at INEL, the FRAP-T5 code is
overiayed. The overlay is generated by the SEGLOAD program, which is
part of the CDC 7600 computer software. This program is given
directives which specify the manner in which subroutines are to be put
into groups. The groups may occupy common positions in small core
memory. But only one group is in small core memory at any given time,
while the other groups are stored in large core memory or on disk.
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The directives that the SEGLOAD program is given are shown in
Table A-11. In addition to the directives which specify the manner in
which the subroutines are grouped together, GLOBAL directives are also
necessary. These directives make all of the common blocks in FRAP-TS
accessible to all of the subroutine aroups.

The overlay generated by the SEGLOAD directives is similar to the
root system of a tree. This is shown in Figure A-1. Eleven groups of
subroutines are shown. Each group is defined to be a branch. The
branches are numbered at the top of each group. The first word in each
branch has a common point of storage in small core memory. Two of the
branches, 3 and 5, have additional branches. These additional branches
are shown in Fiqures A-2 and A-3, respectively. The highest level of
small coere memory storage, which has a word location of 153,000, occurs
in branch 3.

TABLE A-11

SEGLOAD DIRECTIVES FOR FRAP-T5

Ti TREE HEAT-(T3,REFLOOD,GAPHTR,HTISST,COOL) o )
T2. _TREE D£F0§u'lFC"l ERGIL.ECUIE BRLOON) _ _ _ . _ .
T3 TREE HTRC-(QGDOT,ENQDOT)

- (READIN.
" Tnf%nsgaitgg?gsghll.lN!Tlﬁ T1,PLNT, T2, GSFLON, MARY N, PRNTCT, FRIDAK, LACE
SREERL o e o e e e e e B A e e w -
GLOBRL DESNBL

_GLOlRL STHZOC _______________________ -
FTBLCH

ﬂ f\aoo o v

e

GLOBAL EXCB, L LACEMDL,FLECHT,HTCB, FRPSTO, HATPRC, PHYPRG

GLOBAL RESIR|L, 85571';905505 RESTB2,RESTIE,RESTRI,RESTIZ _ _
GLLJAL PRNTB,DIALB

.GLaBAL DFBﬂﬂ ERCB.FCMIMA, ECHIM. _ _ _ . _ - - - . _—
GLOBRL

B e s s R RS e —

_GLOBAL 10 lUF..GS BBty s o v a ks v s s m e s s o™ o
INCOR: :

!NCLE ‘E
ERAPIS INCLUDE ERﬂPI.ERGP aLCDR¥ sRRORl {ERRORL _ _ _ _ _
FRAPTS [NCLUDE PLOTH, TINSET, ZEROUT, MOUE

ERARTE [NCL_UDE DL_MH Dourno 7!4:?0 JMIGUET | CE MAD zo0AnT Cut
FRAPTS INGOUDE LLP, CTHCON, ZOERIS

Fﬂhﬂg lNCLuBE nggu; ------------------

FRAPTS [NCLUDE _ORIVER _
GSFLOW IN(LU “GAPPRS, Buisto

~Lhaain m%"toEHﬁ“c?ﬁ%S‘”““"

CARDIN LUDE & INP,LACE , KTABLE : -
CRRD!N INELU € POMINE, Tnnzgp 77& N?NggOEO? D{RLSoOSEEQf gaggv

ARDIN INLUDE INP, INPZ, INPS, IN UI,LINK, M NPU o
ERRDIN INCLUDE SL lnp‘cnn?np COBL TN, CARDPR, GPC IRP  HODPID ~
CARDIN INCLUDE RLPST2,FTHCON

POOR ORiGINg = 573 77




TABLE A-I1 (continued)

HEAT IN(LUDE POWER, HETWYE, ENSSFZ, HRDATA

HEAT gﬁ anco~g Enssrntngorn LFENISS,CHHARD [ 3
HEAT IN LUDE "HTiTDP,SURF

HEAT  INCLU PRNTC P2, LIPR SURTEN, THCON, CHITOX _ _
HEAT  INCLU UlSL bolz 2

ar
HEAT {ncL DE _GT:;ON EHGTON.GUISCQ ______________
HTRC™ INCLUDE ~PCHF,PROFAC,EHNTRE
REFLOOD INCL

Pw,gm_.,f"fct””gng?k”%E',“",.;mgg,gsc?u;c;z ------------
|
o€ &Eﬁwmﬁmﬁpm

EFORM INCLUDE STRAIN STRESS,FBLOCK
EFORM INCLDDE FE.Hob rotaAk FBOTR

eCmd  'NCLODE . CLADF, ngsg COUPLE _
FChI XNCLUDE GAPT, STACK

FRAIL INCLUDE BDTR, BFRAC,CDTR CRERUP OFRAC, DLGAM, EUMELT
FRAIL INCLUDE FSICT. rsm#rsm&wcr# RECT.NOTN

FCMI2 INCLUDE (CLOS2,GAPTZ, PELLET,AXRACH, TRANSF, EQUAL I, EQUAL?2
FCMi2 _INCLUDE. STRAN!,CREPI.CRIIP,STRES|,.FPRESS,STRANZ,STRES2
FCHi2 INCLUDE  CREEP

BALOON  INCLUDE _RAD!I.WRITE_

PRNTOT INCLUDE FEHISS ENERGY,PRNTAZ

PRNTQT INCLUDE CANEAL.COBILD

PRNTOT INCLUDE ASET, |OXGNi, IDXGN2,G GAPHTC,FTHCON:
PRNMTQT . INCLUDE _EMSSF2. CHHRBD;uLHCON E"GTQN.GVISCQ _____
PRNTOT INCLUDE HWRITER,RESTRM,RLPST3

uﬂRYJNeNsNCLUDSE _GRASS.GRASSZ, GRaSSB.GGRSS& GRASSS. . _ _ . .

POOR ORGIMAL
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2. INPUT DATA CARDS

For the purpose of better describing the contents of FRAP-T5 input
data cards, the data deck has been divided into several data blocks.
Each data block is read in by a different input subroutine of the
code. The information contained in each data block is summarized in
Table A-II1. The data blocks are described below in the crder they
follow in the input data deck. The type of data contained in each data
block is identified, and the column Tlocation, format, name, and
definition of each piece of input data is given.

The input data can be in either the British or SI system of units.
The two systems of units cannot be mixed. If SI units are specified,

TABLE A-I11
INFORMATION CONTAINED IN EACH DATA BLOCK

Data Block Information .
U Uncertainty analysis data.
1 Axial nodalization, numerical solution control, options

for phenomena models, fuel and cladding design para-
meters, restart control, multipliers on models, reflood
model input.

2 Specification of range and detail of generated thermal
property tables.
3 Radial mesh layout, accuracy of temperature solution,
radial power distribution.
4 Power history, axial and azimuthal power distribution.
2 Joundary conditions, critical heat flux and film boiling
correiation options, coolant condition input.
6 Fuel and cladding surface roughness.
7 Internal gas content and quantity, plenum size, plenum
spring geometry.
8 Plotting parameters.
£772
156 S D



all data must be input in SI units. Within either system, the required

unit for each input quantity is given below.

Input format is indicated by 'he character F, I, and A. F denotes
that floating point numbers are to be input. For this case, exponents
must be right hand adjusted and a decimal point must be present. An I
denotes that integer numbers are to be input. The integers must be
right hand adjusted. No decimal point can be present. An A denotes
that alphanumeric characters are to be input. This input is used to
specify labels for plot axes and titles.

When the restart option is used, the problem solution starts from
the end time of a previous computer run. Only a portion of the
previous input cards 1is reguired. This is a change from previous
versions of FRAP-T, which required submittal of the entire input deck.

A FRAP-T4 input deck requires a few changes to be compatible with
FRAP-T5. First, two extra cards are required. These are the cards
numbered 0.1 and 1.4.2. Next, Card 1.7 has been changed. This card is
input if two-dimensional heat conduction calculations are to be per-
formed. The first variable on this card in the FRAP-T4 input has been
eliminated and the other variables shifted to the left by ten columns.
Next, if an unequal spacing of axial nodes has been specified, node
elevations instead of node length are input to FRAP-T5. This change
occurs on Card 1.12. Last, some minor changes have been made to
Card 1.14, which controls restarting.

The first card in the input deck specifics options for restart and
uncertainty analysis. This card was not required in FRAP-T4 input.
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Card 0.1

Input Control Card.

Columns

1-5

Format

Name

Quantity

I

NCARDS

If NCARDS = 0, a previous calculation
is to be continued. This continuation
requires a STAGE control card, which
assigns the restart tape number for
file TAPEl. Card 0.1 and Data Block 8
are the only input cards read.

If NCARDS = 1, a new calculation is to
be performed A complete input deck
is required.

If NCARDS = 2, a second transient cal-
culation is performed considering the
history effects of a previous tran-
sient. The time read on the restart
tape i< backshifted to zero, This
time backshift permits analysis of a
second transient with initiation at a
time of zero. The power history and
coolant condition history can then
assume that a time of zero corresponds
with time of transient initiation.
The steady state condition of the fuel
rod 1is calculated to determine the
fuel rod initial conditions.

If NCARDS = 2, Card Group 1.10, Data
Blocks 4, 5, and 8 must be input.
These cards contain time step, power,
coolant condition, and plot scaling
data, respectively.

~

[y
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Columns Format Name Quantity
6-10 I IUNCRT If IUNCRT = 0, no uncertainty analysis
is to be performed.

If IUNCRT = 1, an uncertainty aralysis
is to be performed. Data Block U must
be input.

11-20 F TEND End time of calculations (sec).

If NCARDS = 1, 1leave these columns
blank. Since the reference frame for
time is always the same, end time for
a restart run is equal to the end time
of the previous run plus the additional
amount of problem time for which a
transient response is wanted. If
NCARDS = 2, the end time of the pre-
vious run should not be added.

Data Block U Uncertainty Analysis Data.

If IUNCRT = 0 on Card 0.1, omit Data Block U. If IUNCRT = 1, input
this data block between Cards 0.1 and 1.1.

A1l input for Data Block U is NAMELIST format. The first card in
the data block only contains “$IN" in columns 1 through 3. The last
card only contains "8END" in columns 1 through 4. A1l input variables
have been assigned default values. If no default values are to be
modified, no further input cards are required. If an ‘nput variable is
to be modified, a card must be input which contains the variable name
and the new variable value. This is further clarified in the sample
input section following the list of uncertainty analysis input variables.
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The 1i.t of uncertainty analysis input variables follows.

Only

those variables whose default values are to be overridden rneed to be

input.

Variable

IFLAG

LTYPE

LPB

IPRINT

ISTART

value

Flag for check runs.

0 - design and confounding arrays
(default)

1 - add nominal FRAP run

2 - add complete uncertainty analy-
sis

Type of analysis desired.

1 - linear (default)

2 - linear plus foldover

3 - linear plus quadratic

4 - linear plus foldover plus quad-
ratic

Plackett-Burman design flag.

0 - fractional factorial design
(default)

1 - Plackett-Burman design

Flag for additional experimental
design data including design
generators and one and two factor
aliases.

0 - no (default)
1 - yes

Flag for restarting from previous
analysis.

0 - no (default)
1 - yes

160
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Variable

LFAC(N)

LRES(N)

NODE(N)

c(1, J, K)

Value

List of factors from Table A-IV to
be included in the analysis.
Order is important. Example,
LFAC(1) = 2, 4, 8, 5, 6, will
include these five factors in the
analysis in this order in the
experimental design and confound-
ing arrays (default is 0).

List of responses from Table A-V.
Order is not important. Individual
responses may be listed more than
once. (For example, a given
response may be desired at more
than one axial node). Not to exceed
10 total responses (default is 0).

Axial node at which LRES(N) is to
be computed. List must match
LRES(N) one for one. For example,
NPDE(3) must be axial node at
which LRES(3) is to be computed
(default is 1).

Uncertainty factors. Factors are
described by polynomials of up to
third order in temperature (I) in
four temperature ranges (J) for
approximately 50 factors (K).

Values are one standard deviation.
Multiplication factors should be
input as a decimal fraction.
Example: An uncertainty factor of
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Variable Value

1.25 indicating a 25% one-sigma
uncertainty should be input as
0.25. The code will add the 1.00
when default values are as given
in Table A-IV.

TL(J, K) Upper temperature limits describ-
ing ranges applicable to uncer-
tainty factor polynomials. If no
temperature range or uppermest
limit, enter 0. Default values
are given in Table A-IV.

AMU(L, K) First four dimensionless central
moments of the uncertainty factor
distributions. Assumed to apply
over all  temperature ranges.
Normal distribution is default.

FACTOR(K) Flag for additive or multiplica-
tive uncertainty factors.
0 - additive
1 - multiplicative
Default values are given in
Table A-IV.

To amplify the input instructions for Data Block U, input data is
shown below for an example problem,

Assume that an uncertainty analysis 1is to be performei using

factors 1, 5, 13, 3, and 37 from Table A-IV, in that order, as indepen-
dent variables. Responses 1, 2, 3, 4, and 5 are chosen from Table A-V
and are desired at node 8 except that response 2 is desired at nodes 1
and 15 as well. A linear fractional factorial design is chosen with no
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TABLE A-1V
DEFAULT UNCERTAINTY FACTORS

LFAC

H W

O WO N YO,

10
11
12
13

15

Source

Fuel specific heat

Fuel thermal conductivity

Fuel emissivity
Fuel thermal expansion

Fuel elastic modulus
Poisson's ratio

Fuel creep

Fuel fracture strength
Fuel swelling

Fuel restructuring
Fuel densification
Fission gas release
Cladding specific heat

Zirc oxide emissivity

Additive (A) or

Mu1tiplicative<jM)? Factor
M 1.02
1.012 + 1.6E - 5xT
1.06
W
A 0.4 =g
M 1.10
A 0.25E-5 xT 3
0.00125
A -037E11 (Pascals)
A 0.094
- (TeD)®
A 0.19 (Pascals)
we (TBD)
-- (T8D)
-- (TBD)
-- (T8D)
A 10 (J/kg-K)
10
25
100
A 0.10

Temperature
Range (K)

T < 500
500 < T < 3000
3000 -

A

,
-f

T < 300

300 < T < 1090
1090 < T < 1300
1300 < T



v9l

(B3
-
[

r\

TABLE A-IV (continued)

LFAC
16

17

18

Source

Additive (A) or

Multiplicative (P!)a

Factor

Zirc oxide thermal
conductivity

Cladding axial thermal
expansion

Cladding diametral
thermal expansion

Cladding elastic modulus

Cladding strength coeffi-
cient

Cladding circumferential
rupture strain

Cladding Meyer hardness
Cladding creep rate
Cladding shear modulus
Cladding oxidation

Gas thermal conductivity
Gas viscosity
Gap heat transfer

M

29.E6 (Pascals)

0.08
-0.91 + 1,25 - 3 7T
4.94 - 4,125E - 3xT
0.11

(T8D)

(T8D)
9.E9 (Pascals)

1.175
1.065

-0.0068 + 1.61E - 5xT
1.05
1.25

Temperature
Range (K)

T < 1073
1073 <T

T <1073
1073 <T

T <1083
1083 <T

T < 800
800 < T < 1090
1090 <« T < 1170
1170 < T
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TABLE A-IV (continued)

LFAC

29

30
31
32
33
34
35
36
37
38
39
40
a1
42
43
44
45

Source

Alpha-Beta transition
temperature

Pellet stack height

Cladding outer diameter

Fuel density

Pellet shoulder radius

Pellet dish depth
Pellet height

Pellet dish volume
Pellet outer radius
Cladding inner radius
Cladding outer radius
Cladding roughness
Fuel roughness

Amount of gas in rod
Plenum volume

cold pressure

Mole fractions of gas
components

Unused

Additive (A) or

Multiplicative (M)?

Factor

A

Z T X Z X ZE T E T 2R T T x2=Z2=

10 (K)

1.001
1.001
1.0067
1.034
1.034
1.001
1.034
1.001
1.001
1.001
1.100
1.100
1.034
1.001
1.034

(T8D)

Temperature
Range (K)
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TABLE A-1V (continued)

Additive (A) or

LFAC Source Multiplicative (M)a ™ Factor
47 Initial temperature - (TBD)
estimate

48 Power history M 1.050

49 ANS decay heat curve M 1.067

50 Unused -- --
5] CHF factor M 1.080

52-60 Unusea -- --

a. Additive (A) or Multiplicative (M) refers to the manner in which the factor was applied.
centage uncertainties were multiplicative whereas absolute uncertainties were additive.

b. (TBD) - to be determined or presently inactive.

Temperature
Kange (K)

That is, per-

s |
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TABLE A-V

RESPONSES
LRES Response
1 Fuel centerline temperature (K)
2 Cladding surface temperature (K)
3 Cladding hoop stress (Pascals)
4 Cladding axial stress (Pascals)
5 Permanent cladding hoop strain
6 Permanent cladding axial strain
7 Gap pressure (Pascals)
8 Cladding axial displacement (mm)
W
9 Heat transfer coefficient at rod surface 57_:_E
10 Heat transfer coefficient across gas gap mZN :
11 Structural radial gas gap (mm)
12 Cladding hoop strain
13 Cladding radial strain
14 Cladding effective stress (Pascals)
15 Fracticn of failed fuel rods
additional printout or restarts. Uncertainty factor 1 is to be

changed, for the purpose of illustration, to the values given in Table

A-IV. This is a check run executing the nominal FRAP-T deck once.

necessary input is as follows:

ZIN

LFAC(1) = 1,5, 13, 3, 37,
LRES(1) % 1y & & 34, 5,
NODE(1) = 8,8,1,15, 8, 8, 8,

——
N
~J
LN
~d
—
5

4

L~
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IFLAG = 1,

c(1, 1, 1) = 0.2, 0., 0., 0.,

c(1, 2, 1) = 0.12, 1.6E-5, 0., u.,
C(l, 3, 1) = 06, 0., 0., 0.,

c(1, 4, 1) = 0., 0., 0., 0.,

ni. 1) = 500., 3000., 0., O.,
AMU(1, 1) = 0., 1., 0., 3.,
FACTOR(1) * Oy 1oy 0.5 3.,
SEND

Data Block 1. General Data.

Cards 1.1 and 1.2 contain several input variables that control the
selection of nodels. These input variables are model option switches.
The model recommended for general use is specified by setting the moce?
option switch to zero. Special conditions or the requirements of a
more detailed analysis may, however, preempt the use of the thus-
reconmended model.

Card 1.1

Colu.ins Format Name Quantity

1-5 ! NROD Number of fuel rods. Always input the
integer 1.

5-10 I NC HN Number of coolant subchannels sur-
rounding fuel rods. Because of array
dimension limitations, NCHN  must
equal 1.

11-15 I NAXN Number of axial nodes (NAXN < 20). If

NGSFL@ = 1 (.~lumns 31-35), NAXN - 3.
If no minus sign in front of NAXN,
code generates evenly spaced mesh. An
example of generated mesh is shown in
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16-20

21-25

26-30

31-35

I

I

NPLNT

NDT

NUNIT

NGSFLO

Figure A-4. At each axial node, cal-
culations of fuel rod state from fuel
center to cladding surface are per-
formed on a plane perpendicular to
fuel rod longitudinal axis and passing
through the center of the axial node.
If minus sign input, axial node
elevations are specified by Card Group
1.12.

If NPLNT = 0, plenum gas temperature
model is used. If NPLNT = 1, plenum
gas temperature set to coolant
temperature at top axial node plus
10°F .

Number of time step - time pairs used
to prescribe time step during problem
solution. See Card Group 1.10 input
instruction for further clarification.
NDT < 20. If constant time step,
NDT = 0.

If this field is zero or let lank,
data are input in British umics. If
the integer 1 is put in column 30,
data are 1input 1in SI units. Code
output for NUNIT = 0 or 1 is in the
same system of units that is selected
for input. If the integer 2 is put in
column 30, data are input in British
unit, but calculations and plots are
output in SI units.

If NGSFLO = 0, gas flow between plenum
and gas gap is not modeled. Instead,

pressure equilibrium 1is assumed to

ol 47 4 1 0L
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Fig. A-4 Example of evenly spaced axial node mesh for case NAXN
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36-40

41-45

I

MODFD

instantly occur, so that plenum and
ges gap are always at the same
pressure,  If NGSFLO = 1, gas flow
between plenum and gas is modeled.
This requires NAXN - 3.

If MOMW = 0, metal-water reaction
calcuisted according to  Cathcart
model. mlsc, oxygen diffusion inside
the oxide layer is calculated. If
MOOMW = 1, metal-water reaction is not
modeled. If MODMW = 2, cladding
oxidation calculated according to
Baker-Just model.

Twe defarmation models are available.
The first modcl, called FRACAS-I,
assumes no stress deformation of the
fuel, The second model, called
FRACAS-1I, accounts for stress defor-
mation of the fuel. If fuel defor-
mation due to stress is considered
insignificant or if a reduction in
computer running time has high
priority the FRACAS-I model should be
chosen. If fuel deformation due to
stress is significant, the FRACAS-II
model should be chosen. If MODFD = O,
the FRACAS-1 deformation model s
used, with the fuel assumed to have
radial cracks extending from fuel
surface to fuel center (free thermal
expansion) and a relocation of 0.25%
times fuel pellet radius for struc-
tural calculations. No relocation in
thermal or pressure calculations. If

1‘?7

3
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51-55

56-60

I

I

MPOGPC

NFASTF

MPDCAY

MOOFD = 1, the GAPCON-THERMAL-1
code® ! fuel deformation model is
used. No fuel relocation assumed. If
MODFD = 2, same as MPDFD = 0, but no
fuel relocation is  assumed. If
MODFD = 3, same as MODFD = 0, but vari-
able fuel relocation assumed in thermal
and pressure calculations. Fuel con-
ductivity modified to account for
cracks associated with fuel reloca-
tion. No relocation assumed in struc-
tural calculations. If MPDFD = 7, the
FRACAS-II deformation model is used.

IF MBDGPC = O, the Ross and
St:outne""l gap conductance model is
used.

If NFASTF = 0, fast neutron flux
assumed to have same axial profile as
power profile specitied by Lard Giroup
4.4, Otherwise, NFASTF = number of
pairs of normalized fast neutron flux
versus elevation used to prescribe
axial distribution of fast neutron
flux on Card Group 1.13. NFASTF . 25.

If MPDCAY = 0, decay heat not added to
fuel rod power specified by card group
4,2. If MPDCAY = 1, decay heat is
added to fuel rod power and is com-
puted according to ANS formula for
decay heat.
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66-70 I

Card 1.2

Columns Format

NDIM

Name

Indicator of number of dimensions in
heat conduction calculations. If
NDIM = O, only radial heat conduction
is considered. If NDIM = 1, radial-
azimuthal heat counduction at one or
more axial nodes is considered.

Quantity

1-5 I
6-10 [
11-15 I
16-20 [
21-25 I

NVRID

NFMOD

NDIAL

NSWHTC

NREFLD

Switch to model partial length central
void in fuel. 0 = no, 1 or 2 = yes.
If NV@PID = 1, no instrumentation in
void. If NVRID = 2, instrumentation
is present.

Switch to set fuel rod failure model.
0 = FRAIL subcode general model, 1 =
FRAIL subcode tube burst model with
flow blockage calculations.

Switch to apply multipliers or
addition terms (dials) to selected
fuel rod models. 0 = no, 1 = yes. If
NDIAL = 1, Card Group 1.19 must be
input,

Switch to modify cladding surface heat
transfer coefficient to account for
ballooning of neighboring fuel rod.
NSWHTC = 0 = no modification. NSWHTC =
1 = modification. If NSWHTC = 1, Cards
1.15 and 1.16 must be input.

Switch to compute cladding surface
heat  transfer coefficient during

-y g 1.(‘.‘;
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31-3%

4]1-45

I

NSWLAC

NPO

NFCMI

NPR SW

reflooding of core following reactor
vessel blowdown. 0 = no, 1 = yes. If
MREFLD = 1, Card Group 1.20 must be
input.

Switch for Licensing Audit Code (LAC)

calculations. If NSWLAC = 1, Card
Group 1.21 must be input.

0 =no

1 = yes

Number of printout interval-time pairs
used to specify problem time intervals
at which fuel rod state is to be
printed. If constant
interval, leave these columns blank.
NP@ - 20. If NP@ > O, Card 1.17 must
be input.

printout

Switch to force calculations by the
FRACAS subcode after cladding failure
predicted, SO that post-failure
stresses due to pellet cladding
mechanical interaction are computed.
0 = no, 1 = yes. If NFCMI = 1,
however, the balloon model calcul-
ations are bypassed. If NFCMI = 0,
the only deformation assumed to occur
after cladding failure is that due to
thermal expansion,

Internal power ramp switch. At the
problem start, FRAP-T
generates a power ramp that increases
fuel rod power from zero to full power
in small increments of power. If

internally

174

s

v



51-55

56-60

61-65

NSWGRS

NRADSH

NBOTPL

fuel-cladding contact at full power
not expected, the internal power ramp
can be bypassed and computer time
saved.

0 = generate power ramp

1 = bypass power ramp

Switch to perform fission gas
production and release with the
GRASSA"2 Subcode. 0 = no, 1 = yes.
If NSWGRS = 1, the computer run time
will increase about a factor of four
due to the complex nature of the GRASS
subcode. Calculations cannot be
restarted. Maximum number of axial
nodes = 10. Maximum number of radial
nodes in fuel = 15,

Switch to model radiation heat
transfer  between  {uel rod and
surrounding flow shroud. If radiation
heat transfer not to be modeled,
NRADSH = 0. Otherwise, NRADSH =
number of temperature-time pairs in
Card Group 1.18, which supplies
temperature history of flow shroud,
NRADSH < 25. Flow shroud assumed to
be zircaloy with an oxide layer 1.4
microns thick orn inside surface. If
NRADSH > O, NSWC = 4 on Card 5.1 is
required.

Switch to model lower gas plenum in
fuel rod. 0 = no, 1 = yes, If
NBOTPL = 1, the lower plenum geometry
must be specified on Card 7.2. . .
ol o v
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Switch to print out fuel rod condi-
tions at each power level of 1initial
power ramp.

0 = no

1 = yes

Quantity

66-70 I NPRPRN
Card 1.3
Columns Format Name
1-10 F T0
11-20 F TMAX
21-30 F DT
31-40 F DTPO
41-50 F RL
51-60 F DROD

Initial problem time (seconds).
Final problem time (seconds).

Time step (seconds). If NDT > 0 on
Card 1.1, this field is not used. If
used, DT > 0. If NDIM > 0 on Card 1.1
(multidimensional heat conduction
calculations performed), DT should not
exceed value of about 0.02, because
the explicit numerical solution of
multidimensional heat conduction is
not stable for a time step much larger
than 0.02 sec.

Problem time intervals at which
calculated fuel rod state will be
printed (seconds). If  printout
desired at end of each time step, set
DTPO to zero. If NPO > 1 on Card 1.2,
omit DTPO input.

Cold lengih fuel pellet stack (ft or m).

Cold outer diaveter of fuel rod (ft
or m).

5
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61-70 F TEMPO

71-80 F COLDW

Card 1.4.1 Pellet Data

Cold state temperature of fuel rod
(°F or K). The fuel rod dimensions
given in the 1input must correspond
with this temperature.

Reduction of cross-sectional area of
cladding by cold working process.
COLow = (A-A)/A, ‘Where A, =
cross-sectional area prior tc cold
working, A = cross-sectional area

af ter cold working.

Columns Format Name Quantity

1-10 F RHQF Cold state density of fuel (Ibf/ft>
or kg/m3).

11-20 F RSHD Cold state radius to pellet shoulder
(ft or m). Shoulder defined to be
point of primary contact at pellet
interfaces. See Figure A-5.

21-30 F DISHD Cold state depth of pellet dish (ft
or m).

31-40 F PELH Cold state height of fuel pellet (ft
or m).

41-50 F DISHVO Cold state volume of pellet dish
(ft3 or m3); sum of top and bottom
dish volumes.

51-60 F FRPO2 Fraction by weight of fuel that is

Pu02.
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Pellet dish shoulder

Axial elongation of
pellet calculated as
thermal expansion at
radius rg

Exaggerated
deformation

WNEL-A*Z‘Q? 1

Fig. A-5 Definition of pellet shoulder radius.
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61-70 F BU Burnup of fuel (MWs/kg). Burnup
(MJd/MT) x 86.4 = Burnup (MWs/kg)

71-80 F PITCH Center to center spacing of fuel rods
(ft or m). If PITCH = 0.0, no
restraint to cladding ballooning is
modeled. If PITCH > 0.0, restraint to
cladding ballooning given by adjacent
fuel rods is modeled. Also, the clad-
ding instability strain is set equal
to ithe rupture strain, so that full
strain range of cladding ballooning is
modeled by the FRACAS-I subcode. The
BALLOON subcode is not used.

Card 1.4.7 Pellet Data.

Columns Format Name Quantity
1-10 F FOTMTL Ratio of fuel oxygen atoms to uranium
and plutonium atoms. Normally,

FOTMTL = 2.0.

11-20 F TSNTRK Fuel sintering temperature (K).
Normally, TSNTRK = 1600°C (1883 K).

Card 1.5 (Omit this card if NVOID = 0 Card 1.2.)
Columns Format Name Quantity

1-10 F ZVoID1 Distance from bottom of fuel stack to
bottom of central void (ft or m).

11-20 F Vo102 Distance from bottom of fuel stack to
top of central void (ft or m). If
central void extends along entire
length of fuel stack, set Zv0ID1 = 0

and ZVOID2 equal to fuel stack length.

£72  ANE
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Card 1.6 Numerical Solution Control and Cladding Flux History.

Columns

Format

Name

Quantity

1-10

11-20

21-30

F

F

F

PRSACC

TMPACC

FQCRIT

Minimum fractional change in internal
fuel rod pressure between two succes-
sive iterations before convergence is
declared. If these columns left
blank, program sets PRSACC to the
reconmended value of 0.001. This
minimum change must occur at every
axial node before convergence is
declared. The test s (p"*!
p")/P" < PRSACC, where p°  sym-
bolizes pressure at iteration number
r. If PRSACC > 1.0, explicit solution
method used. No iterations perform-
ed. Both deformation-pressure and
temperature-deformation-pressure loops
are only cycled once. Accuracy
controlled only by time step. For
steady state solution at first time
step, accuracy internally set to
0.001. If implicit solution runs into
convergence difficulties, explicit
solution should be considered.

Minimum fractional change in temper-
ature at any radial node between two
successive iterations before conver-
gence is declared. If these columns
left blank, program sets TMPACC to the
recommended value of 0.001.

Factor which critical heat flux is
multiplied by. If these columns left
blank, program sets value of 1.0. If
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31-40

41-50

51-60

61-70

71-80

DTSS

CFLUX

TFLUX

PFAIL

DTMPCL

FQCRIT assigned a large value, pre-
diction of film boiling can be
precluded.

Time step threshold (sec) for steady
state heat conduction model. If time
step as set by DT on Card 1.3 or
DTMAXA array of Card Greoup 1.10 is
greater than DTSS, steady state heat
conduction model used. If not,
transient heat conduction model used.
If DTSS 1left blank, transient heat
conduction model always used after
first time step.

Axially averaged and time averaged
fast neutron flux cladding exposed to
during lifetime (neutrons/mz-sec).
Fast neutron is defined to be a
neutron with an energy greater than 1
MeV.

Time span of cladding exposure to fast
neutron flux (sec). The quantity
CFLUX*TFLUX must equal axially
averag'd fast neutron fluence received
by cladding.

If probability for fuel rod failure
exceeds PFAIL, then fuel rod assumed
to be failed. It these columns left
blank, PFAIL set to value of 0.5.

Maximum circumferential variation in
cladding temperature during bailoon-
ing. If DMMPCL = 0.0, the temperature

is assumed to be uniform.
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Card 1.7 (Omit Cards 1.7 through 1.9 if NDIM = 0 on Card 1.1.)

Columns Format Name Quantity

1-10 F DOF SET Offset of fuel stack centerline from
cladding longitudinal axis (ft or m).
Leave blank if fuel stack longitudinal
axis corresponds with cladding
longitudinal axis. If fuel pellet
always in contact with one side of
pellet, input the number 1.0.

11-20 F DPF ANG azimuthal angle along which fuel
pellet shifted toward cladding inside
surface (degrees). Azimuthal

coordinate system must be consistert
with that used to input azimuthal
power variation on Card 4.5. Leave
blank if DOFSET = 0.

Card 1.8 (Omit if NDIM = 0.)

Columns Format Name Quantity

1-5 I NAZ Number of azimuthal sectors 1in heat
conduction calculations (azimuthal
sector defined in Figure A-6).
Because dynamic storage is used, the
upper bound of NAZ is only set by
computer core storage limits.

6-10 I NAZN Number of axial nodes at which
azimuthal heat conduction 1is to be
considered.

11-5 I NSYMM Symmetry indicator. If NSYMM = 0,

twofold symmetry (temperature distri-
bution computed in quarter of fuel
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Fig. A-6 Mesh configuration for R-s heat conduction.

rod). If NSYMM = 1, onefold symmetry
(temperature distribution computed in
half of fuel rod). If NSYMM = 2, no

symmetry.

The computer core regquirements increase as the spatial detail
specified for the multidimensional temperature distribution increases.
Storage requirements increase according to the equation S = 5 Ng NZ
NR + 20 Ng NZ’ where S = words of storage required, Ng = number of
azimuthal sectors, "Z = number of axial nodes at which azimuthal heat
conduction s to be considered, and NR = number of radial nodes.
Symmetry conditions are taken advantage of to reduce storage require-
ments. If twofold symmetry exists, a given azimuthal spatial detail is
accomplished with a quarter of the azimuthal sectors required when no
symmetry exists.
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Card(s) 1.9 (Omit if NDIM = 0.)

Columns Format Name Quantity

1-5 I N1 First axial node at which azimuthal
heat conduction is to be considered

6-10 I N2 Second axial node at which azimuthal
heat conduction is to be considered.

Repeat as necessary.

Card Group 1.10 Time Step History Cards.

If NDT < 0 on Card 1.1, no cards are input. On these cards, every
other 10-column field contains the maximum time step desired at the
time specified in the 10-column field immediately to the right of it.
The data are entered four pairs per card in order of increasing time
until NDT pairs are described. A straight line interpolation between
points specified by input is performed by the code. If quantities such
as mass flux or pressure are oscillating rapidly, the time step history
cards should be used to enforce a program step that is small compared
to the period of the oscillations. Examples of the time step history
specified for several different types of accidents are shown in Table
A-VI. As a general rule, the time step should not exceed 0.1 sec for
an implicit solution and 0.05 sec for an explicit solution. Cases in
which the fuel rod temperature is changing slowly are an exception. If
multidimensional heat conduction is being computed (NDIM > 0 on
Card 1.1), then the time step should never exceed about 0.02 sec. The
time step needs to be limited to this value in order to assure
stability of the heat conduction calculations.
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TABLE A-VI

EXAMPLES OF TIME STEP HISTORIES

Loss-of-Coolant

Accident
Time
Time step
(sec) (sec)
o 0.0 0.02
0.05 0.02
0.0501 0.05
i |
e ’ 1.9 0.05
[
2.0 0.1

=

b r v

30.0

0.1

Anticipated Power Ramp at
Power-Cooling- Reactivity Transient 0.5 kW/m-sec,
Mismatch Initiated Without Scram Slow Power 2-D re Heat
Accident Accident Accident Ramp Conduction
Time Time Time Time Time
Time step Time step Time step Time step Time step
(sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec)
0.0 0.1 0.0 0.001 0.0 0.05 0 3600 0 0.02
100.0 0.1 2.0 0.001 10 0.05 36,000 3600 10 0.02
2.1 0.005
10 0.005
10.1 0.1
20 0.1




Card 1.10.1 Number of Data Pairs.
(Omit if NCARDS = 0 or 1 on Card 0.1.)

Columns Fcrmat Name Quantity
1-5 I NDT Number of time step-time pairs used to
prescribe time step during problem
solution. NDT < 20.

11-20 F DTPO Problem time span between printout.

Card 1.10.2 Time Step-Time Data Pairs.

Columns Format Name Quantity

1-10 F DTMAXA(1) Time step at time DTMAXA(2) (sec).
11-20 F DTMAXA(2) Time (sec).
21-30 F DTMAXA(3) Time step at time DTMAXA(4) (sec).
31-40 F DTMAXA(4) Time (sec) DTMAXA(4) > DTMAXA(2).

Repeat as necessary. After first card is filled with four pairs of
data, continue putting data in same manner on second card. Continue in
this manner until all pairs of data have been put on cards. An example
of the time step history specified by Card Group 1.10 is shown in
Figure A-7. A maximum of 20 time step pairs are allowed.

Card Group 1.11 Rod-to-Coolant Channel Connection Data.

The coolant channel geometry is assumed to be the same along the
entire length of the fuel rods. No coolant subchannel can have an
identification number greater than NCHN of Card 1.1. For only one
coolant subchannel, input for Card Group 1.11 consists of one card with
alin column 5, 1 in column 15, and 1.0 in columns 16 through 20; rest
of card is blank. A pictorial explanation of data input for Card Group
1.11 is shown in Figure A-8.

wh
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Time step (s)

)
po——————— DTMAXA (8)

pe——————— DTMAXA(6) —o
e ————————— DTMAXA(4) — -
u-—*f—— DTMAXA(2)
| |
| |
|
| : ‘
| .
DTMAXA(5)
DTMAXA(1) DTMAXA(3) DTMAXA(7)
' l l -
Problem time (s) ANC-A-9120-1

Fig. A-7 Example of time step history specified by Card Group 1.10.



Coolant
channel No 2

R@DN@ = 1

Rod No. 1 CHNN@1 = 1
FRPY1 = 05

CHNN@2 = 2
FRP2 = 025
Coolant CHNN@3 = 3
channel No. 1 FRP3 = 025

Coolant
channel
No 3

Fig.)A-B Example of data input for Card Group 1.11 (coolant channel
data).

Columns Format Name Quantity
1-5 I RODND Number of a rod in cluster being
analyzed.
11-5 I CHNN@1 Number of a subchannel cooling RODND.
16-20 F FRP1 Fraction of surface area of RODNO

bordering CHNN@1.
21-25 [ CHNNDZ Number of a subchannel cooling REDN.

26-30 F FRP2 Fraction of surface area of RODNO
bordering CHNN@2.

31-35 I CHNN@3 Number of a subchannel cooling RADNG.

~
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36-40 F FRP3 Fraction of surface area of RQDNP
bordering CHNN@3.

4]1-45 I CHNNO4 Number of subchannel cooling RODN@.

46-50 F RP4 Fraction of surface area of RODN@
bordering CHNNQ4.

Card Goup 1.12 Axial Node Elevation Data.

If no minus sign is put in front of NAXN of Card 1.1, omit this
card group.

Columns Format _Mame Quantity

1-10 F (1) Elevation of axial node 1 (ft or m).
11-20 F 2(2) Eleva’ion of axial node 2 (ft or m).
21-30 F 2(3) Elevation of axial node 3 (ft or m).

Continue as necessary with eight elevations per card until NAXN
elevations have been put on cards. An example of the axial node mesh
layout generated by Card Group 1.12 is shown in Figure A-9 for the case
of NAXN = 5,

Card Group 1.13 Normalized Fast Neutron Flux Axial Distribution.
(Omit this card group if NFASTF = 0 on Card 1.1.)

Fast neutrons considered to be those with energy greater than 1 MeV.
The time averaged fast neutron axial distribution during normal reactor
operation should be input rather than that during a reactor transient.

Columns Format Name Quantity
1-10 F FLUXZ(1) Ratio of fast neutron flux at eleva-
tion FLUXZ(2) to axially averaged fast
neutron flux, FLUXZ(1) * CFLUX *
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TFLUX = fast neutron fluence (neutrons/
m’) at elevation FLUXZ(2).  (CFLUX
and TFLUX input on Card 1.6.)

11-20 F FLUXZ(2) Elevation above bottom of fuel stack
(ft or m).
21-30 F FLUXZ(3) Ratio of fast neutron flux at eleva-

tion FLUXZ(4) to axially averaged fast
neutron flux,

31-40 F FLUXZ(4) Elevation above bottom of fuel stack
(ft or m).

Repeat until NFASTF pairs of data have been placed on cards, four pairs
per card. Maximum of six and one-fourth cards of data. Also

FLUXZ(4) > FLUXZ(2), etc.

Card 1.14 Restart Switches.

Columns Format Name Quantity

6-10 I NSW INW If NSWINW = 0, no restart tape to be
written, If restart tape to be
written, set NSWINW equal to 2,

11-15 I NRADFS Switch to use FRAPCON computed fuel
rod steady state conditions as initial
conditions for *ransient calculations.
0 = no, 1 = yes. [If NRADFS = 1, a
STAGE or ATTACH card must be supplied
which specif.es the location of the
FRAPCON created data set.

21-30 F TREST Time of fuel rod conditions on FRAPCON
restart tape that will be used to

LN
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specify initial fuel rod condition
(sec). If NRADFS = 0, leave these
columns blank,

Card 1.15 Specification of Surface Heat Transfer Coefficient
Multiplier. (Omit if NSWHTC = 0 on Card 1.2.)

The mutiplier accounts for the effect of ballooning of neighboring
fuel rod on heat transfer at the cladding surface.

Columns Format Name Guantity
1-5 I KAXHTC Axial node at which surface heat trans-
fer coefficient is to be modified to
account for ballooning of neighboring
fuel rod.

6-10 H NPAIRS Number of multiplier-time pairs used
to specify history of multiplier on
surface heat transfer coefiicients.
NPAIRS < 10.

11-20 F TSHTC Time at which modification of surface
heat transfer coefficient to start
(sec).

Card 1.16 Heat Transfer Coefficient Multiplier History. (Omit if
NSWHTC = 0 on Card 1.2).

Continuous history of multiplier generated by connecting straight
lines to multiplier-time points specified on this card.

Columns  Format Name Quantity
1-10 F FHTC(1) Multiplier on C(ladding surface heat
transfer coefficient at axial node
KAXHTC at time TSHTC + FHTC(2).
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11-20 F FHTC(2) Time relative to time TSHTC at which
FHTC(1) applies. If FHTC(2) = 0O, then
FHTC(1) applied at absolute time TSHTC
(sec).

21-30 F FHTC(3) Multiplier on cladding surface heat
transfer coefficient at absolute time

TSHTC + FHTC(4).

31-40 F FHTC(4) Time since time TSHTC at which FHTC(3)
applies (sec).

Repeat until NPAIRS of multiplier-time data have been placed on cards,
four pairs per card. Maximum of two and one-half cards.

Card(s) 1.17 Printout Interval Specification. (Omit if NPO = 0
on Card 1.2).

Columns Format Name Quantity
1-10 F DTPPA(1) Problem time between printout of fuel
rod state at problem time

DTPOA(2)(sec). Set DTPPA(l) = 0 if
printout desired at every time step.

11-20 F DTPPA(2) Problem time (sec).

Repeat until NPQO pairs of data have been placed on cards, four pairs
per card. Maximum of five cards. DTPPA(4) > DTPPA(2), etc.

Card Group 1.18 Flow Shroud Temperature. (Omit if NRADSH = 0 on
card 1.2).

Card 1.18.1

Columns Format Name Quantity
1-10 F DSHRD Inner diameter of flow shroud (ft
or m). ~ e
’ 573 219
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Card(s) 1.18.2 Flow Shroud Temperature History.

Columns Format Name Quantity
1-10 F TSHRDA(1) Temperature of inside surface of flow
shroud at time TSHRDA(2) (F or K).

11-20 F TSHRDA(2) Time (sec).

Repeat until MRADSH pairs of data have been placed on cards, four pairs
per card. Maximum of six and one-fourth cards.

Card Group 1.19 Multipliers anu Addition terms. (If NDIAL = 0 on
Card 1.2, omit this card group).

Card 1.19.1
Spec ification of models to which multiplication factor is applied.
Columns Format Name Quantity

i-5 1 NDHGAP Switch to adjust gap conductance
calculations. 0 = no, 1 = yes.

6-10 I NDFCON Switch to ad just fuel thermal
conductivity. 0 = no, 1 = yes.

11-15 I NDHF B1 Switch to adjust ‘ransition flow film
boiling heat transfer coefficient.
0 = no, 1 = yes.

16-20 I NDHF B2 Switch to adjust stable flow film
boiling heat transfer coefficient.
0 = no, 1 = yes.

21-25 I NDHF 83 Switch to adjust pool film boiling
heat transfer coefficient. 0 = no, f\"QS
1 = yes, L "
f) J
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26-30 I NDHF B4 Switch to adjust free convection heat
transfer coefficient. 0 = no, 1 = yes.

Card(s) 1.19.2 Gap Conductance Multiplication Factors. (Omit if

NDHGAP = 0.)
Columns Format Name Quantity
1-5 F FHGAP(1) Multiplication factor on gap
conductance at axial node 1.
6-10 F FHGAP(2) Multiplication factor on gap

conductance at axial node 2.

Repeat until FHGAP has been specified at each axial node. If more than
16 axial nodes, continue on second card in same manner.

Card 1.19.3 (Omit if variables NDFCON through NDHFB4 on Card
1.19.1 are set equal to zaro.)

Columns Format Name Quantity
1-5 F FFCON Addition term to fuel thermal conduc-
tivity (Watts/M-K); leave blank if
NDFCON = O,
6-10 F FHFB1 Multiplication factor to be applied to

transition flow film boling heat
transfer coefficient (leave blank if
NDHFBL1 = 0).

11-15 F FHF B2 Multiplication factor to be applied to
stable flow film boiling heat transfer
coefficient (leave blank if NDHFB2 =
0).
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16-20

21-25

.

FHFB3

FHF B4

Multiplication factor to be applied to
pool film boiling heat transfer
coefficient (leave blank if NDHFB3 =
0).

Multiplication factor to be applied to
free convection heat transfer coeffi-
cient (leave blank if NDHFB4 = 0).

Card Group 1.20 Reflood Heat Transfer Data. (Omit this card

group if MREFLD = 0 on Card 1.2.)

Card 1.20.1

Columns Format Name Quantity

10-11 A NSWRLD Input the character string ON in
columns 10-11.

15-24 F EMPYTM Problem time, i1n secornds, at which the
core 1is dry and begins adiabatic
heatup.

27-36 F REFDT™ Problem time, 1, seconds, at which
flooding of fuel rods begins.

39-48 F HRAD Radiation heat transfer coefficient.
If HRAD < 0.0, HRAD 1is computed.
(BtU/hr-ft2-F)

51-55 1 NBR1 Number of inlet temperature (°F)
versus time (sec) pairs, NBR1 < 20

55-60 I NBR?2 Number of flooding rate (in./sec)

versus time (sec) pairs, NBR2 < 20

21
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66-70 [ NBR4 Number of reactor vessel pressure (psi)
versus time (sec) pairs, NBR4 < 20
Card 1.20.2
Columns Format Name Quantity
1-6 B LODMRK Specifies the 1’ne of demarcation, If

RUPTUR 1is input, line of demarcation
is plane of cladding rupture. If
LIQLEV 1is input, Tline of demarcation
is the collapsed liquid level., If the
cladding rupture plane is the line of
demarcation, and cladding rupture does
occur, steam cooling is modeled depend-
ing upon the flooding rate. If the
flooding rate is greater than 1 in./
sec, the FLECHT coirelation is assumed
to apply along the entire length of
the fuel rod. But if the floo&ing
rate is less than 1 in./sec, the FLECHT
correlation is assumed to apply up to
the elevation of cladding rupture.
Above this elevation, the cladding
heat transfer coefficient is calcu-
lated by the steam cooling model. If
the collapsed liquid level is the line
of demarcation, and the flooding rate
is greater than 1 in./sec, the FLECHT
correlation is assumed to apply along
the entire Jlength of the fuel rod.
But if the FLECHT correlation is less
than 1 in./sec, the FLECHT correlation
is applied up to the elevation of the
collapsed liquid level, and above this
elevation the cladding heat transfer
coefficient is calculated by the steam
cooling model.
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Columns  Format Name Quantity

9-18 F HYDIAM The flow channel hydraulic diameter
(ft).
21-30 F FLXSEC The flow channel cross-sectional area

per fuel rod (ftz).

On all the following history -:rds, all time references are from the
beginning of reflood; not beginning of problem.

Card 1.20.3

For the reflood water inlet temperature-time history cards, the
inlet temperature-time data pairs are entered, three pairs to a card.
A total of NBR1, from Card 1.19.1, pairs must he entered. The data
pairs start at a reflood time of 0 sec into reflood.

Columns Format Name Quantity
1-10 F TEMP(1) Inlet temperature in degrees F at
TIME(1) into reflood.

11-20 F TIME(1) Time from beginning of reflood (must
be 0.0).
21-30 F TEMP(2) Inlet temp. . in degrees F at

TIME(2) into ref sod.
31-40 F TIME(2) Time in seconds into reflood.

41-50 F TEMP(3) Inlet temperature in degrees F at time
TIME(3) into reflood.

51-60 F €(3) Time in seconds into reflood.

Continue on additional card until NBR1 pairs have been entered.
Maximum of six and one-half cards are allowed.
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Card 1.20.4 Reflood rate-time history cards.

The reflood rate-time data pairs are entered, three pairs to a
card. There must be NBR2 pairs, from Card 1.20.1, entered. The data
pairs start with a reflood time of O sec into reflood.

Columns Format Name Quantity
1-10 F FLORAT(1) Reflood rate in inches per second at
time TIME(1).

11-20 F TIME(1) Time from beginning of reflood
(second) (must be 0.0).

21-30 F FLDRAT(2) Reflood rate in inches per second at
TIME(2).

31-40 F TIME(2) Time in seconds into reflood.

41 -50 F FLDRAT(3) Reflood rate in inches per second at

time TIME(3).

51-60 F TIME(3) Time in seconds into reflood.

Continue an additional card until NBRZ2 pairs have been entered. A
maximum of six and one-half cards are allowed.

Card 1.20.5 Reactor Vessel Pressure - Time Pairs. (Input same as

previous card grcup.)

Columns Format Name Quantity
1-10 F PRESTM(1) Reactor vessel pressure at time PRESTM
(2) (psia).
11-20 F PRESTM(2) Time from beginning of reflood (sec).

Continue with three pairs to a card until NBR4 pairs have been entered.

A maximum of six and one-half cards are allowed. [ ;7 N
oy LeJ
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Continue on additional card until NBR4 pairs have been entered.

Card Group 1.21 The Licensing Assistance Modeling Card Group.
(Include this card group only if NSWLAC = 1 on Card 1.2.)

This card group all.ws the user to specify which, if any, of the
Licensing Audit Code (L7) wiodels are to be substituted for the other-
wise best estimate (BS) m.del.

The input format is *fiee form requiring only blanks as separators.
The input numbers do not need to be placed in certain card columns.

Since there are several options available, the user may choose to
use all, all except a few, just a select few, or none of the available

modeling options.

Card 1.21.1

Data Field Format Variable Input
1 A PRNTOP ALL = all LAC models to be used.
NONE = no LAC models to be used.

SOME

use only the specified LAC
models.

EXCEPT = use of all LAC models
except for the specified
BE models.

For options ALL and NONE, nothing additional need be specified.

For options SOME and EXCEPT, the next data fields must specify how
many and wk ch LAC models are to be used. The number of LAC . BE
models 1is first entered, then the number codes for the models are

entered. Each number code must be separated by at least one blank
column.
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Examples:
SOME 3 12 5 11

This card specifies that only the three LAC models, 12, 5, and 11, will
be used.

EXCEPT 2 9 4
This card specifies that all LAC models except 9 and 4 will be usec.

The number code for each LAC model option is listed as follows:

Model Number Code
CLADDING AXIAL THERMAL EXPANSION 3
CLADDING DIAMETRAL THERMAL EXPANSION 3
CLADDING SPECIFIC HEAT 4
CLADDING ELASTIC MODULUS 5
CLADDING POISSON RATIO 6
CLADDING THERMAL CONDUCTIVITY 7
FUEL SPECIFIC HEAT 8
FUEL ELASTIC MODULUS 9
FUEL EMISSIVITY 10
FUEL POISSON RATIO 11
FUEL THERMAL CONDUCTIVITY 12
FUEL THERMAL EXPANSION 13
CLADDING PLASTIC HOOP STRAIN 14
CLADDING SURFACE HEAT TRANSFER COEFFICIENT 15
GAS THERMAL CONDUCTIVITY 16
METAL -WATER REACTION 17
FUEL DEFORMATION 18
. GAP CONDUCTANCE 19
OPERATING POWER * 1.02 20

ANS DECAY POWER * 1.2

N
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The model specifications on Card 1.21.1 override those specified

on other input cards. For example, if Card 1.1 specifies the Cathcart
model for metal-water reaction, but Card 1.21.1 specifies the LAC
model, the LAC model will be used.

Card i.21.2
Omit this card if NSWLAC = 0 on Card 1.2. Also, omit this card if
the LAC cladding plastic hoop strain model is not used. This card

follows Card 1.21.1.

Columns Format Name Quantity

1.5 I NPTRVP Number of pairs of rupture temperature
versus cladding differential pressure
(inside pressure minus coolant
pressure) (aP) in Card Group 1.21.3.

NPTRVP < 25.

6-10 I NPSRVP Number of pairs of vrupture strain
versus AP in Card Group 1.21.4.
NPSRVP < 25.

11-15 I NPFBLK Number of pairs of flow blockage
versus AP in Card Group 1.21.5.
NPFBLK < 25.

Card 1.21.3 Rupture Temperature Versus AP Table.

Columns Format Name Quantity

1-10 F TAB1(1) Minimum temperature at which cladding
will rupture when cladding differen-
tial pressure equals TAB1(2); °F.

11-20 F TAB1(2) Cladding differential prossure (psi).
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Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB1(4) > TAB1(2), etc.

Card 1.21.4 Rupture Strain Versus aP Table.

Columns Format Name Quantity
1-10 F TAB2(1) Cladding rupture strain if cladding
rupture occurs at cladding differen-
tial pressure of TAB2(2).

11-20 F TAB2(2) C1adding differential pressure (psi).

Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB2(4) > TAB(2), etc.

Card 1.21.5 Flow Blockage Versus AP Table.

Columns Format Name Quantity
1-10 F TAB3(1) Flow blockage if cladding rupture
occurs at cladding differential
pressure of TAB3(2); percent.

11-20 F TAB3(2) Cladding differential pressure (psi).

Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB3(4) > TAB3(2), etc.

Data Block 2. Thermal Property Data.

To reduce computer time, FRAP-T generates tables containing fuel
and cladding thermal properties versus temperature from MATPRO corre-
lations of these properties. Thermal properties at temperatures inter-
mediate to those in the tables are found by linear interpolation.
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Card 2.1

Specification of temmerature intervals at which thermal properties
are put into tables. No restriction placed on the upper bound value
for the quantities read in on this card. Larger values demand more
computer memory, however.

Columns Format Name Quantity

1-5 I NKF Number of thermal ccnductivity versus
temperature pairs to be generated by
code for fuel. If NKF < 2 it is reset
to 2. Normally NKF = 100.

6-10 I NSF Number of specific heat versus temper-
ature pairs to be generated for fuel.
Computer memory requirements are
reduced if NSF = NKF.

11-15 I NKC Number of thermal conductivity versus
temperature pairs to be generated for
cladding. If NKC < 2 it is reset to
2. Normally, NKC = 50.

16-20 [ NSC Number of specific heat versus temper-
ature pairs to be generated for clad-
ding. Computer memory requirements
are reduced by setting NSC = NKC.

21-25 I IDEBUG If IDEBUG 1is greater than zero,

thermal property tables generated for
fuel and cladding are printed.
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Card 2.2

Spec ification of temperature bounds of thermal property tables.

Columns Format Name Quantity

1-10 F TOF Minimum temperature in fuel thermal
property tables (°F or K) (must be
less than minimum fuel temperature
expected during calculations).

11-20 F TMAXF Maximum temperature in fuel thermal
property tables (°F or K) (must be
greater than maximum fuel temperature
expected during calculations).

21-30 F TOC Minimum temperature in thermal property
tables of cladding (°F or K).

31-40 F TMAXC Maximum temperature in thermal property
tables of cladding (°F or K).

Data Block 3. Temperature Computation Subcode Input Data

A1l of the input data cards must have an eight-digit card number
as the first entry on the card. The input data is free form and does
not need to be placed in certain card columns. Each piece of input
data must be separated on both sides by at least one blank column or 2
comma. A piece of input data that is integer format must not have a
decimal point or an exponent. Title cards must have an "=" as the
first nonblank character. Comment cards are allowed in this block of
the input data and are identified by an “"*" or a "$" as the first
nonblank character. Data on a card may be continued on a following
card by entering a plus sign as the first nonblank character on the
continuation card. The last card in Data Block 3 must have a "."
character in column 1.

573 231
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Card 3.1 Title Card.

This card must have the "=" symbol as the first nonblank character,

usually placed in column 1.
specify the problem title,

Tisting.

Card 3.2 General Data.

The remainder of the card is used to
which will be printed out in the input

This card must have the number 01010001 in columns 1 through 8.

Data Field Format Variable Quantity

1 I COLS Number of radial mesh points
(radial nodes) at each axial node
(COLS < 20).

2 I [GEOM Geometry type. Always input the
integer 2 (cylindrical).

3 F X0 Left boundary coordinate. Always
input 0.0.

4 F FCTR Source multiplication factor. Al-
ways set equal to 1.

5 I MAXIT Maximum number of iterations in
steady state solution (normally
about 200).

6 F EPS Convergence criterion for temper-

ature calculation subcode (°F
or K) (normally about 1.%F). If
temperature change Dbetween two
successive interations exceeds this
value, no convergence 1is declared

and another iteration ordered with _

updated material properties. C)
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7 I NOITER Maximum number of iterations on
material properties for time
dependent soluticn. (Normally
about 200).

Card 3.3 Format for Radial Mesh Specifications.

This card must have :i. number 01010200 in coclumns 1 through 8.
The card specifies the format for the input of the radial mesh data.
The data for Card 3.3 is fixed as shown below.

Data Field Format Quantity
1 I ID of problem in which geometry
data are defined. Always input O.

2 I Format of mesh spacing data.
Always input the integer 1.

Card 3.4 Specification of Radial Mesh.

This cards(s) must have the number 010102nn in columns 1 through
8, where 1 < nn < 99, Radial intervals with a constant mesh spacing
are specified. Normally, the fuel is given a constant mesh spacing,
the cladding a different constant mesh spacing, and the gas gap is
specified to have one mesh spacing. An example of a radial mesh is
shown in Figure A-10. Pairs of data are input for each radial
interval. The first number in the pair specifies the number of mesh
spacings in the interval, the second number the outer radius of the
interval. The interval data is entered in order of ascending outer
radius. If the fuel has a central void, the interval data for it is
entered first. The interval data for the cladding is entered last. If
the fuel has no central void, and the fuel is given a constant mesh
spacing and the cladding a different constant mesh spacing, the card
will have three pairs of data, as shown below.

-}
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Mesh point 1 -\ /—Fuel rod centerline

} Mesh spacing 1

Right boundary
coordinate of
mesh interval 1

Fuel
{(mesh interval 1)

®-=— Mesh point 3

Gas gap
(mesh interval 2)

Cladding .
(mesh interval 5) 1~ {Mesh spacing 6

Mesh point 7 EGG-A-729-1

Fig. A-10 Example of radial mesh layout.

Data Field Format Quantity

1 I If no central void, leave this
field blank. If central void,
input the integer "1".

2 F If no central void, leave this
field blank. If central void,
input the radius of central void

(ft or m).

3 [ Number of mesh spaces overlaying
the fuel.

4 F Radius of outside surface of fuel
pellets (ft or m).

5 I Number of mesh spacings overlaying

the gas gap (always input the
integer 1).
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6 F Radius of inside surface of
cladding (ft or m).

7 I Number of mesh spacings overlaying
cladding.
8 F Radius of outside surface of

cladding (ft or m).

The integers in data fields 1, 3, 5, and 7 must sum to C@LS-1, where
COLS is specified in data field 1 of Card 3.2.

Card 3.5 Composition Overlay.

This card must have the number 01010301 in columns 1 through 8.
Compositions are defined as homogeneous material regions bounded on
either side by mesh points. Composition data are input pairs of
numbers in integer format; the first being the composition number, and
the second the number of the last mesh spacing (not mesh point)
containing material with the specific composition number. Mesh
spacings which overlay the fuel region must be given a composition
number of 1. Similarly, cladding mesh spacings must be given a
composition number of 2 and the gas gap mesh spacing a composition
number of 3.

Data Field Format Quanitity

1 I Composition of fuel region. Always
input the integer 1.

2 [ The number of the mesh spacing
which overlays fuel and borders
fuel outer surface.

3 I Composition of gas gap. Always
input the integer 3.
r"“7 ~
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4 I The number of the mesh spacing
overlaying the gas gap (the number
in data field 2, plus 1).

5 I Composition of cladding region.
Always input the integer 2.

The number of the mesh spacing
which overlays cladding and borders
cladding outer  surface. This
number must equal C@LS-1, where
COLS is specified in field 1 of
Card 3.2.

Card 3.6 Normalized Radial Power Distribution.

This card(s) must have the number 010104nn in columns 1 through 8,
where 1 < nn < 99. The radial power profile factor is defined to be
the ratio of power in a mesh spacing to the radially averaged power in
the fuel. Power factors for each mesh spacing are specified by pairs
of numbers. The first number specifies the radial power profile factor
and the second number the mesh spacings where the radial power profile
factor applies. The power factors must satisfy the equation

2 2
Pl a1 ~Tn) -1
2
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where

re = radius to outside of fuel pellet

th

-
"

power profile factor for n™" mesh spacing

th mesh
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inner radial coordinate (cold state) of n
spacing
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N = number of mesh spacings in fuel

r = outer radial coordinate of nth mesh spacing.

n+l
The radial power profile factor should represent the average power in
the mesh spacings. All axial nodes are assumed to have the same
normalized radial power distribution. This card still needed even if
azimuthal variation in power specified on Card 4.5. The card specifies
power distribution at axial nodes at which no azimuthal heat conduction
is specified. If azimuthal heat conduction specified at all axial
nodes, put dummy data on this card.

Data Field lformat Name Quantity
1 F P(1) Radial power profile factor for
region defined by N1.

2 I N1 The largest mesh spacing number for
which P(1) applies.

3 F P(2) Radial power profile factor for
region defined by N2.

4 I N2 The largest mesh spacing number for
which P(2) applies.

Repeat as necessary. The last mesh spacing number input must be C@L-1.
If each mesh spacinc, is given a different radial power profile factor,
then N1, N2, etc., will have values going from 1 to CAL-1 in increments
of one.

Card Group 3.7 Initial Temperature Estimate.

This card(s) must have the number 010106nn in columns 1 through 8,
where 1 < nn < 99. The initial temperature distribution is input in

the same format as the radial power distribution except that the
temperatures are defined at mesh points rather than for mesh spacings.
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This input is only used to supply initial guess to steady state temper-
ature calculations. Normally, the steady state temperature
calculations will converge if the entire fuel rod is assumed to be at
initial coclant temperature.

Data Field Format Name Quantity
1 F T(1) Initial temperature of region
defined by N1 (°F or K).

2 I N1 The number of the mesh point on
the right boundary of region for
which T(1) applies.

3 F T(2) Initial  temperature of region
defined by N2 (°F or K).

4 I N2 The number of the mesh point on
the right boundary of region for
which T(2) applies.

Repeat as necessary. The last mesh point number input must be COLS.

End card. Place period symbol, ".", in column 1.

Data Block 4. Power History and Axial Power Profile Input Data.

Card 4.1
Columns Format Name Quantity
1-5 I N Number of a fuel rod in rod bundle
being analyzed. (Always input the
integer 1.)
6-10 [ NH Number of power-time pairs used to de-

scribe power history of rod (NH < 50).
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11-15

15-20

21-25

NA

NAA7P

NRAZP

Number of power factor-elevation pairs
used to describe axial power profile
of rod N (NA < 25).

Number of azimuthal angles for which a
radial power profile distribution is
input to specify azimuthal power
variation (1 < NAAZP) < 10). Leave
blank if NDIM = 0 on Card 1.1. If
NAAZP = 1, power distribution in fuel
is assumed concave parabolicA'3 in
shape. The shape is that given by a
parabola offset from center of fuel
rod and rotated through 180°.  The
shape is shown in Figure A-11. The
point of peak fuel power occurs on the
fuel surface. The shape is specified
by the equation; P(r,e)=A[r2 + B2 -
2Br cose]+ C, where P(r,8) = ratio of
power at radial coordinate r and
azimuthal coordinate & to area
averaged power, and A, B and C are
coefficients determined from user
input values on Card 4.5.

Number of pairs of relative power
versus radius in each radial power
profile {2 < NRAZP < 15). Leave blank
if NDIM = 0 on card 1.1 or NAAZP = 1
on Card 4.1.
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Section A-A INEL-A-1

Fig. A-11 Concave parabolic power distribution,
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Card Group 4.2 Power History Cards.

Columns Format Name Quantity

1-10 F PH(1) Average linear power in fuel rod N at
time PH(2) (kW/ft or kW/m). If
MPDCAY = 1 on Card 1.1, the power
should not include heat generation due
to radioactive decay of fission
products.

11-20 F PH(2) Time (sec).
Repeat until NH pairs of data have been placed on cards, four

pairs per card. Maximum of 12-1/2 cards of data. Input is in same
format as that of Card Group 1.10.

Card Group 4.3 ANS Decay Heat Formula Parameters. (Omit this
card group if MPDCAY = 0 on Card 1.1.)

Columns Format Name Quantity

1-10 F POWaP Average linear fuel rod power just
prior to accident initiation (normal
operation power - kW/ft or kW/m).

11-20 F TIMQP Time span at which fuel rod was at
operating power (sec).

21-30 F FPDCAY Factor applied to power given by ANS
decay heat formula. If  power
specified by ANS formula not to be
modified, set FPOCAY = 1.
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Card Group 4.4 Axial Power Distribution.

Columns Format Name Quantity

1-10 F PA(1) Axial power profile factor at
elevation PA(2).

11-20 F PA(2) Elevation (ft or m). This elevation
does not need to correspond to
elevation of an axial node.

Repeat until NA pairs of data have been input. PA(4) > PA(2),
etc. Maximum of six and one-fourth cards of data. A pictorial
explanation of axial power profile specified by Card Group 4.4 for case
of NA = 1 is shown in Figure A-12.

Card Greips 4.2 and 4.4 specify fuel rod power according to the
equation

P(Z,t) = Ac(2) P (t)
where
P(Z,t) = fuel rod power at elevation Z and time t (kW/ft or kW/m)
Af(Z) = axial power profile factor at elevation Z (this value
found by interpolating in table specified by Card

Group 4.4)

Ph(t) = average fuel rod power at time t (this value found by
interpolating in table specified by Card Group 4.2).
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Fuel rod with overlaid axial nodes == of™ Axial node §
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Axial node 4
Input axial
power profile /
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Axial power profile factor ANC-A-9122-1

Fig. A-12 Example of axial power profile specified by data on Card
Group 4.4, ‘
|
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Card 4.5 Concave Parabolic Power Distribution. (Omit if NDI¥ = O
on Card 1.1 or NAAZP > 1 on Card 4.1.)

Columns Format Name Quantity

1-10 F PH Maximum power peaking factor in fuel.
The factor is maximum value of the
ratio of heat generation rate at a
point to the cross-section area
averaged heat generation rate. The
point must occur on the fuel surface.

11-20 F PL Power peaking factor at point orn the
fuel surface diametrically opposite of
point at which PH occurred.

21-30 F DOFF ST Azimuthal angle of diametric 1line
connecting points PH and PL (degrees).
Azimuthal coordinate system defined in
Figure A-6. Unless D@FANG > O on Card
1.7, set D@QFFST=0.

Cards 4.6 and 4.7 are input as a set. There must be NAAZP (specified
on Card 4.1) sets of these cards. These cards are omitted if NDIM = 0
on Card 1.1 or NAAZP = 1 on Card 4.1. These cards specify the radial
power profile at various azimuthal angles.

Card A.6 (Omit if NDIM = O on Card 1.1 or NAAZP = 1 on Card 4.1.)

Columns Format Name Quantity

1-10 F AZ(L) Azimuthal angle (degrees) of Lth

radial power profile. The first azi-
muthal angle must have a value of zero
degrees. The last azimuthal angle must
have a value of 90 degrees if NSYMM =
0, and 180 degrees if NSYMM = 1.
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Card 4.7 (Omit if NDIM = 0 on Card 1.1) or NAAZP = 1 on Card 4.1.)

Columns Format Name Quantity
1-10 F PAZ(1,L) Radial power profile factor at radius
PAZ(2,L).
11-20 F PAZ(2,L) Radius (ft or m).
21-30 F PAZ(3,L) Radial power profile factor at radius
PAZ(4,L).
31-40 F PAZ(4,L) Radius (ft or m).

Repeat until NRAZP (specified on Card 4.1) power factor versus radius
pairs have been input. The radius of the last power factor for each
radial profile must equal the outer radius of the fuel.

The set of radial power profile curves must be normal. The set is
normal if the following relation is satisfied:

NAAZP
Z{g.” -0 _]]

3=1
NRAZP PA +1,7) + -1, ;
2
n= f
where
ej = azimuthal angle of jth radial power profile

(degrees)
NAAZP = total number of radial power profiles

r¢ = radius to outside surface of fuel
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-
"

90 if NSYMM = 0

-
"

180 if NSYMM = i

©
"

360 if NSYMM = 2,

Data Block 5. Coolant Condition History Input Data.

Five input options are available. In the first option, the
enthalpy, quality, and void fraction of the coolant are computed by the
code. These quantities are coupled to the calculated fuel rod surface
heat flux. In the second option, core average transient coolant
conditions are input on cards. In the third option, transient
spatially varying coolant conditions are input by reading a data set
stored on tape or disk. Ir the fourtn option, transient spatially
varying heat transfer coefficients are input on cards. In the fifth
option, transient spatially varying heat transfer coefficients are
input by reading a data set stored on tape or disk.

Card 5.1

Columns Format Name Quantity

1-5 I NSWC Coolant input switch.

If NSWC = 0, enthalpy histories of
lower and upper vessel plenums, core
average pressure history, and core
average mass  flux history are
specified by card input. The code
computes the coolant enthalpy,
temperature, quality, and void
fraction. These are coupled to the
fuel rod surface heat flux and vary
with elevation.

o
L
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If NSWC = 1, enthalpy histories of
lower and upper plenums, core average
pressure history, mass flux history,
and enthaipy history are specified by
card input. The core average coolant
conditions are applied to all fuel rod
axial nodes. The code computes the
coolant quality and void fraction.

If NSWC = 2, transient coolant condi-
tions are read from data set stored on
disk or tape. The format of the data
set is specified in Appendix E. With
this option, different coolant condi-
tions can be specified for each axial
node. The coolant void fraction is
computed by the code.

If NSWC = 3, fuel rod cooling is pre-
scribed by heat transfer coefficient
and bulk temperature histories input
on cards.

If NSWC = 4, transient heat transfer
coefficients, «coolant temperatures,
and pressure are read from a data set
stored on disk or tape. The format of
the data set is specified in
Appendix E. With this option, the
time and spatial variation of the heat
transfer coefficients and coolant
temperatures can be prescribed in
unlimited detail.

e

T

e~
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6-10

11-15

16-20

21-25

26-30

31-35

NP3K

NHL?

NHUP

NGBH

NHBH

NZPNE

Number cof pressure-time pairs used to
describe to coolant pressure history.
NPBH - 50. Leave blank if NSWC = 2
or 4,

Number of enthalpy-time pairs used to
describe enthalpy history of lower
plenum. NHLP < 50, Leave blank if
NSWC = 2, 3, or 4.

Number of enthalpy-time pairs to
describe enthalpy history of upper
plenum. NHUP < 50. Leave blank if
NSWC = 2, 3, or 4,

Number of mass flux-time pairs used to
describe mass flux history in core.
NGBH < 100. Leave blank if NSWC = 2,
3, or 4,

Number of enthalpy-time pairs used to
describe average enthalpy history of
coolant in core. NHBH < 25. Leave
blank if NSWC = 0, 2, 3, or 4.

Number of different zones for which
coolant conditions are specified along
the vertical flow path surrounding
fuel rod. If the coolant conditions
are computed by the RELAP4 code and
NSWC = 2, NZONE = number of volumes in
RELAP model that overlay fuel rod
being analyzed. If NSWC = 4, NIZONE =
number of heat slabs in RELAP model of
fuel rod being analyzed.
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36-40

a4

LCHF

JCHF

Option switch to control application
of axial power profile factor and cold-
wall factor to critical heat flux
correlations. Axial power profile
factor models influence of axially
nonuniform heat flux on CHF. Cold-
wall factor models influence of cold
walls surrounding fuel rod on CHF. If
LCHF = 0, critical heat flux corre-
lation multiplied by both axial power
profile factor and cold-wall factor.
If LCHF = 1, CHF correlation is multi-
plied only by axial power profile
factor. If LCHF = 2, CHF correlation
is multiplied only by cold-wall
factor. If LCHF = 3, neither axial
power profile factor nor cold-wall
factor are applied to CHF correlation.

If JCHF (next input variable on this
card) = 1, 2, or 5; LCHF set inter-
nally to 5, independent of input value.

Option switch to control critical heat
flux correlation. The correlations
are described in Appendix D of this
report. If the mass flux is less than
200,000 1b/hr-ft2,  the  modified
Zuber correlation is used in place of
the input specified correlation. If
JCHF = 0, the BaW-2""% correlation
is used for high coolant pressure.
Modified Barnett correlation®® s
used when coolant pressure is less
than 725 psia. The local form of the

A-6 is used for

Barnett correlation
pressure between 1000 7and 1300 psia.
YD L
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45

JFB

B&W-2 correlation is used when coolant
pressu:e 1is greater than 1500 psia.
For intermediate pressures, a combi-
nation of the two adjacent corre-
lations is used. If JCHF = 1, General
Electric correlation®’ is used. If
JCHF = Z, Savannah River correla-

tion®8 s used. If JCHF = 3,
either modified Barnett or W-3 corre-
lation®? s used, depending on

coolant pressure. Modified Barnett is
used when coolant pressure 1is less
than 735 psia. Combination of modified
Barnett ana W-3 is used for pressures
between 725 and 1000 psia. W-3
correlation is wused for pressures
greater than 1000 psia. If JCHF = 4,
the CE-1 correlation 1is wused. If
JCHF = 5, the Loss-of-Fluid Test
correlation?~10 is used. This
correlation assumes the geometry of

the LOFT reactor.

Option switch to control film boiling
correlation, The correlations are
described in Appendix D of this report.
If JFB = 0, form 5.9 (cluster jeometry)
of  Groeneveld corre]ationp"11 is
used when the coolant pressure is
greater than 500 psia. When coolant
pressure is less than 500 psia, the
Dougall-Rohsenow corre'lationA'12 is
used, If JFB = 1, form 5.7 (open
annulus geometry) of Groeneveld corre-
lation is wused when the coolant
pressure 1is greater than 500 psia.
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51-55

61-65

I

I

Card(s) 5.2.1

NF BSW

NQBOW

Columns Format Name
1-5 I N
11-20 F TS

21-30 F TE

Otherwise, the Dnugall-Rohsenow corre-
lation is used. If JFB = 2, Dougall-
Rohsenow correlation is always used.
If JFB = 3, Condie-Bengston correla-
A-13 4 always used. If JFB = 4,
A-14 s always

tion
Tong-Young correlation
used.

Number of axial nodes at which time
span of film boiling is prescrited by
card input. If film boiling region to
be calculated by FRAP-T, set
NFBSW = 0. This is normal option.

Switch to consider effect of fuel rod
bowing on critical heat flux and fuel
rod power. O = No, 1 = Yes. If
NQBOW = 1, Cards 5.2.2 and 5.2.3 must
be input, which prescribe deflection
of fuel rod due to bowing.

(If wwBSW = 0, omit these cards.)

Quantity
Number of an axial node at which time
span of film boiling is prescribed.

Start time of film boiling at axial
node N (sec).

End time of prescribed film boiling at
axial node N (sec). (Because of the
high cladding temperature attained
during the period of prescribed film
beiling, film boiling will wusually
continue after the prescribed period).

225 £77 »~ry



Repeat Card(s) 5.2.1 until the time span of film boiling has been pre-
scribed at NFESW different axial nodes.

Card 5.2.2 Effect of Bowing on Critical Heat Flux. (If NQBOW = 0
on Card 5.1, omit this card.)

Columns Format Name Quantity

1-10 F FBCHF Multiplier in  equation for CHF
reduction due to bowing. Equation is
described in Section 2 of Appendix D.

11-20 F BOWTHR Maximum amount of bowing that can
occur without any effect on CHF. The
amount of bowing is input as a
fraction of amount of bowing required
for contact with adjacent fuel rod.

Card 5.2.3 Deflection of Fuel Rod Due to Bowing. (If NQBOW = O,
omit this card.)

Columns Format Name Quantity
1-10 F BOWFR(1) Ratio of deflection due to bowing at
axial node 1 to maximum possible

deflection. The maximim possible
deflection 1is equal to fuel rod
spacing minus fuel rod diameter.

11-20 F BPWFR (2) Bowing deflection at axial node 2 as a
fraction of maximum possible.

21-30 F BOWFR(3) Bowing deflection at axial node 2 as a
fraction of maximum possible.

Repeat until bowing deflection specified for all axial nodes. If more

than eight axial nodes, continue on second card, with bowing fraction
for axial node 9 specified in columns 1-10.
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Card Groups 5.3 through 5.14 complete the data input that is
required for the coolant condition data block. Depending on the value
of NSWC (input on Card 5.1), not all of these card groups are input.
The card groups required for each value of NSWC are shown in
Tabie A-VII.

TABLE A-VII
CARD GROUPS REQUIRED FOR COOLANT CONDITIOW DATA BLOCK

NSWC Required Card Groups
0 5.1, 5.3 - 5.6, 5.8 - 5.10
1 5.1, 5.3 - 5.10
2 5.1, 5.8 - 5.10, tape of transient coolant condition,
according to format shown in Appendix E
3 5.1, 5.3, 5.11 - 5.14
4 5.1, tape of transient heat trans er coefficients,

coolant temperature and pressure, according to format
shown in Appendix E

Card Group 5.3

Specification of pressure history of coolant. Input in same Tormat
as Card Group 1.10, four pairs per card.

Columns Format Name Quantity
1-10 F PBH(1) Average core coolant pressure at time
PBH(2); (psia o N/mz).

11-20 F PBH(2) Time (sec).

Repeat until NPBH pairs have been input. Maximum of 12-1/2 cards
of data. The pressure at any given time is found by linearly inter-
polating the pressure betw:en the input time points.

-y 7 r
hio e99
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If NSWC = 3, or 4, do not input Card Groups 5.4 through 5.10. If
NSWC = 2, do not input Card Groups 5.4 through 5.7.

Card Group 5.4

Specification of enthalpy history of lower plenum (coolant at
boitom of fuel rods). Input in same format as Card Group 1.10.

Columns Format Name Quantity
1-10 F HLP(1) Enthalpy of coolant in lower plenum at
time HLP(2); Btu/1bm or joules/kg.

11-20 F HLP(2) Time (sec).

Repeat until NHLP pairs have been input. Maximum of 12-1/2 cards
of data.

Card Group 5.5

Specification of enthalpy history of upper plenum (coolant at top
of fuel rods). If coolant always flows upward, enthalpy of upper
plenum can be set equal to any value greater than enthalpy of lower
plenum., In this case, the upper plenum enthalpy values are only used
to specify that coolant is always flowing upward. If the coolant is
flowing downward through the core, however, the upper plenum enthalpy
must be accurately specified. The lower plenum enthalpy can then be
set to any value greater than upper plenum enthalpy. Input in
manner as Card Group 1.10.

Columns Format Name Quantity
1-10 F HUP(1) Enthalpy of upper plenum at time
HUP(2); Btu/1bm or joules/kg.

11-20 F HUP(2) Time (sec).

Repeat until NHUP pairs have been input. Maximum of 12-1/2 cards
of data.
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Card Group 5.6

Specification of mass flux history of coolant. Input in same
manner as Card Group 1.10.

Columns Format Name Quantity
1-10 F GBH(1) Mass flux of coolant surrounding fuel
rods at time GBH(2); lbm/hr-ft2 or
kg/s me.
11-20 F GBH(2) Time (sec).

Repeat until NGBH pairs have been input. Maximum of 25 cards of
data.

Card Group 5.7

Specification of core average enthalpy history. Input this card
group only if NSWC = 1. Input in same format as Card Group 1.10.

Columns Format Name Quantity
1-10 F HBH(1) Enthalpy of coolant surrounding fuel
rods at time HBH(2); Btu/lbm or
joules/kg.
11-20 F HBH(2) Time (sec).

Repeat until NHBH pairs have been input. Maximum of six and
one-fourth cards of data.

Card Groups 5.8 through 5.10 specify coolant channel geometry
neeced by the heat transfer and critical heat flux correlations. A set
of three parameters describes the geometry. The parameters are heated
equivalent diameter, hvdraulic diameter, and flow cross-sectional

area. They should be computed as follows.
I
J

k-/ \J

/
4

‘
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The heated equivalent diameter and hydraulic diameter are computed
according to the equations

dhe = 4 Af/Ph
where

dhe = heated equivalent diameter

dhy =  hydraulic diameter.

The parameters Af, Ph, and Pw are computed according to the
equations shown below.

Case 1: Fuel Rod In Middle Of Cluster

A = s . ndr2/4
Ph = nd

r

Pw = ndr

where

¢ flow cross-sectional area
S = fuel rod spacing (pitch)
d - fuel rod outer diameter
h * heated perimeter

p = wetted perimeter,
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Case 2: Single Fuel Rod Surrounded By Unheated Flow Shroud

- 2 2
Af ﬂds /4 - wdr /4
Ph = nd

r

P" = nds + ﬂdr

where

dS = inside diameter of flow shroud.

Card Group 5.8

Specification of heated equivalent diameter of flow channel. For
more information on flow channels, see Card Group 1.11.

Columns Format Name Quantity
1-10 F DHE(1) Heated equivalent diameter of flow
channe! 1 (ft or m) [4 x (flow area)/
(heated perimeter)].

Card Group 5.9

Specification of nydraulic diameter of flow channel,

Columns Format Name Quantity
1-10 F DHY(1) Hydraulic diameter of flow channel 1
(ft or m) [4 x (flow area)/(wetted
perimeter)].

Card Group 5.10 If NSWC rnot equal to zero on Card 5.1 and
NREFLD = 0 on Card 1.2, leave this card blank.

L7772 Tl
S £ it
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Specification of cross-sectional area of fiow channel.

Columns Format Name Quantity

1-10 F ACHN(1) Cross-sectional area of flow channel 1
(ft2 or mz).

If NSWC = 3, input Cards 5.11 through 5.14. Otherwise, omit these
cards.

Card Group 5.11

Columns Format Name Quantity

1-5 I NHTCZ Number of different vertical zones for
which heat transfer coefficient and
bulk temperature histories will be
prescribed. NHTCZ < 10.

Cards 5.12 througk 5.14 must be input as a set for each vertical
zone. A total of NHTCZ sets must be supplied.

Card 5.12

Columns Format Name Quantity

1-5 I L Number of a wvertical zone (1 < L
< NHTCZ).

6-10 I NHPRS(L) Number of heat transfer coefficient-
time pairs specified for czone L
[NHPRS(L) < 49].

11-15 I NTPRS(L) Number of bulk temperature-time pairs
specified for zone L [NTPRS (L) < 49].

21-30 F ZP(L) Elevation of top boundary of zone L.

Elevation of bottom boundary of zone L
is assumed to be same as top boundary
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of zone L - 1. Bottom boundary of
zone 1 assumed to have elevation of
zero. Top boundary of top vertical
zone must have elevation greater than
or equal to active fuel stack length
(ft or m).

Card(s) 5.13

Heat transfer coefficient history for vertical zone L. Input is
same format as Card Group 1.10, four pairs per card.

Columns Format Name Quantity
1-10 F HTCA(1) Heat transfer coefficient at time
HTCA(2); (Btushr-ft2-OF or W/me:-K).

11-20 F HTCA(2) Time (sec).

21-3 F HTCA(3)  Heat transfer coefficient at time HTCA
(8); (Btu/hr-Ft2-%F or W/m%K).

31-40 F HTCA(4) Time (sec).
Repeat until NHPRS(L) pairs have been input. Maximum of 12-1/4 cards.

Card(s) 5.14

Bulk temperature history for vertical zone L. Input in same
format as Card Group 1.10, four pairs per card.

Columns Format Name Quantity
1-10 F TBLKA(1) Coclant temperature at time TBLKA(2);
OF or ¥.
11-20 F TBLKA(2) Time (sec).
573 239
¥ J
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Repeat until NTPRS(L) pairs have been input. Maximum of 12-1/4
cards.

Repeat Card Groups 5.12 tnrough 5.14 wuntil heat transfer
coefficient an? cuclant temperature-time pairs have been supplied for a
total of NHTCZ zones.

If NSWC = 2 or 4, a data set describing the transient coolant
conditions is read from disk or tape. The data set is accessed by
FORTRAN logical unit 4. The required form of the coolant condition
data set is given in Appendix E.

Orne program in the FRAP package has the purpose of transforming
RELAP4 plot data sets to FRAP coolant condition data stes. The infor-

mation required to use this program is given in Appendix E.

Card 6.1 Specification of Surface Roughness.

Columns Format Name Quantity

1-10 F RC Arithmetic mean roughness of inside
surface of cladding (microns).

11-20 F RF Arithmetic mean roughness of outside
surface of fuel pellets,

Data Block 7. Internal Gas and Plenum Data.

Card 7.1
Columns Format Name Quantity
1-5 I N Number of fuel rods in rod bundle
being analyzed. Always input the
integer "1".
6-10 I NC(N) Number of coils in upper plenum spring

[NC(N) > 1].
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11-20

21-30

31-40

41-50

51-60

61-70

71-80

F

F

GSMS(N)

VPLEN(N)

PO(N)

SL(N)

CO(N)

DS(N)

TGASO(N)

Amount of gas in fuel rod (gram-moles)
(leave blank if TGASO(N) > 0 in col-
umns 71 through 80 of this card).

Cold state upper plenum volume of fuel
rod (ft3 or m3); include volume of
plenum spring.

Cold state pressure in fuel rod (psia
or N/mz). If TGASO(N) = 0, only use
of this quantity is that of supplying
guess of internal fuel rod pressure on
first iteration of first time step.
Accurate value, therefore, is not
required. But, if TGASO(N) > 0, PO(N)
is term in calculation of moles of gas
in fuel rod. Accurate value, then, is
required.

Uncompressed height of upper plenum
spring of fuel rod (ft or m).

Uncompressed outer diameter of upper
plenum spring coils of fuel rod (ft or
m).

Wire diameter of upper plenum spring
of fuel rod (ft or m).

Temperature of fuel rod gas when at
cold state pressure PO(N); °F or K.
This temperature is term in calculation
to compute moles of gas in fuel rod.
If moles of gas input in columns
11-20, leave these columns blank.
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Card 7.2 Geometry of Lower Plenum. (Omit if NBOTPL = O on Card

Quantity

102.)
Columns Format Name
1-5 I NCOLBP
11-20 F VOLBP
21-30 F SPLBP
31-40 F COLDBP
41-50 F SPDBP

Number of coils in bottom plenum
spring (NCOLBP > 1).

Volume of bottom plenum (ft3 or
m3).

Uncompressed height of spring (ft or
m).

Uncompressed outer diameter of spring
(ft or m).

Wire diameter of spring (ft or m).

Card 7.3 Gas Composition Data.

Mole fractions of gas compunents specified. Total of fractions
should sum to 1. If they do not, the code normalizes them so that sum

Quantity

is 1.

Colums  Format _Name
1-10 F GF(1)
11-20 F GF(2)
21-30 F GF(3)
31-40 F GF(4)

41-50 F GF(5)

Fraction of helium in fuel rcd N.

Fraction of argon in fuel rod N.

Fraction of krypton in fuel rod N.

Fraction of xenon in fuel rod N.

Fraction of hydrogen in fuel rod N.
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51-60 F

61-70 F

GF(6)

GF(7)

Fraction of air in fuel rod N.

Fraction of water vapor in fuel rod N.

If, for example, a fuel rod contained 0.008 moles of helium and
0.002 moles of argon, then GF(1) = 0.8, GF(2) = 0.2, and GF(3), GF(4)
. « « are equal to zero.

Data Block 8. Plot Subcode Input Data. (If plots are not wanted, omit

the cards in this data block.)

Card 8.1
Columns Format Name Quantity
1-5 I NPLTS Number of axial nodes at which plots
of fuel rod response are wanted.
6-10 I NOGR ID If NOGRID = 0, grid is placed on plots.
If NOGRID = 1, grid is not placed on
plots.
Card 8.2
Columns Format Name Quantity
1-5 I N1 Number of an axial node for which
temperature, defc-mation, and pressure
} histories are to be plotted.
|
6-10 1 N2 Number of an axial node for which
temperature, deformation, and pressure
histories are to be plotted.
) Repeat for all nodes to be plotted.

If plots are wanted, all input cards from Cards 8.3 through 8.23 must

be supplied.
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Card 8.3 Time Axis.
Columns Format Name Quantity o
1-10 F TSTART Minimum time on time aais (sec).

;

: 11-20 F TERD Maximum time on time axis (sec).

! 21-30 F AXLT Length of time axis (in.). A tick
mark or vertical line is placed on the
plots at  every (TEND-TSTART)/AXLT
increment of time on the time axis.

| For example, if TSTART = 0, TEND = 100
sec, AXLT = 10 in., a tick mark is
placed every 10 sec on time axis.

31-70 A LABLT Label to be given time axis.

Card 8.4 C(Cladding Surface Temperature Axis.

| Colurs - Format Name Quantity
' 1-10 F TSMIN Minimum cladding surface temperature
on axis (°F or K).
11-20 F TSMAX Maximum cladding surface temperature
on axis (°F or K).
21-30 F AXLTS Length of surface temperature axis
(in.). A tick mark or horizontal line
| is placed on the plots at every
(TSMAX-TSMIN)/AXLTS increment of tem-
| perature on the temperature axis.
' 31-70 A LABLTS Label to be given surface temperature

e e

axis.
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Card 8.5 Fuel Centerline Temperature Axis.

Columns Format Name Quantity
1-10 F TCLMIN Minimum fuel centerline temperature on

axis (°F or K).

11-20 F TCLMAX Maximum fuel centerline temperature on
axis (°F or K).

21-30 F AXLTMP Length of centerline temperature axis
(in.).

31-70 - LABLT™ Label to be given centerline temper-

ature axis.

Card 8.6 Gas Gap Pressure Axis.

Columns Format Name Quantity
1-10 F PMIN Minimum gas gap pressure on axis (psia
or N/mz).
11-20 F PMAX Maximum gas gap pressure on axis (psi:
or N/mz).
21-30 F AXLP Length of gas gap pressure axis (in.)
31-70 A LABLP Label to be given gas 3jap pressure

axis.

Card 8.7 Cladding Hoop Strain Axis.

Columns Format Name Quantity
1-10 F EPSMIN Minimum cladding hoop strain on axis
(dimensionless).
11-20 F EPSMAX Maximum cladding hoop strain on axis

(dimensionless).
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21-30

31-70

Card 8.8

AXLEPS

LABLE

Length of cladding hoop strain axis
(in.).

Label to be given cladding hoop strain
axis.

Fuel Axial Displacement Axis.

Columns

1-10

11-20

21-30

31-70

Name

UZFMIN

UZFMAX

AXLUZF

LABLUF

Quantity
Minimum fuel stack length change on
axis (in. or m).

Maximum fuel stack length change on

axis (in. or m).

Length of fuel stack length change
axis (in.).

Label to be given fuel stack length
change axis.,

Card 8.9 Cladding Axial Displacement Axis.

Columns Name

1-10 UZMIN
11-20 ULIMAX
21-30 AXLUZC
31-70 LABLUC

Quantity
Minimum cladding length change on axis
{n. or m).

Maximum cladding length change on axis
(in. or m).

Length of cladding length change axis
(in.).

Label to be given cladding length
change axis.



Card 8.10 Fuel Rod Power Axis.

Columns Format Name Quantity
1-10 F PMIN Minimum linear fuel rod power on axis
(kW/ft or kW/m).

11-20 F PMAX Maximum linear fuel rod power on axis
(kW/ft or kW/m).

21-30 F PLEN Length of linear fuel rod power axis
(in.).

31-70 A PLABL Label to be given linear fuel rod power
axis.,

Card 8.11 Fuel Surface Tenperature Axis.

Columns Format Name Quantity
1-10 F TFMIN Minimum fuel surface temperature on
axis (°F or K).

11-20 F TFMAX Maximum fuel surface temperature on
axis (°F or K).

21-30 F TFSLEN Length of fuel surface temperature
axis (in.).

31-70 A TFSLAB Label to be given fuel surface temper-
ature axis.

Card 8.12 Gas Gap Heat Transfer Coefficient Axis.

Columns Format Name Quantity

1-10 F HGMIN Minimum gap heat transfer coefficient
on axis (Btu/hr-oF-ft2 or H/M2-K).

-y

7 )
|.‘) L‘JI

wr ¥

.
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11-20 F

21-30 F

31-70 A

HGLEN

HGLABL

Maximum gap heat transfer coefficient
on axis (Btu/hr-CF-ft% or W/MZ.K).

Length of gap heat transfer coeffi-
cient axis (in.).

Label to be given gap heat transfer
coefficient axis.

Card 8..7 Surface Heat Transfer Coefficient Axis. (Logarithmic

scale.)
Columns Format Name Quantity
1-10 F HMIN Minimum surface heat transfer coeffi-
cient on axis (Btu/hr-CF-ft? or
H/MZOK) -
11-20 F HSMAX Maximum surface heat transfer coeffi-
cient on axis (Btu/hr-oF-ft2 or
WMZ.K).
21-30 F HSLEN Length of surface heat transfer
coefficient axis (in.).
31-70 A HSLAB Label to be given surface heat trans-

Card 8.14 Average Cladding

fer coefficient axis.

Temperature Axis.

Columns Format Name Quantity
1-10 F TAMIN Minimum average cladding temperature
on axis (°F or K).
11-20 F TAMAX Maximum average cladding temperature

on axis (°F or K).

Ra
-
o~
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21-30 F TALEN Length of average cladding temperature
axis (in.).

31-70 A LABLTA Label to be given average cladding
temperature axis.

Lard 8.15 Heat Per Unit Length Transferred Out of Fuel Rod Axis.
This plot designed to overlay plot specified by Ca. 8.10.

Columns Format Name Quantity
1-10 F QMIN Minimum heat out value on axis (kW/ft
or kW/m).
11-20 F QMAX Maximum heat value on axis (kW/ft or
kW/m).
21-30 F QLEN Length of heat out axis (in.).
31-70 A QLABL Label to be given heat out axis.

Card 8.16 Plenum Pressure Axis.

Columns Format Name Quantity
1-10 F PPMIN Minimum plenum pressure on axis (psia
or N/mz).
11-20 F PPMAX Maximum plenum pressure on axis (psia
or N/mz).
21-30 F PPLEN Length of plenum pressure axis (in.).
31-70 A PPLABL Label to be given plenum pressure axis.
E,’T.]) LVA}
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Card 8.17 Fuel Rod Upper Plenum Temperature Axis.

Columns Format Name Quantity
1-10 F TPMIN Minimum plenum temperature on axis

(°F of K).

11-20 F TPMAX Maximum plenum temperature on axis
(°F or K).

21-30 F TPLEN Length of plenum temperature axis
(in.).

31-70 A TPLABL Label to be given plenum temperature
axis.,

Card 8.18 Gas Flow Rate Axis. Plot of rate at which gas flows
from plenum.

Columns Format Name Quantity

1-10 F GFMIN Minimum gas flow rate on axis
(gram-moles/ sec).

11-20 F GFMAX Maximum gas flow rate on axis
(gram-moles/sec).

21-30 F GFLEN Length of gas flow rate axis (in.).

31-70 A GFLABL Label to given gas flow rate axis.

Card 8.19 Mass Flux Axis.

Plot of mass flux of coolant surrounding fuel rod. (If NSWC = 3

or 4 on Card 5.1, put dummy values on this card such that GMAX > GMIN
and GLEN > 0.)

£ 7
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Columns Format Name Quantity

1-10 F GMIN Minimum mass flux on axis (1bm/ftl-hr
or kg/s.mz).
11-20 F GMAX Maximum mass flux on axis (1bm/ftl-hr

or kg/s-mz).
21-30 F GLEN Length of mass flux axis (in.).
31-70 . GLABL Label to be given mass flux axis.

Card 8.20 Coolant Quality Axis.

Plot of average quality in coolant channel at level of axial node
being plotted. (If NSWC = 3 or 4 on Card 5.1 put dummy values on this
card such tnat XMAX > XMIN and XLEN > 0.)

Columns Format Name Quantity

1-10 F XMIN Minimum quality on axis (dimensionless).
11-20 F XMAX Maximum quality on axis (dimensionless).
21-30 F XLEN Length of quality axis (in.).
31-70 A XLABL Label to be given quality axis.

Card 8.21 Coolant Pressure Axis. Plot of average pressure in
coolant channel at level of axial node being plotted.

Columns Format Name Quantity
1-10 F PCMIN Minimum pressure on axis (psia or
N/mz).
11-20 F PCMAX Maximum pressure on axis (psia or
N/mP).
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E

| 21-30

@ 31-70

A

PCLEN

PCLABL

Length of pressure axis (in.).

Label to be given coolant pressure
axis.,

Card 8.22 Fuel Rod Radial Gas Gap Thickness Axis.

| Columns Format Name Quantity
1 1-10 F THKMIN Minimum gap thickness on axis (mils
| or m).
11-20 F THKMAX Maximum gap thickness on axis (mils
or m).
| 21-30 F THLEN Length of gap thickness axis (in.).
31-70 A THKLAB Label to be given gap thickness axis.

Card 8.23 Coolant Temper2ture Axis.

Columns Format Name Quantity
1-10 F TBMIN Minimum coolant temperature on axis
(°F or K).
11-20 F TBMAX Maximum coolant temperature on axis
(°F or k).
21-30 F TBLEN Length of coolant temperature axis
(in.).
| 21-70 A TBLAB Label to be given coolant temperature

axis.
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APPENDIX B
SAMPLE PROBLEM

A FRAP-T prediction of the behavior of the hot fuel rod of the hot
coolant channel in a PWR after a double-ended cold leg break is shown.
The input data, calculation printout, and plots of calculation results
are presented. A summary description of the fuel rod analyzed is shown
in Table B-1. The peak rod power at initiation of the accident was
51.9 kW/m. The internal gas in the fuel rod consisted of 0,030 gram-
moles of helium. The fuel rod was assumed to be at beginning-of-life,
so a FRAPCON-1 calculation of the fuel rod initial conditions was not
required. The boundary conditions were determined by the RELAP code,
and then input to FRAP-T5 on cards.

TABLE B-I
FUEL ROD DATA (COLD STATE)

British SI
Measurement Units Units
Fuel stack length 12 ft 3.658 m
Cladding outside diameter 0.422 in. 0.01072 m
Cladding thickness 24 mils 0.6096 x 107> m
Amount of internal gas 0.030 gram-moles
Plenum volume 0.657 in. ° 1.076 x 1075 m3
Fuel density 638 1bf/ft> 1.022 x 10% kg/m?
Cladding density 409 1bf/ft? 5.5602 x 10° kg/m’
Arithmetic mean roughness 0.114 x 10™° m
of fuel
Arithmetic mean roughness 0.216 x 107 m
of cladding
Radius to outside edge of 0.121 in. 0.307 . 1072 m

pellet dishes
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The input cards for the problem are listed on computer printout
sheets 1 and 2% included at the end of this appendix. A descriptive
printout of the input data is shown on sheets 3 through 13. The data
are printed out in about the same order as they are stored on the input
cards. The input data of a general nature are shown on sheets 3
through® 6. The temperature calculation subcode input data are shown on
sheets 7 through 9. The radial mesh that was used by both the temper-
ature and deformation subcodes is shown in this printout. The radial
heat source distribution is also shown. The average fuel rod power
history and axial power profile are shown on sheet 10. The input data
used to .pecify the transient fuel rod to coolant heat transfer coeffi-
cients and coolant temperature are shown o~ sheets 11 and 12. The neat
transfer coefficients are prescribed for three axial zones. Fuel rod
to coolant heat transfer is uniform within each zone The input data
for the gap conductance and gap pressure subcodes are shown on sheet 13.

Computer printout showing fuel rod behavior for the first
20 seconds following the cold leg break are shown on sheets 14 through
27. The fuel rod state just prior to accident initiation is shown on
shcets 14 through 18. Localized ballooning and rupture of the cladding
occurred 11 seconds after accident initiation. Rupture occurred near
the point of peak fuel rod power (axial node 5). When cladding rupture
occurred, the fuel rod internal pressure drcpped to the value of the
coolant pressure (shown in Figure B-1). The peak cladding urface
temperature was 1284 K and occurred 10.5 seconds after the pipe break
at axial node 5. The surface temperature history at axial node & is
shown in Figure B-2. The fuel centerlinz temperature continuously
dropped during the LOCA. This is shown in Figure B-3. The uniform
cladding hoop strain history at axial node 5 is shewn in Figure B-4.
The maximum unifoim cladding hoop strain is 17%. Localized ballooning
and rupture occurred at axial node 5. This deformaticn is not shown in
Figure B-4. The gap conductance history at axial node 5 is shown in
Figure B-5. The plenum gas temperature is shown in Figure B-6. Length
change of the cladding is shown in Figure B-7.

a. All sheet numbers mentioned in this appendix refer to the numbers
located in the upper right corner of the computer printout sheets.
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Fig. B-5 Gap conductance history.

The strain quantities printed at each axial node are those
computed by the FRACAS subcode. Since the FRACAS subcode is not used
after the balloon subcode is turned on, the printed strains after
cladding ballooning has begun stay fixed to the values calculated just
prior to initiation of localized cladding ballooning. Thus, the
cladding plastic hoop strain after cladding failure at the rupture node
is shown to be 17% (the instability strain), even though the hoop
strain in the region of localized cladding ballooning reached a value
of 37%.

The calculations were performed on the CDC 7600 computer at INEL
and took five minutes of computer time.
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INPUT IN BRITISH Sysfiw BB (f?i'floﬂvgal TN S 1. uwirs

MUROER CF FUEL ROCS
NUFBER CF FLOw CHANNELS . 1
WUFBER OF AXIAL NOCES - 18

ERER GEERRSLTERNARSYBL JUSL feroeRavion mozee seecarieo

CATHCART CLADDING CXICATION MODEL SPECIFIED

RODIFIEC ROSS AND STOUTE WODEL FOR GAP CONDUCTAMCE YO SE USED

CAS FLOW MUDEL NCY TO BE USED ~ INSTANT PRESSURE EQUILIBRIUM ASSUNED

INITIAL TIKE “Je SEC
FINAL TIkE * L200000E+82 SEC
RAXINLAM TINE STEP * «100000E+0Q0 SEC

IF VIME STEP EXCeEDS  +100COCE+QS SEC » STEADY-STATE MEAT CONOUCTION NODEL TO BE USED.

AR RULETYIEY ERRIR. /2000888790 *5¢ , ese s
EERCBIATETEL woix 2°218808" 01072 A

PROBABILITY THRESHULD FOR FUEL ROD FAILURE «1,10000

$0% FUEL PELLEY DATA oes

FUEL CENSITY * L63800E+03 LBN/FT) «10220E+05 KG/N3
FRACTION OF THECREYICAL DENSITY = Lu%2457

SUEVERE" SORAST0n oFOPERE Shack 15 oR®TPPTaR veau tHis swouLoems

DISH DEPTH * J62500E-03 FY «19050E~03 »

PELLEY HEIGHY * +25100E-01 FT «TE505E~02 N

CISH VOLUME/PELLET » ,200006-06 FT) «56634E~08 Nes)
FRACYICN BY WEIGHY OF FUEL THAT PLUTONIUN DXIDE +0.80€000
SURNUP OF FUEL «0. MuS/KE

RATIO OF ATONS OXYGEN TO ATONS URANIUM IN FUEL (AS FABRICATED) « ,200000E+01
AVERAGE FASY NEUTRON FLUXK (N/M®®2-SEC) =Q.
TIRE SPAK OF FASY NEUTRON FLUX (SEC) =0,

COLD STATE TEWPERATURE OF ROD « 70.0 F 294.3
CONVERGENCE FRACTION FUR INTERMAL PRES, = 1.006-03
FONVERCENCE FRACTTINN FNR TEMPFRATIRES = 1.00F-N2
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/ THERMAL PROPERTY DATA 7

FUEL PROPERTY TABLES IN THE TEMPERATURE RANGE 850
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CLAD PROPER Ap HPERA RANG
SHED CSEPESd ol iR e dl THERREr ERATLER VIVSE 2% Ra " Red %0l 1 vy,
FUE N LIBQQE+02 LON/FTee 4 KGIReS
ERE RN T rnconercar SEnsiTs O3S iy SL0EERe of
CLAD CENSITY = 4.0954E402 LEN/FTee3 6.9602E+03 KG/N®e)
GAS GAP MEAT CAPACITY = 1,2006=02 BTU/FT##3,F B.04BE+02 J/Need, K
FUEL MELTING TEMPERATURE = 5144.0 F 3113.2 K
FUEL MEAY OF FUSION =  7.51%6E+04 BTU/FTee3 2.8002E409 J/neey
CLAD PELTING TENPERATURE = 3317,0 F 209842 K
HEAT US 10N 3.9616E+04 BTU/FT®e3 ATS0E+09 J/mee)
EhaGe"TATo R0 FES IO - LAY
INITIAL INCEX = . FINAL INDEX = 0 ARRAY LENGTH =
"'lfggiz :§ s 'coooon 84 +03 109000 +0 4 093006404
- H (120300E+04 1299886082 ;19390083  :1%2383%:8%

TYNISIE0 4004

Sheet 6

294.3 TO 4977.6 &

294.3 TO 2199.8 «

13 ARGUMENT « «294261E+03

+L11300E+04 «113306E+04 «115300E+04



LISTING CF INPUT DATA FOR CASE 1

; . ztatg:lh A?:L;S‘S oF SlﬂGLE ROC
1on 5 } ’ & e 100 1 100
§ i! after Lo ATION AND ;tsn INCRERENT 1
[} !1 No?ﬂClElkgT JATA -OUN}'S ARE FY
o, i !x 1 ; o .01357% 2 .017%8
o dok [ or1R1BUTION Avos o :: . . "
. 6 996 7
3 Hiﬂ,L niae..wl-ﬁ;" 3:3&* o
5

TYNISIHO 4004

Sheet 7



92

TVNIJIH0 4004

GENERAL DATA

DATA

DATA

FEATL PROBLEM NUMBER . 1
NUNBER UF MESH POINTYS = 14
GECMETYRY TYYPE = CYLINDRICAL

LEFT BOUNDARY COORD. - 0.

SCURCE SCALING FACTOR =« 1.00000E+0C0
TCTAL INTEGe SOURCE *  7.30565E~04
FOR STEADY STATE CALCULATIONS

PFAX NC. OF ITERATIONS = 100
CONVERGENCE CRITERION = 1,00000€+00
FOR TIWNE DEPENDENT CALCULATIONS

MAX NO. OF IVERATIONS = 100

Sheet 8



POUR ORIGIRAL

-

20+300006°9 &1

TR LR LU TR IR TEU LR LS HU Ll g
P

~Na

T0-300016% °&

to-30000e-5 -3'  P8-3BBEERCY CIT  PReIREERRT 9T 9RuIR@ERRY b WaSideRdeR ¢
5

S MBS TT SANIOL.S 1Y, N335428, NvASNDD (D)0 3own0S

3 2t T ‘tr

N
cemvar SEBS RN it L SHVASeAnc AN 130438, M4SN0 NOTLIS0MD)

s ey
ATLYIN

ane
——y
.

"%

4 1131 A £ 11T 0 S A 117+ T A = 11 11 S

(IF)X  *f) =~ SILUNIOWODD HSIN 3

€0-306200°T *&1 Joonszte 2t €0-300626°T “*I11

50~
t1ye GRV tY-1iT :nm& HSIW NIIRLIE UINVISNODD “I)X ¥YLI130 “ININIFYINT HSINW
ot 30 *(IIr) = SIVANIINT WS3W

6 3193yS



L ses

Z.iOOGt'O?
1.6300k+0
«1120E+01FOR FUEL ROD »

SURS TO

6TH

LEN

VOOV O OO VOO
COOOC OUOUC
. +

1QOO O OO0 —tvded
OO0 FOOOQODKOD

| 2298 Prr e

b vt bl S s s A A

) OOV IDOODD
PO PPt
et STV N~ O WO

e it al AT L PR TS )

L B B I B N N
o SO OND P G0 D ot O

POOR ORIGINAL




Sheet 11

S%% THANSIENT MEAT ThAnSFE® COEFFICIENT AND BULK TEMPERATURE SPECIFLIED 8V CARD INPUT ese

or «Sl4a n

3.0000 F1

TCP BOUNCARY ELEVATION «

H.T.C.

b

e J0NE

2=%)

DIV N e
OV O VOUCO VUV

NeErs s v rrasTe

-
P GNIY IS 44 S (RN €0 SR I O

2.7402 8 L]

e e

"

1.65% 1

-
NOE e

OO 000
SsSssrven

=-DOLOXTATONO
R et AL Bl s Tl
PFLIONDOPOLOC D
taiidnd Ll L i
R

HeToC

F=FT12)

03

il L P ST
I FWHOVCT LD
sPrsrr s

"

T i i e s i
NOOWVC BOUE e OO
D OO r eI IIE N
ML QUNIYIL VOO
B il el i T
R R R

Pt e A —— e
VOVOD LI
R
A e W A

it TR Rt By ¥

PRI S e v 3

AR O P et
L
©

TI®E(SEC)
g
¢
c
§
7
7

o
E Rk

B resrsarrs e
.

o~
-

.~
-

R ittt Latlae DR B L T
- IO IC IIOT D
Messbrssssvne

B srsrerserer

B e T i LT L)
COLUIOPOWUCO
T
WA AL S M

B b A Bl S
P S O
D Lt R T T
L

TINE(SEC)

TOP BCUMDARY ELEVATION = 99,0000 #Y

N

eee IONE

N O T D
Bl o alaal 2 L
BOT OOV OOITD
TR NSO O RN O YN
e

.

-

-

z

-

~

—

-

1

-G A Pt et N
| GO OL UIIC D O0C
P L
R B et et ]
N AID D I D D

Lttt et e O O
OOV I D0 w9 20
srrr s aren
N o B
e e e
AP U e
ot v T N
Bt bie b Sl AL =]
PRt Laem =L L O P )
R

TIPE(SEC)

C.

Kesssrasrroar

MDA W AT e D e
WO OO OO n e~
e
=

-
-

-
-

-, VRV e
- OO0V 2 MDI
Esrssssssacre

Tire(SeC)
¢
L
{43t
&

POOR

267

TOP BOUNDARY ELEVATION « 12,9000 FY

eee 20HE

TINE(SEC)
¢
:
i
N



Sheet 12

2839E+02

5CQ0E+01

<eu508E401

0000000000000

o



L

69:

YN0 ¥00d

®8¢ CAP CUNDUCTANCE SUBCODE INPUT ese
ARITHRETIC MEAN KCUGHNESS OF CLADDING (MICRONS) =
ARITHRMETIC MEAN ROUGHNESS OF FUEL (MICRONS ) =

€00 GAS GAP DATA #ee
XKX CATA FOR ROC 1 xxx
GAS CLANTITY = 3.000£-02 MOLES
PLENUM WOLUME » 3,800E-04 FT*%3 { 1,076E-0% Mee3
GAP PRESSURE = 2.2436+03 PSIA  ( 1.546E+07 N/We
SPRINC LENGYH= &.583E-01 FY { 1.367e-Q1 n
CCIL €D SPRING = 2,9106~02 FT  ( 8.870E~03 M
NUPBER OF COILS = 22
WIRE CD OF SPRING = 6.333E-03 FY
"R TIM N S CORVIE xowon
i tce.ox 0. 0. 0.
PLCYS RECUESTEL FOR 4 NODES
B 3 6 ?

( 1.930E-93 n

ST 11111
§1000!0°b §§§§§§§§§ §§ i§ F
-+3000E-01 ol - s +

e dd
“iaeeen: §§§§§§ g
-8R gsggss§s§ | gss§

¢ e E§§s§§§ :

se¢ LENGTH REQUIRED FOk Al ARRAY = 10681 se»

«2160E+C1
«1146E+01

)
2 )
)
)

HYDROGEN NITROGEN H20
Q. 0. o

seace venelSiubi’or coap g0
A e
it toiaﬁ*m "R
T
R
Rags PPN R ASSRNSERyES/SEC)
Bl

Sheet 13



Sheet 14

SEC

CCOLANY CONDLTIONS AT TIKE

oo >
OVIOPOVOO0 DO I POC

- .
L' FPPP PP P P00
Al S JADAS A (At "

................



Sheet 15

Lb“(;(

HOURS )

(0.
VINE S1EPs. 409000F0T SEC  NUMBZE CF TRIFEOAJUAE-CEFORIRLIRUTATER®ERS MERE [TEMAUACEY Sec *

SEC

CUNUETIONS AT TINE =0.

FUEL ROD o 1

-
s
>
- -~y = 3
o oo e €OV EO O
- *r & T ™ N DO O
it WU © ~OMUOOO VO
nwe "N O MO NP DO N
M DUoe O NNOSOMO O
OO NN —_— O D OO
R L R
MO TN OO0 <
-
»
»® =
- (=]
x - -
o w -
- - £
Lo " -
- - e
- - o -
-~ R ) w
L 3 A -
s o e e
-~ L w2
2R L - -
g o I -~ X2 - & -
EddwE —~Juo = o TC>
-ar £ Nw W - LD
Bt ) Tw=® T - N
B JOT ST ~ O =0
wEAmEI~ED = X - VW
WD ST & = = X
Y - “w mnIX
- Eoantl— a0 WOX -2
Bk ZTO AN KO WwWE WO
[=0TE R 0 Db ELAMLZQ
OO AR L IE S ODE Tx

- e

Damd NEwWEe W x> -
B et

W =

-

DL AWK D N DN E S A

AN ww

aueaLwI Rz

QU2 w PAD0JIIX

271



Sheet 16

- © " - PP ot R P~ © ~m -
o k=] e o % "o *
- R . » - i *ees 11
- b W O O s AL A
el ~ B NN FEONN - “ H OO €PN ONO > DO
- s e o " O Ow OF VDOT Ot WO © 94 st scsrentecsne
00 ~ " ~OONNOO D or~Oont ™mO o N NN O N DO O
e A e R T T A OGP~ i
L)
o NN NG NN it
-t
-
- ” “ ¥ W ﬂom—wm 000“0 —m *
- el . AT L A AR AU U M
O NOeo00 ~ W AN O OO TN €O O DT N QD) P D D
- O ~ - MO0 T Or PNHOM WO © 94 tTserrrasrrre e
[~ ND NO ~ .« DOONN OO O~ o MmO O ENOY NSO
" L L e A I I as:z.. - -y
N OV NN it o
Lo
-
Y]
- -4 e " - P ag ™ DR 4 ™
2 = 9 o o OO0 40 o
o - * * - ] ey i 1
o -t D W L AL Bttt et
= Q'”s o ® NOTFN-OO oo "o T\l DO DO OV ¢ ©
3. B “ " PHOTOMDOT ey WO © 3 sserrestrasnen
L= 2 L] N OONNDOOO® O Oon~ MO CIN SN T4 R e O P O O
s A AR AR R R Nt OF & © =0 O P~ v
OO OO 4D O Medrdt T i AN OOPOO € N O DM OO O OO OO OO
(=] o ‘i OO NN O Ot St
= k=]
- -
<
= - <o " B b il MDD an
o L2 o W j3 SO OO0 3 4
- * * g ) *Ee e
- - o MO L MR BAUMRML T W
. MNOND L) O OMNNES NN FENOM DS BAOM O O OO O Mot
* Dt » - ™M N OO ON PN PO © 43 s f s csavteneee
Pt - & MO N NDO Q-on~ MmO O é WV O
= A A I e N R R ©re R ok el
x ’zsagi TNt D A aNNOO OO € NN MO OO IRV G P OO O OO
. " IO NN A eyt ey
o 0
. -
]
- ° " o™ i
o o [-J Qo
- - . . * .
v ] - o M A
NN “ ” T WO DN
"o e ©F NE O MO
- - T~ lad . DOONN OO
L R T T
) i) CHED D O PN AT et OO0 O TN OOt O NG
. -
-
-
=
-
> - - " ™ i Sakaaid
- - © o o CO 00O
(=] + * » *«* iy
-« e} Py MO O
B T ND -~ © NN e OO
DT s < - OOEONONG
“ - 00 Lad ¢ LoOoONOMORO
- FrOrt 88 0508 S P RN T NIRRT RN TR T KW WG DO O Al
w llﬁsa!‘a’ i.iizgg
>
- 1
- ~
x
- -
-
o . — -
(= iy x Ny
o 2% =~ x .0
- - e
- (%] - . ﬂﬂ
™ » - o~ bt
> ~ g & - o lh.!.lz ZZ ENKEE K ~ QN DMPNM bl « Sen
. <2 - * K - L NNE ten S WE s s ssrtssse - 8w
s we E-K b~ IO B0 W WHHLE N DF O rirtfrme o« O
- ~I W A~ AEW TR ACeIY Ex UZTUX Y
o - - e R DIE "MEAROUEE S"pepe @ xqw =
~ N o e o - WRENVI OV
-~ - NeeU e = - L SZXE~e e
o £ x Xeax«wu » WMEA e A ® > T OO -
- Now ENGw - a WO N XD “»x - A (=] VP00 Ovreyme
~ B W WONex D o e ] NV e z bt
- £ B WheeJl o O NDOJOK owr A Ehl(llﬂlll
» - D Mean wa OO Z OO X = O~ et AL Tl
» e NEmP A WAV~ O WPy ARIG.S A
Had ORvSu OQUANKE JOTFCIax AV SO D A X
W - - W DeSWE e R e ) O
BRL A MRV W 8T D re et PN LK DO VU -
W X QL6 MEOIOZOXS AL RN LT X KX T T Pl O
Q9 W AWK UU.I.LADEGAI& B AL DD T et W) et of WS W
Qo = Tl B o s o O W N KO VA EZZ Ewin O .
€3 6 e, - EC(UOC WA N SO IR IS sl
Qo D=0 - e XA N AmEE it st o x
B R A W W ok G WA e T O O B I ) e .

L ittt et L Lt B TE SN R T SR a3
Vd WD OMLE Tt idr o D i TOO O TR ey o i
et L 5] N9 IZ mEwvaiLx g o s e
SIS ] ded W @ WD DU D) LD P DO
'thF;EQEILL“CCNNNhﬂllNﬂXH'NIG nu.'

Ll e et L <

B ok o W, i HFCF‘L‘-&EC“'BS UD.‘l.tl
‘‘‘‘‘‘ whad B = D A OB DO MM D) I OB O -«
T s A D ) ) Glon P O S G e G e V) N L QD R b W At D i
Bl 2 DI M B D L o LIPS dd i el T B bV ) el I D I
Pl MALMD RN L I E3 CI NIt M AT IS DI




Sheet 17

3 S 5 8 ooooce 99983 39 o
* - > ++ 1101 S%eee ﬂ
OF v —~ L “!‘6% “; ”“ “
"e oo - " AOON DO~ oM~oON® ™Mo O
PMDI S BB T S R EIRETATRBTN NN R rARRTr RN
N O OODOO M D Dt O OO0 T
w "
Ll
-
-t P "n ™m NN D@D e ™
o o o o 143 083 3
- - > * > *
—~ w e O AL AL WAL W W
0O ~O0so e D OSSP ND BN MO
il * - M NNHIO00EO P00 ~O
[=} N0 - " DOONN OO0 M~ OoOrMOND MmO
(=] L A R R N N N
= P NOOO DO N 40 rird Prbrtty OO OO F NN M 4N O
o '
~
-
-
wd - o " - P ey M DD - ™
2 o o o °o 8840 00000 OO
a - +*r » ++ 1111 Seees L
T onfee § 3 NEmuNmuMs 0 S¥RME 32 8
N e e L ™M NN O ’iu ~O
0OnO - N AO0NN IO © OO MmO
e ani i A A e R L T
NP QOO ™ vt N O Ot N DO
(=] - ‘i
- e
o -
—
-
= e o “ M PP NN MO ~n ™
o o 0.0404 boodod W*
* > *e 1 I1 e eese *
- by B3 0N LA UL R M M
* PNOO o ® OO D N DD DO
- w’ - LAl " NN O O O O Wt - "“
~NO - " NOONANMOO © O -
(=] LR iR AR I O I )
o o>
— -
'
- el ” - PP et in DD -~ W
o o Lnd \60400 °8°W
- w - - L ] 1 ‘he s *4 *
o w . N DA b L WAL W
- OO o ©  CAOPNS OO FTODO W“ “
no e -4 "M TOTOOTNm e
- o0 < " FOON OO ® O On~S MmO o
oooooooooooooooooooooooooooooooooo
RO O OO0 O it Pt et O OO € MG M GO
- -4 "
o
-
=
-
= -t o w - Pt et PP D® " .
w > -] Qo O COOOVO DO000 OO0 ©
Q * - *++ i LR ]
x - - O LA A B L LY T PR )
a OSSO - © DONE-OOD FINOTO NO O
ON e e © M OO FONDM Pdeteihn, OO0 O
" © OO © " 000N OO0 Oone DO o
-— L L I e T T T T LR E
v O OO0 HOO -l VOO OO QT N A<M DNO
- " L )
- [=]
- -
E 4
- -
=
o) . - ——
(=] - N ix ~NN .
x 29 - =% .e = -
- -t = g .. -~ =
-d “ -y > rx x s, et
W - N Ee ) -~ - E el -~
-~ g B - o TE~—=N ZTE XHAX
- 2 - & X - - L v NS et iy
= wea E~E -~ Tre0de *e ww WiuwEm
- “IW wEw BAAW Emaaa , 2 X WDEIUX
> - e et DOE MEAEDOE R b o~
~ N b VIR W N E WA U
-~ - - Ny - - Wik XX - Z % et >
- £ ¥ XeX«wu = AMO P e el D T O
- - v JESeW - o WO v UV Bl S el el
~ B W N D o ey - 3 N O w
- FEEE S I * D NODOE ovswusx Lo S T 4
-~ - aa “ o & D0 ZO D I - O et WAL T A
» b NEBR X W~ O M by D AR

W DR e A W e D el

AW & MM WV 8 E DA e e K DB WA -

Vo QX6 M OOTOMUYE OB ELZ T REEI L E P 2000
D W AT DDOJUJERUDES L e A DD O b e e e o LD
e = N> ki e BN M EX S A BE Z AN D P ik P
LK Ol A IO0N MM ANN IS\ et DL
c 29~0 - b oL M W AMEELLWAME st~ g x
B O w6 P G AP OO B G Dt d i) e e -
O ¥ WdNMNMWLC AR O W ET O MW AU M e E Lo T &

S JOIDD FLUM IO I xaa o P L e ]

TE ZANaXX s b o BN

e R OO0 IR E W L Qi dod d ol B B ad IV bl 5. 30 3 A
B At ARV D L DO A DED A D AN DD D I,

................
Wl e TN NGO PO

WHE QLOTIreOoTomoreme
AXE £ OO NONDN D F £
E ~ ON@A-NP O 0m
WX s s*sssnrsvgnrs
= O Prbea MG B
-
=

-
0 UM PO © O O
x bt

POCR ORIGINAL



Sheet 18

-
-
o
o
o
=
-
Ws l.. ” Mw ” PPy e b D@ a M
QOO0 °ﬂ°0° oo
m - . * - AR ER] i .-4
w Y 0 e ) AR MMM A S
£ OV O-0 © N DA O O O O
-, O® - . -t " DS O™ O W
OO ) N NOONNS DO Or~or0
e i Bl R R L R T
MO QDPONO O AR P AN DOOEDO ¥ N & e tNO MO
o - L}
- -«
a -~
“
= - " " om e Leiaiid PR0m A4 W
o o o o OO0 3 *
- - . *ei st
- -~ - M R ) D AR MW W
. NODeO ~ N QOEN-O DN o D~ L
® 90 ~ - MONT O0~IO oM - o
N NO L4 N NOONN M O® O OO0 MmO o
(=] LR I I A e R
x 32"088.92‘46 %ﬂ%‘ga
-
o ~
— ~
'
° 2 s o 3 WQSN °
o o o o o000 3
- * ﬂ . * e *re e ﬂ
(] Y - P P s AL M
W SO0 - N D NCQNIP Pt TIENO0 ”“ “
o e . e 2 OOMD™ El el 3
- BNOO L) N DONAN OB OrOO® MO O
L iR L R R N I
N OO O OO -t O ey QOOC €
- -
o
~
=
-
™ — o " ™ Lt I i) PO e W
<@ o = ® o 80‘40 OO0 OO0 ©
o - - - *+e*i i1 *e*+ee 11 0
- - . D O L AL A M W
a MeenNOO £ © OO0 N-ODOLO IR0 O O
o . © " FENTONTOW PO 00 O
w " oo - O ON L OO 00 MO O
- Lt A R T T
“ N D O OO OO Med O A 1 eSO IEPCS # ) N DI
- ” L ]
-
- -
x
‘ -
=
o - — - — ‘
Q ey x NN -
x D8 - T -e = -
- -t - -e ~ =
- w 'S S =X z —~ -~
- x -~ N ot -~ - W 5~
2 -~ e 9§ o~ (S V] HEm~eN IXE XK
-~ - | - & x - e I
2 e e - E-OAOS S S aw sz
e ~LE K- G I qEaasesl mx VIUX
o b _—py - K DVE AKX DVEE S~ gxq
~ ~NE W o na A WREONA O
~ - N Y = - ENd W TE - & -
o L x EsX«9u » WG ey W @ iDL DO
- . JEASBW - e WO WV K YR s W
- W UNxO W g - VY b w
- O ML Y 2 NOOA ANenu R A X E
=] - 0 Vit=an - OO0 ¥ O T~ O~ st o s TN
> P NEAE & L O A il o X
oW DEwSiy OUOANE JOE«TaEx VWA D LEX

D=0 - b T AR AN A I LN A - )
PR B X W P AT AW e LS GO QLR O I ih S e

i OO0 A G D L BTNl i BB H Ny i b o) VP i
Pt WLINAP OV TRIUMN L P MGLID OIS Vit 5 Dot O AT I

oooooooooooooo

=

-
-
-0
St (P RN NSO VO OO e
QWX * s 880 rstgarsne
G NP O D) ) P N

WRX QWOEoFOEomareme
AL OO0 ENDO D & O
K~  ONOEON N St O S
WI ssrspsscssasncran
P O F O et NN & T e
-
=

.
@ N OO D O O
z A



Sheet G

.‘.

o ety

291667E-02 HOURS)

«103000:+02 SEC

FUEL BCD # 1 CONDITIONS AY TIRE =

-
SEC

-
-~
-
o
o - ~ “ ."
L+ a = * WY QeeO MO~ D
. Wer - Pt QT r s N
BT A W O Ot OO - O
W s + @ O P O, NI P
ONOP T O IO AaNO00
N MO O OO0 0
N TR AEY smares .
e - O O o
-
-
- =
- (=]
x -~ -
(=3 o -
- - zx0
- v O
-~ - -
- o L
ks wo e
EY —e -«
- o xx
oo~ L -0
S ) - -
s ad o =2 - a4 wo
Eaawl —Owd L4 QO zTE>
AR K N - 0o
Bk | Twem® Xa e il
O LD e Eres - WO 0N
—h eI ED wu £ - L
WA SE.sea & x = X

POnPiessule"E60e “TrRRATIERT R PEFOMRETIRUTIVED ERE YORE STEMA0E083

e By ED AWDN E0 R WD

D O e B _ -
. - W D - R A T
e N - DE el
O SUEXSVHVIEOD D W dWniKedn
2 Y w-. - ) X DI
.t. ABA“C.'"N IVOU‘(IG

R e N e S L e e



Sheet 20

"
o
*
ae o~
o
-~
-

-
=
o 10 vl N N0 W O
00000000000000
o MOV OV OONDOE
m ’“3‘."0.”...
© NN
-
m
Q
= Ot P g o
R R R R L PR
W e DO N O O B
O N O~
o © 00 - NN
-
e
-
-
= “ Ll N ™ OO AINN FN © O O 0 Ot O Mt
o -2 - 00000440*40
- > . @ - (R re e ] i
- w - B ] B N
. mNeTN -4 @ PO O~ MOP i T OO B0 F N EURE OO el
. QF s » o S NeEMNOooO NE AON NP NI TOCTON = s r8srass trasns
~OON - O @A O OOM - T W e 4D A O® O W F WP Pt PN O
Q L e R R e N PRI O Py N0 PN
k4 F DO NDO T vt T DN AN O O w I NN Or et g NN €& NN
- " | ' ad e ot
o -
~— -
]
s $ 9 9 3259999993 mooooo..eov.wwo};sz
9
- > m . » e L ] —e ey 1 '
%] - - O R A L S PSRV ISV vV seor V)
w N OON B OO DD e O N 382983” “ O OF O QOO Pt
"ne s » “ Q NOTOOOEV Mg N O - v Es e o. .....
- ] o> @ QNN OV T O P PAONO - Od X NNCH N DN O Ot WS
e R RN N I R R R R _— VNN O D Nt O O O 0
MOP OO0 O ¥ ~m OETNCPEECATOODOCDOTr e me™mO O
- - ' o —_
o
~ x
L s Ll
- -
- L - ~N ™ © D ™ DEVOPP M = =
- o L4 o 9 oo U000 OO0 © -
Q . - . ev i 1 ) ser e 1) ) -
-« w - - e €D d s AAMAL W AMMAL W W -0
a ~MNNDoN o " OND DM OME N P O O i PN A D Ot O NOPD N
"ne s L= O VOoVOO T oMmn e oM 00 O DEMX 2+ 80 sa s asertan
v —— - T OO ENND DN O O VR D) O P A O DD
- B I ) ’”5’6‘3’22“"“‘
“ l’-’gi T NG T OO0 WO € € IO MO " Lol gl e o gl g o
- >
—~ L] oD
- - .-
= “
- - B3
- o
(=] i i * Pl ol - VOO0
o > oy £x ~Nty - -0 QOO VOOV OV
= 28 -~ ix L = - - FIsesrr0 00000
- ~. = -~ .e -~ = -0~ IS s o el
— ] “E . =% = g WA DOCCSCETIODeND
- - - N prvien - el EvwE= A4xE $I200NON~DELIrON
= ~ —pn B -~ e TEmmN ZX ENEE K ~ ONMOAOSNP4OMO™
. =] - & X -- ErwrtTG g AN WL st SRR rasrecan
o we Eex -~ EGoas® s SMd UWWWE P OFO i ommT & &Fan
- “~IE NEw AW FTaAas el &x VIV “w
v ~ - e DX EBOVE RS W =
- NSy - T B T WNE NEAY N
~ - - NV s w - WV A Kk -
> X x X*K4au = HAL P e SO T 40 .
- e JENRW e A e o IO VI e Ak 0 N WO R PO
-~ B W ON—RO o« e - g W S e z P gt e 4
-« O A0 v P NDOOE A e WL e X
o - D e EA wao DO F D) L - 0wt £V T WA
0 e WA & LA~ MO AP VR~ L X
WAM VEavSW QUENT JOTalex AN L =D AR X
ad Wi N O e S s R Y e b -
E= ] o e T D R Wb AL DM o -
Dx QXA REMOJITOXES K —wdan O e Ly o
DO AE IDIJCOWDE NS e R L e T L e A
D F AV SR TRTRCS ST & e MIZZ XN O D
COXT  OUSesed MG 000 wESsan P S ot et

RHRDID - e AEA® N AMEE KW 49 2 4 «
L R i b e b L = B £ 4 e e it tidid
A WAL ) VTR O AU 5. LR LD T

Fai D OIDAWI T4 sk W Txos o P A Al e L

LM RORT I XEveaxIx i ad - oW e
) et Kb KV MDD DS D R DA DN W ey a
. b o ) I o AN NS L E X EERCEL TV V= T XS 38 Lo LRI
tvy B R EAPICI Ui R X K- Y F v g &
lllllllll s TAUL N IO B I CMI D LMD b oy
LD WO d TP ED OO LOO0OOMAO QMO0 OO0 LG
B MDD LDt h < O AR T L) W o L e e

-0 WIS I G N L T ) hnid e B Bl e i PR 3G T h
P bt WP ADV IV L ADB IS CIED NP I D LSRRI T IO
- -



Sheet 21

“ L ~N ™ DO NN N O WD OO Nt ) g
a oo § .80.3.
- . (AR css e (RN
Y - ” ”E‘t E -
NI ON O OO - = eno DA P TN DN
—~oT $ © S NCOBIOTamN BNOMERNNEORm eIt
-~ - O Dt MONI- O Mt O W 4O ONOCOD O MDD O O D
PO S P LA AR RIBPRR IR AN s raR I aNre g
NP PO NP & ’Qj‘i.i“ R it ]
e o s A s - o
o
-
“ " ~N = OO NANNN VN 0 OO OO
e 22 STPTITIT SITOITTTITY
- - - e [}
— o - A UL ) s A L i L A A AR
0 ~Oo0oN < "N OSSN OMOEETMoc NOd O & € DO C O DM A= it & O
.. © O LAOOO® T ~O >N RO OEMOEON~ 2 sesstcasersran
o NN NN ~ O ONNPMMANO D OT D OV DN -0 EOMO S 4D O0 O
O s OO #7258 8 ST E RPN EITBRIENIN PR ii‘g
= NE P P-OONOD F N ,632...6’._‘77;; TSy
o tro—
e
-
o
- “ " N ™ O ONrIN N &N © 00 OONAMNOM oy
2 L -2 - %‘1 0‘00831
=3 N - - e (AR N sheet 1| ]
o - w B O U AL MRS AR ML
r or~NowN ~ O DM D OO DO O OO DO DD
. © O DOCOOMOME NN FONOOATNI-OON = s es s sssssssran
N aN - > OMNMOMO™M OO0 P et O O & Qé‘i
.................................. OO T QENT er
N E P QPO & T DT € T A E OO vl A ONE b et VN § VIR Y
() ~ '
- -
a -
2
= o - ~N o™ OO NN N N WO O OONFNO Mt
o o o o 838‘3 §
N - * 4 22111110 eeeee
-4 o s o “ “_.8;99 Owan O O# =0 MO MO O O OO
- 5., " -
. g - W A NOO O OF T -~ l‘i\" oooooooooooooo
- NEEP DT Dot P NN T O OO gﬁ
L DD PR SR AS L LI RTEIRNBIE AR RI Rt NBEErS
= l‘?i " 347-’8.1".'\.‘131 W O N A
- - s R b
o
— ’
'
(-] ” ~N o~ O ON bt ot & O DO OO ~rtr® O Moot
(] o o § OO OO0
s ¢ SSTTTITIT TTTTTTTLIT
» e - e WY O s ) il A S ) e R e s ]
w MO ey - " DO NONE O 9383 el A WO O O WO F~O TN
"o . - O DVDPBDOOMN D™ tture W D et - A R R RN R
- ~o N - T DO MO OW 000 N r ot re P OO X S RDPDDOEN PP OGS
S BB PR SRR BT I IR R St YRR TRY AP NS D QP et DN O D O
1“’26.&9 ”‘i‘-i’w\.‘.\i \aadd m AN @ & NN
"
L x
x “
- >
ES o - NN O ON ot 7t & >t P OO - e Ot WA
@ [~} L-J o 9 FOOOOO IO OCDOTO DO OOV -
Q - - -+ *esss il
x o . s SRS ) R b Ll B AL, A ) WD
a OO MSN > N QD DMONOCTNO D DA D D N St VAN T DN N
on - O FOIOOOHETR ONM HOENANDDEDON DWW *ss9 s s sraartece
“ On““ - O OV NS O e DO ONOO O E A D O O OO0 N
L - R R R R I B NSO BD ™ ) WA ot Pt~
“ ) PO DO & D 36'?’%1‘2’1‘!2 A& OCONHINN T FFEFENNN
- ~ et Dt
- o o4
- - -
= v
- - .
» -~
o . —— - - 2w -
] e = e . 2% Gosoo00800000
£ 29 = kN .-e L o - o - R 2 R
- - x oo e - x P ain PR
- @ “—E . Tx z - -~ WAl DOCPY P&PMEremm
i b o R - - Ew~ oxx O OOV DN D € @ O
2 -~ o § - (S ) T e~ = E = ONODMPO Pt OO
- > e & = - N((ZZ‘ et AN WL CtreearTsrgecece
o we rex - NIPPQ «w wauE -ls O O OO IV € O
- LR SNK- i Trewwa l =X VUEUX
o> — - o~ K =r 3 IA.GGI.RI"II - -
~ N L Caral S 72 . REAMD WU
- N e =« - AN SR X~ e
= - > AAB P e el T DD
- - W RSN - A WO v IR Dal Sl L5 ot 0 A OO O OreNm e
- B W OUNERO o« e ] W S G - x b bt
L " D NDIDIOK A wraux - X A AN
-~ D e ) a DO Z Ol X b= s Toanl
> e wom & - O A= NG A
KA A DR DOEANE JOX - L € AR D 4 X
- O — - w9 W -y AL e e e
(=] R Vit D o e AL L G LD O WY e
s JToe DEOREAE DU NTE LB T 23D

- TN P s bt BB NME XN JEZ ENWN O - -
R ol 0:.!-‘.?.? e AUOwI00 AN B ) VD
QD= b AN N A~EXEunuo o dlivb o =

e T IZ memwvmars e

VOO bl - fﬁggg‘ts".“;x
» sgifllillﬁgﬁﬂk““llﬂﬂxgﬂg [SE J
(R ‘.uhgi“'. -« e &= '
B =l o 'C"ES‘.E L L
o DA d e b KD G OIS0 G WO O OO0 0G0 VO
R (DO O et B G G LA R P e L R U et

- 3B PO DO I L0 Il D BB et o ok I I )
P DI I M S Il =




Sheet 22

nOD 011

RODULE
E+00

S43E+06
903E+02
i

oooooooooooooo

LS AL A R R R R R AR R R R R NN

N QOO ¥ M 4‘5‘97_0‘%86069‘..53"‘
~
©
~
-
L
. - - - -
e - R ~Ned »
D8 - X . = -
- -t D -e -~ x
o “wx - Ex x -~
4 - N v -~ - - P
~ b & -~ Lo EE =N EIX XNEX
-9 - & K -- Ewwron B parg e
=] wea KX o - Eoose s aew wuue
- —LE NEw EHEW EaqdEssl ax VEUx
-~ - = e Pl X AP OEIE e o -
N | od Ve W SN E N e
- NIV ey W w-d G N." X e >
X ¥ Esx=u > WD P b 800 T D
- - ITESwW - o NG @ RO ) e S
B oW ONeaO o, - - D e .~
O A 50 W NIOE oWl WE SNt A X
- D A .- OO0 T Ol L A et WA T AR

‘.zgh/]ﬁl?‘i FUEL ROD ANALYSIS PROGRAM * ¢ EGEGC ~ IDAHD eov RMATPRO

’l X6 MEIJLDE R AL PENE X LR BT TP adldid (2=

Ot aAmE DOJJAdO0WICNL B LMD D et ot Bt bt o L S
B e T S 2 el T T L s
DR O Ui P o~ I AR A LI I
Q4D ~Q -~ e A EAN W G L EE WO o S S
B S E K K X L W e R A L0 G O L sl A e
- AN MLAME A XD XV ER U IAAMIG G DO Ll L T

B dDD DM T L s o D bl L OB b B e

i

O LB UT L IT suvarx A W o G
WO0 o et P BV WO D DO DD I D DO
D e e i Tt T ik 2 Lol Sl & i =P
R I B A it i e e - <

““1’ - W O O L O PO # BDNDOT M
.. “ - OO HEOSOO MO @ 494 sssrrRsRtisans
s.l Cd OGP - DO~ Vet O QN
L R T Pt PO 0 WP~
IT..9.0Q13 NN OOOCDO OB O NN NS SO0 P>
o
m - N ™ - OO Pt & W oy
T ¢ oS TIOTTY
s Y AR A AR A N A AL b b
QNN Lol - O DM e D N~ e O © v € W N N D WP PO
—_O® e ~ < W QO ¥ PV OO OO = SeREsERtFLOENS
© e - T NGO O NG N ey OO NNONDT X VIO MNEID DT O 0 Wy
s DO s P AN PaBTsrantan Feresnasansnas — DT O O D O P
2!“1Al'l|0§l¢ Dl aind ﬂﬂ.blulr -t m —~—.— DO O
=
~ z
<
~ " ~N ™ OO NN T P OO O s ey A
< ﬂ o o 80.81. '08} [
- . » R I *eees (R B
..!.."92 “ “ TVt O P W DO ”.06.00.57‘.6 nizst‘.ﬂ“l‘l
=
- . - © MOP OO MO NGOG DWEK S0 se te s s e e
nnen o T OO O FONDN PP OO PR ADCIN o O~ OV O W OO D bt O

B o

wax GQQG‘Q.Q’.S.,,-

OEE FOOENDNHADE IO

E w- .\"a,’n‘t\ng
L -

's 291"‘;“‘;

N
D NS N OB OOy



.“*.

T7HIN0 Y004

CLAD FAlLY

N
%
v
R

00P =

i

o l
E

19457l33

c‘h‘ .

«15193

L

Sheet 23



Sheet 24

{ +305356E~02 HOURS)

okt "CO0p TriRATEON “RETCRFOMIETEROTINES SRS YERE 1TEMMIION Sec ?

0 SEC
UN-PRESS

FUEL RCD ¢ 1 CONUITIOMS AT YIME = 41100006402 SEC
[ 33
3

-
L4
— - -
O O~ ™~ -] -
o 100 O * OO e N
* Wee » e O« DT - N>
WO WA OO MNC OO €O
Lt Al 4 ““ O MO M O
ONE -_NE O o
WO ONDO> O ’l“"
e L Srsrarren
Mesrumse D0 © o
-
b
= R
- =
x - -
w w -
- - zQ
- vy o=
- - .o
- o e
-~ wo 2
£ ——x -
w o xx
e X D
el S I ”m -
g I~ x - z -
RS~ =~Oul - O ZTE>
et - 02
BT T el ]
O AD  x® Xre - “ O
wEMANI-ED |w X - V>N
il NEeE X = =« Xx
A WErRLE B D w-E “w mnX

e - DE et D
L AR OO D W D T O v
ey A= 'S =

WO IS IS EEE W) M XD

PR ALIA O A K O D IO e

4480 FAILURE PREDCICTED 1,295 W) FROM BUTTOM QF ROD esee
BLOCKAGE (T) = 358,94

FLOw



Sheet 25

$ 5 33 3333|3333 B®
- - .+ > P10 w - a
Q.“ “ ~ - - " “‘ & NP
Tate © N SR3LiNTImoss o9 o
R lis ] - N OO NAOET OMO oo "8 W
LR AR AR R R A R R LR AR RIS
O W D0 LD Weers N O Dy
" ' "
-
- NN DO Mt & A ©o - O
$§ % 2% 2 I
Ll - . * e
L - e et S ML) o AIN b R
o SwnNDe - ~ xo.‘§2‘3‘"”" L4 e
Ors o » © MO OO © PO~ 0O ~onnN
Q N0 - " MO OTINNSM OO > ~Oor
m LR e A AR A R R R R E R R R AR R R AR AR
D OO DO e NN L D ™ A D IO CPCPED D N ey
~ ' "
"~
-
-
o * * - - m——. MQ .mﬁn
o - - FYRVE R T Y
£ 4 one o~ N OO TN TS . e -
O »» - ~ 00"“‘7.9107‘ cw
oo - " e T OO Q0 O oo Ll
P o R N R AR R R R AR
O P O PGP TN G Pt AN 0 IR OCIDEIT) ™ ottt
Qo Lo ' L
- <
o -
<
= “ ” N “ £ NN N oo N Hen—4
* - k3 OOm m — L > e m m m m
- - - ) LR ) R M L B edted R
* mNOme - N MRy SO0 e Q“”
. O v ° M~ OO OMOE™ Mo @ ©o hid
~eeo ~ . M@mOg PN DO € e oo DNOO
o SO0 2% PR A FTABETERERTRAN TR IRAATR T
x NN VO VDO vt ot VNN E N N0 PO YT
- o ] "
o -
. -
'
“ Ll ~ “ A )TN T PN oo Lt
it > o 083 WO 894
3 - - . * . ' 11
2 A - W e i prrien P
WS “ N M TN D0 - 6.”
LAl OO OO0 OV NO ™ oG "o
- *NTO < 0 Dt O F O\ e oo O
LR N R Rl RS
Qgg 1’6”561‘0‘%”35
-
3
~
=
-
e o - N o™ 00N N © o - -
9 o =] ° o (=2-1 e o
(=) - - - *w ] i
- . - L P P L AR peee) Ty
a  ~ANOOw - ~ D i v o o
o e ~ ~ MO OORNO Qs o 9
e B A - - NO00 0 ogum oo o o
- o e O R
“ NTNOONOO T~m N0 N OO0 O MO OO OO M OMO
- ~ L]
- -
- -
=
- -
x
D - S~ - - »
o e s ~NN -
-~ 2% - X = -
- - = - - e ~ r
-b @ . 8 . rx x o g
) - - N v - - N
- -~ —r— - [*1%] ZEmmN EZE ENEX
. | - = - - b S Lol B T e
- ] “w. K -~ Evet o @ s 8 wE WilE
- ot Tt AEN LA A PE Ex VEUX
o - -y - R POER AN D VEESSOepe W
~ ~e W - Vi o N E N AN
-~ -, NS e - - WV T X £ >
5 X ¥ Xexwu X G, A e § e DT OO
el - TESUW = & WD N UK A X P W A AN
- B oW UNexO e et - D 9 -
- T L ZUhl A d L W - X
oN et LAl “a OO Ot L= B~ et e TR
»Q o W E K WM~ U A D e X

- Ead DEVUW DOENIE JORSTax ANANEA > D UTE
vt Mo x- R e - NAL i 'C‘!C
w DR O VL 8 D i i P b G\ B WV
oa Ol llbbhtl!ll(FC.SNN’l’I'NTN\LDUD‘
ONW amkl IDoJeDwWIddSw B AL D) D et et o L) D
(e} T P e K e PR ANd ZEZ BNV D et
DR O i P D D0 M MMAN KD e L el A
QM O=0Q - bt XMW N B EA KV A <ol 4 =
R O d N VP ) A e M W (0 O O O K ) Y N &
el N L L 'ENHOIEEE’POI(‘S’lhIN'

]
OV D e WP R WEOWOOULOOO U VR DI
P S e W GRS INIOVRT PAEAREE AR S O
1 P DR R OISl A & W O it vty i Pt vy R
B AR Lt LKA € D) DO E LI Il iiidd
“S~ xD l”?ggsgogog.
e

O AAOE O CIAN)  pe  h  Re
PR DRI NI PN T DV BT CRP IR S AN I

L.lU“F"U!!lLLlLNNLL"[LL’!’(

£ 7

L
A

..............

e Pt VO SIS N OO O
[T O
= WO NG s DM ey
m ) O O F Nt PN
- -t e et
x
Ll
-
=
-
-
-
et GV C) D PRV
QOEM *" 9% 208 s a0 ss
o T ND DND T DA PO TS
B OO T RGO
& 00T OrCOPBRUW
»x
E o
-
"
s
=
2w D PP PRI
-2 DOO FOIO IO OO
- BEE TR R TEES
Py " Shase nad

's O F D et st NI G & T
l.

U O E OO DO e
b it

o .E.i UkliiAL

\r\



" mey
00000
BER
s L
. - Oo0om O DNy O O Ot 0
d 0o Oo SOOI ORRISES
oo ~N OO OO OO N ok P P P Ot
'EEFEERE R EEREERENENEERNEE BN "R OOV P M P OMOD OO
G DA I =GP PG I P & & OV A D NN O N ot
{ ] I B e e e K R R R e

- © QN rari™ N\ ™
= 003. 040
. -’ ) .lW ' )
O Wb N AL LA
LT NO OO
O D O r NN O N O W~
O NNNO T NOTMNC QO
LR I B R N L B
A PO OO D vt NN ND OO
o L]
.
-

1N

& P Dt O NOD O P O NNO
L N I B I B B
D CPID et N =80 N AN O Y
DOV N O D D O O™~
& &g & OOl ek
R e R R e e e R

«156E+03
S04

-~3.964

-3

- O ONveNmNE N
o QOO OOVD
L d ‘T2 REEREEE
e T WD e bt A b
NOOE €M ND™
et D QO DT ™
DN @ @t O & A D O ON BT O D
AR R R R R R R R AR NN I N QO PO @O 0 O ®

MV NN F A DO MOPOODOO Mt id Cal JE T e

' i .o .

KODULE

OO OF-NOw4 O N0 g0
L N B B

«ZA43E+0Y
«3T72E+02
goagogo
64E+06

.
K

O Q@ Nty TN
OO0
++ i i il
R T O
NN - VOOVND D W F MO et DO VO~
TN QOO O~ ¢ T YT T R R R T T E R
PP O D™ MO r i 0P T O N NO-
E R EEEREEREEREENREEEE BE R B A PO DO OO
NN W N P O O M NOOO OO M ety e VA & & NN e
' R ol od it Gt vl e il

Z291E+0)

OO N -t et & ot ) - O Mo
ON00OO0O0 OO
*$+ 1 001 ' P
e TONEN D) i -l d AN M . A Ladoa s
CQECRCTDNDOO T p « OO™N
et D DO DON T . WO N
+ OVO T P OOO00 - Qe
. . » R N RN B EE R R RN EEEE N R B N
o O GO AP > M RE ) A D O MO OO0 M el
- \ (N
L
-

OO+ METETHAITOU~e
LR B I B I N B
O P M OO ND M OW Y N~
O™ OO OO0
MAETANOIN T & NN -
= b AR b0 4 T et

-
o
-
-
~
~

-

“ESH POINTS

R

~ © O N ety ot & vt
(8] [Sh=_S¥e - eles-
* ¢+ L2000
i . TINS5 s eI AR s AN
r~OONE NDOE M AMND - -
OF + » NOOC O O E AN Q0
OO0 QO POV CTOETOE oo
R L L B R I I N O L I B A B
o D O O O 10 ™~ D ) NN B AT VO OO T st e
-

flke

OO W\ vt D) ) ot T e @D
L B B B B B B I
D O NN F D MO N OO
0 O @ O D D D OO
OO T 5 TFNN-
B e e T B S

RAD
(x

TERPERA

O

-

ANALYSIS PRU

URES _BY

I R
SVIRVIINTVVIDVINE PR AVEI OV VIR TeY)
B WO O F T MEDr- M
OOV DN D D
© TG @) P NP 4 O™ O™
R EEFTEE AR B
& O vt 9N NN & W

VO B i e
A D A -
A UK o S T
wal L b i 2odd
< A W b G X
L WA AN A > 4 X3
N e e Ll
} e W 5 e P iR L D O VA -
JRANALA T EX BEr-Er=E >0 - -
i il | -
-
3 Yo 2 b= L.
- [ N X ALEN - > (TN S P YW
4 Gl M LA™ W LW A N W Q R
- . EKWEEIDEW o




Sheet 27

RGO 012

BCDULE

ANALYSIS PROGRAN & & EGEG = [DAHD eos  RATPRQ

VO4/19/779 FUEL ROD

P it NN AT b

692E+0%
126402

..............................

...............................

202

- - K=~

o wr OGN et L

(J0Urxg)
,
T
L]
L

LOO D et R A AP S DWW IR DD I D LD D ek N
Tii‘-“‘.tughﬂﬂﬂnllﬂﬂlgﬂlc ro.'
i e s i et '
Bt W R H.l(?ll%nv.lﬁ?b ngltt

(%

B A ()t B W O e B B LDV ) R W e e -
e 0PI O e Tl LI ke o o K A b b 4

NI T OB E -
..............

..............

o R WV U L AN O
QEX ¢ 2228 " rear
B PPt NP I O & >
ll’. DT PO GO DN
B I e e e e ]
NV

-
"
e
-
22 3533323333332
-
- IR R AR L
Py SRS Baddassis

WaEaE ®OoF0FoTomorma
AEE *TOONDOAD S O
K w  ONMDOS-NN OFOm
WE s*erssmrrnanss
" OF Prdoyumnmm e &7 N

'

D PR TE O O DT Ot Mg
At b



APPENDIX C

CALCULATIONS O CLADDING SURFACE TEMPERATURE




R S NV RN N

APPENDIX C

CALCULATION OF CLADDING SURFACE TEMPERATURE

The numerical solution of the heat conduction equation (Equation
1-13) reduces to solving a set of tridiagonal equations. This set of
equations is shown as follows:

1

b ¢ 0 0 L 4
' Tm‘
1

0 a3 b3 (4 3 ¢y

' +1
0's 2y Bpy  Caoy The] dn-1
1
% o, Tﬁ+ d4 (C-1)
where as Oy Cpo dn are terms in finite difference form of the

th mesh point.

heat conduction equation at the n
Tﬁ*l = temperature at nth mesn point at time step m+l

n = number of mesh point at outer surface.

The mesh point temperatures are sclved by the Gaussian elimination
method.

wh

—~—

w~
L |
p—



E

(4, - a3, Fn-l)/(bn -, En-])

r’j"“ - - r‘;";} +Fy for § = nel,ne2, .20 )

El = C,/bI and F, = d,/b,
j=2,3 ...n=1.
F. =

(dy - a5 Fyq)/(by - 25 Eyy)
(c-2)

The coefficients Ay bn, and d . in the first equation of

equation set (C-2) are derived from the energy balance equation for the
half mesh interval bordering the outside surface. The continuous form
of the energy balance equation for this half mesh interval is

aT T -9 An + qav
oC. aV — = A kK ——
p 3t n-1/2 "

r=r, - ar/2 (C-3)

where all the terms in Equation (C-3) are defined below.

The finite difference form of Equation (C-3) is

-0.5 A k oC.AV  0.5A k
n-1/2 +1 p n-1/2 1
Tﬂ-] - + T:+ )
aAr At Ar
——— e S ——" T —
4 bn
oC_. AV -0.5 A k
s - n-1/2 B m m+] m+1/2
s —B— 10 e (T - T) - 05A (0T 0TT) + g T
dn.
(C-4)
288



The complete expressions for the coefficients L b.,, and d

are then

where

A,

An

n

I -0. SAn-]/Z K
4, ar
b 1 Ocp AV 5 0- SAn-]/Z K
n At Ar
poC_ avV -0.5A K
.o n-1/2 ~
dn At Tﬁ Ar (Tﬂ Tﬂ-l)

-0.58, (0™ + g + "2 w

12 * 29 (rn - Ar/2)
= 2% e
2
=9 (rnar - ar</4)

thermal conductivity of material in half mesh
interval bordering the surface

specific heat of material in half mesh inter-
val bordering the surface

density of material in half mesh interval bor-
dering the surface

radius to outside surface

289

n

(C-5)




.

ar = width of mesh ‘aterval bordering outside sur-

face
at = time step
om = surface heat flux at mth time step
Tﬁ = surface temperature at mth time step
qm-1/2 = heat generation rate in half mesh interval

bordering outside surface (heat generation
caused by metal-water reaction).

Since the coefficients a, bn. dys En-l' and Fn-l in
equation set (C-2) do not contain tempcrature, the first equation of

equation set (C-2) can be rewritten.

) !
Ay o e By =™

(C-6)
where
A] z . (bn - iy E'M)O.SAn
-1/2
-acIE aVem - a (rﬁ - ™h-1) - q" av
B1 = - 0.5 'mAn’ a, Fn-l At
0.5A
n
(C-7)

As shown in equation set (C-2), the coefficients En-l and Fr__1
are evaluated by forward reduction of equation set (C-1). So
Equation (C-6) contains only Tﬁ+1 and Qm’l as unknown guantities.

Empirically derived heat transfer correlations are available from
which surface heat flux due to convection can be computed in terms of
surface temperature, geometry parameters, and flow conditions. Also,
the equation for radiation heat transfer from a surface Lo surrcunding
water is known. Thus, the total surface heat flux can be exp.~c<<ed by
the equation
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where

¢m+l

o™ = r, (Ci6 T ) 4o Fy R [(T’:" * - r:)J

(C-8)

surface heat flux at time step m+l

function specifying rate at which heat is
transferred fran surfuce by convection heat
transfer during heat transfer mode i. These
functions are defined in Table D-1 of Ap-
pendix D.

number identification of convective heat tran-
sfer mode (nucleate boiling, film boiling,
etc.)

set of parameters describing coolant conditions
set of parameters describing geometry

Stefan-Boltzmann constant

configuration factor for radiation heat trans-
fer

emissivity factor for radiation heat transfer

bulk temperature of water surrounding fuel rod
surface.

Equations (C-6) and (C-8) are two independent equations with un-
knowns Tﬂ’l and Qm+1. Simultaneous solution of the two equations yields

the new surface temperature Tm* .

1
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APPENDIX D

HEAT TRANSFER CORRELATIONS AND COOLANT MODELS

This appendix describes the heat transfer correlations in FRAP-T.
The heat transfer correlations supply one of the equations required for
calculation of the fuel rod surface temperature, as shown in Section
I11-1.3. Also described are the optional coolant enthalpy model and
the calculation of coolant void fraction.

1. HEAT TRANSFER AND CRITI. AL HEAT FLUX CORRELATIONS

Most of the heat transfer and critical heat flux correlations in
FRAP-T were taken from the RELAP4 code. In some cases, more than one
correlation is available for a given heat transfer mode. In these
cases, the particular correlation to be used is specified by the input
data. The available correlations for each heat transfer mode are de-
scribed in Table D-I. The symbols used in Table D-I1 are defined in
Table D-II.

The following critical heat flux correlations are available:
(1) sew-20-1
D-2

(2) Local Barnett

(3) Modified Barnett?-3

(4) General Electric’™?

(5) Savannah RiverP™®

(6) w-30-6

(7) LoFT?-7 c77 117
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TABLE D-1I
HEAT TRANSFER CORRELATIONS?

:

Mode 4

where

Mode 5

Subcooled Liquid Forced Convection: Dittus and Boelter >

h = 0.023 5- pr0-4 pe0-8
e

Nucleate Boiling: -

'['nsat exp (p/l.zso)]2
8 *|\7om

Forced Convection Japorization: Schrock and Grossuum!)'11

K _ o 0.8
h = (2.5) (0.023) 5= Pre "  [Re, (1-X)]
e

« 0.9 w 0.1 05707
—) ( —L_‘q_') $=ig
f 9
Transition Boiling: McDonough, Milich, and King®~ 12
9 = Qe - CP) (T, - Ty cue!
Pressure, psi _C(P
7,000 ‘154672
1,200 1,180.8
800 1,501.2

. 0.5
Tw'CHF = Tgae *+0.072 exp(-P/]ZSO)(QCHF)

Stable Film Boiling: Groeneveld?~13

haa;_g Pr'

(" ' b

0]
Reg [x + ;% (1-x)];

[1.0 - 0.1 (1-x)0-4 (ZF 1)0-4 ]d
°9

296



TABLE D-1 (continued)

Mode 5 Stable Film Boiling (continued)

Groeneveld Equation (5.9) Groeneveld Equation (5.7)

(cluster geometry) (annular geometry)
a. 0.00327 0.72
' b. 0.901 0.688
2 1.32 1.26
d. -1.50 -1.06
Condie - Bengs@'tono']4
h = 42011.23 exp (-0.5 aT__.)

¢ 0.2007, 3.6155 . [0.0483 + 0.7441 en(X+1)]

M 2 ey (£ E——

De~‘ (X+1)

- 16.04 exp(Prw P/1000)

Dougall and Rohsem'.v«D']5
0.8
K o}
R 0.4 "g B
E 0.023 52 Prg %Reg [x + i 0 xq}
e
Tong - YouﬂgD']6
c3 (Tw - Tv)

ho= o/(Ty = Tgae)

i 2/3 |
¢, = -0.001 X¢ l/ (dXg/dz)
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TABLE D-1 (continued)

Mode 8 Superheated Vapor Forced Convection: Dittus and Boe]terD‘g
h=0.023f Pt pel-®
e
Mode 9  Low Pressure Flow Film Boiling: Dougall and Rohsenow> ™ 1°
K " 0.8
0.4 g9
= 0. P R X + 1-X
h 00235;1 s eg[ e ¢ )]

a. Notation definitions follow in the next table.

b. RELAP4/MOD6 UPDATE4 Version III, Idaho National Engineering
Laboratory Configuration Contro! Number HO04411B.

TABLE D-11
SYMBOL DEFINITIONS FOR TABLES D-I AND D-III

h = heat transfer coefficient, Btu/ftz-nr-9F
k = thermal conductivity, Btu/ft-hr-°F

De = equivalent diameter based on wetted perimeter, inches

DHY 'VDr (nr 4 DNE) -0, inches

DHE = heated equivalent aiameter, inches
Dr = fuel rod diameter, inches
C u
Pr = Prandtl number, 'E'
772 >
o P

o e
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TABLE D-I1 (continued)

GDe
= Reynolds number, —~

viscosity, 1b./ft-hr

specific heat, Btu/1nn-'F

enthalpy (Btu/1b)
= heat of vaporization

saturation temperature, °F

wall temperature, °F

3 = °
TH ‘sat’ F

heat flux, Btu/ftl-hr

= pressure, psia

= quality
= yoid fraction
= Xp/%g
3
= density, lbm/ft

= channel length, in.

= local acceleration due to gravity, ft/sec

= gravitational constant, ft-lbmllb
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TABLE D-11 (continued)

Q
"

surface tension, lbf/ft

volumetric flow rate, ft3/sec

£
1]

= flow area, 1’t2

g = coefficient of thermal expansion, lF

w
"

ratio of velocity of vapor phase to velocity of liquid phase
(slip ratio)

and subscripts

CHF = critical heat flux conditions

-
"

saturated liquid conditions

saturated vapor conditions

w
"

v = superheated vapor conditions

m
"

equilibrium

w = wall

A = actual
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(8) Modified ZuberD~®
(9) Combustion Engineering (CE)-1.
The correlations are described in Table D-III.

The B&W-2, W-3, and CE-1 correlations are restricted to high pres-
sure conditions. The B&W-2 correlation is restricted to coolant pres-
sures greater than 1500 psia. If the coolant pressure is less than
1300 psia, the B&W-2 correlation is replaced with the Barnett correla-
tion. A combination of the two correlations is used for intermediate
pressures, Similarly, the W-3 correlation is restricted to coolant
pressures greater than 1000 psia. If the coolant pressure is less than
725 psia, the W-3 correlation is replaccd with the Barnett correla-
tion. A combination of the two correlations is used for intermediate
pressures.

If the LOFT correlation is selected and the coolant conditions
fall outside of its valid range, the B&W-2 or its appropriate Tow pres-

sure substitute is used.

2. ANFLUENCE OF ROD BOWING UPON CRITICAL HEAT FLUX

The calculation of critical heat flux reduction due to fuel rod
bowing is a user option. If this option is used, both critical heat
flux and fuel rod power are reduced accorcding to the amount of fuel rod
bowing. The reductions are computed by empirical equations. The equa-
tions for critical heat flux reduction are

Mep(@) = 0 Af W(Z) < Wy

z ), (2
qcﬁr& = (1 -of énz) qéng
302
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' TABLE D-111
CRITICAL HEAT FLUX CORRELATIONS

(1) Babcock & Wilcox Company, B&H-ZD']

. 1.15509 - 0.40703(120e)
Tent 12.71 x (3.05456' )P

B :
I(0-3702 x 10°) (0.59137G6')° - 0.1szuaxnfgul/FAPk

where

A= 0.71186 + (2.0729 x 10°%) (P-2,000)

-4

8 = 0.834 + (6.8479 x 10 ™ (P-2,000)

and where

' G
G :._.6
10

H = heat 0V vaporization

fq

FAPk = axial power profile factor for the B&W-2 correlation at
elevation station k.

|
i The axial power profile factor is calculated by the equationD°]
|

£ |
FAPk =31,uz s‘ + é_z [.lqi - (dq/dZ)i‘, exp(C](Zi-Zk))

- {qi-l - (dq/dZ)i} exp((‘.](Z‘._]-Zk))]}/czqk
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TABLE D-111 (continued)

a, = surface heat flux at axial node i (Btu/ftz-hr)

Z1 = elevation of axial node 1 (ft)

-
[«
Fel
~
o
~N
—
—-
"

(Q1'qi_‘ )/C](Z‘—Zi_‘)
¢, = 2.988(1-x)""8 (6/10%)9-4%7

c s -C, 2

17K

S1 * q, [exp (C‘(Z]-ZK)) - exp (Cz)]-

The correlation was developed from rod bundles in water data over the
parametric ranges given Dy:

Equivalent diameter 0.2 Tt &5 1n,

Length 72 in.

Pressure 2,000 to 2,400 psia

Mass flux 0.75 x 10% to 4.0 x 10° 1b/Ft%-nr
Burnout quality -0.03 to 0.20.

D-2

(2) Local Barnett. The local Barnett Correlation is:

A+ B(H. X)
6 fg
Que = 10 [ » ]

where

A = 69.40 0, 0781610228y g _ 0,672 exp (-6.090 D,\G")

E

i 1.000 ..1.000
B = -0.250 D G
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TASLE D-I111 (continued)

oy 1.246 ,0.329
C = 165.9 D G :

The parametric range of the data is as follows:

Equivalent diameters 0.258 in., <« DHE< 3.792 in.
0.127 in. <D y© 0.875 in.

Length 24 to 108 in?

Pressure 1,000 psi

Mass flux 0.14 x 10° to 6.20 x 10% 1b_/felonr
Inlet subcooling 0 to 4!7 Btu/lb.

(3) Modified Bar'nett:D'3

A+ B(H, =H,.)
= 108 f__in
Geyr = 10 [ T L ]

where

A= T73.71 DH

0-052 1 0.663 (].0 - 0.3 e (11.340,,6 ))

) 1.445_, 0.69)
B = 0.104 0, "G

C = 45.44 Dﬂy0.08176.0.5866.

Data were from rod bundles containing water and were over parametric
ranges given by:

Rod diameter 0.395 to 0.543 in.
Length 32.9 to 174.8 in.
Pressure 150 to 725 psia
Mass Flux 0.03 x 10° to 1.7 x 10° 1b_/fté-nr
Inlet subcooling 6 to 373 Btu/1b.
573 327
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TABLE D-111 (continued)

(4) General Electric Companyo'4 . The General Electric Company

Correlations are:

Gy = 10° (0.8 - X)

for 62 0.5 x 10° 1b_/ft-nr
and Qe = 10° (084 - X)
6 2
D-5

(5) Savannah River

QCHF = 188,000 (1.0 + 0.0515V) (1.0 + 0.069 TSUB)

where
v = fluid velocity, ft/sec
TSUB = fluid saturation temperature minus fluid temperature.

(6) Westinghouse Company, u-30-6

4

Qup = 1+ % 108 |2.022 - 4.302 x 10°
+ (0.1722 - 9.84 x 10°°p) exp ((18.177 - 8.129 x 10’3P)xq
1.157 - o.ssax][( 0.1484 + X (-1.596 + 0.1729 ABS{X))) G' + 1.037,

-4
0.8258 t 7.94 x 107" (H, - Hluq

0.2664 + 0.8357 exp (-3.151 0| Fi, /F oo
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TABLE D-111 (continued)

where

x
"

p enthalpy of saturated liquid (BTu/1b)

x
"

N enthalpy of coolant at bottom of fuel rods (inlet enthalpy)
(BTU/1b)

-
"

W cold wall factor

-n
"

APK axial power profile factor at elevation station K

G’ 6/10°.

The W-3 correlation is valid in the following parametric ranges:

Equivalent diameter 0.2 to 0.7 in
Length 10 - 144 in
Pressure 1000 - 2400 psia
Mass Flux 1 x 108 1bm/£t2-hr
Exit quality < 0.15.

The cold wall factor is calculated by the equationo'6

ch =1, - (1.-DE/DHE) (13.76-1.372 exp (1.78X)

-0.0535

-4.732 (6/10%) -0.0619(p/1000)%+14

0.107;,

‘8-509 DHE

-
N
v

-
P ¥

307 e



TABLE D-I11 (continued)

The axial power profile factor is calculated by the equation
K
FAPK = 351 + igé [;qi-(dq/dl)‘fexp(C‘(li-ZK))
: ‘qi-‘-(dq/dZ)isenp(C1(Zi_]-ZK))]$ oy
where
FAPK = axial power profile factor at axial node K

q = surface heat flux at axial node i
Z1 = elevation of axial node i (ft)

¢, = 1.80-0%3/1(6/10%0-478)
L =4 %

S = q [exp (C4(Z4-2,)) - exp (Cz)].

(7) LOFT Correlationt®~7J.

For high pressure, the following correlation is used:

QHr * 0.11585G + BOOP - 0.27442?2 - 1.4383GX

+ 0.0002566 GPX .
For tre range 2000 <P < 2400

6.75 x 10°< G 2.5 x 10
’0-35(_ X< 0-2-

6

™
-

1
RO 1
A
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TABLE D-I1I (continued)

If the pressure is less than 2000 psia, the following correlation
1s used:
6
Qeni * 1.880919 x 10

r
+ 0.13P% - 1.186207 x 10

- 850.58P - 1.099GX
6 x2

For the range 1000< P< 2000
0.4 x 10% 6< 2.0 x 10
'0-05: x; 0050-

6

(8) Modified Zuber Corre]ationo’a (used when G < 200,000)

e = (0.96-a) (0.130) (Heg) (09)™*° [og § (04-09)1% % (o /(o g00))05

9

(9) CE-1 Correlation

’ bz . (b5 + bGP) ;
b b b.P - X H
e ‘(a;) [‘3* 4’(56) (369 ”‘fg’]
Sopr |

10 . (6P + bg 6/10°)
Fark 8

where

Geup = critical heat flux, Bty/hp-eel

p = pressure, psia

g; = 1.0

G = Tlocal mass velocity at CHF location, 1b/hr-ft2

X = local coolant quality at CHF location, decimal fraction

»
o X

)

L
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TABLE D-II1 (continued)

T o B - arale T T m—

e R  pr——~

latent heat of vaporization, Btu/1b

2.8922 x 1073

-0.50749
405. 32
-9.9290 x 1072
-0.67757
6.8235 x 107*
3.1240 x 10°°

-8.3285 x 1072

axial power profile factor at elevation station K, the fac-
tor is calculated the same as is shown for the W-3 correlation.

Parameter Ranges for the CE-1 Correlation

pressure (psia)
local coolant quality

local mass velocity (1b/hr-ft

inlet temperature (°F)

subchannel wetted equivalent

diameter (inches)

subchannel heated equivalent

diameter (inches)
heated length (inches)

1785 to 2415

-0.16 to 0.20

0.87 x 10°% to 3.21 x 10
382 to 644

0.3588 to 0.5447

6

0.4713 to 0.7837

84, 150




where

af(z) =

ACHFR

W(Z) =

HThr

BCHF

The reduction
the equation

where

fractional decrease in critical heat tlux duc
to fuel rod bowirg at elevation Z.

reduced critical heat flux.

critical heat flux 1in absence of fuel rod
bowing.

amount of fuel rod bowing (fraction of bowing
required to contact adjacent fuel rod, 0 = no
bowing, 1 = muximum possible).

maximum amount of bowing which can occur with-
out an effect on CHF (fraction of maximum

bowing possible). This quantity is specified
by user input.

multiplication factor specified bLy user in-
put.

in fuel rod power due to bowing is computed by

= [1+0.00 (0.94W(Z) - 2.84 W(2)%)7p

= P (W(Z) < 0.3)

P - power reduced to account for fuel rod bowing

P = power in absence of fuel rod bowing.

L
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3. VOID FRACTION

The void fraction of the coolant is computed by the eguation

a = XVg /[(I-X)va + XVg] (D-1)

where

a - void fraction

X = coolant quality

r * specific volume of saturated liquid
v - specific volume of saturated gas

Y = slip velocity ratio.

The slip velocity ratio for void fraction calculations is always as-
sumed to be 1.0 (homogeneous flow).

4., COCLANT ENTHALPY MODEL

In cases where ithe coolant flow is quasi-steady state, coolant
conditions can be specified by a combination of card input and coolant
enthalpy model. The coolant inlet enthalpy and transient spatially
uniform coolant pressure and mass flux are prescribed by card input.
The coolant enthalpy and temperatures are then computed by the enthalpy
model., This input option is included in the code 4s a user convenience
in scoping problems where coolant conditions from a thermal-hydraulic
code are not readily available. The option is not meant to replace the
calculations of thermal-hydraulic codes, especially in cases where
transient flow conditions exist., Also, the option should not be used
if coolant quality may exceed a value of about 0.3.



The coolant enthalpy model is based on the principle of energy
balance. The enthalpy increase of the coolant is related to the heat
received from the fuel rods. The model consists of eguations which
calculate the following quantities: (a) the rate at which heat is
added to each flow channel, (b) enthalpy increase of the coolant in
each flow channel, and (c) temperature of the coolant in each flow
channel,

The rate at which heat is added to the flow channel is computed by
the equation

M
2)=7 ¢ f d (2 z) dz
where
qi(Z) = rate at which heat is added to flow channel i
from flow inlet to distance z from flow inlet
fim = fraction cf perimeter of fuel rod m that bor-
ders flow channel i
M = number of fuel rods that border flow channel i
dm(z) = diameter of fuel rod m at distance z from flow
inlet
q“(z) = surface heat flux of fuel rod m at distance z

from flow inlet.

The coolant enthalpy is computed by the equation

hy(2) = hy + ag(2)/6A(2) (0-3)
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where

h;(z) =  enthalpy of coolant in flow channel i at dis-
i tance 2z from fiow inlet

: ho = enthalpy of coolant at flow inlet

|

' G = mass flux

* A,(z) = cross-sectional area of flow channel i,

The coolant quality and temperature are computed by the following

equations:
|
' Case 1. hi(z) 1HF(P)
"1(” =0
| T,(2) = a(h.(2), P) (0=4)
| Case 2. He(P) < hy (2) < Hy(P)
' X;(2) = (ny(2) = He(P))/(HG(P) = H(P))
Ti(2) = T(P) (D-5)
Case 3. hi(Z) 2 HG(P)
xi(z) = ]
T.'(z) - a(hi(Z), P)) (0'6)
| where
f X4 B quality of coolant in flow channel i at dis-
I tance z from flow inlet
|
Ti(z) = temperature of coolant in flow channel i at
» distance z from flow inlet
|
HF(P) = enthalpy of saturated liquid at coolant pres-

' sure P




HG(P) = enthalpy of saturated gas at coolant pressure P
TS(P) - saturation temperature at coolant pressure P

a(h,P) = function specifying temperature of coolant as
a function of enthalpy and pressure.

The functions Hes Hgs é6(h,P), and Tg are supplied by the
Water Properties Package in FRAP-TS.
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APPENDIX E
FRAP-T PASSIVE LINK WITH THERMAL HYDRAULIC CODES

An input option of FRAP-T allows the code to read transient
cooiant conditions directly from a data storage file. This appendix
describes (a) the form of the data set required by FRAP-T and (b) the
description of a routine which converts RELAP4 output to a form usable
by FRAP-T as transient coolant condition input.

1. CONTENTS AND FORMAT OF COOLANT CONDITION DATA SET

1.1 NS&C = 2 Option

If NWC = 2 (Input card 5.1), a data set specifying the transienrt
coolint conditions must be stored on disk or tape. The data set will
be accessed by FORTRAN logical unit 4, STAGE or ATTACH card for file
TAPE4 must be supplied which cspecifies the location of the data set.

The transient coolant condition data set must be created as
follows:

DP100N=1,NTSTEP
WRITE(LU)T(N)
WRITE(LU)PLP(N),HLP(N),TBLP(N)
DOSOM=1 ,NZONE
50 WRITE(LU)ZB(M),ZT(M),P(M,N),H(M,N),TB(",N),G(M,N)

100 WRITE(LU)PUP(N),HUP(N),TBUP(N)

5
=~J
(W
o
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where

LU

T(N)

PLP(N)

HLP(N)

TBLP(N)

NZONE

ZB(M)

IT(M)

P(M,N)

H(M,N)

TB(M,N)

G(M,N)

1]

fortran logical unit
time of N-th time point (s)

pressure of coolant in lower plenum at time
T(N) (psia)

enthalpy of coolant in lower plenum at time
T(N) (BTU/1bm)

bulk temperature of coolant in lower plenum at
time T(N) (°F)

number of different elevation spacings
(vertical zones) at which thermal/hydraulic
code has computed coolant corditions (for
RELAP4 code, NZONE = number of stacked volumes

surrounding fuel rods being analyzed)

elevation of bottom of M-th elevation spacing
(ft)

elevation of top of M-th elevation spacing
(ft) (ZB(M+1) must equal ZT(M))

coolant pressure between zone bounded by ZB(M)
and ZT(M)(psia)

coolant enthalpy (BTU/1b)
coolant temperature (F)

mass flux (1bm/ft2 - hr)
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PUP(N) = pressure in upper plenum (psia)
HUP(N) - enthalpy in upper plenum (BTU/1bm)
TBUP(N) =  temperature in upper plenum (°F).

1.2 N3Wi = 4 Option

If NSWC = 4 on input card 5.1 of Appendix A, a coolant condition
data set must be created a: follows:

DO100N = 1,NTSTEP
WRITE(LU)T(N)
DO50M = 1,NZONE
50 WRITE(LU)ZB(M),ZT(M),HTC(M,N)TB(M,N)P(M,N)
100 CONTINUE
where
HTC(M,N) = heat transfer coefficient in region of M-th
elevation spacing at N-th time point

(BTU/hr-ft2-F).

If NSWC=4 on input card 5.1, the coolant temperature in the
coolant condition data set must be such that

Q(M,N) = HTC(M,N) [TCLAD - TB(M,N)]
where

Q\M,N) = surface heat flux

M
“~J
LN

sy
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323



TCLAD = cladding surface temperature

HTC(M,N) = heat transfer coefficient

TB(M,N) = coolant temperature for forced convection
modes of heat transfer and saturation temper-
ature for boiling modes of heat transfer.

The coolant condition data set will be accessed ., FORTRAN logical
unit 4, A control card for FORTRAN unit 4 must be supplied which
copies the coolant condition data set to a data set with name "TAPE4".

2. CONVERSION OF RELAP PLOT TAPE TO FRAP COOLANT TAPE

Two subcodes are available which convert a RELAP4 plot tape to a
FRAP-T coolant condition data set. The first subcode, named FCOOL,
creates a data set containing the transient values of the coolant
pressure, enthalpy, and mass flux. The second subcode, named STRIP4,
creates . data set containing the transient values of cladding surface
heat transfer coefficient, and coolant pressure and temperature.

The required input for FCOOL is described in Table E-I and con-
sists of some editing parameters, the volume or heat slab index from
the RELAP problem which is to be associated with each FRAP-T coolant
zone, and some geometry data. The control cards for running the
subcode on the INEL CDC 7600 computer are shown in Table T-II. The
input RELAP4 plot tape is staged in on TAPE3. The output FRAP-T
coolant condition tape is post staged on TAPESB.

The required input for STRIP4 is described in Table E-III. The
control cards for running the subcode are shown in Table E-II. The
input RELAP4 plot tape 1is prestaged on TAPE3. The output FRAP-T
coolant condition data set is post staged on TAPEY.
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TABLE E-I

INPUT FOR FCOOL SUBCODE

Card O

Card 1
Columns Format
1-5 I
11-20 F
21-30 F
26-35 F

Card 2
Columns Format
1-5 I
6-10 I

Cards 3-ff

Columns 1-6.

Control.

Name

IPRINT

TMIN

TMAX

TDEL

Insert -1, remainder may be used
to identify the deck
but is not used by

program.

Print control code.

If < 0 - do not print channel data.

If > 0 - print the channel data being
prepared for FRAP-T every [PRINTth
time steps of RELAP4.

Initial problem time (sec).
RELAP4 records at earlier times will
be skipped.

Final problem time (sec). If Ileft
blank or zero, processing will
continue to the end of the RELAP4

tape.

Minimum FRAP-T data interval (sec).
RELAP4 records are skipped if not at
least TDEL later than the last point
processed. Normally, these columns
are left blank.

Plenum definition.

Name

NLP

NUP

Lower plenum number - the RELAP4
number for the volume containing the
core inlet coolant conditions.

Upper plenum number - the RELAP4
number for the volume containing the
core outlet coolant conditions.

One card for each RELAP volume which overlays fuel
rod being analyzed. Number of cards must equal
NZONE of card 5.1.
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TABLE E-I (continued)

Columns Format Name

1-5 I M Volume in RELAP4 problem.

11-20 F B Distance from bottom of fue®l rods to
bottom of RFLA® volume.

M (ft). Fcr contiguous coolant zones,
B may be left blank, and the top of
the previous zone will be used for ZB
(zero for the first zone).

21-30 F T Distance from bottom of fuel rods to
top of RELAP volume (ft).

31-40 F AR Coolant channel area (tt2) in the
RELAP4 problem - used to Eonvert flow
from 1b/hr to 1b/hr-ft¢ (same as
flow area of RELAP volume M).

TABLE E-I11
CONTROL CARDS FOR FCOOL AND STRIP4 SUBCODES
Job Card

Accounting Card

STAGE, TAPE3, PE, E,

FILE, TAPE3, RT = U.

STAGE, TAPE8S, E, PE, POST.

FTN, R = 2, OPT = 2.

LGO.

7-8-9 punch in column 1

VSN = T9aaaa.

(Stage in RELAP4 plot tape)

(Post stage FRAP-T coolant condition tape)

Source cards of FCOOL or STRIP4 subcodes

7-8-9 punch in column 1

Input data cards for conversion program

End of file card
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TABLE E-III

INPUT FOR STRIP4 SUBCODE

Card 1
Columns Format
4-5 I
Card 2
Columns Format
5 I
Card °
Columns Format
1-5 I
6-10 I
11-20 F
21-30 F
Cards 4-ff
Columns Format
1-5 I
6-10 I

Name Quantity

NSW Insert "-1" in columns 4 and 5.

Name Quantity il

NTOT Insert "1" in column 5.

Nave Quantity

IPRINT Print control variable.

The RELAP4 coolant conditions are
printed every IPRINT-th RELAP4 time
step.

NSLABS Number of <LLAP4 heat slabs in stack
that represents fuel rod to be
analyzed.

TMIN Initial RELAP4 problem time (sec).

TMAX Final problem *ime (sec). If left
blank or zerc processing will
continue to the nd of the RELAP4
tape.

One card for each heat slab which
overlays fuel rod being analyzed.
Number of cards must equal NSLABS of
Card 3. Also, NZONE of Card 5.1 must
equal NSLABS.

Name Quantity

NV RELAP4 thermal-hydraulic volume num-
ber which overlays heat slab number
NH of column 6-10.

NH RELAP4 heat slab number.

Z A
Jp[
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TABLE E-II11 (continued)

Columns Format Name Quantity

11-20 F ZB Distance from bottom of fuel rod to
bottom of heat slab #NH (ft).

21-30 F T Distance from bottom of fuel rod to
top of heat slab #NH (ft).

Continue tu input one card for each RELAP4 heat slab until NSLABS
cards have been input for Card Group 4.
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APPENDIX F
CONFIGURATION CONTROL PROCEDURE

A Configurat®,n Control Procedure (CCP) has been defined to
maintain a traceability of results from developing computer codes.
During the development process of a computer code, there are require-
ments for using the code for generating both checkout results and
production results, depending on the stage of development.

The CCP consists of a method by which changes can be made to the
code and traceability of results maintained. Any time a modification
to the code is made, the following data are recorded in a log book:

(1) Version of code to which modification was made

(2) Reason for modification

(3) Results affected by modification

(4) Date of modification

(5) Person responsible for modification

(6) The change cards used to modify the original version of
the code.

The Fuel Analysis Research and Development Branch at the Idaho
National Engineering Laboratory is responsible for recording changes
made to FRAP-T in the FRAP-T log book. A tape update routine is used
to modify the code. This routine requires only those computer cards
defining new statements or deleting old statements. These "change
cards" are kept on file so any version of the code can be reproduced if
necessary.
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A new identification number is assigned to the modified version of
the code, and this new number is programmed into the code where it will
be listed at the top of each page of output and on each plot produced
by the code.
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APPENDIX G

NUMERICAL SOLUTION OF THE PLENUM ENERGY EQUATIONS
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APPENDIX G
NUMERICAL SOLUTIOM OF THE PLENUM ENERGY EQUATIONS

The Crank-Nicolson tinite difference form of the six energy
equations presented in Section III-2.1 of the main text is

Plenum Gas:

1
(1™
g 9’ . __epep o ] 1,
°g'g% 7 Tep=Tg=Tg *Tip)
A .h
¢l cl ;.M 1 m+]
% (Th!i - Tz *las - ' )
A h
Ss S 1_ 1
PR (T - Tt Tee Ty ) (6-1)
Spring Center Node:
1
(™! .1™) A X
sC sc - E7les SC S r 1 _ 1
PgVscls - A Ve * 2 Rss (T?s T:c * Tss sc ) (6-2)
Spring Surface Node:
] A K
(Tm+ . ) - o=... SCS (qM M 1 1
$s ss’ =q "'V __ + ( - + T, - )
oSVSSCS - $s ss  SC 3 <C ss
(h )
rads conc T 1
* A (T211 B T?s * Terd s )
s o el
*h 7 | g~ Tss ¥ g - Tss! (6-3)
Cladding Interior Node:
1
°c11vcliccl(T?;it- T?li) T (Ac1"rade ; AssMconc!

.' ‘
4 L
§ J % ’
il S )
o
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Cladding Center Node:

1
b I A K
C..Vv cle clec” _ =... cl ¢l . R 1
“elelcle T q vclc N 2.4r/2 (72]1 T?lc * T:;i T?;c)
A LK

17cl 1 1
‘ Zfargi (T?1O ! T?lc 5 Tg;o " T:Tc) (6-5)

Cladding Exterior Node:

clo cool (G-6)

The superscripts m and m+l represent the v . 2s of quantities at
the old (m) and new (m+l) time. The steady state finite difference
equations are obtained by setting the left side of Equations (G-1)
through (G-5) to zero, and by dropping the superscripis m and m+l.
Equations (G-1) through (G-5) can be written in the following
simplified form by combining constant coefficients and known temper-

m
atures (Tj):

Plenum Gas:

i +1 1
AT‘;" +3Tm "‘C]T’:; 31-' (6-7)

1°218

Spring Center Node:

(G-8)
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Spring Surface Node:

1 1 +1 I
“3’? * ByTeys * Calgg * D375 = 1 (6-9)
Combining Equations (G-8) and (G-9):
+1 1 1. "
A3r;‘ + BTy * o100 = 1y (6-10)
where
D
" 3
D
3
I = 13 - D; Iz
Cladding Interior Node:
1 ] +1 1
ATy * BgTCh * CaTey * EaTore = g (6-11)
Cladding Center Node:
B T™1 4 g 1™ L g (6-12)

Equations (G-6) through (G-12) represent a set of six equations, with
six unknowns.

In the above equations, all material properties and heat transfer
coefficients (except convection to the coolant) are shown as constants.
For the transient case, the temperature-dependent material properties
and heat transfer coefficients are evaluated at the average of the
temperatures (TBAR) at the start and end times of each time step. For
the steady state calculation, TBAR represents an estimate of the true
steady state temperature. Therefore, it is required that the steady
state and transient solutions to Equations (G-7) through (G-12) be
iterated to convergence on TBAR.
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LIST OF INFORMATION IN ACTIVE LINK OF FRAP-TS
WITH THERMAL-HYDRAULIC CODE
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APPENDIX H

LIST OF INFORMATION IN ACTIVE LINK OF FRAP-TS WITH
THERMAL -HYDRAULIC rODE

Two types of 1links are available for 1linking FRAP-T5 with a
thermal-hydraulic computer code. In the first type of link, informa-
tion is communicated between the two codes via a subroutine argument
list. In the second type, information is communicated via a common
block.

1. SUBROUTINE ARGUMENT LIST LINK

The communication of information occurs through the argument Tist
of a subroutine named FRAP. A call to FRAP by the thermal-hydraulic
code will link FRAP-T with the thermal-hydraulic code. The argument
list of FRAP contains three categories of variables. The first
category contains variables which control initialization, storage, and
time span of calculations. The second category contains variables
which specify the coolant conditions. The third category contains
variables which specify the fuel rod conditions. The first two
categories are in the subroutine input variables while the third
category is the subroutine output variables. A list and a dictionary
of the variables is shown below.

SUBROUTINE FRAP (NCARDS, NREST, NRODS, NCOOL,

# T1, T2, TIMC1, TIML2, IMAXA, ZCA, PRESC1, PRESC2, TCOOLi, TCOOLZ,
# HC1, HC2, GAl, GA2, HCIN1, HCINZ, HCOUT1, HCOUTZ,

# TIMR1, TIMR2, KMAXR, ELVR, RODOD1, RODOD2, AAl, AA2, BE1l, BEZ,

# TSURF1, TSURF2, HFLUX1, HFLUX2, NDTAD, NBUGPR)

ARGUMENT LIST DICTIONARY
ARGUMENTS NCARDS THRU HC2 ARE ALWAYS INPUT
[F NCOOL = 6, ARGUMENTS GA1 THRU HCOUT2 ARE ADDITIONAL INPUT
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TIMR1 THRU HFLUX2 ARE ALWAYS OUTPUT

INPUT VARIABLES (COOLANT CONDITIONS) ENDING IN 1 APPLY TO TIME TIMC1

INPUT VARIABLES ENDING IN 2 APPLY TO TIME TIMC2

OUTPUT VARIABLES (FUEL ROD CONDITIONS) ENDING IN 1 APPLY TO TIME
TIMR]

OUTPUT VARIABLES ENDING IN 2 APPLY TO TIME TIMRZ

FRAP CONTROLS TIME STEP SO THAT TIMR1=T1, TIMR2=T2

INDEX 1 DENOTES I-TH VERTICALLY STACKED REGION IN COOLANT CALCULA-
TIONS

INDEX K DENOTES K-TH AXIAL NODE IN FUEL ROD CALCULATIONS

INDEX N DENOTES FUEL ROD NUMBER

NCARDS = CONTROL SWITCH ON INPUT CARD READ.
1 = READ INPUT CARDS THIS CALL (FIRST CALL FOR GIVEN ROD)
0 = DO NOT READ CARDS

MREST = CONTROL SWITCH ON RESTART

1 = SINGLE ROD CALCULATIONS. IF RESTARTING FROM PREVIOUS
JOB, MREST MUST EQUAL 1 OR 3 ON FIRST CALL TO FRAF

2 = MULTI-ROD CALCULATIONS WITH LCM STORAGE

3 = MULTI-ROD CALCULATIONS WITH DISK STORAGE INSTEAD OF LCM
STORAGE. IF NREST = 3,
ARRAY AFRAP IN COMMON BLOCK/FRPSTO/NEEDS A
LENGTH OF 32000 INDEPENDENT OF NUMBER OF FUEL RODS
IF NREST = 3 AND RESTARTING JOB FROM PREVIOUS RUN,
STAGE IN RESTART TAPE ON TAPE3

——
w~
L
Ly
A~

NRODS = NUMBER OF FUEL RODS C
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NCOOL = CONTROL SWITCH ON THERMAL/HYDRAULIC - FUEL ROD TYPE OF LINK.
5 = SUBROUTINE ARGUMENT LIST LINK WITH H.T.C. FROM THERMAL-
HYDRAULIC CODE
6 = SUBROUTINE ARGUMENT LIST LINK WITH PRESSURE, ENTHALPY
AND MASS FLUX FROM THERMAL-HYDRAULIC CODE

Tl = START TIME (SEC)
T2 = END TIME (SEC)

TIMC1 = TIME OF COOLANT CONDITIONS WITH NAME ENDING IN 1 (SEC)
TIMC2 = TIME OF COOLANT CONDITIONS WITH NAME ENDING IN 2 (SEC)

IMAXA(N) = NUMBER OF COOLANT REGIONS
IMAXA(N) < 20

ICA(I,N) = ELTVATICN OF TOP OF COOLANT REGION I (FT)
ICA(1,N) = 0. ASSUMED

PRESC1(I,N) = COOLANT PRESSURE (PSIA)
TCOOL1(I,N) = COOLANT TEMPERATURE (F)
IF NCOOL = 5, HC1(I,N)*(TSURF1(I,N)-TCOOL(I,N)) =
HFLUX1(I,N)
IE > TCOOL1 = SATURATION TEMP IF BOILING
IF NCOOL = 5, HC1(I,N) = HEAT TRANSFER COEFFICI®NT (BTU/FT2-F-HR)
IF NCOOL = 6, HC1(I,N) = COOLANT ENTHALPY (BTU/LB)
GAL(I,N) = COOLANT MASS FLUX (LB/HR-FT2)
HCINI(N) = INLET ENTHALPY (BTU/LB)

HCOUTL1(N) = OUTLET ENTHALPY (BTU/LB)

TIMR1
TIMR2

TIME CORRESPONDING WITH VARIABLES WITH NAME ENDING IN 1 (SEC)
TIME CORRESPONDING WITH FUEL ROD VARIABLES WITH NAME ENDING
IN 2 (SEC)
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KMAXR(N) = NUMBER OF AXIAL NODES IN FRAP CALCULATION OF ROC N
MAXIMUM NUMBER OF AXIAL NODES = 20

ELVR(K) = ELEVATION OF AXIAL NODE K, ROD N(FT)
BOTTOM OF FUEL ROD ASSUMED TO HAVE ELEVATION OF ZERO

RODOD1(K,N) = OUTER DIAMETER OF FUEL ROD (FT)

AAl, BB1 ARE COEFFICIENTS SUCH THAT >
AAL(K,N)*TSURF1(K,N) + BB1(K,N) = HFLUX1(K,N)

TSURF1(K,N) = CLADDING SURFACE TEMPERATURE (F)
HFLUY1(K,N) = CLADDING SURFACE HEAT FLUX (BTU/FT2-SEC)

NDTAD = SWITCH TO ADVANCE TIME OR PERFORM CALCULATIONS ONLY
AT TIME T1
= 0 = ADVANCE IN TIME (TRANSIENT CALCULATIONS)
= 1 = ONLY PERFORM CALCULATIONS AT TIME T1 (STEADY-STATE
INITIALIZATION)
NBUGPR = SWITCH TO TURN ON DEBUG PRINTOUT
=0 =N
=1 = YES
THE VARIABLES IN THE SUBROUTINE ARGUMENT LIST ARE DIMENSIONED AND
STORED AS FOLLOWS:
DIMENSION 2CA(20,3) , PRESC1(20,3) , PRESC2(20,3)
#TCOOL1(20,3), TCOOL2(2C,3), HC1(20,3), MC2(20,3),
#GA1(20,3), GA2(20,3), HCIN1(3), HCIN2(3), HCOUT1(3),
# HCOUT2(3), IMAXA(3)
LEVEL 2, ZCA, PRESC1, PRESC2, TCOOL1, TCOOL2, HC1, HC2, GAl,
# GA2, HCIN1, HCIN2, HCOUT1, HCOUTZ, IMAXA
DIMENSION RODOD1(20,3), RODOD2(20,3), AA1(20,3),
# AA2(20,3), BB1(20,3), BB2(20,3), TSURF1(20,3), TSURF2(20,3),
# HFLUX1(20,3), HFLUX2(20,3), KMAXR(3), ELVR(20,3)
LEVEL 2, RODOD1, RODODZ, AAl, AA2, BB1, BB2, TSURF1, TSURF2,
#HFLUX1, HFLUX2, KMAXR, ELWR
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2. COMMON BLOCK LINK

In this type of 1link, the communication of information occurs
through a common block named FRAPC. The common block contains three
types of variables. The first type, positioned in the first part of
the common block, are variables which control initialization, storage,
! and end time. The second type, positioned in the middle of the common

block, are variables calculated by the thermal-hydraulic computer code
and passed to FRAP-T. The third type, positioned in the last part of
the common block, are var'ables calculated by FRAP-T5 and passed to the
thermal-hydraulic code. This common block is used to link RELAP4/MOD7
and FRAP-TS5. The variables calculated by the thermal-hydraulic code
are noted in parantheses as being passed from RELAP4. The common block
arZ dictionary of the variables in the common block are shown below.

COMMON/FRAPC/NCARD2, NREST2, NRODS2, NCOOL2, NDTADYV, NBUGSH, T12,
# 122, TMPRLP(20,24,12),RMRLP(20,12), TPRLP(12),
1 NFORLP(12),NCIRLP(12),NCORLP(12),PCLRLP(24,12),
2ELVRLP(24,12), KMXRLP(12),
3KMXFRP(12),ELVFRP(20,12),HGPFRP(20,12),
B DRDFRP(20,12),IFFRP(20,12), VRLFRP(20,12),
5 PGPFRP(20,12), GSFRP(9,12), BUFRP(20,12), GSMFRP(12)

LEVEL 2, NCARD2

DICTIONARY

NCARDZ = NCARDS, WHICH IS DEFINED BELOW (LEVEL 2 STORACE)

NCARDS = CONTROL SWITCH ON INPUT CARD READ
1 = READ INPUT CARDS THIS CALL (FInsT CALL FOR GIVEN ROD)
0 = DO NOT READ CARDS

NREST2 = NREST, WHICH IS DEFINED BELOW

NREST = CONTROL SWITCH ON RESTART AND STORAGE
ALWAYS SET NREST = 3
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NRODS2 = NRODS, WHICH IS DEFINED BELOW

NRODS = NUMBER OF FUEL RODS

NCOOL2 = NCOOL, WHICH IS DEFINF" BFLOW
NCOOL = CONTROL SWITCH ON THERMAL,HYDRAULIC - FUEL ROD TYPE OF
LINK. ALWAYS SET NCOOL = 7

NDTADV = SWITCH TO ADVANCE IN TTME OR PERFORM CALCULATIONS ONLY
AT TIME T12
0 = ADVANCE IN TIME
1 = ONLY PERFORM CALCULATIONS AT TIME T12

NBUGSW = SwITCH TO TURN ON DEBUG PRINTOUT
0 = NO
1 = YES

T12 = START TIME FOR FRAP CALCULATIONS (SEC)
T22 = END TIME FOR FRAP CALCULATIONS  (SEC)

FOR ALL ARRAYS, MAXIMUM VALUE OF L = 20, N = 12

FOR ARRAYS WITH NAME ENDING IN RLP, MAXIMUM VALUE OF K
FOR ARRAYS WITH NAME ENDING IN FRP, MAXIMUM VALUE OF K

24
20

L = RADIAL NODE, K = AXIAL NODE (HEAT SLAB), N = FUEL ROD NUMBER

TMPRLP(L,K,N) = RELAP COMPUTED TEMPERATURE (F)

RMRLP(L,N) = RADIAL COORDINATE (COLD STATE) (FT) (FROM RELAP)
RADIUS TO RADIAL NODE L OF FUEL ROD N

RMRLP(1,N) = 0 (FUEL CENTERLINE)

RMRLP(LMAX,N) = RADIUS OF CLADDING OUTSIDE SURFACE

TPRLP(N) = PLENUM GAS TEMPERATURE (F) (FROM RELAP)

NFORLP(N) = RADIAL NODE AT FUEL PELLET SURFACE (FROM RELAP)

NCIRLr(N) = RADIAL NODE AT CLADDING INSIDE SURFACE (RELAP)

NCORLP(N) = RADIAL NODE AT CLADDING OUTSIDE SURFACE (RELAP)
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PCLRLP(K,N) = COOLANT PRESSURE (PSIA) (RELAP)
ELVRLP(K,N) = ELEVATION OF RELAP AXIAL NODE (HEAT SLAB) K, FT
KMXRLP(N) = NUMBER OF AXIAL NODES IN FUEL ROD N (RELAP)
KMXFRP(N) = NUMBER OF FRAP AXIAL NODES, ROD N (FRAP)
ELVFRP(K,N) = ELEVATION OF FRAP K-TH AXIAL NODE, FT  (FRAP)
HGPFRP(K,N) = GAS GAP CONDUCTANCE (BTU/SEC-F-FT**2)  (FRAP)

DROFRP(K,N) = FUEL ROD QUTER DIAMETER (FT) (FRAP)
IFFRO(K,N) = CLADDING FAILURE INDICATOR, 0 = NO, 1 = YES (FRAP)
VRLFRr (K,N) = FUEL CRACK VOLUME GENERATED BY RELOCATION

(FT**3/FT) (FRAP)
PGPFRP(K,N;, = FUEL ROD INTERNAL GAS PRESSURE (PSIA) ‘FRAP)
GSFRP(J,N/ = FRACTION OF J-TH GAS IN FUEL ROD N (FRAP)
BUFRP(K, i) = FUEL BURNUP (Mw-SEC/KG) (FRAP)
GSMFRP( ) = GRAM-MOLES OF GAS

If the common block link is used, only a portion of the input data
blocks, shown in Appendix A, are input. The input data blocks are
blocks 1, 6, and 7. Also, only a portion of the cards in block 1 is
input. These are cards 1.1 through 1.6 and 1.11 through 1.14. A1l of
the input variables on these card that refer to the temperature
solution are ignored.
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