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ABSTRACT
.

The Fuel Rod Analysis Program - Transient (FRAP-TS) is a

FOR TR AN IV compute r code th at calculates the transient response of
light water reactor fuel rods during hypothesized accidents such as a
loss-of-coolant accident or a power-cooli ng mi sm at ch . 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 transf er from cladding to coolant. The code

contains all the needed materia' properties, water proporties, and

heat transfer correlations.

The code inc ludes a user's cotion that automatically provides a
detailed uncertainty analysis of code calculated response parameters.

FRAP-T5 is progracmed on the CDC 7600 computer and is structured
to enable direct linkage to a thermal-hydraulic code for transient

an alysis.
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FR AP-T5

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 t 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 aponsored an extensive program of analytical com-
puter code developmcri 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 er
tFo transient response of a single fuel rod under hypothesized

accident conditions is the Fuel Rod Analysis Program - Transient

(FR AP-T) code. This report describes FRAP-T5, which is the fif th in a
series of code versions released at approximately one-year intervals.

FRAP-T5 predicts the transient behavior of LWR fuel rods during
any hypothesizec. accident ranging from mild operational transients to
design basis accidents such as the loss-of-coolant accident (LOCA) and
the reactivity inid ated accident (RIA). The code calculates the

variation with time of all 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
ana lyz ed.

,
As a user-specified option, FRAP-T5 calculates the uncertainties

in the predicted fuel rod variables due to uncertainties in fuel rod

fabrication variables, material properties, powe r, and cooling. The

uncertainty analysis calculations are based on the response surf ace.

method. No additional analysis is required on the part of the code

user to use this option, and only minimal additional input is required.

1 [ [) b [b



The coolant conditions needed as input by FRAP-T5 consist of the
coolant pressure, flow, a :d enthalpy histories. These variabirs can
be taken from the output of a thermal-hydraulic code such as

IREL AP4 . 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-la code has
been developed at EG&G Idaho, Inc., to generate initial conditions for
FRAP-TS. FRAPCON calculates such burnup-dependent variables as

fission gas inventory, fuel densification and swelling, and cladding
cre2p strain, which are passed to FRAP-T5 by means of a restart tape.
(If the transient event is occurring at beginning-of-life, FRAP-T5 can
determine the initial conditions of the fuel rod, so that a restart

tape is not needed.)

The accurate prediction of fuel rod behavior during a transient
also requires access to accurate material properties over a broad

range of te m eratures. To meet this requirement, FRAP-T5 is linked
2with the MATPRO-11 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 tegeratures
varying from room temperature to ten?eratures above the mlting
teg erature. Each subroutine defines only one material property. For
example, MATPRO contains subroutines which define fuel thermal

conductivity as a function of teg erature and fuel density; fuel

themal expansion as a function of temperature; and the cladding
stress-strain relation as a function of temerature, strain rate, cold

work, and fast neutron damage.
,

The FRAP-T5 development process includes two separate assessment

efforts designed both to provide configuration control and to test the ,

a. FRAPCON MOD 001, MATPRO Version 10A, EG&G Idaho Code Configuration
Control Nunber H00730IB.

2
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analytical capabilities of the code. In each assessment effort,

experimental data on fuel rad response parameters, such as centerline

temperature and cladding def ormati on, are compared with FRAP-T5

calculated values. The first effort, Developmental Assessment, is an.

ongoing assessment process whereby model additions are checked for
correc tness , and the performance of the code is checked for any

unanticipated perturbations. This effort is completed before the code<

is released for neneral use. Independent Assessment is the second
assessment process that takes pl ace after a ccJe 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 of FRAP-T5 is given in Section II,

which is designed to give a general description of the code structure,
input, output, and solution scheme. A detailed description 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 FR AP-T5 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 FR AP-T5 and any thermal-hydraulic
systems code. Appendix F outlines the configuration control procedure
that assures the nprodu:ibility of succeeding versions of the FRAP-T
code. Appendix G presents the numerical scheme used in obtaining the
plenut temperature solution, and Appendix H describes two schemes that
have been used to link FR AP-T5 actively with a thermal-hydraulic.

systems code.

.

F7~ r-
3 - ' ' '



II. GENERAL CODE DESCRIPTION

In this sec tion, the code structure and computation scheme are

outlined and the input data requirements and cutput information of
,

FRAP-T5 are sunmarized. The link with the FR APCON-1 code, which can
be used to provide initial conditions, is also described. Finally,

the code user's means of controlling 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 eff ects 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 FR AP-TS. 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 is advanced according to the input-sp ecifi ed 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 manner 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 inside the fuel rod, and (e) the
,

release of fission products inside th e fuel rod. Each of these

calculations is made in separate modular subcodes. These subcodes are
call ed iteratively, so that all significant interac tions are taken

F, ,/ j. (j] k
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Fig.1 Simplified FRAP-T5 flow chart..
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into account. For example, the deformation of the fuel af f ec ts the

fuel rod gas pressure since the internal volume of the rod is changed.
The deformation of the fuel also aff ects 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 cycli ng threugn two nested loops of calculations
until convergence occurs. In the outside loop, the f uel rod temper-

ature end deformation art _ alternately calculated. On the first cycle

through this inop, the gap conductance is computed using the gas gap
size from the past time step. Then the fuel rod tenperature dis-

tribution 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

relation. A new gas gap is corr 9d, which is used in the gap

conductance calculation on the raxt cycle of calculations. The

calculations are cycled until two successive cycles compute the sarre
itcperature 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 determined by iteration.

The fuel 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 th at influence the pre sure solution, such

as gas gap and plenum volume, are computed. Then the pressure
,

calculation is made and an updated cladding pressure is fed back to
the deformation calcultcions. The calculations are cycled until two

successive cycles cor ~ute the same pressure.
.

Af ter the two loops of calculations have converged. fission gas

release is determined. The fission gas release is determined only

once per time step.

6
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A complete description of the five major calculations is

presented in Section III.

2. INPUT REQUIREMENTS-

The required input information for FRAP-T5 consists of data
describing fuel rod design, burnup effects, fuel rod power, and-

boundary conditions. Also needed is specificat ion of model options
and accuracy of the numericci m lution. The input information is

*completely described in Appendix .

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 and 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 af f ec t the response of a fuel rod
during an accident. To account for these changes, FR APCON-la which

calculates steady state fuel rod response, can be linked to FRAP-T5 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

burnup has not occurred, this link with FRAFCON-1 is not needed.

Coolant conditions are usually obtained from the output of a
1thermal-hydraulic systems analysis code such as RELAP4 . The

coolant conditions are input to FRAP-T5 either by input data cards or-

by a magnetic tape. If the coolant conditions change significantly
d"

with time, however, input by tape is less cumbersome. The required

.

FRAPCON MOD 001, MATPPO Version 10A, EG&G Idaho Code Confi3urationa.
Control Number H0073018.

G,J7 r,u , 'ja| r

7



TABLE I

BURNUP DEPENDENT DATA REQUIRED TO INITIATE FRAP-T5

(1) Gas pressure -

(2) Radial gap thickness

(3) Interfacial pressure .

(4 ) F hsion gas inventory

(5) Temperature distribution

(6 ) Axial node elevation

(7) Fuel surf ace displacement due to densification and swelling

(8) Fuel burnup

(9) Peak average cladding terrper . cure attained

(10) Permanent cladding strains

(11) Volume fraction oi 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 FR AP-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 pressur e 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 FR AP-T5 can be used to calculate the coolant
conditions as a user option.

.

The fuel rod power history is input to FRAP-T5 by data cards,

which requires that the 1 rod power distribution and power history
'

^

be datermined by a reactor physics code prior to FR AP-T5 calculations.

The radial power profile, axial power profile, and history of linearly

8



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-T5 output gives a complete description of the fuel rod

response to the user-specified transient. This output includes, for

example, the fuel and cladding tenperature histories, internal pressure
history, and cladding cief ormaticn history, all of which are both

printed and plotted. Quantities such as peak cladding tenperature and
time and location of cladding failure are readily determined f rom the

code output. If the uncertainty analysis option is used, the

uncertainties of the code outputs are also given.

A complete list of the FR AP-T5 output information is given in

Table II. 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

th rer. 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 elesations at which the

radial distribution of the fuel rod terrperature and deformation are to

(;; p
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TABLE II

FRAP-T5 OUTPUT

(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) Length change of fuel stack and cladding

(4) Pressure of internal fuel rod gas

(5) Time and location of cladding rupture

(6) Cladding surface heat transfer coefficients

(7) Critical heat flux at fuel rod surface

(8) Gas gap heat transfer coefficients

(9) Plastic strains in cladding

(10) Radial stress at fuel-cladding interf ace

(11) Elastic and permanent scrains in fuel

(12) Stress distribution in fuel

(13) Void volume

(14) Probability of fuel rod failure

(15) Cladding oxide thickness

(16) Energy generated by cladding c.- .; tion

(17) Stored energy in fuel

(18) Radial extent of fuel melting

(19) Plenum gas temperature
.

(20) Coolant conditions

.

10
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b e c' 'p u te d . Each of these elevations is defined as an axial node. In

parti e, the axial n', des are considered to be points on the longi-
tudinal 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 surf ace and at the cladding inside and ou tside 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 ocdes at e recomended. If cladding ballooning can occur, and an
accurate calculation of the ballooning length is 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
8difference in temperature calculated by two successive cycles

.

a. Fractional differencc: (Tn - Tn-1MTn-1, where Tn = temperature
computed by n-th cycle through the temperature -deformation loop,
< nd in-1 = temperature computed by the previous cycle.

11 E77 n~q
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e a node

.

gStack of fuel pellets

Cl7 adding

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 fucl rod is greater than the value of this parameter, another

cycle of calculations occurs. The temperature calculations, however,
are not repeated at the axi al nodes at which the temperatu e

differences at all radial nodes were less than this value.
.

The pressure accuracy is similarly specified by one parameter.

This parameter is defined as the maximum permissible fractional
difference in the internal fue' rod pressure calculated by two

successive cycles through the deformatior-pressure loop of calcu-

lations. If the pressure difference between two successiva cycles is
greater than this number, ai.v_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 explicit solution

of the transient. This approach reduces computer running time and

precludes convergence problems. If sufficiently small time steps are

spec ified , adequate calculational accuracies can be assured. In

general, the explicit solution is recomended. If an accurate pre-

diction of the onset of cladding ballooning is needed, however, an

implicit solution should be used. In this case, the temperature and

pressure accuracies parameters should 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 snecified 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
excaed 0.1 seconds during the time span in which boiling at the clad-

. ding surf ace changes from the nucleate to the film boiling mode.

-

a. -
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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 compu te r failure or 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.

.

.
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III. 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

desccibed in detail. The models and their subcodes are described in-

the order in which they occur in the calculational scheme, as wa:

:hown in Figui 1.

Thus, the analysis of the tenperature distribution in the fuel

and cladding is descrihed in Section 1. This analysis involves models
for gap conductance between the fuel and the cladding, models for
dete-mination of the appropriate heat transfer coefficicnts at the

outside of the fuel rod, and finally models for the calculation of the

temperature distribution 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 ef f ec ts of radiaticn heat transfer and ganma

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 FR ACAS-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 code user.

Finally, the production of fission gas and its release is.

described in Section 5. The calculation o. fission gas production and
3release in FR AP-T5 is based on the GRASS subcode developed at

the Argonne National Laboratory.

E77 n 7
15 J'J U''



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 oi~ calculations are essentially the same. A .

flw chart of the temperature distribution solution is shown in

Figure J.

First, the loc al coolant conditions (pressure, quality, and

enthalpy) are determined, either from a steady state enthalpy rise
calculation or from : 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 MATPR0 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 temp erature 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 the complete

temperature distribution throughout the fuel and cladding is found.

The models used in the tenperature 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 surf ace heat transfer correlations
are assumed to be valid during transient conditions

E77
0/d p ' )7Ui
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Fig. 3 Flow chart of fuel and cladding temperature calculations.
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(4) No convective mode of heat transfer occurs across the
gas gap

(5) Cladding oxidation does not influence th e 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 Coolant 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 pressure is also needed to calculate the cladding

deformati on. In general, the coolant conditions must be computed by a
thermai-hydraulic code and input to FR AP-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 fi nd 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 plutonium

atoms and by radioactive decay of fission products. The heat gener-
ation must be determined by a reactor physics code and input to

FRAP-T5 by c ard s. Alternatively, only th e heat generation due to

fission is prescribed by card input, and that due to radioactive decay

18
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4
is calculated by the AN S Standard formula . If the reac tor is

scramed 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 tenperature 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-T5
is basically a modific ation of the formulation due to Ross and

5Stoute , and is based on the assumptions that:

(1) The gap between fuel and cladding is ax isymetric. If

the gap is closed, the interface pressure is ax i syn-
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

E, ,7 , s ,-
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K

(1-1)h
g t + (g + g2) + h

=
r

g

where

h gap conductance=
g

.

K conductivity of gas in gas gap=
g

t gap thickness=
g

91 temperature jump distance at cladding inside surface=

92 temperature jump distance at fuel outside surface=

h radiant heat transfer conductance.=
r

The radiant heat transfer coefficient is computed using the following
equation

f (T2 + T )(T7+T) (1-2)
2

h "
r e c

where

h radiant heat transfer conductance=
r

Stef an-doltzmann constant=

F emissivity f actor=
e

.

T
7

temperature of outside surface of fuel=

T temperature of inside surface of cladding. .
=

c

The emissivity f actor is computed by the equation

c7.3. 0 '.
,
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+ ( - 1 )] -I (1-3)[F =
e

f c c

where

F emissivity factor=
e

emissivity of fuel surfacee =
f

emissivity of cladding ins ide surf acee =
c

outside radius or~ fuelr =
f

inside radius of cladding.r =
c

The temperature jump distance term (gy g2) is computed by+

an empirically derived equation presented in the GAPCON-THERMAL-1 code
6report . The equation is

f(f) (1-4)gi + g2 = 5.448

where

(91 + g2) jump distance (cm)=

viscosity of gas (g/cm s)=u

pressure of gas (psi)P =

temperature of gas (K). T =

molecular weight of gas.M =

.

1.3.2 Closed Gap. If the fuel and cladding are in contact, the
6e',uation for contact conductance used in the GAPCON-THERMAL-1 code

5/3 0 '. 3
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is used. This equation agrees with the gap conductance data presented
5by Ross and Stoute . The equation is

K P K
,m j g

r (1-5)0 c(Rf + R l * (91+9)R .5 H9 c 2a
o

where '

gap conductance (cal /s cm2 oC)h =
g

2K Kfc*
m Kf+K

fuel conductivity (cal /s cm.0C)K =
f

cladding conductivity (cal /s cm.UC)K =

P interfacial pressure between fuel and cladding (psi)=
5

la constant, 0.5 cm /2a =
g

(Rf + R ) 1/2
2 2

c
R =

2

P arithmetic mean roughness height of cladding (cm)=
g

R arithmetic mean roughness height of fuel (cm)=
f

Meyer-Hardness of cladding (psi)H =

thermal conductivity of gas (cal /s-cm cC).K =
g

.

The coefficient, c, in Equation (1-5) is computed by the empirical

equation
.

-0.00125 P1.98 e i (1-6)c =

22
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where

interfacial pressure between fuel and claddingP =j
2

- (kg/cm ).

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 reloc ates and forms
circumf erential cracks. The cracks are a resistance to the flow of
heat from the center to the outside surf ace of the fuel. Tc account

for this resistance, the thermal conductivity of fuel computed by

MATPRO is modified by the equation

RK (1-7)K =
eff f

where

Keff = effective thermal conductivity of relocated fuel

K fuel thermal conductivity computed by MAT PRO ,=
f

which assumes no cracks exist in the fuel

R correction factor to account for cracks formed by=

fuel relocation.

The correction f actor R is computed by the following equations:

. R = 1 - 25.1 CREL (6/rf)(1 - K ,/K ) (Tf<TSMT)g g

l

4
R=1 (TfgTSINT)

|

j R 3 0.45 (lower limit)'

(

J/J u0C"7 nr
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where

correc tion factor to MATPRO fuel thermal conduc-R =

tivity .

6 = as-f abricated radial gap between fuel and cladding

(m) ,

as-f abricated outside radius of fuel pellets (m)r =
f

K, thermal conductivity of gas in cracks, not includ-=
g

ing Knudsen domain effect (W/m K)

K fuel thermal conductivity determined by MATPRO=
f

(W/m K)

T fuel temperature (K)=
7

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

1773 K.

The coefficient C is computed by the equation
REL

C = U /(6 - 0.005 r )REL c f

<

CREL > 0.25 (lower limit)
(

where

U radial displacement of fuel surface due to relocation.=
c

.

The empirical factor R was derived from cer.ter li ne and off-center

thermocouple data taken on fuel rods irradiated in the Power Burst

Facility at the Idaho National Engineering Laboratory. ,

24
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1.5 Fuel Rod Surface Heat Transfer

The fif th 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 surf ace. 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.

i ndependent equations are simultaneously solved for cladding surf ace
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 to 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 s'hown in Figure 4. Logic for selecting the

appropriate mode and the correlations av ail able 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 surf ace 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 surf ace. A typical plot of this equation for the

nucleate boiling mode 01 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 surf ace heat flux and tenperature.

The derivation of this equation and the simultaneous solution for

surf ace temperature and surf ace 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.
.

7A separate set of heat transfer correlations 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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TABLE III

HEAT TRANSFER MODE SELECTION AND CORRELATIONS

a bHeat Transfer Mode Range Heat Transfer Correlation

81. Forced convection to liquid T <T rQ2*01'Ocrit Dittus-Boelter
sat

92. Nucleate boiling Qy<Q2'Ocrit; >Tsat; a < 0.9 Thom
w

103. Forced convection vaporization Q<Qcrit; a 1 0.9 Shrock-Grossman

I4. Flow transition boiling Q "03'Ocrit; 04'0; McDonough, Milich, and King
2 5

U G > 200,000; P > 500 or Q4<Qg Tong-Young
1Ccndie-Bengston

145. Flow film boiling Q #03'Ocrit; 05'U4 Groeneveld
2

15G > 200,000 or Q5'06 (a s 0.6) Dougall-Rohsenow
12

or Q7 (a > 0.6) Tong-Young
13Condie-Bengston

d6. Pool film boiling Q rQ3'Ocrit; G < 200,000 Modified Bromley
2

Q6'0;a r 0.35,

~m
" "7. Free convection Q or Q3"Ocrit; G < 200,0002

and Q7'0;a > 0.35g
t,

' .;-



TABLE III (continued)

a b
Heat Transfer Mode Range _ Heat Transfer Correlation

8
8. Forced convection to gas X 1 Dittus-Ecelter

c9. Low pressure film boiling P < 500 and range of mode 5 Dougall-Rohsenow

a. The symbols used are:

coolant void fract'onsurface heat flux for i-th heat transfer modey Q. u ==
I coolant qualitycritical heat flux X

"

Q
==

Tf n.
c mass flux (lbm/hr-ft )cladding surface temperature G ==

coolant pressure (psia)saturation temperature of coolant PT ==

sat

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.
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liquid level rises up along the length of the fuel rods. The cocplex
heat transfer ccnditions which exist in tha reac tor core during

reficoding are modeled by a set of empiric al relations derived from
experiments performed in the FLECHT f acility. A full description of

these models is presented in Reference 7. These models replace the

previously described heat transfer correlations at the user-specified
time of initiation of core reflooding.

1.6 Kaat Conduction

Once values for the gap conductance, modified fuel conduc-

tivities, and surf ace temperature have been obtained, the complete
temperature distribution in the fuel and cladding can be obtained from
the heat conducticn eq u at.i ons , in eitner one or two dimensions as

specified 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

-

ST"(r) 3T (r)
fg kr + g (r) PC=

n t
-

where

T (r) temperature at axial node n and radial coordinate r=
n

timet =

radiusr :

q (r) heat generation rate per unit volume at axial node=
n

n and radius r
.

C specific heat=
p

F' 01.aJJ
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densityo =

thermal conductivity.k =

.

The parameters C and k are tenperature-dependent. The follow-p

ing boundary conditions are used with Equation (1-8)
.

3T
n

0=
3r

r=0 (1-9)

T T=
n 3

r=r (1-10)g

where

outer radius of fuel rodr =
g

T fuel rod surface tenperature.=
s

The numerical selution to Equation (1-8) is performed by a
16modularized version of the HEAT-1 code 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 tenperature. 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 co nduc ti o,. , sed by the HEAT-1

subcode is

(T -Tn ) (c h +c h" )
V

n tn g m ,

et n n-1 in in

s V V

+ (T +1 - T ) h +O h +O h (1-11)n n rn rn in an rn ro

^
r
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Fig. 5 Geometry terms in finite difference equation for heat
conduction.

where

+
T temperature at radial node n and time point m+1=

n

time stepat =

volumetric heat capacity on left side of node nc =
an

volumetric heat capacity on right side of node nc =
rn

k thermal conductivity at right side of node n=
rn

k thermal conductivity at left side of node n=
2n

.

h[n volume veight of mesh spacing on left side of=

or
in (r -radial node n rar=

n

m> 053
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hV volume weight on right side of node n=
rn ar

rn)rn (rrar +=
4n

S
h surface weight on right side of node n

'=
en ar

2n
(I - rn)"

2Ar n
in

,

s
h surface weight on right side of node n=

rn
^#

2n rn)(r +=
37 n 2rn

Q heat generation per unit volume.=
2n

The finite diffcrence approxinations at each radial noce can be

combined together to form one tridiagonal matrix eq mtion. The

equation has the form

T[I d)b) c) 0 0

T[Ia b c 0 0's d
2 2 2 2

0 a b c d
3 3 3 3

. . . . .

. . . .

. . . . .

c _) (l0 's b _) d _)a _) y )g g g

T[IO a b dg g N

(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. .

j/3 019I
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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
_

q[I (1-18)
*AT +B =

N

where

T[1 cladding surf ace terrperature=

q[1 cladding surface heat flux=

A,B coefficients th at 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 (circumf erential)
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 distribution 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 node is used for each
control volume. The temperatures of the racial nodes along a ray are

33
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Fig. 6 Mesn ccnfiguration for R-0 heat conduction.

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

The only new equations required to model two-dimensional (R,0)
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
,

1 kTq(r,0) 7 3g (1-14 )=

.

S P, 051
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where

q(r,0) rate of azimuthal heat conduction at radial=

coordinate r and azimuthal coordinate e (W/m. unit
length)

thermal conductivity (W/m.K)P =

temperature (K).T =

Referring to the mesh configuration shown in Figure 6 the finite

difference form of Equation (1-14) is

k ,n+1/2 (TE,n+1 - TR,n)
9 ,n+1/2 (1-15)*

2 r Ae
t

where

rate at which heat is conducted in azimuthalq =
t,n+1/2

direction across the corrmon boundary of the
control volumes centered about nodes i,n and
t,n+1.

k ,n+1/2 thermal conductivity = 0.5 (k +E t,n+1)=

t,n

r; radial coordinate of radial node -=

T temperature at radial coordinate E and azi-=
,n

muthal coordinate n

azimuthal span between ray n and ray n+1*
Ae =

(radians).

'

The volumetric rate at which heat is added (or subtracted) by azi-
muthal heat conduction into the control volume centered about the node
e,n with corners at nodes t-1/2, n-1/2; z+1/2, n-1/2; i+1/2, n+1/2;

and t-1/2, n+1/2 is

JeJ b1''lF - ~/
ac
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_

0.S(r +1,n - #1-1,n)t k
t , n +'. / 2 l'"+I '"9 ,n *-

1 r o ^
t,n -

_

I,n-1/2(TI,n-1 - Tt,n)*

(1-16)
'

_

where

rate at which heat is added by azimuthal heatq =
;, , n

conduction to control volume centered about node
3t,n (W/m ) (height of control volume assumed to

be one unit)

area of meshA =

I- -2 - '2 1

(a9/2) 0.5(r * "t+1,n) - . (r +r t-1,n)=
t,n ,n

(- -

)

The quartity q- n is added to the heat generation term at the
'th

e 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 cordition, 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
.

1n " p (T -Tin)/nT (1-17)4 "

avg

where '

o= fuel density

, -7

NC|
'
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C fuel specific heat at temperature T=
p avg

time stepat =

.

th
ln temperature at first radial node of n azi-T =

muthal sector at the end of the last time step

N-

(1/N) [ TT =

1navg
n=1

number of azimuthal sectors.N =

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 loc ated in the fuel pellet expansion chamber

(plenum) provided at the top of the fuel rod. The plenum temperature

model (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 surf ace of the fuel stack is
,

independent of the plenum gas temperature

(2) The plenum gas is well mixed by natural convection

E77
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(3) Temperature gradients in the spring and cladding are
small.

The first assumption allows the end g.ellet tenperature 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 luoped. 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

coef ficients are described in Section 2.2, and finally, the calcul-

ation of the gartma 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

exchange between the gas and structural components occurs by natural
convec tion, conduc ti on, and radiation. A schematic of these energy

exchange mechanisms is shown in Figure 8. The spring is modeled by
two nodes of equal mass (a center node and a surf ace node) as shown in

Figure 9. The cladding is modeled by three nodes (two surf ace nodes
,

and one center node) as shown in Figure 10. The center node has twice

the mass of the surf ace nodes. This nodalization scheme results in a
set of six ent 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):

C?7
Ji J 09)

, , -
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. Fig. 7 Flow chart of plenum temperature calculations.
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(1) Plenum gas:

g[T
3

ep (T -T)+A hcl (Tcli ~ g)P V C A h=
ep g clepg g

,

+A hs (T - T ). (2-1)ss ss g

(2) Spring center node:-

aT A Ks (T -Tsc)sc sssc -qV + (~)=
sc s s at 3c R

ss

(3) Spring surface node:

3T

P =dV +A s (T - ss)ss s s at ss sc sc

+A brads (T )$ -Tss) + ''ss hs (T -Tss)ss c g

+A hcons (Tcli - Tss)ss

where h is the conductance between the spring and cladding. Thecons
conduc tance, h is used only wh en a stagnant gas conditioncons,
exists; that is, when the natural con ction heat transfer coef ficient

for the spring (h ) is m o.
s

(4) Cladding interior node:

3T

cl cl cli t cl radc ( ss -Tcli)C Y =A hP

+A hcl (T -Tcli)cl g

.

+A hconc ( ss ~ cli}cl (2_4)

^cl K -cl
-

+ (T - cli) + 1 cli '

ar/2 cic

573 003

41



TRss = r dius of spring 7ss Spring cross sections
/

Rsc = Rss T *

q sc
g ss

Rsc

,

IN E L - A-2480- 1

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

(5) Cladding central node:
.

31 A K

cl c1 cic at "9 Vcic * ar 2 (T )$ -Tclc)C V
c

.

+A Kcl c1
(T -Tcic) (2-5)ar/2 clo -

c j ~', 009
~
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TABLE IV

NOMENCLATURE FOR PLENUM THERMAL MODEL

- - .-

.

Quantities

surface areaA =

heat capacitanceC =

diameter of the spring coilDIAC =

diameter of the spring wireDIAS =

1 gray-body shape factor from body 1 to body 2F -2 =

F -21 view f actor from body 1 to body 2=

Grashof numberGr =

surface heat transfer coefficienth =

radiation fluxI =

inside diameter of the claddingID =

thermal conductivityK =

lengthL =

outside diameter of the claddingOD =

Prandtl numberPr =

q energy=

'~

surface heat fluxq =

volumetric heat generationq =

radiusR =

thickness of the cladding (OD-ID)/2.0ar =
.

T temperature=

volumeV =

Stef an-Boltzmann constanta =

C heat capacitance of gas, set equal to the value of=
g

1.24 Btu /lb OF, which is the heat capacitance of
helium.

43 g77 g' .. q
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TABLE IV (continued)

Quantities

p density
'

=

absorption coefficientI =

emissivity -=c

spring to cladding spacing (ID-DIAC)/2.06 =

timet =

Subscripts

claddingc1 =

cladding center nodeclc =

cladding interior nodecli =

cladding outside nodeclo =

coolantcool =

conc
conduction between the spring and claddingand =

cons

convective heat transfer to coolantcony =

ep end pellet=

g gas=

plenump =

spring center nodesc =

spring surf ace nodess =

spring -
s =

rads
radiation heat transfer between the spring andand =

radc cladding

old and new time stepm,m+1 =

F]' } Oi \44



(6) Cladding exterior node:

( -6)T "

clo cool.
.

For steady state, the time derivatives of temperature on the lef t 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
17

(2-6) are rewritten in th e Crank-Nicolson implicit finite

diff erence form. This formulation results in a 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 fuel

pellet stack and the plenum gas, spring and plenum gas, and cladding
and plenum gas. Heat transfer coefficients, h h, and hep, s cl'

in the eq u ati ons described above, model this energy exchange. To

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

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
18 19from Kreith and McAdams
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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,
-

g (Gr x Pr)0.25h /ID (2-7)0.54 K=
ep

.

(2) For turbulent conditions, Grashof number (Gr) greater than
7

2.0 x 10 , on a heated surface,

g (Gr x Pr)0.330.14 K /ID (2-8)h =
ep

(3) For laminar conditions on a cooled surface,

g (Gr x Pr)0.25h /ID (2-9)0.27 K=
ep

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

(1) For laminar conditions,

g (Gr x Pr)0.25h 0.53 K / DIAS (2-10)=

s

9 12(2) For turbulent conditions, Gr from 10 to 10 ,

0.18 (T -Tss) (2-11)h =

s g

The vertical surface natural convection coefficients used for the~

cladding interior surface are given by:

.

(1) For laminar conditions,

g (Gr x Pr)0.2511 0.55 K /L . (2-12) ,

=
cl p

l~ ] |) 0b3,



9(2) For turbulent conditions, Gr greater than 10 ,

g (Gr x Pr)0.4/L (2-13)0.021 Kh =

d p
.

These natural convection correlations were derived for flat

plates, horizontal cylinders, and vertical surf aces 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 plent temperature

experimental data are av ail abl e, these coefficients are beli eved 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, h nd h in Equations (2-3) andcons conc,
(2-4). These coefficients are both calculated in subcode PLNT when
stagnant gas conditions exist. The conduction coefficients are

calculated on the basis of the spring and cladding geometries shown in
Figure 10, and the assumptions that:

(1) The cladding and spring surf ace 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 surf ace area of the spring
(L R de) to the cladding isss

K (T -Tcli) ('s R sin (e) de)g ss s
(2-14)dq- =

(d + R -R sin e)s s

where
,

the azimuthal coordinate.=

} ~j' [3
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Fig. 11 Geometrical relationship between the cladding and spring.

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

kA
'

9" g ss (T -Tc ii ) F
n

n ss 7s

2 I -1
. f ) I 2 F i ~e=p~

( R R

+R-f
s s |

Tan (f)-(6+2R)/
+ Tan y,

2
k (S+2R )s j 1-R _( s

s

' (3+2R )s 0=0
(2-15)

The two conduction heat transfer coefficients are given by

h 9!^ss ( ss ~ cli) ( -16)cons

and

b Ass /Acl (2-17)
'

h =
conc cons

When natural convection heat transfer exists, h or h > 0.0,cl s
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,

c , ,) CT 5..
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h and h re set to zero. Therefore, in the currentcons conc
version of PLNT h and h are used only when the temperaturecons conc
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 claddiig is included in the plenum
model by use of the heat transfer coefficients, h and hrads radc'
in Equations (2-3) and (2-4). These coefficients are calculated in
subcode PLNT and are derived from the radiant energy exchange equation

18for two gray bodies in thermal equilibrium as follows:

4A T (Tf-T) (2-18)4 -2
=

1 1 1-2 2

where gl-2 is the net rate of heat flow by radiation between bodies
1 and 2.

The gray-body f ac tor (F1-2) is related to the geometrical view
f actor (F1-2) from body 1 to body 2 by

A *

1 1-2 (1-c1)/^1'1 + 1/A F1-2 + (1-c2)/A22

Using Equations (2-18) and (2-19) and approximating the geometric view

f actor from the cladding to the spring (Fcl-s) by

^ ( ^cl - ^ss) ^ssss"

cl-s 2A cl 4A (2- 0)cl

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

.

A (T -Ts) (2-21)4 =
cl-s cl cl-s cl

49

r, ', ', "[b
_,



The radiation heat transfer coefficients, h and h arerade rads,

calculated by

(Tcli - ss) ( -22)4cl-s/Aclh **
radc .

and

(h * ^cl)/ Ass. (2-23)h =

rads radc ,

2.3 Gamma Heating of the Spring and Cladding

The volumetric power generation term, q, shown in Equations (2-2)
through (2-5) represents the ganma radiation heating of the spring and
cladding. A simple relationship is used to calculate q in subroutine

PLNT. The relationship used is derived from the gamma flux atten-

tuation equation

-dI(x) =E 1(x) dx (2-24)y

where I(x) is the ganna flux, ty is the gamma ray absorption coeffi-
cient, and x is the spatial dimension of the solid on which the ganma
radiation is i ncident. Since the cladding and spring are thin in

cross section, the ganma ray flux can be assumeJ constant throughout
the volume. Of the ganma flux (I) incident on the spring and clad-
ding, the portion absorbed (AI) can be described by

-AI = Iy Ix (2-25)

where x is the thickness of the spring or cladding. Therefore, the

volumetric ganma ray absorption rate is given by

-h=Ey I. (2-26)
x

Equation (2-26) can also represent ganma 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 ganna radiation. Therefore,

573 077
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the gama energy flux leaving the fuel rod would be approximately

equal to 10% of the thermal flux. The gama energy flux throughout
the reactor can then be estimated by

.

0.10 g (2-27)I =

rad

where grod is the average fuel rod power. For zirconium, ry is
-1'

approximately 11.0 ft Therefore, the gama energy deposition

rate is given by

1.1 g (2-28)
_

q- = =
rod

Equation (2-28) is an estimate of the gama 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 f ailure (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

peMets 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

c'7 O~9
J# J '
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the " closed gap" regime. Al ternatively, this closed gap regime can

occur due to the collapse of the cladding onto 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

pell ets 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 cyli ndrical 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 of ten 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 FR AP-T5

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 charac ter, and includcr the

effects of:

.

(1) Fuel thermal expansion, creep, swelling, densification,
and relocation

g '| 'i, h, 9-
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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
deformation (open gap, closed gap, or trapped stack) is determined.

c'7 ncn
J/J U00
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Two models are available for the tJculation of the small dis-
placement deformation of the fuel and cladding. The more simplified

model neglec ts 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).

.

Af ter 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 nonaxisyrmietric large deformation of the
cladding, and can take into account loc al axial and circumferential

temperature variations. Modification of local heat transfer coeffi-
cients is calculated as the ballooning progresses and additional
surf ace area is presented to the coolant.

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

In both the m1all deformat ion 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 multi axial 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 FR AP-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

54 c,7 7, Q[}Jn .)



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 f ailure analysis package,

FR AI L .

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 incremental plasticity, and

to outline the Method of Successive Substitutions (also called the
Method of Successive Elastic Solutions), which has been used success-

20fully in treating multiaxial elastic-plastic problems 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, oi, the strain,
cy, is related to the stress by an experimentally determined

stress-strain curve, as shown in Figure 13, and Hookes's law is taken
as

+c + a dT=
c)

(3-1)

where of 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 be determined in a simple f ashion. Increase of yield.

stress with work-hardening is easily computed directly from Figure 13.

- In a problem involving multiaxial states of stress, however, the

sittucion is not so clear. In such a problem, c method of relating

the onset of plastic deformation to the results of a uniaxial test is

r'J 0077
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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 ev idence 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 th t

0.5[(1- 2) +(2- 3) + ("3 - 1) 3 - y (3-2)

where the c; values are the principal stresses, and a is they _

yield stress as determinec in c. uniexial strass-strain test. The

square root of the left s de of this equation is referred to as the

c and this eff ecti ve stress is one cortmonly"e ff ec ti ve stress", e,
used type of yield i anction.
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To determine how the yield stress changes with permanent defor-
..i a t i on , the yield stress is hypothesized to be a function of the

P
equivalent piastic strain, c An increment of equivalent plastic.

P
- strain is determined at each load step, and c is defined as the sum

of all increments incurred:

P P'

c dc ,

(3-3)

Each increment of effective plastic strain is related to the

individual plastic strain components by

h[(dc - dc )2 + (de - dc )dc =
3

+(dc3-dc()21/2 (3-4)3

wherethedefarethe plastic strain components in principal coordi-
n ate s. 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

def+dc2 + dc3
P P

0 (3-5)=

and hence, in a uniaxial te st with c = * = 0, the
1 2 2'

plastic strain increments are

P P

-1/2def.dcdc = =
2 3

Hen:e, in a uniaxial test, Equations (3-2) and (1 a) reduce to

c = a
g

de (3-6). dc =

Thus, when the assumption is m;de that the yield stress is a function

of the total effective plastic strain (called the Strain h'ardening

c 7 m 1

d / .) U
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Hypothesis), the functional relationship between yield stress and

plastic strain can be tak en 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 Prandtl-Reuss Flow Rule: ,

Pdc
1, 3 (3-7)S idc ==

g j
e

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

j-f(cy+ 2+ 3) i 1, 3 (3-8)s = o =j

Equation (3-7) embodies the fundamental observation of plastic defer-
mation: plastic strain increments are proportional to the deviatoric

stresses. The constant of proportionality is detenniaed by the choice
20

of the yield func ti on 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

c) = f {a) - v( 2 + 3)} + c + dc + adT

i

P

c2 * ~ f 2 - "("1 + 3)I # '2 + dc2 + adT >
1

c3 * E I 3 - "( 2 + 1 } + '3 + d'P +
1 P adT

3 J (3-9)

P P P
are the total plastic strain components at thein which cy ' '2, and c3

end of the previous load increment. -

I ~7 7 OubJt J
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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 sunmation. This set

of equations is augmented by experimentally determined uniaxial
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 simple 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 method 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 either 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.

P
First, an initial estimate of the plastic strain increments, dc

jj,

- 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

C ~l 7 006
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TABLE V

ELASTIC-PLASTIC GOVERNING EQUATIONS

Equilibrium
'

jj,3 + o f4 0=a

'

where e = stress tensor
jj

o = mass density

# = components of body force per unit mass
4

Stress Strain

ejj = ejj - 693 ( { okk - 2dT)

P P
de..+ +

c13 IJ

Comoatibility

* 0'i j , kl. 'kt ij ~ 'i k ,j t - 'jt,ik =

Definitions Used in Plasticity

S b
e ij ij

1'

5 *
53 ojj 7 okk

P * 2 P P
dc 5 d7cjj de )j

Prandtl-Reuss Flow Rule ,

P

dc$. = I e
3 dc

1] ij
e

.
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deviatoric stresses, S may be comp u te d. This " pseudo-elastic"jj ,
solution represents cne path in the computational scheme.

O
Independently, through use of the assumed de values, the incre-g

Pment of effective plastic strain, dc , may be compu ted, and from

this result and the stress-strain curve, a value of the effective

stress, 3e, is obtained.-

Finally, a new estimate of the plastic strain increments is

abtained from the Prandtl-Reuss flow rule

fd S) (3-10)dc = j

P
and the entire process is continued until the de jj converge. A sche-
matic of the iteration scheme is shown in Figure 14.

The mechanism by which improved estimates of de are obtained
Presults from the fact th at the eff ective stress obtained from dc

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
20answered a priori. However, convergence can be shown to be

obtained for sufficiently small load increments. Experience has shown

th at 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 pennanent change in
volume. Both creep and hot pressing are stress-driven processes, and
are usually highly dependent on temperature.

c77 rnq
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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

y+Qc at(1+ 2+ 3)c
c c at1.5 Sdc =
y g g ,

e m

2+Qc at(1+
2+ 3)cc c at

dc2 1.5 S=
9 o

e m

3+Qc at ( 1 +2+ 3)c atc 1.5 c Sdc =
3 g 9 o

*

e m

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 additional material property correlations

must be available. The first is a correlation for constant volume
c

creep strain c (taken in a uniaxial test) as a function of stress,

time, temperature, and neut on flux; that is,

c f(a,T,t,F)c =

where

uni xial stress=
e

T temperature=

timet =

> .

F neutron flux.=

20In FR AP- T5, th e strain hardening hypothesis is assumed, which-

implies that the creep strain correlation can be differentiated and

solved for creep strain rate in the form

F ~7 7 C. n l;, a ,o
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cc h(c,c , T, F )c =

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,

c 9(0m,T,t,Va ail)V *

where

is the mean stress1+ 2+ 3
*

m

T temperature=

timet =

V of maximum permanent volume change= m ast 'avail
possibis.

cThe permanent volumetric strain increment dV is related to the

plastic strain increments by the equation

c
c + de2 + de3*

c c
dV de=

In BlAP-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 4

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-T5 calculated and measured length changes '

for experimental fuel rods irradiated in the Power Burst Facility and
the Halden Test Reactor. The correlation which resulted in the best
agreement with measured fuel rod length changes was found to be

, },,

J8 3
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_gg4.5 [ycy eloc) exp (-15800/T)Qc ,

where

Qc rate of volumetric strain (1/s)=

3.64 x 10-18A =

mean stress (N/m )=
m

c
V volumetric strain=

temperature (K)T =

V 2Vr/rp r
in wh ich U is the reloc ation dis-=

reloc
placement and r is the cold pellet radius.

p

The relocation displacement for the deformable pellet model

(FRACAS-2) is computed by the equation

(2/3)6U =
r

where

as-fabricated radial gap between fuel pellets and6 =

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 is positive, and as
m

cthe volumetric strain V appro- ches the volume available from
. reloc ation (Vre l oc ), the permanc-t volumetric strain rate goes to

zero. This hot pressing correlation has been incorporated in FRAP-T5
in subroutine FPRESS, and is called only when the deformable pellet
option is specified.

_, 7 q 3
J/J b,t-e
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3.2 Small Deformation Fuel Rod Models

Two models are available 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 pellet 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
a more general analysis in which the fuel is assumed to deform due to

stress, and in this case the deformation of the fuel 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

(FR ACAS-1) is less time-consuming, and has proven to be quite adequate

for a wide variety of reac tor transients in which pellet-cladding

in terac tion 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 defonnation 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 FR AC AS-1 is based on the
following assumptions: .

66 C, 7 ?
alJ Nq n 7,j



e Incremental theory of plasticity

e Prandtl-Reuss flow rule
.

e Isotropic work-hardening

e No creep deformation of cladding-

e Thin wall cladding (stress, strain, and temperature

uniform through cladding thickness)

e If fuel and cladding are in contact, no axial slippage

occurs at fuel cladding interface

e Bending strains and stresses in cladding are negligible

e Axisymetric loading and deformation of cladding.

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

assumptions:

e Thermal expansion and fuel reloc ation are the only

sources for fuel def ormation

e No resistance to thermal expansion of fuel

e Axial thermal expansion of fuel stack is equal to

thermal expansion of a line projected through the dish

shoulder of the fuel pellets

.

e No creep deformation of fuel

e Isotropic fuel croperties.-

(1) Cladding Deformation Model. The rigid pellet

(FR AC AS-1) cladding def ormation subcode consists of six individual
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s ub rou ti nes, 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 th e closed gap regime are made in subroutine
COUPLE. The model considered is a thin cylindrical shell with

prescribed ex te rna l pressure and a prescribed radial displacement of
its inside surface. The prescribed displacement is obtained from the

fuel thermal expansion models described in Sub sec tion (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, s ubrou tine 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 interf ace pressure between the fuel and
cladding for use in the next iteration of the thermal calculations.

E77 per
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In each of COUPLE, STACK, and CLADF, an elastic-plastic solution

is obtained. Two additional s ubrou tines , STRAIN and STRESS, compute

changes in yield stress with work-hardening, given a uniaxial stress-
2

- strain curve. This stress-strain curve is obtained from the MATPR0
subcode. Subrou tine STRAIN computes the effective total strain and
new eff ective plastic strain, given a value of effective stress and

the effective plastic strain at the end of the last loading increment.i

Subroutine STRESS computes the eff ective 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 yield
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 + 6 (3-11)u u
r r

where 6 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-f abricated gap, 6, 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, P) are stored in the main calling program, and arec

passed to FCMI through the calling sequence.

0 c. t;o
;

(J / J
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If the fuel and cladding d ispl acemen t s are such that

Equation (3-11) is not satisfied, the gap has not closed during the
current lcad step, and the solution obtained by CLADF is the
appropriate solution. The current value of the gap is computed 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 the clad -

ding have come into contact during the current loading increment. At

the contact interface, radial continuity requires that

clad
u

"*I -6 (3-12)
f

u =

r r

while in the axial direc tion 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

af ter " lock-up" has occurred is transferred to the cladding. Thus, if
d

c is the axial strain in the cladding just prior to contact, and

fel is the corresponding axial strain in the fuel, then the no-slipe

condition in the axial direction becomes

clad _ cclad _ c fuel _ cfuel (3-13)c .

Z Z,o Z Z,o

fuel clad
The values of the "prestrains," c and c , are set equal to the

Z,o g

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. *

clad clad
After u and c 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

70 q77 0q7w .> ,



problem is obtained in COUPLE, subroutine FCMI passes a value of the
interf ace pressure back to the main calling program, along with new

plastic strains and stresses.

<

(b) Subroutine CLADF. This subroutine considers a thin

cylindrical shell loaded by both internal and external pressures.

Axisynmetric loading and deformat ion 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

r P. - r Pi 1

(3-14)e" t

nrfP
2nr p

4- g
a =

n(r -rf) (3-15 )
z 2

where

hoop stress=
e

axi 1 stress=
z

j inside radius of claddingr =

outside radius of cladding. r =
g

P internal pressure of fuel rod=j
.

P coolant pressure=
g

cladding thickness. 573 0?8t =
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21For a membrane shell theory the strains are related to the mid-,

plane displacements by

f (3-16)- c =

7

"
(3-17)c =

e-

r

where r is the radius of the midplane. Strain across the thickness of
the shell is allowed. In shell theory, since the radial stress can be

neglec ted, and since the hoop stress, e , and axial stress, z, are
unifonn across the thickness when bending is not considered, the

radial strain is due only to the Poisson's eff ec t, 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

1

* T #e ~ " z} * 'eP+dcPf + a dT (3-18)c
e e

T
o

T
1 P P

z *E f: e} + 'z + dc + a dT (3-19)c -"
z

Tg

*-fI"s* z} + !r + dc + a dTc p (3-20)r

o

in which T is the strain-free reference terrperature, a is the coef-g

ficient of thennal expansion, T is the current average cladding tem-
perature, E is the modulus of elasticity, and v is Poisson's ratio.

The terms c e, c , and c are the plastic strains at the end of the last

load increment, and dc , dc , and de,P are the additional ple.stic strain
increments which occur due to the new load increment,

q 7 7, o r)5
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The magnitudes of the add it ional plastic strain increments are

determined by the eff ective stress and the Prandtl-Reuss flow rule,

expressed as
.

)2 + (c )2 + (ag)2I- .co =

(3-21)

.

P

ffS for i r,0,z (3-22)dc =
j

e

5-f(e+ z) for i = r,e,z (3-23)S = cj

The solution in CLADF proceeds as follows. At the end of the last load
P P P

increment the piastic strain components, cr' 'e, and c, are known, and
P

also the total effective plastic strain, c is known.,

The loading is now incremented with the prescribed values of

P, P, and T. The new stresses can be determined from Equationsj g

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

PThe increment of eff ectivg plastic strain, dc which results,

from the current increment of loading, can now be determined from the
uniaxial stress-strain curve at th e new value of c, s shown in

e
Figure 16. (The new elastic loading curve depends on the value of
P) This computation is performed by subroutine STRAIN.c .

PCace dc is determined, th e individual plastic strain

components are found from Equation (3-22), and the total strain

components are obtained from Equations (3-18) through (3-20).

tu\
,c
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The d ispl acement of the inside surface of the shell must be

deternined so that a new gap width can be comp u te d. The radial
displacement Of the inside surface is given by

u(r$) = rc - 'r (3-24)e

where the first term is the radial displacement of the midplane (from-

Equation (3-17)) and c is the uniform strain across the thick-r

ness, t.

g77 .c91
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The cladding thickness, t, is computed by the equation

(1 + cr) tt =
g

cold state, unstressed thickness of cladding. (3-25)t =
g

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,

('o )new ('o )old + de P
"

g

P

('P)old + dc( c,P )new" z 7

('P)new (c )old + dcr =

P

P)old + dc (3-26)('P)new
,

"
''

and these values are returned to FCMI for use at the next load incre-
ment.

Thus, all the stresses and strains can be compu ted 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 straightforward solution is not possible.

(c) Subroutine COUPLE. This sub rou ti ne considers the

problem 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 surf ace

(the interf ace pressure) must be determined as part of the solution.

As in CLADF, the displacement at the inside f urf ace is given by
.

u-fe (3-27)u(r ) =
5

iG}_

C,7, ') iV
,
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where u is the radial displacement of the midplane. From Equation

(3-18 ), u = rc and
e

= rc ~ 'r. (3-28)
, u(r$) e

Thus, prescribing the displacement of the ircide surf ace of the shell
is equivalent to a constraining relation between c and c As

e r.,

before, licoke's law is taken in the form

.

e" (#e ~ " #I) + c + dc +f adT (3-29)c
e

Tg

=h(o -vc)+c & de adT (3-30)c
e7

T
o

T

*~f(o + #z) + C + de + dT (3-31)S
r

s r r
.

Tg

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

relation between the stresses c e' 3 z and the prescribed displacement

u(r$):
T

u(r$) ) p p+ adT}
_ +7(f) {c + dep r
#

T
0

T

- (c + dc3+ adT}=h[(1+yb)c g
T r

g

+ v (h 1 - 1) cz ). (3-32)
r

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

r- 7 in1
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_ - - - _

A A 3 B)11 12 0

=

A # B
21 22 z 2

_ _ _ _ _ _

where

.

1+gtA =
yy

r

"( - 1)A "

12

A * ~"
21

1A =
22

Tu(r )i
+ h ( ) (eP + dc + adT}EB =

y r

Tg

T

-E tc h + def + adi)

o
T

Ee - E{c + dc + adT).B =
2 z

o

Then the stresses can be written explicitly as

B1 ^22 - B2 ^12
(3-33)-

=
u All ^22 - A12 21A

3 All - B1 21A
2

(3-34) -"
z A A22 - A12 21A

11

These equations relate the stresses to u(rj) and cz, which are prescrib-
_

ed, and to de , de , and dc , which are to be determined. The remain-

ing equations which must be satisfied are

c7/ r
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{{ e 32) + ( 0) + ( z) } (3-35)C =

e

2 2 2 1/2
P P

f{(dc - de ) + (dc - dc ) + (dc - dc )} (3-36)
'

dc =
g e

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

=fd {,g _ (,0 gde ,
g Z

P=f [c,-h(c z)3dc +
e

P (3-37)P P - dcde
r

- dc=
.g 7

P
The ef f ec tive stress, and the plastic strain inc rement, dc ,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:

Pofdc[,dc,. (1) Values and dc are assumed. Then, dc is
r

computed from Equation (3-28) and the effective stress

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

1 ce
F '[ 7) J lVO
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(2) From Hooke's law, still using the assumed plastic strain

increments and the prescribed values of u(r ) andq,j
values for the s'resses can be obtained from Equations

(3-33) and (3-34).

fordc[,dc P(3) New values and dc are now computed from,

the Prandtl-Reuss relations, -

- f (cf z) idc r,0 , z+e ==
j g

e

using as comp u ted in Step (1), and c as computed
e 5

in Step (2).

P(4) The old and new values of dc , dc and de are compared
7,

and the process continued until convergence is obtained.

(5) Once convergence has been obtained, the interface

pressure is computed from Equation (3-14)

tc +r P

(3-38)P "
int r.

.

1

When Steps (1) through (5) have been accomplished, the solution is
complete, provided that the interf ace pressure is not less than the

local gas pressure.

Due to unequal amounts of plastic straining in the hoop and axial
di rec tions, however, upon unloading, the interface pressure as

obtained in Step (5) is of ten 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
def ormation 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 strain

is ag ain " locked." Thus, upon further unloading, the axial strain and

n V]
r'.s

ryI]-80
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the hoop and axial stresses continually readjust themselves to main-
tain the interf ace pressure equal to the gas pressure until the gap
op en s. Since the unloading occurs elastically, a solution for this

- portion of the fuel-cladding interaction problem can be obtained

directly as follw s.

Since the external pressure and the interface pressure are known,-

the hoop stress is obtained from Equation (3-7) as

r$ P -r P
int g g (- }*

e t

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

u
"*I - 6 + t/2 cf

r r
_

(3-40)c =

r

Substitution of c and c as given by Equations (3-29) and (3-31),
e r,

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

( +v t/2) o +fE( adT + cP)vr =
i z g e

-fE( adT + c ) - E u (r ) (3-41)j

in wh ich is known from Equation (3-39). With c and known,
e 7 e

the strains may be computed from Hooke's law, Equations (3-29) through

(3-31). This set of equations is included in subroutine COUPLE and is
automatically invoked when a value of P less than the local gas

int

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

P'

increments de and dc ,

5n 03
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(d) Subroutine STACK. Sub rou ti ne 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 ax i al
node in the trapped cladding, the axial strain is given by

- - T(i)

c (I) ' E(i) - "(I ) O(i) (i) + d'z(i) + adT'
z z (3-42)

o

in which i denotes the axial node number. Axial force equilibrium

requires that c be the same in each node. Si nce the total length
7

change is prescribed, the following expression can be written.

(~ )
7(i) - c (i))dz(i)a= c

i=1 _

Uin which dz(i) are the cladding axial node lengths, and c 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
- - r -

N 1 N

('z ' 1)
'

3l 1=1j_j
j 3 -

- ~

T(i)
+c (i) - c (i) - d (i) - 2dT

o - ,

The equation for the effective cladding stress [de fined in Equation .

(3-21)] is

e(t) [z+ (i) - z '0(i)] (3-45)c =
,

The equation for the increment of effective plastic strain de fi ned in s
'

Equation (3-4) is 1
3

G\^
_
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2 2

+ d (i) - d (i)dc (i) = - dc (i) - d (i)

2|I/2
(i) - dd(i)+ dc

) (3-46)
.

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

(i)=ff- ~

z e (I?+dc
z

g(i)=f ~

z O(I}de a

de (i) = - dc (i) - dc (i) (3-47).

Equations (3-44) through (3-47) must be simultaneously satisfied for
all the trapp ed cladding axial nodes. Since the nodes may have

different temperatures, different stress-str 9 cur /es are used at

different nodes.

As before, the Method of Successive Elastic Solutions is used.

In contrast to s ubroutine COUPLE, however, the method is applied
simultaneously to several axial nodes. Because more than one node is
being considered, two additional possibilities arise.

The first is the possibility that, due to the axial stretching

and Poisson's eff ect, 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 and the radial displacement of the fuel. While

contact occurs, however, radial compatibility as expressed in Equation
(3-28) requires that

84 g 7 i, j ", }-
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fuel
r (i) - 6. ( 3-48 )icg(i) - 0.5 t c.r(i) = u

Through th e sub st it uti on for 0(i) and g(i) f r om Hooke's law,

Equations (3-18) and (3-20), a single equation is produced which
relates c (i) t each node to the axial stress This equation

e z.
g(i) explicitly to obtaincan be solved for o

,

"'I
F

E(i) * 0.5v(i) t e(I) " "r (i) - 6E(i) .,,,

. T(i)-

-F ! + c (i) + de (i) + a dT
~

0
2 g

T -

g

[)T(i

+f + 'P(i) + d (1) +' a dT (3-49)i z r r

- To

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

Equation (3-49) is used to eliminat e(i) from Equation (3-44) for
those nodes at which contact has occurred. Thus, an equation is

obtained for involving sumations over all nodes not in contact
z

plus sumations over all nodes, denoted j*, where contact has

occurred. This equation, solved explicitly for z, is

_ { dz( >(i) (~-0.St) v(i) .{ ) 4)
)

,

(r+0.St) v(i). 1i i=j,

''
- T(i)

(i) + dc (i) + a dT dz(i)- c
z

1
T

.

o

U dz(i)+

1/j o 1.
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dT
u )-6- r c (i) + dc (i) + 3(r t )

i=j*
| o,

. Tli) )
(i) + dc (i) + 9+ 0.St c dT >p

j (3-50)
'o .

This modified equation 'or c allows for an arbitrary number of con-
7

tacting nodes, and is solved for 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 Mathod of Successive

Elastic Solutions), the equations are linear. Thus, a feasible

approach is to solve for assuming no pellets are in contact,z,

then compute the gaps, and if any negative naps are found, recompute
with those nodes now assumed to be in contact. This process isz

repeated until all calculateo gaps are either positive or zero. At

most, N steps are required where F :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, in 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. -

.i
\

,.-
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(e) Subroutines STRAIN and STRESS. These two sub rou ti nes

are called by COUPLE and CLADF to relate stress and plastic strain,
taking into consideration the direction of loading and the previou-

plastic def ormati on. 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 utilize th is information, the usual idealizations of the

mechanical behavior of metals are made. Thus, linear elastic behavior

is assumed uitil a sharply defined yield stress is reached, after

which plastic (irrecoverable) deformation occurs. Unloading from a

(7
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Fig. 18 Typical isothermal stress-strain curve.
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state of stress beyond the initial yield stress, o , 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 ag ain, loading will

occur along line BA, and no additional plastic deformation will occur
until point A is ag ain reached. Point A is the subsequent yield -

stress. If a = f(c) is the equation 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:

jo f(c)=

Io E(c - cP) (3-51)=

which may be written as

Pf(f+c). (3-52)o=

The solution to this nonli near eq uation may be computed very

efficiently by Newton's iteration scheme:

o(*+1) P
0, 1, 2, . . . (3-53)f +c m ==

The initial iterate, c(U) is arbitrary, and, without loss of,

generality, is taken as 5000 psi. For any monotonically increasing
stress-plastic strain relation, th e iteration scheme in Equation

(3-53) can be proven to converge uniformly and absolutely.

The compu ta tions in STRAIN and STRESS are described in the .

following. Note that STRESS is called only when additional plastic

deformation has occurred.
.

P(i) Subroutine STRAIN. Values of plastic strain, c ,

temperature and stress are passed to STRAIN through the calling

sequence.

88 573 ', ' 5i



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

P

e, for given c is obtainede The yield stress

from Equation (3-53)

. e For a given value of stress, o,

if a 7 c , c = f + cy

P P
*

'new 'old

where E is computed by MATPRO function CELMOD.

if a > c , c = f(a)y

c = c- /Enew

P P P
dc =e new ~ 'old .

P(ii) Subroutine STRESS. Values of plastic strain, c ,

temperature, and plastic strain increment, dc , are passed to STRESS

through the calling sequence.

f(c) is obtainede For a given tenperature, c =

from MATPR0 function CSI&1A

P
e The yield stress a for given c j

y
obtained from Equation (3-53)

P (see Figure 19),e Given dc

P

'old + dcc *
.

ew

PSince dc > 0, the new value of stress and

strain must lie on the plastic portion of the
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Fig.19 Computations in subroutine STRESS.

f(c). So, e and cstress-strain curve o =

are obtained by simultaneously solving, as

before,

f(c)|c =

P|0 = E(c ),E

(2) Rigid Pellet Fuel Deformation in FRACAS-1. The analytical

models used to compu te fuel deformation in FRACAS-1 are next

described. Models are availabla to calculate fuel stack length

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 projec ted through the shoulders of the fuel pellet dishes, as

illustrated in Figure 20. The length change is given by the equation
5'73 1,, 7
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Fig. 20 Axial thermal expansion using FR ACAS-1.
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N

[1 [cT(Tsn) 'T(T ) ] a Z (3-54)AL =
7 g n

n=

where
,

LL fuel stack length change=
f

.

T(T) thermal expansion of fuel at temperature Tc =

(obtained from the MATPRO subcode)

fuel temperature at pellet shoulder at axialT =
sn

node n

T strain free fuel reference temperature=
g

aZ fuel stack length associated with axial node n.=
n

(b) Fuel Radial Disolacement. Fuel radial displacement

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

UT+U (3-55)U =

F c

where

U radial displacement of fuel pellet outer surf ace (m)=
F

U radial displacement of fuel due to thermal=
T

expansion (m)

f

T [T(r)]dr
-= c

thermal expansion of fuelC =
T

4

as f abricated fuel pellet outer radius (m)r =
f

}]) $992



T(r) fuel temperature at radial coordinate r (K)=

ll radial displacement of fuel due to relocation (m).=
c

.

The relocation d ispl acement is computed by two different

equations, as a user option. The first model (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

OG \

\
U(r,)

\
-

^
rj Hot cladding inside surface

k

|_ As fabncated fuel pellet
radias

L As fabncated claddirn

f inside surface

INEL- A-8659

Fig. 21 Fuel relocation.

1. Open Gap Case
,

5 - 0.005rU =
c f

2. Closed Gap Case.

6-UT - U(r$)U =
c

573 I20
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where

as-f abricated radial gap between fuel pellets and6 =

cladding .

U(r$) radial displacement of inside surf ace 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

reloc ation, 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 rcording to the

constant relocation model, which is

0.0025 r PU 0= =
c f y

l

0.0025 rf (1 - P /5000) 0<Py < 5000 (3-56)4 U
=

y

|

U 0 P 2 5000=
|

(c y

where

P fuel-cladding interface pressure (psi).=
y

If this relocation option is used, the gas gap in structural cal-

culations accounts for fuel reloc ation, wh ereas th e 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 f uel radial cracks and void volume generated by fuel
reloc ation. The cracks create space which is occupied by the fuel rod ,

internal gas. Axial cracks are not considered. Closed radial cracks
are cisumed to exist ir, the f uel even in the cold state. As the fuel
rises in temperature, the cracks open, with the crack width increasing

)}\94 ,
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with iadius. 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

r

T [T(r)]g[T(r)] dr - rac(r) 2n E c=
;

- o

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 of the radial cracks is

r
f

ac(r) drV =

CR g

The total crack volume is then computed by the equation

2
f] (variable relocation)cn CR + n (rf+U)V V -r=

c

(3-57)
V (constant relocation)V =

gp, cn CR

where

V volume of cracks per unit length at axial node n=
cn

.

U radial displacement of the fuel pellet outer sur-=
c

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 determire the volume of gas in the

c77 1 o ')
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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 f uel open porosity.

P 16.9297 - 0.232855 (D-1.25) -
=

- 8.71836 x 10-4 (D-125)
+ 1.52442 10-5 (D-1.25)3 (D < 92.5)

1.20196 x 10-3 (95.25-D) (92.5 1 D 1 95.25)P =

P 0 (D > 95.25)=

j

where

open porosity of fuel (fraction of theoreticalP =

volume)

fuel density (percentage of theoretical maximumD =

density).

3.2.2 Deformable Pellet Deformation Model The deformable pellet

defonnation 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 n. atrix approach. The plastic

strains are obtained by the Method of Successive Substitutions, which .

was outlined in Section 3.1.

A transfer matrix approach is used for determining pellet

stresses and stiains. The following paragraphs describe the method of
obtaining the " pseudo-elastic" so lu ti on for fuel rod stresses and

strains required at each plastic strain iteration in the Method of

Successive Substitutions.
96
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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 tenperature.

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 af ter the fuel has expanded

aout so as to be in firm contact with the cladding . 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 displ acement 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
contac t. )

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 addi ti on, 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 a (modulus of elasticity, Poisson's ratio, and
coefficient of thermal expansion, respec tively) 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.

E77 1 '1
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constant. (3-59)c =
7

The value of the constant axial strain c will be determined from
z

the condition of axial force equilibrium, -

[[z F (3-60)dA =

z
.

where F is the axial force resultant. F is determined from thez z
known internal and external pressures.

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

de c -

0 (3-61)* =
dr r

de c -e
#

0 (3-62)* =
dr r

The elastic-plastic stress-strain relations are

P+def (3-63)'t -

"(o*Cz) +"rT+cr r

=f z} + "0T+c[+de$ (3-64)c c -" +
g 0 r

'z 'z-(r* 0) "zT+cP + de
" +

z z (3-65)

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

results in

h -f( T+c P E '

} + "e + de*
g gr z

<. - ,, ., - ,1 e -e .*m a
* +

E r r r

P Edc -dc (3-66)
+ ~ r =0

r -

5/; IJD
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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

)
~ ~

(o } Mii)}
- \ 0

7
LIII | + )

3 " 3e e

"z I j +1
_ _

z jj (3-67)c

are obtained. This matrix equation relates the stresses at node i+1

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

{ f)ICf ) A(i) + B(i) (3-68)=
4

where

Ic} = c ,og,a *

z

The matrices [A(i)] and {B(i}} may be determi ned from [L(i)] and
|M(i}},theresultbeing

. - - . - -

_A(i)_ _L(i)_ _A(i-1)_ (3-69)=

|B(i)| _L(i) |B(i-1)|+|M(i)| (3-70)=

for i greater than 1, and for i equal 1,
. - _ _

.A(1)- L(1)_ (3-71)=

,

{B(1)| = |M(1)|- (3-72)

5. ! j l .O
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By recursion, [A(i)] and {B(i)} across the cylinder wall can be obtained,
with the result that

A(N-1) f+|B(N-1)| (3-73) ,|c|N _

*
y

where N is the index of the node at the outside surface of the

cylinder. At the ou tside surface, -P , where P is the=
r g g ,

external pressure acting upon the cladding. Thus, the following

condition can be obtained:

Ayy(N-1) o (1) + A12("-1) e (1) + A13("-1) z(1) + B (N-1)-P =

1g
(3-74)

At the inside surf ace of the cylinder, one of the following conditions

holds:

-P if ry p0r(1)
=

5

r(1) e (1) if r1 = 0. (3-75)=

Finally, the condition of axial equilibrium

[ o dA = [ o (j) dA(j) = F
7 z

must be satisfied. Using che recursion matrices, this becomes

[o(j)dA [I] dA) A)
dA +...+ A ,) dA

7)
+=

3 g g

+ 0 + B) # +...+ B _) #
2 g N

3 [C] fo)I + f D f .
I

(3-76)
I l\

The axial force condition is the third component of this matrix
'

equation, which can be written as

7 31 r(1) + C32 e(1) + C33 z(1) + D . (3-77)F C=

3

F 7 7) ''7J/- I'100



Equations (3-74), (3-75), (3-76) are solved simultaneously for the
stresses at the inside node {cf , after which all the other stresses

i

and strains can be determined from the recursion relations given in

Equation (3-68).-

Thus, once the transfer matrices [L(i)] and {M(i)} in Equation
(3-67) are k nown for each annulus i r. the cylinder, finding the-

stresses throughout the cylinder beccmes 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 r is the radius to they

first node as shown in Figure 22. (For a solid cylinder r1 = 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
th

. region, that is, for the j annulus, at

0.5(r +1 + Fj)*r =
j

.

Equations (3-61) and (3-66) are written for the midpoint of each
thannular region. Thus for the j annulus, for example,

4"Oc ,. ,, ,m
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Fig. 22 Node and annuli geometry.

I 7 Id+II ;Id)d a

dr\Tj -r)r) jE (j+1) E(j) j
.

and

,(j+1) 2;(j)ca

N $(j^1) E (jT
" * /2

where function values at the midpoint are taken as the average of the
function values at the end points. Denoting ta r r ,1 -= r,

j j j

Equations (3-59), (3-61), and (3-66) become
-

_
.

r +1 2 r +1 (d*1I IdilI*j r. r 2 e
. J j+1

~

.

1 l 1 o (j) (3-78)(j) ,= _

2r r 2r
-;y

r) j j j-rj

\ "g
n
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and

-v(j+1) v(j) o (j)
# d *I * z

E(jtl) a r(j) z E(j) ar( j )
.

1+ v(j+1) o (j+1)- -v (j+1)

~ 2 E(j+1)r ) #
E(j+1) ar

j j

1 1+ v (j+1) o (j+1)
. .

E(j+1) ar(j) 2E(j+1) r)j

f +vf j) 1+ v(j) o (j)
"*

{E(j) ar(j) ~ 2 E(j) rj

f -1 1+v(j) o(j)
* 0+

{E(j) r(j) 2 E(j) rj

T(j+1) + cf(j+1) + de (j+1) ++ a g ) 2

P(j) + d P(j) ~ I
+ a T(j) ++

g )
J

-

.

P(j+1)f -1 a T(j+1) +c + dc (j+1)
r,

} 2r )
_

j y

.

T P(j) + dcP(j) =0
- a r (j) + c

r rr j (3-79)

4 q
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and finally

1 (k+1) - v(k+1) (k+1) + c,(k+1)2E(k+1) 2

.

T+c +dc+ 2
z

k+1

.

f:z(k) v(k)
I

(k) + g(k)* o:E(k)
/

(3-80)
T+cP+dc[+ .

z

-k
thFor the j annulus, Equations (3-78), (3-79), and (3-80) may be

compactly written as

03 I_ - a
r r

E(J ) g{ F(j) G(j)= +_,

35 g yl ~z

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

{ 'r ir

f.J. . \ L(j) 2. +

I, ")J j
k (j)\M=

|||
:7

J j+1

Since neither [E] nor [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 |G } need be recomputed at each step of the iteration in -

the Method of Successive Substitutions.

(2) Transfer Matrix Across a Surf ace of Displacement Dis- ~

continuity. One annulus of zero thickness is used as a surf ace of dis-

continuity, across which the radial displacement and axial strain may
be discontinuous. The displacements on each side of the surf ace are

} }. }related by /
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u (k+1) + au (3-81)u (k) =
r r r

c (k+1) + ac (3-82)c (k) =
z z z

.

where k is the annulus corresponding to the surf ace of discontinuity.

In addition, the radial stress must be continuous, so that
-

r(k) r(k+1) - (3-83)'

Then by use of the compatibility equations and c " "r/r, Equationse

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

[P] k+1 I ! +1 [P]k I f k + [Q] . (3-84)=
k

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

face are

-1 -1

{c}k+1 [P] k+1 (P] k f }k + [P]gy {Q}=

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 is made to determine whether or not the cladding
dballooning 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, wh ich is part of-

the calculated def ormation, against the cladding i<ntability strain

given by the MATPRO subcode. If the cladding effect1, 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-T5 when th...
FRACAS-2 option has been specified. i"7

S -| ,3 \''
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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 cladding 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

o Axial

['Nw
X /;- _-

h J, (h,

/| (\\ ' Hoop'

,'\ g\%

| _ _t f \

1 ' - f - -) N '{\ \i

\\ |}|i 'a' ,

' ]' if " Hoop \' ,'x,

' r t '-r \ /i
i t t i /

J

&|-F T '
'7-

'

.

" Axial
IN E L - A-2.:91

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 f actor of two higher than that of the

nonballooned claddite adjacent to the ballooning region

(10) The cladding thick ness at the point of initiation of

ballooning (cladding weak spot) is 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
.

+h=L (3-85)r r
g c c

l['7} $'
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where

dif f erence between internal gas pressure and cool-p =

ant pressure -

axial stress=
a

.

hoop stresso =
g

ad 1 r dius of maMer =
a

circumferential radius of curvaturer =
c

t cladding thickness.=
c

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

f#y + "

(3-86)
N |

where

yield stress of claddingc =
y

f node stability factor.=

For a given internal pressure, P, cladding thickness, t clad-c,

ding yield stress, c and loc al curvatures, r nd r, they, a c
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
de tec ted, the cladding is defomed 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.

7 i =rr ,/ J lJd108 J



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+1 and the fuel

. rod centerline is given by the equation

-Itan (3-87)e = 2,
.

where

d perpendicular distance between node i and fuel rod=j
centerline

specified mesh spacing in axial direction (set tow' =

0.2 inches in balloon model subcode).

One-half the length of the chord connecting nodes i-1 and i+1 is

w' /cose. (3-88)w =

If the radius of curvature, r, is assumed to be constant
a

between nodes i-1 and i+1, the radius of curvature at node i and the

chord connecting nodes i-1 and i+1 are perpendicular to each other.
Then, the perpendicular distance between node i and the chord connect-
ing nodes i-1 and i+1 is given by the equation

-1] cose. (3-89)
+[dj-6 =

Application of the Pythagorean theorem gives the following
relation between the radius of curvature r , chord length 2w, and 6:

a

(r - 6)2 g2 2= r*
a a

Solving for r 'a

* +6
(3-90)r = -

3 3

U'
t i. sJ

c 'I3 J
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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 d _y and d ,1, one-half the length of thej j

chord connecting nodes i-1 and i+1 is

d _1 + d +1j i*

sin 0 (3-91)w =
2

i

,-- - - -
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Fig. 25 Radius of curvature in circumferential direction.
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where -

one-half length of chord connecting nodes i-1 andw =

i+1
.

d angular mesh spacing (set to 7/7 balloon model=

subcode) _

d j distance from fuel rod center to node i.=

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

d +1
[d

-
i-1 i cos0. (3-92)6= j

By application of the Pythagorean theoren, the radius of curva-
ture at node i is related to 6 and w by the equation

(r - 6 )2 2 2= r'
c c

Solution for rc gives the equation

(3-93)
*

r *
c 2

Calculation of the surf ace area and cladding thickness at each
node is based on the assumption that t,he volume of the cladding does
not change with deformation. The calculations assume the configuration
shown in Figure 26. The surf ace area of node i in the def ormed state
is calculated by the equation

A ~

d0u (3-94)D =
j j

where
,

A
D. cladding surface area at node i=

1 cOdys
\

b { 1)
-

>
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Fig. 26 Surface area and cladding thinning model.

d radial coordinate of node i=j

circumferential nodal spacing (radians)0 =

axial node spacing af ter swelling (see Figure 24).w =

Assuming constant element volume, the following relation is obtained-

for local cladding thickness

r w't /A . (3-95)t =, g g Dc
1

r,7. 2, i '0.
, -
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where

cladding thickness at node it =
c

.

original cladding radiusr =
g

w' axial mesh spacing (see Figure 24)=
.

t original cladding thickness.=
g

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 d ispl aced and sunmed to produce a new,
swell ed volume for each time step. The relationship defining the

incremental nodal volume is

AV d : w' d (3-96)=
5 j 5

where

ad j incremental displar.ement of node i during the time=

step.

The total swelling volume for the time step is then

n
V +i AV. (3-97)V =

0 I1-1

where

number of nodes
.

n =

V volume from previous time step.=
g

,

3.3.3 Numerical Analysis. The analytical sequence used in the

cladding ballooning model consists of

cn i;l
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(1) Solution for the stabili+.y of each nodal point on the

cladding using Equation (3-86)

(2) Mod ification of the cladding gecmetry as a function of.

cladding instability.

The stability of each node is determined by solution of Equation.

(3-86) for the loc al stability factor f, with fj>1 indicating aj
stable node.

With the assumption that unstable nodes (fj < 1) will deform,
the solution is to specify a deformation for these unstable nodes.
Spec ification of these deformations is based on the following

assumptions:

(1) Nodal deformations are a func tion of the nodal insta-
bility at that node which is the most unstable (F "

m

maximum f ) and will deform the mostj

(2) The specified displ acements must be small enough thct
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

d + dh (3-98)d =j j j

where

,

the new radial coordinate of node id =j

d the old radial coordinate of node i=j,

o

specified incremental radial displacement of node i.dh =
5

m) i ', 2
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The ef f ec t 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.j .

An additional effect to be noted from Figure 27 is that an increase in
deformation at node i causes an increase in curvature at node i+1 and
i-1 (possibly to the point of producing negative curvature). ,

,- 'Ws A

' ' ' N, dh

s ' % t ,, ' K ? ,
',- , ,

ff774*# ]i|M \' .,

/

T,O

IN E L- 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 locally 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. Carefui 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.

C77 } [t )116 Jl -)



Defomations are specified according to the relation

(1-f )2j
+ 0.1 (3-%)dh dh=j m 1-F

. m

where

.

incremental radial displacement of node idh =j

maximum displacement to be added to any nodeah =
m

f instability factor at node i=j

maximum instability factor.F -

m

A value of dh equal to the cladding thickness has been found tom

produce a rapid convergence with no apparent numerical or structural
instabilities. The 0.1 f actor in Equation (3-98) serves to " push" the
f unc tion past the stability point, si nce corrections very close to

stability are very sm al l . The 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 f uel 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 surf ace cooling due to local flow phenomena

(4) Increased fuel surf ace temperature due to decreased gap
.

conductance

(5) Heat capacitance of cladding.

f ~/ 7, i'.il.J t n,
..
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Fig. 28 Balloon model flow diagram.
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The conduction model f ormulated to include these combined eff ects
considers the cl.' mg temperature as a function of the local power or
surf w b-' :ox value. The major assumption of the model is that

- the i,c u t. , lux, q, from an area of the fuel, A, is transferred
f

through a corresponding area of cladding, A throughout the tran-d,

sient. Considering this assumption, the temperature oc the cladding
is determined by-

h -Tcl) ( - 00)p cl 9 ^f + ^cl s(TBcC V *

where

C cladding heat capacity=
p

cladding densityo =

V cladding nodal volume=
cl

Tcl cladding average temperature=

T bulk coolant tenperature=
B

cladding surface heat transfer coefficient (seeh =
s

following section)

cladding nodal areaA =
cl

A fuel nodal area=
f

fuel surface heat fluxq =-

tine.t =

.

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

temperature gives

C, '/ X )$U.>s.
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(T - 8/A) e # + B/A (3-101)T =
cl g

where
.

T initial cladding temperature=
g

A cl (cC Vp cl)A / ~=

(q A7+Acl h T )/(cC Vp cl)*B =

B

Additional cladding cooling will result as the cladding swells

into the coolant channel. This additional cooling is modeled as an

increase in the surf ace heat transfer coefficient by the relation

[1+(C1 - 1) (dj-r)/r]h (3-102)h =
3 c g g

where

h cladding heat transfer coefficient for ballooned=
s

cladding

h cladding heat transfer coefficient calculated by=
g

the HEAT-1 subcode of FRAP-T, which assumes that no

local variation in geometry exists

thd current radial coordinate of i node=j

th
initial radius of i noder =

g

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

,

3.4 Fuel Rod Failure Models

.

At te r 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 f ailed, as illustrated in the

)Y-9
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flow chart shown in Figure 12. If the cladding has failed, the

internal gas pressure is set equal to 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
22,23(suffered loss of integrity) is made by th e FR AIL 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 f a . ' 'd, the subcode computes the probability of

,
fuel rod failure.

3.4.1 Model for Overstress. The assumptions in the overstress

failure model are:,

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

stress data base

E ~I J
i, $ d17
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(2) The distribution of f ailure stress about the mean failure
stress can be approximated with a Beta probability
distribution

.

(3) The failure stress is not an explicit f unc ti on 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 tempera ture burst tests 24-31 These te sts

i nclude burs.t tests on tubing with varying degrees of irradiation and
cold work. Since hoop stress at f ailure was not a measured quantity
for these tests, that stress was computed using the maximum measured
internal pressure and th e equation of static equilibrium for a

cylinder. The empirical correlation was generated by least-squares
fitting of the failure stress data. All 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

5.00 + 3.27 x 10-4T - 1.14 x 10-6 2 + 2.56 x 10-10 3log o T T
=

f

c7 failure stress (psi)=

temperature (UF). (3-102)T =
-

This correlation is plotted in Figure 29.

.

To compute the probability of f ailure 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 bec au se this distri-
bution is limited to a finite interval. Estimates of the shape para-

*

meters of the beta distribution were found from the equations

= (1 - i) 2x (1-x) - s (3-103)n

s
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and

_xnY = (3-104)1-i
.

where

i normalized failure stress=
-

normalized standard deviations =

shape parameters.n,Y =

The normalized failure stress is found from the expression

i T- (3-105)=

where

i normalized f ailure stress (0 s i s 1)=

mean failure stressc =
p

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- 1 06 )s = =
T B, , .

F

.

~

c;7.7-) i;
s
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where

normalized standard dcviation, that is, thes =

standard deviation of x-

s' standard deviation of op = 0.305 op.=

.

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 func tion of the hydrogen,
oxygen, cesium, or iodine content of the cladding.

The overstrain failure model calculates the probability of failure
as a f unction 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 f ailure strain. The standard deviation is,

16% of the mean failure strain.

The mean f ailure strain as a function of temperature is obtained.

from the MATPRO s ubroutine CMLIMT. The effects of cold work and

irradiation level are taken into account.

573 152
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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, f ailure of the claddinn 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 tenp erature distribution subcode only compu te s
cladding temperature in the absence of spacer grids, this failur7
model contains an equation that estimates the temperature at spacer
grids. Basically, the equation modifies the temperature calculated in
the tempera ture distribution subcode in the vicinity of the spacer
grids according to the ratio of the heat transfer coefficient at - the

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 beat transfer coefficient in absence of

3? -

the spacer grid

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

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

T2-T1
_

y q2h ~

Ty-T ~ h 91c 2

*where

T temperature=

q'} );
s
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h heat transfer coefficient=

total heat transferredq =

and the subscripts are

coolantc =.

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
layer on the surf ace 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 1233 K at a spacer
grid, the zircaloy-nickel eu tec tic forms instantly,

which results simultaneously in loc alized cladding
mel ti ng.

By application of assumptions (1) and (2) to the equation which
,

constitutes assumption (3), the equation for cladding temperature at a
spacer grid is

0.666 (T2 + 0.5 T ) (3-107)T =

c,

'"45:/3 iJ
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where

T
1 cladding temperature at a spacer grid=

&

T
2 cladd ing terrperature in absence of the spacer grid=

(as computed by the temperature subcode)
.

T coolan+ temperature.=
c

The cladding is assumed to fail if T exceeds 1233 K. No
1

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 f ailure is unity.

4. FUEL ROD INTERNAL PRESSURE

After the tempera ture and deformation calculations have been
completed, 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 deformation
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:

\,, 7

)\
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(1) The perfect gas law holds

(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.

9

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 analyz ed 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.

.

k #fgM
j /) tJO
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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:

.

MR
G

G"V 2 2
fj n(r -r Y

g+1 fn ) + T
*

T +TDn + T +Trfn + p-
cn cn pn rcn

AZT np n=1 Gn aven Dn aven fsn csn
(4-1)

where

P
G internal fuel rod pressure=

M moles of gas in fuel rod=
g

R univer'..al gas constant=

Vp plenum volume=

Tp temperature of gas in plenum=

axial node numbern =

N number of axial nodes=

radius of inside surface of cladding at axialr =
cn

node n

fn radius of outside surface of fuel at axial node nr =

.

T
Gn temperature of gas in gas gap at axial node n=

oZ fuel rod length associated with axial node n=
-

n

V fuel crack volume per unit length at axial node n=
cn

7,

3

I'
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T temperature of gas in fuel cracks at axial node n=
cn

V v lume of fuel pellet dishes per un it length of=
Dn

fuel stack at axial node n

T
Dn temperature of gas in fuel dishes at axial node n=

.

V volume of gas in fuel open pores per unit length=
pn

at axial node n

T volumetric average fuel temperature at axial node n=
aven

V
rfn

volume of gas in voids due to fuel surface rough-=

ness per unit length at axial node n

T temperature of fuel surface=
fsn

V volume of gas in voids due to roughness on=
rcn

cladding inside surf ace per unit length

T temperature of cladding inside surface.=
csn

4.2 Transient Internal Gas Flow

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
annulus. The equation is

2 2
(P -P)n

o s
in =

,Hg R.$ $ a
i

au r.

. DD (4-2)1=I gh
s

where.

b'

r_ 7 7 tJ
mass flow rate Jl )m =
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gas viscosity at temperature TAp =

T j gas temperature at node i=

.

T
A volume averaged temperature of gas in gas gap=

E j axial length of node i=
.

tgj gap thickness (radial) at r. ode i=

I p number of top axial node=

I number of axial node closest to centroid of gas gap=
s

(see Figure 30).

Ha Hagen number (defined below)=

P p fuel rod plenum pressure=

P pressure in gas gap=
s

R universal gas constant=

D mean diameter of gas gap=
g

D
h hydraulic diameter of gas gap = 2t for a small=

gj
gap.

The Hagen number is computed by the equation

22 + 0.24558/(2tgj - 0.0007874). (4-3)Ha
*=

A plot of the relation between Hagen number a id 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.

132
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.

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 progranmed to solve Equation (4-2) and
calculate the transient gas flow within a fuel rod. Operatjon of ,the

c ' ', IUocomputer model is as follows: Jt >
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(1) During each iteration step of FR AP-T, the subroutine
GSFLOW is called to calculate the pressure distribution
along the length of the fuel rod

.

(2) 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)

(i) Time over which flow is to occur (FRAP-T time step)

(3) Using the above input data, the sub rou ti ne 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

c/7 i '9
Jl .) | GL
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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 .

3
GRASS subcode, which calculates th e generation of fission gas

within UO2 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 retaineo

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 OPTI0f;

The FR AP-T5 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 analysis on any FRAP problem in
an understandable, systematic manner. To aid the user, def ault 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 cortplexity by allowing the user to restart and continue
an analysis from intermediate points. One goal of the option is to

provide to all users a straightforward technique based on s,and

methodology for estimating code uncertainties.

1. METHOD 0LOCE

The uncertainty analysis option is based on the response surf ace
method. Any of the output variables of a couputer code may be termed
a response. There i s some functional relationship between a response
and the input variables. In the space of the input variables, this

relationship defines a surf ace, and hence the tenn " response surf ace."
When the code is ratt er simple, this surf ace may be determined analy-
tically over the entire range of the input values. More often, as in

the case of the FR AP-T5 code, the surf ace may be known only through
the code, and the rar ge of inputs and problem types is very large.
Thus, the complete tr Je-response surf ace cannot be determined analy-
tically. The response surf ace method of uncertainty analysis is based
on a systematic sampling of the true surf ace which is then approxi-
mated by a polynomial equation in the independent (input) variables.

33In eff ect, the true surf ace is approximated by a smooth surf ace ,
.

The polynomial equition approximating the true surf ace is derived
as f oll ow s. Let Y(x ) denote the code response as a function ofj.

*k inputs. The Taylor's series expansionx =j x1, x'2 * ''

about any point uj is then given by:
, ,,

I} / j iu'-
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23Y(u ) 3 Y(ug) (x - uj)2g

Y(xj) = Y(uj) + (x -p
3 j j) + 1/2 j

,,

1=1 i i=1 i

k
2+[ 3 Y(pj)

i,j (*1 - "i) (*j - "j ) + higher order tems.
i<d 3xj xJ

(1-1) .

a

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 frcm sample values of the true response
surf ace obtained by perturbing the nominal inputs. For a second-order
polynomial to reasonably approximate the true response surface, the
region of the sur' ace being sampled must be small enough so that large
irregularities are not present. Experience has shown that a range of
plus and minut one standard deviation (+1c) in the input variable
uncertainties will usually satisfy th is requirement for the FRAP-T5
code.

The polynomial approximation may be used to examine the behavior
of the true surface in the region of the samnle 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 ou tpu ts. 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

probl em. The pattern is obtained in matrix format where

G ''I 3' $bb"
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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 v6riable perturbations.

according to the pattern.

. (2) The response surf ace equations are then generated using
the information derived from step one. Basically, a

multiple regression routine is used with certain
simplifications arising from orthogonal properties 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 used 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 th e use of the FR AP-T5 uncertainty
analysis method have been performed. The base case was a nominal PWR
fuel rod subjec ted to a 200% cold leg break LOCA at normal operation
power. Only the blowdown phase of the LOCA was analyz ed. Thirty-

seven input variables representing almost all material properties and
f abrication 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
i nc' Jde nondeterministic boundary conditions. However, when these

UC]]. t
-
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conditions are av a il able (either from analysis or experimcnt), they
can easily be incorporated in the uncertainty analysis structure as

currently programed.

.

Figure 32 shows the nominal calculated rod cladding surf ace 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 surf ace 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 th e 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.

2500 , , , i

2000 - Eric. bounds in -

g FRAP calculatiois of

{ Hypothesized LOCA

i$ 1500 -
-

E
a

E 1000 -

%

8 / ,

500 - 1 r -
_ _

.1
,,

%

._

' ' ' '0
O 5 10 15 20 25 30 *

Time in LOCA (s) INE L- A-9672

Fig. 32 Umertainty in calculated ciadding surf ace tenperature due
to f uel rou 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 Sec ti on 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. (Stage FR AP-T tape. )

COPY BF , TR AN , FRAPSCR . (Copy source cards of FRAP-T5,
which are on file 1, to data

set FRAPSRC.)

COPY BF , TR AN , STH26T. (Copy water properties table to
data set STH20T. This data set

consists of one record that is

several thousand words long.)

.

COPYBF ,TR AN , FRPL . (Copy source cards of plot code

to data set FRPL.)
.

COPYBF,TRAN,FC00L. (Copy source cards of FC00L

subcode, which is defined in

Appendix E.)

5 7 }, ) )



COPY BF ,TR AN , STR I P4. (Copy source cards of STRIP 4
subcode, which is defined in

Appendix E.)

.

R EW I ND , FR APSCR , STH N T.

RFL,160000.
,

FTN,I = FR APSRC, OPT = 1, R = 3,L = 0. (Compile FR AP-T source cards. )

SEGL0AD,B = FRAPABS,I = INPUT (Create load module, named

FR APABS , of entire FR AP-T pro-

gram. Directives for segment-

ation are given by input data

cards.)

LdAD,LG0

NdG0.

COPYBF,STH20T, TAPE 15. (FR AP-T reads water properties
table with FORTRAN Logical

Unit 15.)

R ETURN , STH20T.

REW IND, FR APABS , TAPE 15.

REWIND, TAPE 17. (Information for FRAP-T plotting
RFL,160000, program is written to file

TAPE 17.)

FRAPABS. (Ex ecu te FRAP-T. Input data

supplied by input cards.)
.

EXIT,U.

.

UNLCAD, TAPE 2. (If restart tape created, save

it in case of abnormal termi-

nation.)
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C A sunmary of the tape files used by FRAP-T5 is given in Table A-I.
..

._

,_ Examples are shown below of control cards which set up taese files.
.

If transient spatially varying coolant conditions are to be.

specified, a file for TAPE 4 needs to be input. An example of this is .

shown below.

.
-

. STAGE, TAPE 4,PE,E,VSN = T9aaaa. (T9aaaa is the number of the'

tape containing transient cool-
'

ant conditions.)

If a FRAP-T restart tape is to be read, a STAGE card is required - -

' ' which assigns the restart tape to FORTRAN Logical Unit 1. An example
, of this is shown below.

.

STAGE, TAPE 1,PE,E,VSN = T9bbbb. (T9bbbb is tape number of pre-
- ; viously created restart tape

-{
. staged out for FORTRAN Logical ;

Unit 2.) z
.

..

'

If a restart tape is to be output, a file for FORTRAN Logical Unit 2
,

,
needs to be set up. An example of this is shown below.

'

STAGE, TAPE 2,PE,E, POST.
..

-- ' : If FRAPCON computed fuel rod conditions are to be used as initial
conditions to a FRAP-T transient analysis, a STAGE card for file TAPE 31x

must be supplied similar to that shown for TAPE 1.

~

-

If an uncertainty analysis restart is to be performed, an.
,

additional restart tape is required. The restart tape is read by
'

, . - FORTRAN Logical Unit 44 and output on FORTRAN Logical Unit 45. The

STAGE control card parameters are similar to those shown for TAPE 1 and,

[' TAPE 2, respectively. "

- . .
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F77 i'5. i

l'- - J/J -

14g
.

.

,.

= L

.

'

'
-

. .
. ? ' '

. .



TABLE A-I

TAPE FILES USED BY FRAP-T

File File '

N ame Status Type of Data

TAPE 1 Input Restart information for single rod
calculations. Tape must have been .

created by TAPE 2 file of run to be
restarted.

TAPE 2 Output Restart information.

TAPE 3 Input Restart information for multired
calculations. Tape must have been
created by TAPE 2 file of a pre-
vious run.

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

TAPE 10 Output Output tape of plot code. This
tape is input to the FR-80 at
INEL for microfiche copies of
plots.

TAPE 15 Input Water properties table.

TAPE 17 Output Input tape to plot code.

TAPE 31 Input FRAPCON-1 created tape of burnup
dependent variables.

TAPE 44 Input Data for restart or refinement oi
uncertainty analysis.

TAPE 45 Output Data for restart or refinement
of uncertainty analysis.

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 *

overlayed. 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-II. 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 conmon blocks in FRAP-T5*

accessible to all of the subroutine groups.

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 defi ned to be a branch. The

branches are numbered at the top of each group. The first word in each
branch has a conmon point of storage in small core memory. Two of the

branches, 3 and 5, have additional branches. These additional branches

are shown in Figures A-2 and A-3, respectively. The highest level of

small cere memory storage, which has a word location of 153,000, occurs
in branch 3.

TABLE A-II

SEGLOAD DIRECTIVES FOR FRAP-T5

Ti TREE ~ HEAT-(T3 REFLO5DiGAPAT4,ATissT:C600 - - -
- - - -

-

T2. _ TREE _ DEFORM-lFCHL,ERAIL,ECn!2,BALOGN1 _ _ _ _ _ _ _ _ _.. _ _
T3 TREE HTRC-(CDOT.EN000T)
Iit__ JREL__RMSMER_LEEBalH.EESIGM) ____ __.-. A'TOI,FRlDAW. LACER

_

TREE FRAPTS-(CARDIN,1NITIA,Tt,PLNT.T2,G5 FLOW MARYJN
.DE.19) _______________________________

GLOBAL DESNBL
_GL A T C _______________________ __

,LACEMDL,FLECHT HTCB FRFST03TPRCTPAVPRO
- ~

_ _ _ GLOB 8L_RESIRt.RESTil P655UB EEST82 RESIl2,RESTR3. REST!3 _ _ _ _ _& &

GLLJAL PRNTB,DIALB
_ _ _GLOSAL DFRMB ERCS FCM1HA ECulH2_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

GLOBAL FRAPC

.._ _ GLOSRL__Dudo,GRS2BM,GRSZB3 BDGR22 2DGR5.3CGR3 - MGR .___

GLOBAL BJMS.GRSD23,GRSOH3 GRSOA2,GR50A9,aDGc20
. _ _ GLOBAL 10.BUF..G8.10. FCL.C. _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

INCLL'.'E INCON: ,
FRAPIS.lNCLUDE_ ERSPI.ERAP BLCDAI.ERRORI,ERRORIi

FRAPT5 INCLUDE PLOTW, TIN 5ET,ZEROUT. MOUE
m p5 7o,iicuci,i ect wn n, -c w ' , c ecwTFcf.AT5 1NCLUDE PLENo,cowTwo*

_

FAAdi5 shCwuGE LCA.CINCON,20EMIS
FRAPT5_ INCLUDE PAGHED_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____

FRAPTS INCLUDE GR5DAT
FRAPT5- [NCLUDE DRIVER ------- -- -- -----

65FL6W INCLUDE GAPPRS.GUISCO.

__INJT[B _]NCLUDE__GAPPR5 dCWINP
CARDIN INCLUDE ExCTAP

JN(LUDE - FLDINP. LACE KTABLE:CARDINCARDIN INCLUDE PdulN@,IHAPAP HIllNP,200000IDI AL57,ECR0T,R3ND7 - - - - -
!N INPS,1NPG,lNP8 CUI LINK.MODER,!NPUFKi PR.I!AP GERINE,CculINICARCPR,GPCINP,MCDPID - - -CARDIN-INCLUDE INP

PLCARDIN !NCLUDE
CARDIN_ J NCLUDE RLPST2,FTHCON
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TABLE A-II (continued)

HEAT INCLUDE POWEA,HETWT37EH55FE!hEATA
~ -

HEAT _ INLUDg_HitTCP,5URFdCBDCOND,EN55FI,R00Tl FEN!55,CNHARD_ _ _ ___i
HEAT INCLUD-
HEAT _ JNCLUDE _PRNTC,5LP2,5LIPR,5URTEN THCCN,. CHIT 0f _ _ _ _ _ _ *

1
HEAT INCLUDE U15C, VOID,0CCN:

C 5 ,85ti,IDAGNI,IDXGh2,FTHLGN
HEAT INCLUDE GTHCON.ENGTON,GUISCO
ATRC INCLUDE PCHF,PROFAC;EHHTRC - - - - - - - - - - - - - - -
REFLOOD INCLUDE WCORR -

PLkT INCLUDE GTHCON ENGTON!GUI5CO - - - - - - - - - - - -
-

PLNT INCLUDE THETAU SIMO IDXGNl IDXGN2
~DEF6Aff- INC[^UDE CHEintiCTkkWP REF8CR
DFFORN~ INCLUDE STRAIN STRESS,F2 LOCK
DEFORN INCLUDE FELH0b, CSTR AN!F POIR- - - - - - - - ~ - ~ -

FCN!- INCLUDE GAPT,5TACR - - - - - - - - - - - - ~~ ~ ~~
!NCLUDE CLADF.CLOSE. COUPLE

FChi
FRAll INCLUDE DDTR BFRAC,CDTR CRERUP,DFRAC,DLGAN,EUNELT
FRAIL ~ ~ INCLUIT T51GT F5TUd.F5TR5;HCFk;LCFF;EEET,~NUTR ---~~~ ~

FCN!2 INCLUDE CLOS 2,GAPT2 PELLET,AxRACH,TRANSF.EOUALI,E00AL2
FCM12 .!NCLUDE. STRANI. CREEL.CRil'.5 IRE 51.EPRE55,5 IRON 2,5TRES2
FCN12 INCLUDE CREEP
BALCON_ INCLUDE _ RADII,WRI TE_ _ . ..

. .

PRNT0T INCLUDE FEN!55, ENERGY,PRNTAZ_____
_

PRNIQT_ _IMn tw CAhERL.COBILD _ _ _ _ _ _ _ _ _ _ _ _ _ _ . ._

PRNTOT INCLUDE ASET,lDXGNI,lDXGN2,GAPHTC,FTHCON:
PRNTQT_ I!1CLUDE _Et155F2.CNHARD G[HCON,ENGTCN.GVISCO _ _ _ _ _ _
PRNTOT INCLUDE WRITER RESTRW RLPST3
MARYJN_ [NCLUDE _GRA55.GRA552,GR6553.GRA551,GR8555_ _ _ _ _ __

END DRIVER

,

.
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Fig. A-1 Overlay structure of FRAP-TS.
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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. -

E ach data block is read in by a different input subroutine of the

code. The information contained in each data block is sunmarized in
Table A-III. The data blocks are described below in the order they -

follow in the input data deck. The type of data contained in each data

block is identified, and the column location, 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-III

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 Pover history, axial and azimuthal power distribution.

5 3oundary conditions, critical heat flux and film boiling
correlation options, coolant condition input. -

6 Fuel and cladding surf ace roughness.

7 Internal gas content and quantity, plenum size, plenum -

spring geometry.

8 Plotting parameters.
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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 1he 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 is required. 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
FR AP-TS . 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 shif ted to the lef t 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 Format Name Quantity

1-5 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 TAPE 1. 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 eff ec ts of a previous tran-

sient. The time read on the restart
tape is backshifted to zero. This

time backshift permits analysis of a

second transient with initiation at a
time of zero. The pcwer history and

coolant condition history can then

3ssume that a time of zero corresponds
with time of transient initiation.

The steady state condition of the fuel

rod is calculated to dete rmi ne 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.

C77 1 o ,1
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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 analysis

is to be performed. Data Block U must
'

be input.

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

If NCARDS 1, leave 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 V 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.

All 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 "5END" in columns 1 through 4. All input variables

have been assigned default values. If no default values are to be

modified, no further input cards are required. If an input 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.'

r77 ,n-
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The list of uncertainty analysis input variables follows. Only

those variables whose def ault values are to be overridden need to be
input.

.

Variable Value

IFLAG Flag for check runs. .

0 - design and confounding arrays

(default)
1 - add nominal FRAP run
2 - add complete uncertainty analy-

sis

LTY PE Type of analysis desired.

1 - linear (default)
2 - linear plus foldover

3 - linear plus quadratic

4 - linear plus foldover plus quad-
ratic

LPB Plackett-Burman design flag.
0 - fractional factorial design

(def ault)
1 - Plackett-Burman design

IPRINT Fl ag for additional experimental

design data i ncluding design

generators and one and two factor

aliases.

0 - no (def ault)
,

1 - yes

I START Fl ag for restarting from previous ,

analysis.

0 - no (default)
1 - yes ,ng

ry 3 1ou
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Variable Value

LFAC(N) List of f actors 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 f actors in the
'

analysis in this order in the

experimental design and confound-
ing arrays (def ault is 0).

LRES(N) 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).

N00E(N) Axial node at which LRES(N) is to
be comp u te d. List must match

LRES(N) one for one. For example,

N0DE(3) must be axial node at

which LRES(3) is to be computed

(def ault is 1).

C(I,J,K) Uncertainty f ac tors . Fac tors 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

r77 in7
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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 tenperature limits describ-

ing ranges applicable to uncer-

tainty factor polynomials. If no

temperature range or uppermost

limit, enter 0. Default values

are given in Table A-IV.

AMU (L,K) First four dimensionless central
moments of the uncertainty f cctor

distributions. Assumed to apply

over all temperature ranges.

Normal distribution is default.

FACTOR (K) Fl ag for additive or multiplica-

tive uncertainty f actors.
0 - additive

1 - multiplicative

Default values are given in

Table A-IV.

To amplify the input instructions for Data Block V, input data is

shown below for an example problem. *

Assume th at an uncertainty analysis is to be performed 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 frnm 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 f actorial design is chosen with no

E77 1no
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. . .
.

TABLE A-IV

DEFAULT UNCERTAINTY FACTORS

Additive ( A) or Temperature
LFAC Source Multiplicative (M)^ Factor Range (K)

1 Fuel specific heat M 1.02 T < 500
1.012 + 1.6E - 5xT 500 < T < 3000
1.06 3000 < T

2 Fuel thermal conductivity A 0.4g m-K
-~

'-J 3 Fuel emissivity M 1.10 --

L4
4 Fuel thermal expansion A 0.25E-5 xT m T < 500

0.00125 500 < T

~d 5 Fuel elastic modulus A .037E11 (Pascals) --

D 6 Poisson's ratio A 0.094

7 Fuel creep -- (TBD)D --

8 Fuel fracture strength A 0.19 (Pascals) --

9 Fuel swelling -- (TBD) --

10 Fuel restructuring -- (TBD) --

11 Fuel densification -- (TBD) --

12 Fission gas release -- (TBD) --

13 Cladding specific heat A 10 (J/kg-K) T < 300
10 300 < T < 1090
25 1090 < T < 1300

100 1300 < T

15 Zirc oxide emissivity A 0.10 --



TABLE A-IV (continued)

Additive (A) or Temperature
LFAC Source Multiplicative (M) Factor Range (K)

16 Zirc oxide thermal M 1.20 --

conductivity

17 Cladding axial thermal M 1.20 T < 1073
expansion 1.50 1073 < T

18 Cladding diametral M 1.10 T < 1073
thermal expansion 1.50 1073 < T

19 Cladding elastic modulus M 1.10 T < 1083
1.20 1083 <T

20 Cladding strength coeffi- A 29.E6 (Pascals) --

g cient
"

21 Cladding circumferential A 0.08 T s 800
rupture strain -0.91 + 1.25E - 3 T 800 < T < 1090

4.94 - 4.125E - 3xT 1090 < T < 1170
0.11 1170 < T

22 Cladding Meyer hardness -- (TBD) --

23 Cladding creep rate -- (TBD) --

24 Cladding shear modulus A 9.E9 (Pascals) --

25 Cladding oxidation M 1.175 T < 1523
1.065 1523 < T

26 Gas thermal conductivity A -0.0068 + 1.61E - 5xT --

27 Gas viscosity M 1.05 --

28 Gap heat transfer M 1.25 --
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TABLE A-IV (continued)

Additive (A) or Temperature
LFAC Source Multiplicative (M)# Factor Range (K)

29 Alpha-Beta transition A 10 (K) --

temperature

30 Pellet stack height M 1.001 --

31 Cladding outer diameter M 1.001 --

32 Fuel density M 1.0067 --

33 Pellet shoulder radius M 1.034 --

34 Pellet dish depth M 1.034 --

35 Pellet height M 1.001 --

hk 36 Pellet dish volume M 1.034 --

37 Pellet outer radius M 1.001 --

38 Cladding inner radius M 1.001 --

39 Cladding outer radius M 1.001 --

40 Cladding roughness M 1.100 --

Um
-a 41 Fuel roughness M 1.100 --

'# 42 Anount of gas in rod M 1.034 --

43 Plenum volume M 1.001 --

-

~3 44 Cold pressure M 1.034 --

~~~
45 Mole fractions of gas -- (TBD) --

components

46 Unused -- -- --



TABLE A-IV (continued)

Additive (A) or Temperature
LFAC Source Multiplicative (M)a Factor Range (K)

47 Initial temperature -- (TBD) --

estimate
48 Power history M 1.050 --

49 ANS decay heat curve M 1.067 --

50 Unused -- -- --_,

m
* 51 CHF factor M 1.080 --

52-60 Unuseo -- -- --

Additive ( A) or Multiplicative (M) refers to the manner in which the factor was appl:ed. That is, per-a.
centage uncertainties were multiplicative whereas absolute uncertainties were additive,

b. (TBD) - to be determined or presently inactive.

tn
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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)

W9 Heat transfer coefficient at rod surf ace
m -K

W10 Heat transfer coefficient across gas gap
2

m -K

11 Structural radial gas gap (nm)

12 Cladding hoop strain

13 Cladding radial strain

14 Cladding effective stress (Pascals)

15 Fraction of f ailed fuel rods

additional printout or restarts. Uncertainty factor 1 is to be

changed, for the purpose of illustration, to the values given in Tabic
A-IV. This is a check run executing the nominal FRAP-T deck once. The.

necessary input is as follows:

$IN-

LFAC(1) 1, 5, 13, 3, 37,=

LRES(1) 1,2,2,2,3,4,5,=

NODE (1) 8, 8, 1, 15, 8, 8, 8,=

5 ~' 3 173



IFLAG 1,=

C(1,1,1) 0.2, 0., 0., 0.,=

C(1,2,1) 0.12, 1.6E-5, 0., v.,=

C(1, 3, 1) 06, 0., 0., 0.,= -

C(1,4,1) 0., 0., 0., 0.,=

TL(1,1) 500., 3000., 0., 0.,=

AMU (1,1) 0 , 1., 0., 3.,= -

FACTOR (1) 0., 1., 0., 3.,=

SEND

Data Block 1. General Data.

Cards 1.1 and 1.2 contain several input variables that control the
selection of rnodels. These input variables are model option switches.
The model recorrmended for general use is specified by setting the modt!
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

C ol t.in s Format Name Quantity

1-5 i 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 ',5 I NAXN Number of axial nodes (NAXN 1 20). If

NGSFLO = 1 u 'lumns 31-35), NAXN 2 3.
If no minus sign in front of NAXN, -

code generates evenly spaced mesh. An

example of generated mesh is shown in

F77
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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 mi nu s sign input, axi al node

,

elevations are specified by Card Group
1.12.

0, plenum gas temperature16-20 I NPLNT If NPLNT =

model is used. If NPLNT = 1, plenum

gas temperature set to coolant

temperature at top axial node plus
U10 F.

21-25 I NDT Number of time step - time pairs used

to prescribe time step during problem
soluti on. See Card Group 1.10 input

instruction for further clarification.

NDT s 20. If constant time step,

NDT = 0.

26-30 I NUNIT If this field is zero or let lank,

data are input in British units. If

the integer 1 is put in column 30,

data are input in SI units. Code

0 or 1 is in theoutput for NUNIT =

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.
,

31-35 I NGSFLO If NGSFLO = 0, gas flow between plenum

and gas gap is not modeled. Instead,

pressure equilibrium is assumed to

F7} t,J
1er
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instantly oc cu r, so that plenum and

gas gap are always at the same

1, gas flowpmssure. If NGSFLO =

between plenum and gas is modeled.*

This requires NAXN 2 3.

0, metal-water reaction36-40 I M00MW If M00MW- =

calcu;oted according to Cathcart
model, also, oxygen diffusion inside

the oxide 'l ayer is calculated. If

MODMW = 1, metal-water reaction is not
2, claddingmodeled. If MODMW =

oxidation calculated according to

Baker-Just model .

41-45 I MODFD Two deformction niedels are available.
The first mod;l, called FRACAS-I,

assumes no stress deformation of the
fuel. The second model, called
FR AC AS-II , accounts for stress defor-

mation of the fuel. If fuel defor-

mation due to stress is considered

insignificant or if a reduction in

compu te r 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 = 0,

the FRACAS-I deformation model is
used, with the fuel assumed to have,

radial cracks extending from fuel

surf ace to fuel center (free thermal
- expansion) and a relocation e7 0.25%

times fuel pellet radius for struc-

tural calculations. No relocation in

thermal or pressure calculations. If

f r -1 )]]-
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1, th e GAPCON-THERMAL-1MODFD =

code ~I fuel deformat ion model isA

used. No f uel relocation assumed. If

MODFD = 2, same as MODFD = 0, but no .

fuel relocation is assumed. If

M0DFD = 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 wit h fuel re loc a-

tion. No relocation assumed in struc-
tural calculations. If MODFD = 7, the

FRACAS-II deformation model is used.

46-50 I MODGPC IF MODGPC 0, th e Ross and=

Stoute -1A gap conductance model is

used.

51-55 I NFASTF If NFASTF 0, fast neu tron flux=

assumed to have same axial profile as

power profile specifica by Lara broup

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 25.3

56-60 I MPDC AY If MPDCAY = 0, decay heat not added to
fuel rod power specified by card group
4.2. If MPDCAY 1, dec ay heat is=

.

added to fuel rod power and is com-

puted according to AN S formula for

decay heat.
.
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66-70 I NDIM Indicator of number of dimensions in

heat conduction calculations. If

NDIM = 0, only radial heat conduction
* is considered. If NDIM = 1, radial-

azimuthal heat conduction at one or

more axial nodes is considered.
Card 1.2*

Columns Format Name Quantity

1-5 I NVOID Switch to model partial length central
void in fuel. 0 = no, 1 or 2 = yes.

1, no instrumentation inIf NV0ID =

void. If NVOID 2, instrumentation=

is present.

6-10 I NFMOD Switch to set fuel rod failure model.

0 = FRAIL subcode general model, 1 =

FR AIL subcode tube burst model with
flow blockage calculations.

11-15 I NDIAL Switch to apply multipliers or

addition terms (dials) to selected
fuel rod models. 0 = no, 1 = yes. If

1, Card Group 1.19 must beNDIAL =

input.

16-20 I NSWHTC Switch to modify cladding surf ace 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.
.

21-25 I NR EFLD Swit c:t to compute cladding surface
heat transfer coefficient during

c77 j09
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reflooding of core follcwing reactor
vessel blowdown. 0 = no, 1 = yes. If

NR EF LD 1, Card Group 1.20 must be=

input. *

26-30 I NSWLAC Switch for Licensing Audit Code (LAC)
calculations. If NSWLAC 1, Card= -

Group 1.21 must be input.
0 = no
1 = yes

31-35 I NPO Number of printout interval-time pairs
used to specify problem time intervals

at wh ich fuel rod state is to be

printed. If constant printout

interval, leave these columns blank.
NP0 < 20. If NP0 > 0, Card 1.17 must

be input.

36-40 I NFCMI Switch to force calculations by the
FRACAS subcode after cladding failure
predicted, so that post-failure

stresses due to pellet cladding
mechanical interaction are comp u ted.
0 = no, 1 yes. If NFCMI 1,= =

however, the balloon model calcul-

ations are bypassed. If NFCMI 0,=

the only deformation assumed to occur

af ter cladding f ailure is that due to

thermal expansion.
,

41-45 I NPRSW Internal power ramp switch. At the

problem start, FRAP-T internally -

generates a power ramp that increases

fuel rod power from zero to full power,

in small increments of powe r. If

m 00na n .> w



fuel-cladding contact at full pcwer

not expec ted , the internal power ramp
can be bypassed and computer time

saved.-

0 = generate power ramp

1 = bypass power ramp
.

51-55 I NSWGRS Switch to perform fission gas

production and release with the

GRASS -2 Subcode. 0
A

no, 1 yes.= =

If NSWGRS = 1, the computer run time

will inc rease about a factor of four
due to the complex nature of the GRASS
subcode. Calculations cannot be

restarted. Maximum nun.ber of axial
nodes 10. Maximum number of radial=

nodes in fuel = 15.

56-60 I PRADSH Switch to model radiation heat

transfer between f 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,

NR ADSH s 25. Flow shroud assumed to
be zircaloy with an oxide layer 1.4

microns thick on inside surface. If

NRADSH > 0, NSWC 4 on Card 5.1 is=
.

required.

. 61-65 I NBOTPL Switch to model lower gas plenum in
fuel rod. 0 no, 1 yes. If= =

NBOTPL = 1, the lower plenum geometry

must be specified on Car,d 7.,2. ~

' | .) Lv I]
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66-70 I NPRPRN Switch to print ou t fuel rod condi-

tions at each power level of initial

power ramp.

0 = no -

1 = yes

Card 1.3 .

Columns Format Name Quantity

1-10 F TO Initial problem time (seconds).

11-20 F TMAX Final problem time (seconds).

21-30 F DT 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, bec au se

the explicit numerical solution of

multidimensional heat conduction is
not stable for a time step much larger
than 0.02 sec.

31-40 F DTP0 Problem time intervals at which

calculated fuel rod state will be

printed (seconds). If printout

desired at end of each time step, set

DTP0 to zero. If NPO > 1 on Card 1.2,
,

omit DTP0 input.

41-50 F RL Cold length fuel pellet stack (ft or m). .

51-60 F DROD Cold outer diaiceter of fuel rod (ft
or m).

176 J '/ J cJL
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61-70 F TEMP 0 Cold state temperature of fuel rod

(UF or K). The fuel rod dimensions
given in the input must correspond

'

with this temperature.

71-80 F COLDW Reduction of cross-sectional area of

cladding by cold working process.*

(A -A)/A Where ACOLDW = =
g g g

cross-sectional area prior to cold
cross-sectional areaworking, A =

af ter cold working.

Card 1.4.1 Pellet Data.

Columns Format Name Quantity
31-10 F RHOF Cold state density of fuel (lbf/ft

3or kg/m ),

11-20 F RSHD Cold state radius to pellet shoulder

(ft or m). Shoulder defined to be

point of primary contact at pellet

interf aces. 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-

3 3(ft or m ); sum of top and bottom

dish volumes.
.

51-60 F FR P02 Fraction by weight of fuel that is

Pu0 *
2
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Fig. A-5 Definition of pellet shoulder radius.
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61-70 F BU Burnup of fuel (MWs/kg). Burnup

(mwd /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 the 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.C Pellet Data.

Columns Format Name Quantity

1-10 F F0TMTL 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 ZV01D1 Distance from bottom of fuel stack to

bottom of central void (ft or m).,

11-20 F ZVOID2 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 ZVOID1 =0

and ZVOID2 equal to fuel stack length.
g 3, 7 , q 7-
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Card 1.6 Numerical Solution Control and Cladding Flux History.

Columns Format Name Quantity

1-10 F PRSACC Minimum fractional change in internal -

fuel rod pressure between two succes-

sive iterations before convergence is

decl ared. 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
(p +1rdeclared. The test is ,

PR SACC , where p# sym-r r
p )fp <

bolizes pressure at iteration number

r. If PRSACC > 1.0, explicit solution

method used. No iterations perform-

ed. Both deformat ion-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.

11-20 F TMPACC Minimum fractional change in tenper-
ature at any radial node between two

successive iterations before conver-

gence is declared. If these columns
,

left blank, program sets TMPACC to the
recomended value of 0.001.

21-30 F FQCRIT Factor which critical heat flux is
multiplied by. If these columns lef t
blank, program sets value of 1.0. If

180 _, nqf
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FQCRIT assigned a large value, pre-

diction of film boiling can be

precluded.
.

31-40 F DTSS 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 Group 1.10 is

greater than DTSS, steady state heat

conduction model used. If not,

transient heat conduction model used.
If DTSS left blank, transient heat

conduction model always used after

first time step.

41-50 F CFLUX Axially averaged and time averaged

fast neutron flux cladding exposed to
2during lifetime (neutrons /m -sec).

Fast neutron is defined to be a

neutron with an energy greater than 1
MeV.

51-60 F TFLUX 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.

61-70 F PFAIL If probability for fuel rod failure

exceeds PFAIL, then fuel rod assumed
a

to be failed. It these columns left

blank, PFAIL set to value of 0.5.

.

71-80 F DTMPC L Maximum circumferential variation in

cladding temperature during balloon-
ing. If DTMPCL = 0.0, the tenperature
is assumed to be uniform.

F7 n c; 7
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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 DOFSET Offset of fuel stack centerline from .

cladding longitudinal axis (f t 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 00 FANG azimuthal angle along which fuel
pellet shifted toward cladding inside

surface (degrees). Azimuthal

coordinate system must be consisteat

with th at used to input azimuthal

power variation on Card 4.5. Leave

blank if DOFSET = 0.

Card 1.8 (Omit if NDIM = 0.)

Col umns Format N ame Quantity

1-5 I NAZ Number of azimuthal sectors in heat
conduction calculations (azimuthal
sector defined in Figure A-6).
Becau se 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 is to be

considered.

.

11-5 I NSYMM Symmetry indicator. If NSYMM 0,=

twofold symmetry (temperature distri-
bu ti on computed in quarter of fuel

182
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Fig. A-6 Mesh configuration for R-e heat conduction.

rod). If NSYFN = 1, onefold symmetry
(temperature distribution computed in

half of fuel rod). If NSYMM = 2, no

symetry.

The computer core requirements increase as the spatial detail

specified for the multidimensional temperature distribution increases.

Storage requirements increase according to the equation S 5N N=
e Z,

N + 20 N N, where S = words of storage required, Ne = number ofR e Z
azimuthal sectors, NZ = number of axial nodes at which azimuthal heat

, conduction is to be considered, and N number of radial nodes.=
R

Synmetry conditions are taken advantage of to reduce storage require-
ments. If twofold synnetry exists, a given azimuthal spatial detail is

accomplished with a quarter of the azimuthal sectors required when no
symetry exists.
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Card (s) 1.9 (Omit if NDIM = 0.)

Columns Format N ame 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 1 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 diff erent 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

Anticipated Power Ramp at
Power-Cooling- Reactivity Transient 0.5 kW/m-sec,

Loss-of-Coolant Mismatch Initiated Without Scram Slow Power 2-D re Heat
Accident Accident Accident Accident Ramp Conduction_

Time Time Time Time Time Time
Time step Time step Time step Time step Time step Time step
(sec) (secl (scc) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec) (sec)

0.0 0.02 0.0 0.1 0.0 0.001 0.0 0.05 0 3600 0 0.02

0.05 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

0.0501 0.05 10.1 0.1
L_D
''d 1.9 0.05 20 0.1
cA

2.0 0.1
i' )

30.0 0.1_ .

-



Card 1.10.1 Number of Data Pairs.
(Omit if NCARDS = 0 or 1 on Card 0.1.)

Columns Format Name Quantity *

1-5 I NDT Number of time step-time pairs used to

prescribe time step during problem

solu ti on. NDT < 20. -

11-20 F DTP0 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 DTNAXA(3) Time step at time DTMAXA(4) (sec).

31-40 F DTMAXA(4) Time (sec) DTNAXA(4) > DINAXA(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 .

a 1 in 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.

n4 7
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Coolant
channel No 2

,

RODNO = 1 -

Rod No.1 CHNN01 = 1
FRP1 = 0.5
CHNN02 = 2
FRP2 = 0 25

Coolant CHNNG3 = 3
channel No.1 FRP3 = 0.25

Coolant
channel
No 3

1 4c- . 9ns i

Fig. A-8 Example of data input for Card Group 1.11 (coolant channel
data).

Columns Format Name Quantity

1-5 I RODN0 Number of a rod in cluster being

analyzed.

11-5 I CHNN01 Number of a subchannel cooling RODND.

16-20 F FR P1 Fraction of surface area of RODNO

bordering CHNN01.

21-25 I CHNN02 Number of a subchannel cooling RODNO.

26-30 F FRP2 Fraction of surf ace area of RODN0

bordering CHNN02.
.

31-35 I CHNN03 Number of a subchannel cooling RODNO.

188 q7f n,
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36-40 F FR P3 Fraction of surface area of RODND

bordering CHNN03.

41-45 I CFfiN04 Number of subchannel cooling RODNO.-

46-50 F 3P4 Fraction of surf ace area of RODN0
- bordering Clf4N04.

Card G;oup 1.12 Axial Node Elevation Data.

If no mines sign is put in front of NAXN of Card 1.1, anit this

card group.

Columns Format Name Quantity

1-10 F Z(1) Elevation of axial node 1 (ft or m).

11-20 F Z(2) Elevation of axial node 2 (ft or m).

21-30 F Z(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.

(0mit 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
neu tron flux. FLUXZ(1) * CFLUX *

n ,-
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TFLUX = fast neutron fluence (neutrons /
2m) 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 f ast neu tron 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. Al so

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 compu ted fuel
rod steady state conditions as initial

conditions for transient calculations.
0 no, 1 = yes. If NRADFS 1, a= =

STAGE or ATTACH card must be supplied
which spet i f ,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

0' ' .3 ,7Lt191



spec ify 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.

Col umns Format Name Quantity

1-5 I KAXHTC Axial noae at which surf ace heat trans-
fer coefficient is to be modified to

account for ballooning of neighboring
fuel rod.

6-10 1 NPAIR S Number of multipli er -time pairs used

to specify history of multiplier on

surface heat transfer coefficients.
NPAIRS < 10.

-

11-20 F TSHTC Time at which aedification of surf ace
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) Mul tiplier on cladding surface heat .

transfer coefficient at axial node

KAXHTC at time TSHTC + FHTC(2).

r7x ^'3#'192 J'J



11-20 F FHTC(2) Time relative to time TSHTC at wtiich
FHTC(1) applies. If FHTC(2) = 0, then
FHTC(1) applied at absolute time TSHTC

(sec).*

21-30 F FHTC(3) Multiplier on cladding surface heat

transfer coef ficient 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 DTP0A(1) Problem time between printout of fuel
rod state at problem time

DTP0A(2)(sec). Set DTP0A(1) 0 if=

printout desired at every time step.

11-20 F DTP0A(2) Problem time (sec).

Repeat until NP0 pairs of data have been placed on cards, four pairs

per card. Maximum of five cards. DTP0A(4) > DTP0A(2), etc.

Card Group 1.18 Flow Shroud Temoerature. (Omit if tRADSH = 0 on
,

Card 1.2).

Card 1.18.1.

Columrs Formet N ame Quantity

1-10 F DSHP0 Inner diameter of flow shroud (ft
r m)- r,7 3 p,9
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Card (s) 1.18.2 Flow Shroud Temperature History.

Columns Format Name Quantity

1-10 F TSHRD A(1) Temperatare of inside surf ace of flow '

shroud at time TSHRDA(2) (F or K).

11-20 F TSHRDA(2) Time (sec). -

Repeat until fEADSH pairs of data have been placed on cards, four pairs
per card. Maximum of six and one-fourth cards.

Card Group 1.19 Multipliers and Addition terms. (If NDIAL = 0 on
Card 1.2, omit this card group).

Card 1.19.1

Specification of models to which multiplication factor is applied.

Columns Format Name Quantity

1-5 I NDHGAP Switch to adjust gap conductance

calculations. 0 = no, 1 = yes.

6-10 I NDFCON Switch to adjust fuel thermal
conductivity. 0 = no, 1 = yes.

11-15 I NDHFB1 Switch to adjust transition flew film

boiling heat transfer coefficient.

0 = no, 1 = yes.

16-20 I NDHFB2 Switch to adjust stable flow film
,

boiling heat transfer coefficient.

0 = no, 1 = yes.
.

21-25 I NDHFB3 Switch to adjust pool film boiling

heat transfer coefficient. 0 no,=
,,

1 = yes. ,t ("

ht J
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26-30 I NDHFB4 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 zero.)

Col umns Format N ame Quantity

1-5 F FFCON Addition term to fuel thermal conduc-
tivity (Watts /M-K); leave blank if

NDFCON = 0.

6-10 F FHFBI Multiplication factor to be applied to
transition flow film boling heat

transfer coefficient (leave blank if
NDHFBI = 0).

11-15 F FHFB2 Multiplication factor to be applied to

stable flow film boiling heat transfer
coefficient (leave blank if NDHFB2 =

0)..

.. .,,
JI .) Lu
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16-20 F FHFB3 Multiplication factor to be applied to

pool film boiling heat transfer

coefficient (leave blank if NDHFB3 =

0).
-

21-25 e FHFB4 Multiplication f actor to be applied to
f ree convection heat transfer coe f f i- .

cient (leave blank if NDHFB4 = 0).

Card Group 1.20 Reflood Heat Transfer Data. (0mit this card
group if NREFLD = 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, in seconds, at which the
core is dry and begins adiabatic -

heatup.

27-36 F REFDTM Problem time, i, seconds, at which

flooding of fuel rods begins.

39-48 F HR AD Radiation heat transfer coefficient.

0.0, HRAD is computed.If HRAD <

2(btu /hr-ft -F)

51-55 I NBR1 f! umber of inlet temperature (UF)

versus time (sec) pairs, NBR1 s 20

55-60 I NBR2 Number of flooding rate (in./sec) -

versus time (sec) pairs, NBR2 s 20

naq

573 '"'
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66-70 I NBR4 Number of reactor vessel pressure (psi)
versus time (sec) pairs, NBR4 1 20

Card 1.20.2

Columns Format Name_ Quantity

1-6 A LODMRK Specifies the l'ne of demarcation. If
*

RUPTUR is input, line of demarcation

is plane of cladding rupture. If

LIQLEV is input, line 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 cerrelation is assumed

to apply along the entire length, of

the fuel rod. But if the flooding

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-

l ated 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 length 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.

197 C, 7. J
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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
2per fuel rod (ft ),

.

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 wa te r inlet tenperature-time history cards, the
inlet temperature-time Ata 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 tempu in degrees F at.

TIME (2) into ref.aod.

31-40 F TIME (2) Time in seconds into reflood.

41-50 F TEMP (3) Inlet terrperature in degrees F at time
TIME (3) into reflood.

.

51-60 F T(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.
o

c.|G\;
-
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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 0 sec into reflood.

.

Columns Format Name Quantity

1-10 F FLDR AT(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 FLDR AT(2) Reflood rate in inches per second at

TIME (2).

31-40 F TIME (2) Time in seconds into reflood.

41-50 F FLDR AT(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 NBR2 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 N ame Quantity

1-10 F PRESTM(1) Reactor vessel pressure at time PRESTM
(2) (psia).

~

11-20 F PR ESTM(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. c -| 7 ,o
J/J c <_ J:
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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 allas the user to specify which, if any, of the

Licensing Audit Code (L'C) niodels are to be substituted for the other- .

wise best estimate (BE) nuiel.

The input format is #ree form requiring only blanks as separators.
The input numbers do not need to be placed in certain card columns.

Sirice there are several options available, the user may choose to

use all, all except a few, just a select f ew, 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

m odel s.

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 wh ch LAC models are to be used. The number of LAC BE

models is first entered, th en the numb er codes for the models are

entered. Each number code must be separated by at least one blank .

column.

?|N- i
C; |r 3

-
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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 used.

The number code for each LAC model option is listed as follows:

Model Number Code

CLADDING AXIAL THERMAL EXPANSION 3

CLADDING DI AMETRAL 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 21

G77 m^7
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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 th e LAC
model, the LAC model will be used. -

Card 1.21.2

.

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

foll ows Card 1.21.1.

Columns Format Name Quantity

1.5 I NPTR VP Number of pairs of rupture temperature
versus cladding differential pressure

(inside pressure minus coolant
pressure) (aP) in Card Group 1.21.3.
NPTRVP s. 25.

6-10 I NPSRVP Number of pairs of rupture strain

versus AP in Card Group 1.21.4.
NPSRVP s 25.

11-15 I NPFBLK Number of pairs of flow block age

versus aP in Card Group 1.21.5.
NPFBLK r 25.

Card 1.21.3 Rupture Temperature Versus AP Table.

Columns Format Name Quantity

1-10 F TAB 1(1) Minimum temperature at which cladding
,

will rupture wh en cladding differen-
tial pressure equals TAB 1(2); F.

.

11-20 F TAB 1(2) Cladding differential pr?ssure (psi).

202 977 ,,
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Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB 1(4) > TAB 1(2), etc.

Card 1.21.4 Rupture Strain Versus AP Table.-

Columns Format Name Quantity

1-10 F TAB 2(1) Cladding rupture strain if cladding-

rupture occurs at cladding differen-

tial pressure of TAB 2(2).

11-20 F TAB 2(2) Cladding differential pressure (psi).

Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB 2(4) > TAB (2), etc.

Card 1.21.5 Flow Blockage Versus AP Table.

Columns Format Name Quantity

1-10 F TAB 3(1) Flow blockage if cladding rupture

occurs at cladding differential

pressure of TAB 3(2); percent.

11-20 F TAB 3(2 ) Cladding differential pressure (psi).

Repeat as necessary, with four pairs per card, and a maximum of six and
one-fourth cards. TAB 3(4) > TAB 3(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,.

r77 nq
'J f. L
'
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Card 2.1

Specification of temoerature 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 tenper-

ature pairs to be generated for fuel.

Compute r 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 I NSC Number of specific heat versus tenper-

ature pairs to be generated for clad-

ding. Compu te r memory requirements

are reduced by setting NSC = NKC.

21-25 I IDEEUG If IDEBUG is greater than zero,

thermal property tables generated for
fuel and cladding are printed.

.

cfj 3 Z;0
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Card 2.2

Specification of temperature bounds of thermal property tables.
.

Columns Format Name Quantity

1-10 F T0F Minimum temperature in fuel thermal'

property tables (UF or K) (must be
less than minimum fuel temperature

expected during calculat17ns).

11-20 F TMAXF Maximum temperature in fuel thermal

property tables (UF or K) (must be
greater than maximum fuel temperature
expected during calculations).

21-30 F TOC Minimum temperature in thermal property
tables of cladding (UF or K).

31-40 F TMAXC Maximum temperature in thermal property
tables of cladding (UF or K).

Data Block 3. Temperature Computation Subcode Input Data,

All 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 a
corrm a. 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. Conment cards are allowed in this block of
the input data and are identified by an " *" or a "$" as the first

nonblank charac te r. Data on a card may be continued on a following*

card by entering a plus sign as the first nonblank character an the
""continuation card. The last card in Data Block 3 must have a .

character in column 1.
C"7 n-
O d La
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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. The remainder of the card is used to -

spec ify the problem title, which will be printed out in the input

listing.

.

Card 3.2 General Data.

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 s 20).

2 I IGE 0M Geometry typ e. Always input th e

integer 2 (cylindrical).

3 F X0 Left boundary coordinate. Always

input 0.0.

4 F FCTR Source multiplication f ac tor. 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 (UF

ar K) (normally about 1.0F). If

temperature change between two ,

successive interations exceeds this
value, no convergence is declared

1)3
,

'
and another iteration ordered with - 1
updated material properties. 3
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7 I NOITER Maximum number of iterations on

material properties for time

dependent soluticn. (Normally
.

about 200).

Caro 3.3 Format for Radial Mesh Specifications.
.

This card must have i number 01010200 in columns 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 s nn s 99. Radial intervals with a constant mesh spacing

are spec ifi ed. Normally, the fuel is given a constant mesh spacing,

the cladding a different constant mesh spacing, and the gas gap is

spec ified 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.

F77 "~7
J; J L:]
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Mesh point 1 Fuel rod centerline

/

Mesh spacing 1
.

Fuel Right boundary
coordmate of(mesh interval 1)
mesh interval 1

w Mesh point 3
.

U

Gas gap
(mesh interval 2)

O
i

Cladding )
(mesh interval 3) Mesh spacing 6

Mesh point 7 E GG- A-729-1

Fig. A-10 Example of radial mesh layout.

Data Field Format Quantity

1 I If no central void, leave this

field bl ank. 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 I 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). g'
,

'l L. J-,
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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 COLS-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 th e 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 nurrber 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 I The number of the mesh spacing
.

which overlays fuel and borders

fuel outer surf ace.
.

3 I Composition of gas gap. Always

input the integer 3.

-. 7 7q n p.a c,a
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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.

.

6 I The number of the mesh spacing

which overlays cladding and borders
cladding oute r surface. Th is

number must equal COLS-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 s nn s 99. The radial power profile f actor is defined to be

the ratio of power in a mesh spacing to the radially averaged power in
the fuel . Power f actors 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 f actors must satisfy the equation

N P (r n+1-rf)
2

n =1
2

N1 r
f

where

f radius to outside of fuel pelletr =
,

th
P power profile factor for n mesh spacing=

n

.

thinner radial coordinate (cold state) of n meshr =
n

spacing
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N number of mesh spacings in fuel=

th
r +1 outer radial coordinate of n mesh spacing.=

n
.

The radial power profile f actor 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 spec ified at all axial

nodes, put dunmy data on this card.

Data Field Format 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 f actor 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 COL-1.
If each mesh spacinc, is given a different radial power profile factor,
then N1, N2, etc., uill have values going from 1 to COL-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 s nn s 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.

r- 7 , m -- 7
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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 coolant temperature. -

Data Field Format Name Quantity

1 F T(1) Initial temperature of region .

defined by N1 (UF 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 (OF 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 I NH Number of power-time pairs used to de-
scribe power history of rod (NH s 50).
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11-15 I NA Number of power factor-elevation pairs
used to describe axial power profile

of rod N (NA s 25).

16-20 I NAAIP Number of azimuthal angles for which a
radial power profile distribution is

input to specify azimuthal power
.

variation (1 1 NAAZP) s 10). Leave

0 on Card 1.1. Ifblank if NDIM =

NAAZP = 1, power distribution in fuel

parabolic -3 inAis assumed conc ave

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
2 2 _by th e equation; P( r, e ) = A [r + B

2Br cose]+ C, where P(r,0) = ratio of
power at radial coordinate r and

azimuthal coordinate e to area

averaged power, and A, B and C are

coefficients determined from user

input values on Card 4.5.

21-25 I NRAZP Number of pairs of relative power

versus radius in each radial power

profile (2 s NRAZP 115). Leave blank

if NDIM = 0 on card 1.1 or NAAZP = 1
on Card 4.1.

.

e
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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 red 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 c ard s, 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. (0mit this
card group if MPDCAY = 0 on Card 1.1.)

Columns Format Name Quantity

1-10 F POWGP Average linear fuel rod power just

prior to accident initiation (normal

operation power - kW/ft or kW/m).

11-20 F TIM 0P 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 FPDCAY = 1.

4
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Card Group 4.4 Axial Power Distribution.

Columns Format Name Quantity

1-10 F PA(1) Axi al power profil e f ac tor at -

elevation PA(2).

11-20 F PA(2) Elevation (ft or m). This elev ation -

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 = 4 is shown in Figure A-12.

Card Grenps 4.2 and 4.4 specify fuel rod power according to the

equation

A (Z) P (t)P(Z,t) =
f h

where

P(Z,t) = fuel rod power at elevation Z and time t (kW/ft or kW/m)

A (Z) = axial power profile factor at elevation Z (this value
f

found by interpolating in table specified by Card

Group 4.4)

P (t) = average fuel rod power at time t (this value found by
h

interpolating in table specified by Card Group 4.2).
.

9
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Fuel rod with overlaid axial nodes*
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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 NDIk' =0
on Card 1.1 or NAAZP > 1 on Card 4.1.)

Columns Format Name Quantity -

1-10 F PH Maximum power peaking f actor in fuel.
The f actor 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 surf ace.

11-20 F PL Power peaking factor at point on the

fuel surf ace diametrically opposite of

point at which PH occurred.

21-30 F 00FF ST Azimuthal angle of diametric line
connecting points PH and PL (degrees).
Azimuthal coordinate system defined in
Figure A-6. Unless DOFANG > 0 on Card
1.7, set DOFFST=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 4.6 (Omit if NDIM = 0 on Card 1.1 or NAAZP = 1 on Card 4.1.)

Columns Format Name Quantity

th1-10 F AZ(L) Azimuthal angle (degrees) of L

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.

,

C[[ '')s
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Card 4.7 (0mit 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 tRAZP (specified on Card 4.1) power f actor versus radius
pairs have been input. The radius of the last power f actor 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 - -

O +1 - Oj-1j
. 2+
J=1 -

NRAZP PAZ(2n+1,j) + PAZ(2n-1,j) PAZ(2n+2,j)2 - PAZ(2n,j)2 _)
r -?

n= f

where

thazimuthal angle of j radial power profilee =j
(degrees)

.

total number of radial power profilesNAAZP =

radius to outside surface of fuelr =
f _, ,

J/J L ,- J
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90 if NSYM1 = 0? =

180 if NSYMM = 1? =

.

? 360 if NSYMM = 2.=

Data Block 5. Coolant Condition History Input Data. .

Five input options are av ail abl e. 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 surf ace
heat flux. In the second option, core average transient coolant

conditions are input on card s. In the third option, transient
spatially varying coolant conditions are input by reading a data set
stored on tape or disk. In the fourtn option, transient spatially

varying heat transfer coefficients are input on cards. In the fif th

op ti on , 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.

".b".q/q u
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1, enthalpy histories ofIf NSWC =

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.

4, transient heat transferIf NSWC =

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 coeffici ents and coolant

temperatures can be prescribed in

unlimited detail.'

, m 7c]J c .- /J,
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6-10 I NP3H Number of pressere-time pairs used to
describe to coolant pressure history.
NPBH s 50. Leave blank if NSWC 2=

or 4. .

11-15 I NHL? Number of enthalpy-time pairs used to
describe enthalpy history of lower .

plenum. NHLP s 50. Leave blank if

NSWC = 2, 3, or 4.

16 -20 I NHUP Number of enthalpy-time pairs to
describe enthalpy history of apper
plenum. NHUP s 50. Leave blank if

NSWC = 2, 3, or 4.

21-25 I NGBH Number of mass flux-time pairs used to
describe mass flux history in core.

NGBH s 100. Leave blank if NSWC = 2,
3, or 4.

26-30 I NHBH Numoer of enthalpy-time pairs used to
describe average enthalpy history of
coolant in core. NHBH s 25. Leave

bl ank if NSk'C = 0, 2, 3, or 4.

31-35 I NZDNE Number of different zones for which
coolant conditions are specified along
the vertical flow path surrounding
fuel rod. If the coolant conditions
are compu ted by the RELAP4 code and

NSWC = 2, NZONE = number of volumes in

RELAP model that overlay fuel rod

being analyzed. If NSWC = 4, NZONE =
,

number of heat slabs in RELAP model of
fuel rod being analyzed.

Cl) "I3l7
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36-40 I LCHF Option sw itch to control application
of axial power profile factor and cold-
wall f ac tor to critical heat flux

.

correlations. Axial power profile

factor models influence of axially

nonuniform heat flux on CHF. Cold-

wall f ac tor models influence of cold'

walls surrounding fuel rod on CHF. If

0, critical heat flux corre-LCHF =

lation multiplied by both axial power

profile f ac tor and cold-wall f ac tor.

If LCHF = 1, CHF correlation is multi-
plied only by axi al power profile

factor. If LCHF = 2, CHF correlation
is multiplied only by cold-wall

3, neither axialf actor. If LCHF =

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.

44 I JCHF 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
2

200,000 lb/hr-ft , the modified
Zuber correlation is used in place of

the input specified correlation. If

0, the B&W-2 -4 correlationA
JCHF =-

is used for high coolant pressure.

Modified Barnett correlation -5 isA

used when coolant pressure is less

than 725 psia. The local form of the

Barnett correlation -6 is used for
A

pressure between 1000, ,and ,1300 psia.
(J ! J
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B&W-2 correlation is used when coolant
pressute is greater than 1500 psia.

For intermediate pressures, a combi-

nation of the two adj acent corre- .

lations is used. If JCHF = 1, General

Electric correlation -7 is used. If
A

JCHF 2, Savannah River correla-=
.

Ation -8 is used. If JCHF 3,=

either modified Fearnett or W-3 corre-
Alation -9 is used, depending on

coolant pressure. Modified Barnett is
used when coolant pressure is less
than 735 psia. Combination of modified
Barnett and W-3 is used for pressures
between 725 and 1000 psia. W-3

correlation is used for pressures

greater than 1000 psia. If JCHF = 4,

the CE-1 correlation is used. If

JCHF = 5, the Loss-of-Fluid Test
correlation -10 is used. ThisA

correlation assumes the geometry of
the LOFT reactor.

45 I JFB Option switch to control film boiling
correlation. The correlations are

described in Appendix D of this report.
If JFB = 0, form 5.9 (cluster leometry)
of Groeneveld correlation #'-11 is
used when the coolant pressure is
greater than 500 psia. When coolant

.

pressure is less than 500 psia, the

Dougall-Rohsenow correlation -12 isA

used. If JFB 1, form 5.7 (open
,

=

annulus geometry) of Groeneveld corre-
lation is used when the coolant
pressure is greater than 500 psia,

n'Q
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Otherwise, the Dougall-Rohsenow corre-
lation is used. If JFB = 2, Dougall-

Rohsenow correlation is always used.

If JFB 3, Condie-Bengston correla-=.

tion -13 is always used. If JFB = 4,
A

Tong-Young correlation -14 is alwaysA

used..

51-55 I NF BSW Number of axial nodes at which time

span of film boiling is prescribed by

card input. If film boiling region to

be calculated by FRAP-T, set
NFBSW = 0. This is normal option.

61-65 I NQBOW Switch to consider effect of fuel rod
bowing on critical heat flux and fuel

rod power. 0 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.

Card (s) 5.2.1 (If nFBSW = 0, omit these cards.)

Col umns Format Name Quantity

1~5 I N Number of an axial node at which time
span of film boiling is prescribed.

11-20 F TS Start time of film boiling at axial

node N (sec).

.

21-30 F TE End time of prescribed film boiling at
axial node N (sec). (Bec ause of the
high cladding temperature attained,

during the period of prescribed film

boiling, film boiling will usually
continue after the prescribed period).
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Repeat Card (s) 5.2.1 until the time span of film boiling has been pre-
scribed at NFBSW 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 F BCHF Multiplier in equation for CHF

reduction due to bowing. Equation is

described in Section 2 of Appendix D.

11-20 F B0WTHR 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 = 0,

omit this card.)

Columns Format N ame Quantity

1-10 F BOWFR(1) Ratio of deflection due to bowing at
axial node 1 to maximum possible
deflection. The maximim possible
deflection is equal to fuel rod

spacing minus fuel rod diameter.

11-20 F BQWFR (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 f raction
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-

Table A-VII.

TABLE A-VII.

CARD GROUPS REQUIRED FOR COOLANT CONDITI0i< 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 format
as Card Group 1.10, four pairs per card.

Columns Format Name Quantity

1-10 F DBH(1) Averaga core coolant pressure at time
2PBH(2); (psia 0: N/m ),

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 between the input time points.

nr7,7
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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 .

Spec ification of enthalpy history of lower plenum (coolant at

bottom 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 /lbm 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 up wa rd . 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 /lbm 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.

a;k^
228 f

cgf 3



Card Group 5.6

Spec ification 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.

2rods at time GBH(2); lbm/hr-ft gp
2kg/s m ,

11-20 F GBH(2) Time (sec).

Repeat until NGBH pairs have been input. Maximum of 25 cards of
data.

Card Group 5.7

Spec ification 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
needed by the heat transfer and critical heat flux correlations. A set
of three parateters describes the geometry. The parameters are heated,

equivalent diameter, hydraulic diameter, and flow cross-sectional
area. They should be computed as follows.

p,7 np,-
J/J csJ
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The heated equivalent diameter and hydraulic diameter are computed
according to the equations

d = 4 A /Phe f h .

d = 4 A /Phy 7

.

where

d heated equivalent diameter=
he

d hydraulic diameter.=

The parameters A, P, and P are computed accord ing to thef h g

equations shown below.

Case 1: Fuel Rod In Middle Of Cluster

2

Af=S - ndr /4

Ph * "d r

P = ndg r

where

A flow cross-sectional area=
f

fuel rod spacing (pitch)s =

.

d fuel rod outer diameter=

.

P heated perimeter=
h

r.{wetted perimeter.p = ng

~~5
'"

;
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Case 2: Single Fuel Rod Surrounded By Unheated Flow Shroud

2A = nds /4 - rd j47

P * "d
h r

P = nd + nd*

s r

where

d inside diameter of flow shroud.=
s

Card Group 5.8

Specificat. ion 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

channel 1 (ft or m) [4 x (flow area)/
(heated perimeter)].

Card Group 5.9

Specification of hydraulic 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 not equal to zero en Card 5.1 and

NREFLD = 0 on Card 1.2, leave this card blank.

677 "7'
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Specification of cross-sectional area of flow channel.

Columns Format N ame Quantity

1-10 F ACHN (1) Cross-sectional area of flow channel 1 .

2 2(ft or m ).

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
wtiich heat transfer coefficient and

bulk temperature histories will be

prescribed. NHTCZ s 10.

Cards 5.12 through 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 vertical zone (1 s L

s NhTCZ).

6-10 I NHPRS(L) Number of heat transfer coefficient-

time pairs specified for rene L

[NHPRS(L) s 49].

11-15 I NTPRS(L) Number of bulk terrperature-time pairs
~

specified for zone L [NTFRS (L) s 49].

.

21-30 F ZP(L) El evation of top boundary of zone L.

Elevation of bottom boundary of zone L
is assumed to be same as top boundary

232
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of zone L - 1. Bottom bou ndary of
zone 1 assumed to have elevation of
zero. Top bou ndary 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
2 2HTCA(2); (Btu /hr-ft _of or W/m K).

11-20 F HTCA(2) Time (sec).

21-30 F HTCA(3) Heat transfer coefficient at time HTCA
2 2(4); (Btu /hr-ft OF or W/m ,g),

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) Coolant temperature at time TBLKA(2);
F or Y..

11-20 F TBLKA(2) Time (sec).
C77 n' r

Ji J L , ')

233



Repeat until NTPR S(L ) pairs have been input. Maximum of 12-1/4
cards.

Repeat Card Groups 5.12 tnrough 5.14 until heat transfer .

coefficient and coulant tempereture-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.

One program in the FR AP package has the purpose of transforming
R EL AP4 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 Surf ace Rouahness.

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 N ame Quantity

1-5 I N Number of fuel rods in rod bundle
~

being analyz ed. Always input the

integer "1".
,

6-10 1 NC(N) Number of coils in upper plenum spring

[NC(N) ? 1].
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11-20 F GSMS(N) Amount of gas in fuel rod (gram-moles)

(leave blank if TGAS0(N) > 0 in col-
umns 71 through 80 of this card).

.

21-30 F VPLEN(N) Cold state upper plenum volume of fuel
3 3rod (ft or m ); include volume of

- plenum spring.

31-40 F P0(N) Cold state pressure in fuel rod (psia
2or N/m ). 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, P0(N)
is term in calculation of moles of gas

in fuel rod. Accurate value, then, is

required.

41-50 F SL(N) Uncompressed height of upper plenum

spring of fuel rod (ft or m).

51-60 F CD(N) Uncompressed ou ter diameter of upper
plenum spring coils of fuel rod (f t or

m).

61-70 F DS(N) Wire diameter of upper plenum spring

of fuel rod (ft or m).

,
71-80 F TGAS0(N) Temperature of fuel rod gas when at

0cold state pressure P0(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.

E77 n
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Card 7.2 Geometry of Lower Plenum. (Omit if NBOTPL = 0 on Card

1.2.)

Columns Format Name Quantity ,

1-5 I NCOLBP Number of coils in bottom plenum

spring (NCOLBP 2 1).

.

311-20 F VOLBP Volume of bottom plenum (ft or
3m ),

21-30 F SPLBP Uncompressed height of spring (ft or

m).

31-40 F COLDBP Uncompressed ou te r diameter of spring

(ft or m).

41-50 F SPDBP Wire diameter of spring (ft or m).

Card 7.3 Gas Composition Data.

Mole fractions of gas compt nents specified. Total of fractions

should sum to 1. If they do not, the code normalizes them so that sum

is 1.

Columns Format Name Quantity

1-10 F GF(1) Fraction of helium in fuel rcJ N.

11-20 F GF(2) Fraction of argon in fuel rod N.

21-30 F GF(3) Fraction of krypton in fuel rod N.
.

31-40 F GF(4) Fraction of xenon in fuel rod N.

.

41-50 F GF(5) Fraction of hydrogen in fuel rod N.
Qc.

e
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51-60 F GF(6) Fraction of air in fuel rod N.

61-70 F GF(7) 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

Col umns Format N ame Quantity

1-5 I NPLTS Number of axial nodes at which plots

of fuel rod response are wanted.

6-10 I N0 GRID If N0 GRID = 0, grid is placed on plots.
If t0 GRID = 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, deft mation, and pressure
histories are to be plotted.

6-10 I 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 S.- Time Axis.

Columns Format Name Ouantity

1 Iv F TSTART Minimum time on time h is (sec). .

11-20 F TEND 'laximum 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

i nc remen t 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 Cladding Surface Temperature Axis.

Colur+ Format Name Quantity

1-10 F TSMIN Minimum cladding surface tenp erature

on axis (CF or K).

11-20 F TSMAX Maximum cladding surface temperature

on axis (OF or K).

21-Z 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 surf ace temperature
,

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 terrperature on

axis (UF or K).

21-30 F AXLTMP Length of centerline temperature axis

(in.).

31-70 A LABLTM 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
2or N/m ).

11-20 F PMAX Maximum gas gap pressure on axis (psi:
2or N/m ),

21-30 F AXLP Length of gas gap pressure axis (in.)

31-70 A LABLP Label to be given gas gap 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 F AXLEPS Length of cladding hoop strain axis

(in.).

31-70 A LABLE Label to be given cladding hoop strain .

axis.

Card 3.8 Fuel Axial Displacement Axis.
.

Columns Format Name Quantity

1-10 F UZFMIN Minimum fuel stack length change on

axis (in. or m).

11-20 F UZFMAX Maximum fuel stack length change on

avis ( i r. . or m).

21-30 F AXLUZF Length of fuel stack length change

axis (in.).

31-70 A LABLUF Label to be given fuel stack length

change axis.

Card 8.9 Cladding Axial Displacement Axis.

Columns Format Name Quantity

1-10 F UZCMIN Mini:num cladding length change on axis

(in. or m).

11-20 F US1Ax Mwimum cladding length change on axis

(in. or m).

21-30 F AXLUZC Length of cladding length change axis
~

(in.).
.

31-70 A LABLUC Label to be given cladding length
change axis.

573 Z06
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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 Surf ace Terr.perature Axis.

Columns Format Name Quantity

1-10 F TFmIN Minimum fuel surface temperature on
axis (UF or K).

11-20 F TFMAX Maximum fuel surf ace temperature on

axis (UF or K).

21-30 F TFSLEN Length of fuel surface temperature

axis (in.).

31-70 A TFSLAB Label to be given fuel surf ace 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
2 2on axis (Btu /hr UF-ft or W/M ,g),

573 2.'7
241



11-20 F HGMAX Maximum gap heat transfer coefficient
2 2on axis (Btu /hr- F-ft or W/M .K).

21-30 F HGLEN Length of gap heat transfer coeffi- -

cient axis (in.),

31-70 A HGLABL Label to be given gap heat transfer ,

coefficient axis.

Card 8.;' Surface Heat Transfer Coefficient Axis. (Logarithmic

sc ale. )

Columns Format Name Quantity

1-10 F H941N Minimum surface heat transfer coeffi-
2cient on axis (Btu /hr OF-ft or

2
W/M .K).

11-20 F HSMAX Maximum surf ace heat transfer coeffi-
2cient on axis (Btu /hr UF-ft or

2
W/M.K).

21-30 F HSLEN Length of surface heat transfer
coefficient axis (in.).

31-70 A HSLAB Label to be given surf ace heat trans-

fer coefficient axis.

Card 8.14 Average Cladding Temperature Axis.

Columns Format Name Quantity
"

1-10 F TAMIN Minimum average cladding temperature

on axis (OF or K).

.

11-20 F TAMAX Maximum average cladding temperature

on axis (OF or K).

qm
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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.

Card 8.15 Heat Per Unit length Transferred Out of Fuel Rod Axis.,

This plot designed to overlay plot specified by Caci 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 or, 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 PfHIN Minimum plenum pressure on axis (psia

or N/m ).

11-20 F PfNAX Maximum plenum pressure on axis (psia
2or N/m ).

21-30 F PPLEN Length of plenum pressure axis (in.).
.

31-70 A PPLABL Label to be given plenum pressure axis.
.

f1

stb "

243



Card 8.17 Fuel Rod Upper Plenum Temperature Axis.

Columns Format Name Quantity

1-10 F TPMIN Minimum plenum terrp erature on axis .

( F of K).

11-20 F TS1AX Maximum plenum temperature on axis
,

(UF 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 N ame 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. )
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Columns Format Name Quantity

21-10 F GMIN Minimum mass flux on axis (lbm/ft -hr
2or kg/s.m ).

.

211-20 F GMAX Maximum mass flux on axis (lbm/ft -hr
2or kg/s.m ).

.

21-30 F GLEN Length of mass flux axis (in.).

31-70 A 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 inat XMAX > XMIN and XLEN > 0.)

Columns Format Name Quantity

1-10 F XMIN Minimum quality on axis (dimensionless).

11-20 F XMAX Maximum gaality 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
2

N/m ).
.

11-20 F PCMAX Maximum pressure on axis (psia or
2

N/m ). - g

c99 La \
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21-30 F PCLEN Length of pressure axis (in.).

31-70 A PCLABL Label to be given coolant pressure

axis. .

Card 8.22 Fuel Rod Radial Gas Gap Thickness Axis.

.

Columns Format N ame Quantity

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 Temperature Axis.

Columns Format N ame Quantity

1-10 F TBMIN Minimum coolant temperature on axis

( F or K).

11-20 F TBMAX Maximum coolant temperature on axis

(UF or K).

21-30 F TBLEN Length of coolant temperature axis

(in.).

31-70 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 af ter a double-ended cold leg break is shown.

*

The input data, calculation printout, and plots of calculation results

are presented. A sunnary description of the fuel rod analyzed is shown
in Table B-I. 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 R0D 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 10-3 m

Amount of internal gas 0.030 gram-moles

Plenum volume 0.657 in. 3 1.076 x 10-5 3m
3 4 3Fuel density 638 lbf/ft 1.022 x 10 kg/m
3 3 3Cladding density 409 lbf/ft 5.5602 x 10 kg/m

Arithmetic mean roughness 0.114 x 10-5 m
of fuel

_ Arithmetic mean roughness 0.216 x 10-5 m

of cladding
Radius to outside edge of 0.121 in. 0.307 10-2 m

pellet dishes
.
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The input cards for the problem are listed on compu ter printout
asheets 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 al so shown. The average fuel rod power
history and axial power profile are shown on sheet 10. The input data

used tr specify the transient fuel rod to coolant heat transfer coeffi-

cients and coolant temperature are shown on sheets 11 and 12. The iieat
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.

Compu te r 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

shrcts 14 through 18. Localized ballooning and rupture of the cladding
occurred 11 seconds after accident initiation. Rupture occurred near

the point of peak f uel 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). Tne peak cladding urface
temperature was 1284 K and occurred 10.5 seconds af ter the pipe break
at axial node 5. The surf ace temperature history at axial node 5 is

sh own in Figure B-2. The fuel centerlina temp erature continuously
dropped during the LOC A. Th is is shown in Figure B-3. The uniform
cladding hoop strain history at axial node 5 is shewn in Figure B-4.
The maximum uniform cladding hoop strain is 17%. Localized ballooning

.

and rupture occurred at axial node 5. This deformation 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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The strain quantities printed at each axial node are those

computed by the FR ACAS 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 af ter cladding f ailure 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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IMPUT Ih BRITIS Y$h !O LhkTh bM 5.I. UNIT 50

MLPOER OF FLEL RCCS I=

WUPetR CF Flum CHANNEL 5 I*

NUPBER OF AXIAL NOCES 16=

h f ahdb CEFOR!ATION MOCEL $PECIFIED

CATNCapT CLACCING CXICATIch MCCEL $PECIFIED

MOCIFIED R055 AND STOUTE MCDEL FOR GAP CONDUCTANCE TO SE USED

GA5 FLCh MCCEL NCT TD BE USEO - INSTANT PRESSURE EQUILIBRIUM ASSUMED

Ih1TIAL TIME *0. SEC

FINAL TIPE = .2G0000E*02 SEC
MAu!MLM TIME STEP .100000E*00 5EC=

IF TIME STEP EXCtiC5 .10CC0CE+06 SEC . STEADT-STATE HEAT CONDUCTION MODEL TO BE USED.

Ilot'itEt'ND IMH -m888 Pit "' 3. 5. M=

Effc81WIHo60;M :"138d' '2"'"

PRCOASILITY THRESHCLD FOR FUEL ROD FAILLEE =1.10C00

*** FUEL PELLET DATA ***

FUEL CEN5ITY = .63600E*03 LBM/FT3 .IO220E*05 KG/M3

(n FRACTICN CF THEORETICAL CENSITY .H245T=

-J

U IN ! hE!PkM N 0h C b ![ skACk 1505$ffM THRU THIS SHOULDERI
CI5H CEPTH = .62500E-C3 FT .19050E-03 M
PELLET HEIGHT * .25100E-01 FT .T6505E-02 Mg)

e 3 CISH VCLLME/ PELLET = .20000E-06 FT3 .56634E-Os M**3

U! FRACTIch BY WEIGHT OF FUEL THAT PLUTONIUM QXIDE =0.CC0000
80RMLP CF FLEL =0. mms /KG

RATIO OF AICM5 OnVEEh TO ATOP 5 URANIUM Ih FUEL ( AS F A8RIC ATEDI = .200000E+01
% AVERAGE FAST MEUTROM FLbX (N/M**2-SEC) =0.

- TIPE SPAN OF FAST NEUTRON FLUX (5EC) =0.mwm
Nr i COLC STATE TEMPERATURE OF ROC = 70.0 F 294.3 K

~

C0hWERGLMCE FRACTICN FOR INTERNAL PRES. = 1.00E-03
rrhusseshrs sparvinn sne T s m o s a a viin s t . 1.ons-nag%
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// RCD TO C00LAhi CHAhMEL C0hMECTIONS //
PCC h0. CHANNEL FRACTION CHANNFL FRACTION CHANNEL FRACTION CHANNEL FRACTION

1 1 1.000E+00 C C. 0 0. 0 0.

AXIAL PID-PLANE EVATICMS CDE LENGTH
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hCRMALIZED AXIAL VARIATION IN FAST FLUX ASSUMED SAME AS THAT OF FUEL RC3 POWER
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/ THERMAL PROPERTY DATA /

FLEL PROPERTY TABLES IN THE TEPPERATURE RANGE 70 0 10 8SCO.C F 294.3 TO 4977.6 Kb!LL USE 1C0 POINTS FOR THERMAL CONDUCTIVITY, 100 ECR HEAT CAPACITY.

OPONkkFON hR bN UCh1 IbR E! NACITY.
* *

I 5

FUEL CENSITY 6.3e00E+02 L8M/FT**3 1.0220E+04 KG/M**3=

FRACTICN OF THEORETICAL DENSITY = 93.2S (
CLAC CENSITY 4.09S4E+02 L8M/FT**3 6.S602E+03 KG/M**3=

CAS GAP NEAT CAPACITY 1.200E-02 8TU/FT**3.F 8.040E+02 J/M**3.K=

FUEL MELTING TEMPERATURE $144.0 F 3113.2 K=

FUEL HEAT OF FUSICM 7.S156E+04 BTU /FT**3 2.8002E+09 J/M**3=

"cn CLAD PELTING TEMPERATURE = 3317.0 F 2098.2 K

g g H gT g g 5 ION 3.9616E+04 BTU /FT**3 1.4760E+09 J/M**3=
p

INITIAL INCEX 0 ARRAY LENGTH* FINAL INDEX 13 ARGUMENT = .294261E*03= = =

TABLEC|281:8guES=:titi:81:8! :!!!!881:8: :li!!!81:8: :11:188:8: " " " ' * * * 2"'"'*** 2"""***
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LISTIhG CF INPUT DATA (CR CASE 1

HOAT-1! NIfDA)A F2 *
0 1. 100 1. 1003 C1 10031 14 2

INCREMENT* goMETRY L0gATION ANDgESH4

6 ME NCREMLNT DATA - UNITS ARE FT
10 .01525 1 .015575 2 .01758

g101020g7

01h0k 1 1 10 3 11 2 13N

k h 9 84 1 985 4 988 5 .991 6 .996 71 0 4

,' ~ N L PA Ukt C TR$80"I
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4 01010601 650. 14
l5 .

C3
-

CD 20
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GENERAL DATA

FEATI PROBLEM NUMBER 1=

NLMEER UF MESH POINTS 14=

GECMETRY TYPE = CYLINDRICAL

LEFT BOUNDARY COORD. 0.=

@( 3CLRCE SCALING FACTCR 1.00000E+00=

#' TCTAL INTEG. SOURCE 7.30565E-04=

DATA FOR STEADY STATE CALCULATIONS

PAX NC. OF ITERATIONS 100=

CCNVERGENCE CRITERION 1.00000E+00=

DATA FOR TIME DEPENDENT CALCLLATIONS

MAX NO. OF ITERATIONS = 100
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Sheet 10

P0hER HISTCPY AND AXIAL PROFILE INPt,T LATA FOR 1 FLEL aCCS
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Sheet 11

*** 18AN5!EhT HEAT T6ahiFE8 COEFFICIENT AND BULn TEMPERATURE SPECIFIED of CARD IMPui ***.

*** 2 Chi 3 TCP BCVhtsof ELEVATICh 3.CCCO fi CR .9144 M ****

TIPE(SECl H.T.C.(STu/wa-s-FT24 H.T.C.(waTTin2-s3
'

519tCE*CW ifkhb3 k )$h b'

- .1C1f0t+01 .3eCCE*12 .204*E*C3.215 .2t r, c * .1996E*C6
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:lil5Ft:Fl :iCH:;! :G!! l
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TIME ($EC) TE MPl6 ait a f t F I
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*** 2ChE 2 TCP BCSkCART ELEvai1Cm * 9.0000 FT CR 2.7432 A ***
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*** 2CkE 3 TOP GCUhCARY ILEbATICN * 12.w000 fi CR 3.6576 K ***

TIME (5EC) H.I.C.46TJ/NR-F-FT23 H.T.C.thaftsm2-miFa *:nCCet.00 :!N'l:Si :f!!!!:8!
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Sheet 13
*** CAP CCNDLCTANCE SUSC00E IhPUT ***

ARITHMETIC MEAN kCLGHNE$$ OF CLADDING (MICRONS) .2160E+C1=

ARITHMETIC MEAN ROUGHNESS OF FUEL (MICRONS) .1140E+01=

*** GA$ GAP DATA ***

xx3 CATA FOR ACC 1 xxx

CAS CLANTIIT 3.000E-02 POLES*

3.8uCE-04 FT**3 ( 1.076E-05 M**3 ie PLENOM bCLOME =

2.243E*03 PSIA ( 1.S46E+07 N/M**2 )GAP PRES 5URE =

SFRIhC LENGlH= 4.S83L-01 FT ( 1.397E-01 M 1,,

"
2.910E-02 F1 ( 8.870E-03 M iCCIL CD SPRING =.

h0P8E2 CF CCILS 22=

HIRE CD OF SPRING = 6 333E-03 F1 ( 1.930E-03 M 1

R ON NON VDROGEN TROGEN H2O
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Sheet 15
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FUEL RCD 8 1 CON 0lT10NS AT TIME =0. SEC (0, HOURS)

TIME STEP = .100000E+p7 SEC huMBER CF TEMPERATURE-CEFORMATION-PRES $URE LOOP ITERATICMS = 8

hUMBER OF OffuRMAT.Ch-PRE 55LRE LOOP ITERATIONS = 1 ACCUMULATED CPU flME 65.21 $EC=

'

63kS.1b f f TEM U (K,ahi.Gho e,LM o . t - . u .R EA. RE.Cu CMixho, A
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jyP POCCo' W 4 /19 / 79 FUEL RCC ANALYSIS PRCCRAn * * EGEG - IDAHO *** nATPRO MODULE MOD o11

ifHb E MY""" .131 ..si .7.1 1.a d 1.go!.01 1.uto
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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 eq uations. This set of

equations is shown as follcws:*

Tfl d)b) C) 0 0

f da b 0 0's
22 2 2

0 a b C d
3 3 3 3

. . . . .
=

.

T'[IO's a D C d
) n-1n-1 n-1 n-1

#I
b T d (C-1)n n n

where a' U c, d are te rms in finite difference form of the
n n, n n th

heat conduction equation at the n mesh point.

(1 thtemperature at n mesn point at time step m+1=

number of mesh point at outer surface.n =

The mesh point temperatures are solved by the Gau ssi an elimination
,

method.

.

287



T'*I En-1)n-1)/(b - n(d -a=
nn n

T}*I Tj[I + F for j = n-1, n-2, . . 2,1= -E
) j3

Ej = C)/bj and F) = d)/b)
.

E _j) forE = C /(bj-aj jj 3
j = 2, 3 . .n-1

E ,))F _))/(bj-aj3 = (d) - a3F jj
(C-2)j

The coefficients a, b, nd d in the first equation of
n n n

equation set (C-2) are derived from the energy balance eqt:ation for the
half mesh interval bordering the outside surf ace. The continuous form

of the energy balance equation for this half n'esh interval is

3T T -0 A + qaV
cC AV - = - A

p n-1/2 ]
r=r - ar/2 (C-3)n

where all the terms in Equation (C-3) are defined below.

The finite difference form of Equation (C-3) is

[:CaV 0.5A k
p n-1/2 j)-0.5 A k

n-1/2 m+1

n-1 + + n

/ar ( at or
-

b
n g

,

" !D T* * )*9(I -T -1) - 0.5An(=
r ,

Y v - j

n' (C-4)

2ES

(;, .9
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The complete expressions for the coefficients a, b, and d
n n n

are then

-0.5A K
n-1/2,

an" ar

[pC AV 0.5A K
p n-1/2,

bn" at ar+

)

pC AV -0.5A K
m n-1/2

( f - T* 1)P Td =
n n-n at n or

+ }+ 0-0.5An(

An-1/2 " 2' ("n - ar/2)

A = 25 r
n n

2
V =5 (r ar - ar 74)n (C-5)

where

thermal conductivity of material in half meshK =

interval bordering the surface

C specific heat of material in half mesh inter-=
p

val bordering the surface

p density of material in half mesh interval bor-=

dering the surface

radius to outside surfacer =
n

Jc'J JJ
> -, . 7
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width of mesh interval bordering outside sur-ar =

face

'

at time step=

0* thsurface heat flux at m time step=

4

T* surface temperature at mth time step=

m-1/2 heat generation rate in half mesh interval=
q

bordering outside surface (heat generation
caused by metal-water reaction).

Since the coefficients a, b, d, E and F I"n n n n-1, n-1
equation set (C-2) do not contain temperature, the first equation of
equation set (C-2) can be rewritten.

A) T"#I + B) = 0**I
(C-6)

where

A) = - (b -3 E ,j)0.5An n q n

(T* - T*n-1) - q -I/2 aV
~

-cC AV m -a
T0.5 [A + a I '

B)
=- n n n-1 at

O.5A
n

- -

(C-7)

As shown in equation set (C-2), the coefficients E and F _1n-1 g

are evaluated by forward reduction of equation set (C-1). So

Equation (C-6) contains only T"# and 0 + s unknown quantities.
n

Empirically derived heat transfer correlctions are available from

which surf ace 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 surf ace to surrounding

water is known. Thus, tho total surf ace heat flux can be exp9ed by

the equation

299
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_

0* =fj (C,G, T )+oF F ( ) )~

A E
n

- ~

(C-8)

.

where

0*+1 surface heat flux at time step m+1=

.

f unc tion specifying rate at which heat isf =j
transferred from surface by convection heat

transfer during heat transfer mode i. These

functions are defined in Table D-I of Ap-

pendix D.

number identification of convective heat tran-i =

sfer mode (nucleate boiling, film boiling,

etc.)

C set of parameters describing coolant conditions=

G set of parameters describing geometry=

T Stefan-Boltzmann constant=
n

F
A

configuration f actor for radiation heat trans-=

for

F emissivity f actor for radiation heat transfer=
E

T
W

bulk temperature of water surrounding fuel rod=

surface.

Equations (C-6) and (C-8) are two independent equations with un-

knowns (+1 and Q**1. Simultaneous solution of the two equations yields
the new surf ace temperature T[1 .

c, .

J/J J,j
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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 Sec tion

III-1.3. Also described are the optional coolant enthalpy model and

the calculation of coolant void fraction.

1. HEAT TRANSFER AND CRITICAL 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-I are defined in

Table D-II.

The following critical heat flux correlations are available:

(1) B&W-2 -1D

D(2) Local Barnett -2

(3) Modified Barnett -3D

D-4(4) General Electric
.

(5) Savannah River -5D

'

(6) W-3 -6D

(7) LOFT -7 g77 }}]D

Jl -)
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TABLE D-I

HEAT TRANSFER CORRELATIONSa

-

Mode 1 Subcooled Liquid Forced Convection: Dittus and Boelter -

0 0Pr .4 Re .8h = 0.023 .

Mode 2 Nucleate Boiling: Thori

lT exp (P/1,260)~2'

sa:
9 0.072

-

-1Mode 3 Forced Convection Vaporization: Schrock and Grossman

h=(2.5)(0.023)[K
0.80.4Pr [Ref (1-X)]7

e

0.5 0.750.9 u 0

(1 - X) ( d) 0.1 7

(o)q g

~IMode 4 Transition Boiling: McDonough, Milich, and King

4 9 - () (T - Tw,CHF)=

CHF g

Pressure, osi - C(P)
2,000 979.2
1,200 1,180.8

800 1,501.2

where
T =T + 0.072 exp(-P/1260)(qCHF)w,CHF sat

Mode 5 Stable Film Boiling: Groeneveld -13D

.

h=a
(1-X)Pr Re +

g

.

d
1.0 - 0.1 ('.-X)0.4 (P ff

_ ])0.4
9
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TABLE D-I (continued)

Mode 5 Stable Film Boiling (continued)

Groeneveld Equation (5.9) Groeneveld Equation (5.7)

(cluster geometry) (annular geometry)
a. 0.00327 0.^52
b. 0.901 0.688*

c. 1.32 1.26
d. -1.50 -1.06

-4
Condie - Bengston

42011.23 exp (-0.5 yaTsat)h =

Pr"3.6155 Re [0.0483 + 0.7441 En(X+1)]
0.2007

K
99+ 659*91

0.2771 (y ))l0.8450D
e .

- 16.04 exp(Pr P/1000)g

-5Dougall and Rohsenow

Pr .4 Re X+ (1-X)
00.023h =

g

_ Tong - Young -lOU

C3 (T -T)w y
q =

!aT ) (1 + C ATsat)21 - exp C) sat
i

. (100 j _

q/(T -Tsat)h =
g

2!
C) = -0.001 X (dX /d2.)

E E

r,e q
' '
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TABLE D-I (continued)
.

.

Mode 5 Stable Film Boiling (continued) - -

'

2= 0.0016
. .

C

0.023 9C =
3 e 1

j e nXE + S(I - "*E)
'

y

- -
-

_

()0.4:

Pr
i

k /v
T 1 ,

_
y

'rate of change of equilibrium quality with elevationdX /dz =
E

The Marchaterre - Hoglund correlation -I0 is used to compute0 : .
the slip ratio..

'

. Mode 6 Low Flow Film Boiling: Modified Bromley j,
-

0.25
3

-

g(of - o ) ' , ' , ' , 'k h o
g fg gh = 0.62 L ST"g sat--

. . -

L = 2n 1
k g f, g)

b .-

Mode 7 Free Convection plus Radiation

..

h =h +h
c r .

. h = 0.4 (Gr Pr )0.2 [' '

c f,.

9 9Gr = *u2 -

g

. D
"

e

L=3 -

1.714(10-9) (T,4 _Tsat )
4

'

h = 0.23
'' ^ sat '

.. - -

_ h 's
.

I %

. - .

s.. ' '
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TABLE D-I (continued)

0-9
Mode 8 Superheated Vapor Forced Convection: Dittus and Boelter

h = 0.023 h Pr .40 0Re .8
e

Mode 9 Low Pressure Flow Film Boiling: Dougall and Rohser.ow -*

K i
~ 10.8p0.4h = 0.023 l Pr Re X+1 (1-X)

D 9 9 P
e l f I

_ _

d. Notation definitions follow in the next table.

b. RELAP4/ MOD 6 UPDATE 4 Version III, Idaho National Engineering
Laboratory Configuration Control Number H00441IB.

TABLE D-II

SYMBOL DEFINITIONS FOR TABLES D-I AND D-III

h = heat transfer coef ficient, Btu /f t -br 'F

4

k = thebnal conductivity, Btu /f t-hr *F

D = equivalent diameter based on wetted perimeter, inches
e

=jDr (D +DHE) -0 , inchesDgy r 7

D = heated equivalent ciameter, inches
HE,

D = fuel rod diameter, inches
7

'

cu
Pr=Prandtlnumber,-h

m
,,|JI J Ju
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TABLE D-II (continued)

GD*Re = Deynolds number, ,g

y = viscosity, Ib /ft-br

*
C = specific heat, B+w/lo *F

p

H = enthalpy (Btu /lb)

H = heat of vaporizationfg

T = saturation temperature, F
sat

T, = wall temperature, F

AT = T -T F
sat y sat,

2
q = heat flux, Btu /ft -hr

p = pressure, psia

X = quality

a = void fraction

n = X /XA E

o = density, lb /f t
m

L = channel length, in.
~

2
g = local acceleration due to gravity, f t/sec

,

2
9 = gravitational constant, f t-lb /lb -sec

m f

300 E77 "-g
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TABLE D-II (continued)

: = surface tension, lb /ft
f

3
Q = volumetric flow rate, f t /sec

A )g = flow area, f tf

= coef ficient of thermal expansion, hS

S = ratio of velocity of vapor phase to velocity of liquid phase

(slip ratio)

and subscripts

CHF = critical heat flux conditions

f = saturated liquid conditions

g = saturated vapor conditions

superheated vapor conditionsv =

equilibriumE =

wallw =

A actual=

r, , <
; __r o
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D(8) Modified Zuber -8

(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 psi a, 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 replacd 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 low pres-
sure substitute is used.

2. INFLUENCE OF R0D 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 according to the amount of fuel rod
bowing. The reductions are computed by empirical equations. The equa-

tions for critical heat flux reduction are

CHF(Z) F (N(2) - NThr) / b ~ Thr)O =

BCHF

afCHF(Z) 0 if MZ) 1 W=

Thr

9 (Z) Z)g _ 3f (HF) 9(Z)=

CHFR C CHF

302
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TABLE D-III

CRITICAL HEAT FLUX CORRELATIONS

0-l(1) Babcock & Wilcox Company, B&W-2 .

, 1.15509 - 0.40703(120e)q
CHF 12.71 x (3.0545G')^

(0.3702 x 10 ) (0.59137G')B - 0.15208XH G F
8

7g p

where

A = 0.71186 + (2.0729 x 10-4) (P-2,000)

-4'3 = 0.834 + (6.8479 x 10 (P-2,000)

6nd where

=kG'
10

H = heat of vaporization
7g

F = axial power profile factor for the B&W-2 correlation at
APk

elevation station k.

The axial power profile factor is calculated by the equation -

f
C)(Z -Z )F = 1.02 S) >q$ -(dq/dZ)$<

+ exp
APk $ k,-2 .

.

-fq - (dq/dZ)$fexpC)(Z_)-Z)k, fC4j) j 2k
1

.

f ~

J . .) .,j'
_
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TABLE D-III (continued)
_

where

q = surface heat flux at axial node i (Btu /f t -hr)j

Z = elevation of axial node 1 ( f t)j ,

(dq/dZ)j = (q -qj_))/C)(Z -Z ,))j j j

C) = 2.988(1-X)7.82/ (G/10 )0.457
6

C = -C) Z2 g

S) = q) [exp (C)(Z)-Z )) - exp (C ~

g 2

The correlation was developed from rod bundles in water data over the

parametric ranges given by:

Equivalent diameter 0.2 t. 0.5 in.

Length 72 in.
Pressure 2,000 to 2,400 psia

6 6Mass flux 0.75 x 10 to 4.0 x 10 lb/ft -hr
Burnout quality -0.03 to 0.20.

D-2
(2) Local _Barnett. The local Barnett Correlation is:

~

- A + B(Hfg ) ~X
6= 109CHF C

. -

where
.

-6.090 DA = 69.40 D G' l.0 - 0.672 exp HY
HE

B = - 0.250 D G' l
HE

c, 7 7 7-
J u d,304 sI s



TA3LE D-III (continued)

l#C = 165.9 O G .gy

The parametric range of the data is as follows:

Equivalent diameters 0.258 i n. < DHE < 3.792 in.
*

0.127 i n. < D < 0.875 i n.
HY

Length 24 to 108 in.
Pressure 1,000 psi

6 6Mass flux 0.14 x 10 to 6.20 x 10 lb /f t -hr
m

Inlet subcooling 0 to 4!? Btu /lb.

D-3(3) Modified Barnett

A + B(H -H
6 7 in

9 = 10
CHF C+L

_

where

l C )I0.052 G 0.663 l.0 - 0.315 e (-il.34DgyA = 73.71 0
HE

\ )

B = 0.104 D 0'
HE

E'C = 45.44 D G'gy

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
6 6 2Mass Flux 0.03 x 10 to 1.7 x 10 lb /f t -hr

m
Inlet subcooling 6 to 373 Btu /lb.

677 7n7"'
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TABLE D-III (cor.tinued)

D-4(4) General Electric Company . The General Electric Company
Correlations are:

q = 106 (0.8 - X) -

CHF

6 2for G > 0.5 x 10 lb /f t -hr

and qCHF = 100 (0.84 - X)

6for G < 0.5 x 10 lb /f t -hr.
m

0-(5) Savannah River .

QCHF = 188,000 (1.0 + 0.0515V) (1.0 + 0.069 T SUB

where

V = fluid velocity, f t/sec

T = fluid saturation temperature minus fluid temperature.
SUB

D-6(6) Westinghouse Company, W-3 ,

6 -4q = 1. x 10 2.022 - 4.302 x 10 P
CHF

-S ) exp ((18.177 - 4.129 x 10- P)X)+ (0.1722 - 9.84 x 10 P

1.157 - 0.869X ( 0.1484 + X (-1.596 + 0.1729 ABS (X))) G' + 1.037 -

0.8258 t 7.94 x 10-4 (H -HIN)
.

f

0.2664 + 0.8357 exp (-3.151 DHE) F /FCW APK

c,2 ~"3.,

.; m
;J J
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TABLE D-III (continued)

where
.

H = enthalpy of saturated liquid (BTU /lb)
f

. H = enthalpy of coolant at bottom of fuel rods (inlet enthalpy)g
(BTU /lb)

F = cold wall factor
CW

F = axial power profile factor at elevation station K
APK

6
G' = G/10 ,

The W-3 correlation is valid in the following parametric ranges:

Equivalent dianeter 0.2 to 0.7 in

Length 10 - 144 in

Pressure 1000 - 2400 psia

6 2Mass Flux 1 x 10 lbm/ft -hr

Exit quality 1 0.15.

The cold wall factor is calculated by the equation -6D

.

CW ~~ E HE)
[13.76-1.372 exp (1.78X)F * *-

- -4.732 (G/10 )-0.0535 -0.0619( P/1000 )0.14
0

0
-8.5090b ]*

H

r?i
J/ ') '' n
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TABLE D-III (continued)

The axial power profile factor is calculated by the equation ,

K

I )4-(dq/dZ)3fexp(C)(Z-Z))F S

1 + i=2
* j g(i )

APK

f -

j_) -(dq/dI)$ exp(C (Z ,)-Z )) /C 9< q
3 j g 2K

where

F = axial power profile factor at axial node K
3pg

g = surface heat flux at axial node ij

Z = elevation of axial node 1 (f t)j

(dq/dZ)$ = (q -qj,))/C)(Z -Z ,))j j j

C) = 1.8(1-X) .31 [(G/10 )0.4783
6/

C
2 *~l Z g

[exp (C)(Z)-Z )) - exp (C } -S) = q) g 2

0"
(7) LOFT Correlation .

For high pre.ssure, the following correlation is used:

= 0.11585G + 800P - 0.27442P - 1.4383GXq
CHF

+ 0.0002566 GPX.
,

For tr.e range 2000 s P s 2400
6 60.75 x 10 r G 2.5 x 10 ,

-0.35s Xs 0.2

_.

vb, nI .)
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TABLE D-III (continued)

If the pressure is less than 2000 psia, the following correlation
is used:-

6q = 1.880919 x 10 - 850.58P - 1.099GX
CHF

2 0 2+ 0.13P - 1.186207 x 10 X,

For the range 1000< Pc, 2000
6 60.4 x 10 < G< 2.0 x 10

_

-0.05< Xe 0.50.

D(8) Modified Zuber Correlation -8 (used when G < 200,000)

a = (0.96-a) (0.130) (Hfg) (pg) [cg 9 (Pf-Pg) (P f (Pf*Pg)}/CHF c

(9) CE-1 Correlation

b) (b3 + b P) - (X) (Hfg)4q

6 610 (b P + b G/10 )7 8

where

2
qCHF critical heat #1ux, Stu/hr-ft=

pressure, psiap =

1.0=
,,

local mass velocity at CHF location, lb/hr-ft2,
G =

X local coolant quality at CHF location, decimal fraction=

/577
-ia

..

;
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TABLE D-III (continued)

*

latent heat of vaporization, Btu /lbH =
fg

-3
b) 2.8922 x 10=

.

-0.50749b =

2

405.32b =
3

-2-9.9290 x 10b =
4

-0.67757b =
5

6.8235 x 10'4b =
6

-43.1240 x 10b =

7

-2-8.3245 x 10b =
g

axial power profile factor at ele'!ation station K, t;1e fac-F =
gpg

tor is calculated the same as is shown for the W-3 correlation.

Parameter Ranges for the CE-l Correlation

pressure (psia) 1785 to 2415

local coolant quality -0.16 to 0.20
2 6 6local mass velocity (lb/hr-ft ) 0.87 x 10 to 3.21 x 10

inlet temperature (UF) 382 to 644

subchannel wetted equivalent 0.3588 to 0.5447 -

diameter (inches)
subchannel heated equivalent 0.4713 to 0.7837

diameter (inches) .

heated length (inches) 84, 150

310 C, 7 7 l~9
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where

taf(Z) fractional decrease in critical heat flux due=

to fuel rod bowing at elevation Z.

qCHFR reduced critical heat flux.=

.

critical heat flux in absence of fuel rodqCHF
=

bowing.

W(Z) amount of fuel rod bowing (fraction of bowing=

required to contact adjacent fuel rod, 0 = no

bowing,1 = maximum possible).

WThr m ximum amount of bcwing which can occur with-=

out an effect on CHF (f rac tion of maximum
bcwing possible). This quantity is specified

by user input.

F BCff multiplication f ac tor specified by user in-=

put.

The reduction in fuel rod power due to bowing is computed by
the equation

[1 + 0.01 (0.94W(Z) - 2.84 W(Z)2)3pP =

P P (W(Z) < 0.3)=
r

where

P power reduced to account for fuel rod bowing=
r

-

P power in absence of fuel rod bowing.=

g ;. , . . ,
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3. VOID FRACTION

The void fraction of the coolant is computed by the equation

g /[(1-X)V y + XV ] (0-1)a= XV
f g

where .

void fractiona =

coolant qualityX =

specific volume of saturated liquidV =
f

specific volume of saturated gasV =
g

Slip velocity ratio.Y =

The slip velocity ratio for void fraction calculations is always as-

sumed to be 1.0 (homogeneous flow).

4. COOLANT ENTHALPY MODEL

In cases where the coolant flow is quasi-steady state, coolant

conditions can be specified by a cortination 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 as 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.

g ; 7) )k-
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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 equations 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 flos
*

channel.

The rate at which heat is added to the flow channel is computed by
the equation

M z

g[ d (ZI *t (z) dzg (z) = n fj im m (D-2)

where

g (Z) rate at which heat is added to flow channel i=j
from flow inlet to distance z from flow inlet

f
im fraction cf perimeter of fuel rod m that bor-=

ders flow channel i

M number of fuel rods that border flow channel i=

d (z) diameter of fuel rod m at distance z from flow=
m

inlet

*m(z) surf ace heat flux of fuel rod m at distance z=

from flow inlet.

.

The coolant enthalpy is computed by the equation

h (z) = h + g (z)/GA (z) (D-3)
- j g j j

r,y , --

J .) ),)
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where

h (z) enthalpy of coolant in flow channel i at dis-=j
_

tance z from fiow inlet

enthalpy of coolant at flow inleth =
g

.

mass fluxG =

A (z) cross-sectional area of flow channel i.=j

The coolant quality and temperature are computed by the following
equations:

Case 1. h (z) 1 H (P)j F

X (z) = 0j
T (z) = 9(h (z), P) (D-4)j j

Case 2. H (P) i hj (z) 1 H()F G

X (z) = (h (z) - H (P))/(H I ) - "F(P))$ j F G

T (z) = T (P) (D-5)j s

Case 3. h (z) > H (P)j _ G
x (z) = 1j
T (z) = 9(h (z), P)) (D-6)j j

where

quality of coolant in flow channel i at dis-x =j
tance z from flow inlet

,

T (z) temperature of coolant in flow channel i at=j
distance z from flow inlet -

H (P) enthalpy of saturated liquid at coolant pres-=
F

sure P

c77 $; .., U-
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H (P) enthalpy of saturated gas at coolant pressure P=
G

T (P) saturation temperature at coolant pressure P=
s

e(h,P) f unc tion specifying temperature of coolant as=

a function of enthalpy and pressure.

The functions U, H, e(h,P), and T are suppli ed by thep G s

Water Properties Package in FRAP-TS.

-

O

9
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APPENDIX E

FRAP-T PASSIVE LINK WITH THERMAL HYDRAULIC CODES
.

An input option of FR AP-T allows the code to read transient

coolant conditions directly from a data storage file. This appendix
describes (a) the form of the data set required by FR AP-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 NSWC = 2 Option

If NSWC = 2 (Input card 5.1), a data set specifying the transient
coolint conditions must be stored on disk or tape. The data set will

be accessed by FORTR AN logical unit 4. A STAGE or ATTACH card for file
TAPE 4 must be supplied which specifies the location of the data set.

The transient coolant condition data set must be created as
follows:

D0100N=1,NTSTEP

WRITE (LU)T(N)

WRITE (LU)PLP(N),HLP(N),TBLP(N)

D050M=1,NZONE

a

50 WRITE (LU)ZB(M),ZT(M),P(M,N),H(M,N),TB(4,N),G(M,N)

- 100 WRITE (LU) PUP (N), HUP (N),TBUP(N)

-*c77 JrjJ/J
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where

LU fortran logical unit=

.

T(N) time of N-th time point (s)=

PL P(N) pressure of coolant in lower plenum at time= ~

T(N) (psia)

HLP(N) enthalpy of coolant in lower plenum at time=

T(N) (BTU /lbm)

TBLP(N) bulk temperature of coolant in lower plenum at=

time T(N) (UF)

NZONE number of different elevation spacings=

(vertical zones) at which thermal / hydraulic
code has computed coolant cor:d it ions (for
RELAP4 code, NZONE = number of stacked volumes

surrounding fuel rods being analyzed)

ZB(M) elevation of bottom of M-th elevation spacing=

(ft)

ZT(M) elevation of top of M-th elevation spacing=

(f t) (ZB(M+1) must equal ZT(M))

P(M,N) coolant pressure between zone bounded by ZB(M)=

and ZT(M)(psia)

s
H(M,N) coolant enthalpy (BTU /lb)=

TB(M,N) coolant temperature (F)=
-

2G(M,N) mass flux (lbm/ft - hr)=

*

1 _Lra
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pressure in upper plenum (psia)PUP (N) =

enthalpy in upper plenum (BTU /lbm)HUP (N) =
,

temperature in upper plenam (UF).TBUP(N) =

1.2 N M =_ 4 Option

If NSWC = 4 on input card 5.1 of Appendix A, a coolant condition
data set must be created a; follows:

00100N = 1,NTSTEP

WRITE (LU)T(N)

D050M = 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
2(BTV/hr-ft -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

QtM,N) surface heat flux=

r?? ,

d / .) j- .
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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 .j FORTRAN logical
unit 4. A control card for FOR TR AN unit 4 must be supplied which

copies the coolant condition data set to a data set with name " TAPE 4".

2. CONVERSION OF RELAP PLOT TAPE TO FRAP COOLANT TAPE

Two subcodes are available which convert a RELAP4 plot tape to a
FR AP-T coolant condition data set. The first subcode, named FC00L,

creates a data set containing the transient values of the coolant

pressure, enthalpy, and mass flux. The second subcode, named STRIP 4,

creates o data set containing the transient values of cladding surf ace

heat transfer coefficient, and coolant pressure and temperature.

The required input for FC00L 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 E-II. The

input RELAP4 plot tape is staged in on TAPE 3. The output FR AP-T

coolant condition tape is post staged on TAPE 8.

The required input for STRIP 4 is described in Table E-III. The -.

control cards for running the subcode are shown in Table E-II. The

input RELAP4 plot tape is prestaged on TAPE 3. The output FRAP-T

coolant condition data set is post staged on TAPE 9. ~

J < |}
? 'C ~i ?
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TABLE E-I

INPUT FOR FC00L SUBCODE

.

Card 0 Columns 1-6. Insert -1, remainder may be used
to identify the deck
but is not used by
program.

:.

Card 1 Control.

Columns Format Name

1-5 I IPRINT Print control code.
If s 0 - do not print channel data.
If > 0 - print the channel data being
prepared for FRAP-T every IPRINTth
time steps of RELAP4.

11-20 F TMIN Initial problem time (sec).
RELAP4 records at earlier times will
be skipped.

21-30 F TMAX Final problem time (sec). If left
blank or zero, processing will

continue to the end of the RELAP4
tape.

26-35 F TDEL Minimum FR AP-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.

Card 2 Plenum definition.

Columns Format Name

1-5 I NLP Lower plenum number - the RELAP4
number for the volume containing the

core inlet coolant conditions.

6-10 I NUP Upper plenum number - the RELAP4-
number for the volume containing the

core outlet coolant conditions.

Cards 3-ff One card for each RELAP volume which overlays fuel-

rod being analyz ed. Number of cards must equal

NZONE of card 5.1.

G77
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TABLE E-I (continued)

Col umns Format N ame

'

1-5 I M Volume in RELAP4 problem.

11-20 F ZB Distance from bottom of fuel rods to
bottom of RFLAo volume.
M (ft). Fcr contiguous coolant zones, ,

'

ZB may be left blank, and the top of
the previous zone will be used for ZB

(zero for the first zone).

21-30 F ZT Distance from bottom of fuel rods to
top of RELAP volume (ft).

231-40 F AR Coolant channel area (tt ) in the

RELAP4 problem - used to ponvert flow
from lb/hr to lb/hr-ft (same as

flow area of REL AP volume M).
_

TABLE E-II

CONTROL CARDS FOR FC00L AND STRIP 4 SUBCODES

Job Card

Accounting Card

STAGE, TAPE 3, PE, E, VSN = T9aaaa. (Stage in RELAP4 plot tape)

FILE, TAPE 3, RT = U.

STAGE, TAPE 8, E, PE, POST. (Post stage FRAP-T coolant condition tape)

FTN, R = 2, OPT = 2.

LGO.

7-8-9 punch in column 1

''
Source cards of FC00L or STRIP 4 subcodes

7-8-9 punch in column 1

1) . ,k) *
'

Input data cards for conversion program

End of file card _
C[,! '

,
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TABLE E-III

INPUT FOR STRIP 4 SUBCODE

.

Card 1

Columns Format Name Quantity

~

4-5 I N SW Insert "-1" in columns 4 and 5.

Card 2

Columns Format Name Quantity
_

5 I NT0T Insert "1" in column 5.

C ard ',

Columns Format h . e_ Quantity

1-5 I IPRINT Print control variable.
The RELAP4 coolant conditions are
printed every IPRINT-th RELAP4 time
step.

6-10 I NSLABS Number of RELAP4 heat slabs in stack
that represents fuel rod to be
analyz ed.

11-20 F TMIN Initial RELAP4 problem time (sec).

21-30 F TMAX Final problem +ime (sec). If left
blank or zert processing will

continue to the ?qd of the RELAP4
tape.

Cards 4-ff One card for each heat slab which
overlays fuel rod being analyz ed.
Number of cards must equal NSLABS of
Card 3. Also, NZONE of Card 5.1 must
equal NSLABS.

Columns Format N ame Quantity

1-5 I NV RELAP4 thermal-hydraulic volume num-
ber which overlays heat slab number
NH of column 6-10.

.

6-10 I NH RELAP4 heat slab number.

F: ,- .,y,',], , , 3
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TABLE E-III (continued [

Columns Format Name Quantity
._

'

11-20 F ZB Distance f rom bottom of fuel rod to
bottom of heat slab #NH (ft).

21-30 F ZT Distance from bottom of fuel rod to
top of heat slab #NH (ft). .

Continue to input one card for each RELAP4 heat slab until NELABS
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 FR AP-T in the FR AP-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.

g3 30
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A new identification number is assigned to the modified version of
the code, and this ne"> number is prograrmied into the code where it will
be listed at the top of each page of output and on each plot produced

~

by the code.

.

s

.

)-,

l','a 3l Js I332
s



.s

.

APPENDIX G

NUMERICAL SOLUTION OF THE PLENUM ENERGY EQUATIONS

/

333 G. 7. J '"77
- J ., L



APPENDIX G

NUMERICAL SOLUT10f! 0F THE PLENUM ENERGY EQl'ATIONS
,

The Crank-Nicolson finite difference form of the six energy
equations presented in Section III-2.1 of the main text is

.

Plenum Gas:

*I

( T*9 - T*9) = A*P *P (T*ep - T* - T*+I + T*1p )
h *IoVC

2 g gggg

A h

cl cl (T'cli. - f + T*+il. - f*I )
I '

+
2 g c g

A h
- (T*ss - T* + T*s*I - T*+I)

ss s+
- g s 9 (G-1)

Spring Center Node:

#I
(T - T* ) A K

p V C ,q...y sc s (T*ss - T* + T*s s+I - T*+I ) (G-2)
sc sc

s sc s T sc 2R sc sc
5

Spring Surface Node:

(T - (s)oV C ss +2Rsc s (T*sc - T*+ T*s c+I - T*+l)q''*V
ss ssg ss s 1 ss

(hrads + hconc)
(T*l1. - T* + T*+l1 - T**I)

I+A
ss 2 c ss c ss

b

T**I - T* )s
ss 7 (T*g - T*

'

+A +
ss g ss (G-3)

Cladding Interior Node:

(A h Ass conc}h
V c*cli cli ci II cl rade= q'''Vg3+

c ..

JId j}
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A h

(T*ss - T*il. + T*s*s- T**li) + c1 cl ( T* - T*l 1.+ T*g+I - T*+I)I I
c c 2 g c cli

A X
I Icl cl

- T*li + T*c+ic - T**li) (G-4), 2.ar/2 (Tcic *
c c

Cladding Center Noda:
.

I

( T*c*l c - T*ic) = q...ycic , 2.ar/2 (T*li. - T*ic + T*cli. - T*ic)
A V

c cl 'clC Yp
cl cl cic

1 c c c

^cl cl (T*clo - T*lc + T*c*lo - T*+lc)(G-5)
I I

#
2.ar/2 c c

Cladding Exterior Node:

T*+lo - T**II
c cool (G-6)

The superscripts m and m+1 represent the vu i.as of quantities at< .

the old (m) and new (m+1) 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 superscripts m and m+1.
Equations (G-1) through (G-5) can be written in the following
simplified form by combining constant coefficients and known temper-

atures(T}):

Plenum Gas:

A) +B)($+C)( -1
1 (G-7)

Spring Center Node:

C +D "I (G-8)2 s 2 2
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Spring Surface Node:

+0 *IA +B li + C3 3 3 (G-9)3 3
,

Combining Equations (G-8) and (G-9):

(G-10)
-

A
3 3 i* 3 3

"

where

D

C=C C3- 2
2

D

I=1 I3- 2
2

Cladding Interior Node:

+B({I+CT +ET =I (G-11)A
4 j 4 4 44

Cladding Center Node:

B li + E T *F *I ( -12)
5 S 3 5

Equations (G-6) through (G-12) represent a set of six equations, with
six unknowns.

In the above eauations, 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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APPENDIX H

LIST OF INFORMATION IN ACTIVE LINK OF FRAP-T5 WITH
#

THERMAL-HYDRAULIC CODE

Two types of links are available for linking FRAP-T5 with a

thermal-hydraulic computer code. In the first type of link, informa--

tion is comunicated between the two codes via a subroutine argument

list. In the second type, information is comunicated via a comon

bl ock .

1. SUBROUTINE ARGUMENT LIST LINK

The comunication of information occurs through the argument list
of a subroutine named FR AP. A call to FR AP 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 spec ify the coolant conditions. The third category contains

variables which specify th e 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 FR AP (NCARDS, NREST, NRODS, NC00L,

# T1, T2, TIMC1, TIML2, IMAXA, ZCA, PRESC1, PRESC2, TC00L1, TC00L2,

# hcl, HC2, gal, GA2, HCIN1, HCIN2, HCOUT1, HCOUT2,

# TIMR1, TIMR2, KMAXR, ELVR, ROD 001, ROD 002, AA1, AA2, BB1, Bb2,

# TSURF1, TSURF2, HFLUX1, HFLUX2, NDTAD, NBUGPR)

.

ARGUMENT LIST DICTIONARY
,

ARGUMENTS NCARDS THRU HC2 ARE ALWAYS INPUT

IF NC00L = 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 TIMCl
s

INPUT VARIABLES ENDING IN 2 APPLY TO TIME TIMC2

OUTPUT VARIABLES (FUEL ROD CONDITIONS) ENDING IN 1 APPLY TO TIME .

TIMR1

OUTPUT VARIABLES ENDING IN 2 APPLY TO TIME TIMR2

R1AP CONTROLS TIME STEP SO THAT TIMR1=T1, TIMR2=T2

INDEX I DENOTES I-TH VERTICALLY STACKED REGION IN COOLANT CALCULA-

TIONS

INDEX K DENOTES K-TH AXIAL N0DE IN FUEL ROD CALCULATIONS

INDEX N DEN 0TES FUEL ROD NUMBER

NC ARDS = CONTROL SWITCH ON INPUT CARD READ.

1 = READ INPUT CARDS THIS CALL (FIRST CALL F9R GIVEN ROD)

0 = DO NOT READ CARDS

TREST = CONTROL SWITCH ON RESTART

1 = SINGLE ROD CALCULATIONS. IF RESTARTING RROM PREVIOUS

JOB, fREST MUST EQUAL 1 OR 3 ON FIRST CALL TO FRAF

2 = MULTI-ROD CALCULATIONS WITH LCM STOR AGE

3 = FULTI-ROD CALCULATIONS WITH DISK STORAGE INSTEAD OF LCM

STOR AGE. IF NREST = 3,

ARRAY AFRAP IN COMMON BLOCK /FRPST0/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 TAPE 3

C07
NRODS = NUMBER OF FUEL RODS }7 JJ
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NC00L = CONTROL SWITCH ON THERMAL / HYDRAULIC - FUEL R0D 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

T1 = 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) s 20

ZCA(I,N) = ELEVATION OF TOP OF COOLANT REGION I (FT)

ZCA(1,N) = 0. ASSUMED

PRESCl(1,N) = COOLANT PRESSURE (PSIA)

TC00Ll(I,N) = COOLANT TEMPERATURE (F)

IF NC00L = 5, hcl (I,N)*(TSURF1(I,N)-TC00L(1,N)) =
HFLUX1(I,N)

IE > TC00L1 = SATURATION TEMP IF BOILING

IF NC00L = 5, hcl (I,N) = HEAT TRANSFER COEFFICIENT (BTU /FT2-F-HR)

IF NC00L = 6, hcl (I,N) = COOLANT ENTHALPY (BTU /LB)

GA1(I,N) = COOLANT MASS FLUX (LB/HR-FT2)

HCIN1(N) = INLET ENTHALPY (BTU /LB)

'

HCOUTl(N) = OUTLET ENTHALPY (BTU /LB)

TIMR1 = TIME CORRESPONDING WITH VARIABLES WITH NAME ENDING IN 1 (SEC)

TIMR2 = TIME CORRESPONDING WITH FUEL ROD VARIABLES WITH NAME ENDING

IN 2 (SEC)
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NUMBER OF AXIAL NODES IN FRAP CALCULATION OF ROD NKMAXR(N) =

MAXIMUM NUMBER OF AXIAL NODES = 20

ELVR(K) = ELEVATION OF AXIAL NODE K, ROD N(FT) e

BOTTOM OF FUEL R0D ASSUMED TO HAVE ELEVATION OF ZERO '

ROD 0D1(K,N) = OUTER DIAMETER OF FUEL ROD (FT) ;

AA1, BB1 ARE COEFFICIENTS SUCH THAT >

AA1(K,N)*TSURF1(K,N) + BB1(K,N) = HFLUX1(K,N)

TSURF1(K,N) = CLADDING SURFACE TEMPERATURE (F)

HFLUX1(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 PRINT 0UT

=0=NO
= 1 = YES

THE VARIABLES IN THE SUBROUTINE ARGUMENT LIST ARE DIMENSIONE0 AND

STORED AS FOLLOWS:

DIMENSION ZCA(20,3) , PRESCl(20,3) , PRESC2(20,3)

#TC00Ll(20,3), TC00L2(20,3), hcl (20,3), HC2(20,3),

#GA1(20,3), GA2(20,3), HCIN1(3), HCIN2(3), HCOUT1(3),

# HCOUT2(3), IMAXA(3)

LEVEL 2, ZCA, PRESC1, PRESC2, TC00L1, TC00L2, HC1, HC2, GA1,

# GA2, HCIN1, HCIN2, HCOUT1, HCOUT2, IMAXA
'

DIMENSION ROD 0D1(20,3 ), ROD 0D2(20,3 ), AA1(20,3),

# AA2(20,3), BB1(20,3), BB2(20,3), TSURF1(20,3), TSURF2(20,3),
4 HFLUX1(20,3), HFLUX2(20,3), KMAXR(3), ELVR(20,3)

LEVEL 2, ROD 001, ROD 0D2, AA1, AA2, BB1, BB2, TSURF1, TSURF2,

#HFLUX1, HFLUX2, KMAXR, ELVR

--j ., Gu
gy' 7

344 -' '



' ' '" ' ~

{i
~

^'g
' ' '

- .

_. ._ _ _ ,- .. ;_..
- . .

.
_ ,

.

... -
.

. . . .. ,.
,

''g .

-. , .

5% . .

# .' ,
,

g
,

..

e - ._ -

, , . , , ' , . . .- .-
.

.
.

', * .

'

_. =

.' .*, .. ' ~

,

,

.- .. .. . .
Q. . .

w
. .

.
.

p

,

. 6 .b
.

P, * '
.4=.

.

- g>

.. ,' ': , ' '

g ' ; .a ., . .. . 'I -

..

~

'

,.

1 - .. .

-

-,,,';,
'

w ;. . .- ,,
'

.

, , ,

s..
'

: *

'

, . . . . _
'

.

'

'

_.

\ .. ,.

. . .- . . '
' - . . .

[,.
- -. y . .

~~'".F.' -

. . . : . . _ .

. . . . . .
a

_

e 'g. . . . .- ~ . . .y- . '*| s

' k ' , , - ; ' -t - .

'

,. :
'

( f. . . . , . .

.
,

- . - -.
. ,. . .. - . .g-

: . . .q
.A .. , . . . . . . . . ,

.

. . 9
' *'

L> . .. ;. . . ' '
.

.

*
..

-
._ . ' . ' .

-

. . . ~
- ,

.

?,.
" S .- _

j ,- : -

,

..
-~

. h, h_' * ' ;

, .
-

'

'' .' - ',,*\f. .

y A. ''

' ^

(;. *
.

.

I'-
.

.' .. ~-

. ' .
. '. -' .

,..,.y.'. .-

.. . . .
. , , , ' . . . . . .

g , .
. . . #

. . ' . ..
. . _ _;. s . _ , .

.

,.,,

' . ....
. , . .

..
.

. . .

,$<* **
-w

.

, . e |. . ,
, .,

-
p ..

V" - '

*
~

, } . e '-

, ..
.

.

- . ' , g 8 e.

.

-
..g. , . . . , , . q-

4
.

,
, . . ~ . , . . . . , . I'* ' " .

.

,,
.*

.

.*'

. .

. ..
e.

;
_ , .

.
-

, . ..

4 .F $ e i!
" !' A ^ %'

Mc$*s'mp u M*sW, u.y.m W h v. p:,. wty Av , w%m~, <up:: V~, v . +e,,m:. 7~.c,hn%
ak e * . t.eq.gpp4:p.s,fg.n - c M

.

w m-p :.d. + m. - ,,., &w -Q@). h"u,, m .4
.

A. ~

<s' > . t- ~
u . . . , i ., -

. - ~ . > , , ~ ~ . . ~,yn % .u s
~e . . .

wAn p i s ~~
M .: & w c ,y p} u . .ygkh

.
.

~

p .hh %:jfk'h'k& * ' ',N'.. bND' **hY '? ~
^

s R ~% - i. |'
- ~ - ' . . . ~ . ~ . . ' ^C

.r/np d.4k.~? ~ , t ;;M. ~ ~ ' . . - -~ , :n y u , /
*^

Mos. .,. ~ m

n.:ds+.se$ft,4GW&@.+Mjdh.m$p%m g;yy, ' Y '.y /h.'. ~
m p\e w$.) b g ff* kib b \ ' '5E' ^

'5 I '

J*
, ,*,~' ~'+ o. -.

.f
. . .,.

'M %.Qi$
m&y.h G W:,.?'&.. .:. w. w . s a. /' . ..
fim :p4& .

h M 2 . C . 1 : %'d.Q' '
.

'. y

w%whph.ws+Ph@q:.
. c-

$NM:
,.

.

cM
m: w s. u w.asa w w &. T A i h

VW t '::G-

ps :7 n w '4:::'z v :: ;. .<mww:n nw owpriy , .
'

. xgnh,-4.np**.hC,WNWid (L9;%?;4..PV% LV - |. \.. a| v.: :' . ~ % ~, n . a P|' i; ~*

n n a'Im. 2 f' a n': ..
'

w.w : n ~ M . p . w ~n . w .. :
mem y p:wwgegyx:rm$$Ih;b[:.w m'h~2.$M:'d[ ME.5NNa[

y.n n .
.NM; .phMhhMEN5M bETI
m+ w w a n: w%g&.~u's &,N tr*vs%y~twaw:mMn...z w:. .t,.., *

:amm
w ; a m, % +h.wm w . :+ :* . x-'v.t f %~ m*C* %* e s, s. >e a''s.?xn.

a
f x> W'%.de p* "a.O <

' . <** .~~> % , ^ ~6 <n s <

'* ap
. s

$$~AW', ,. ':.v,. ';.a b$'|:[:N.$.: |~~
~ ~ )i 0?.;~c,% ? ,#''$ ' ^.

-

$$w, 4
.

.

g fW p % 3' m-Qt "g. >
. < , . , .r- .>

7 WN.

. & Y. w%*d't*
./ ** ,? ~ , , . J

..

W' T Jff-g .?''' 'r ' 4 ', / 7 ' . '#

s.,. k,.h~&x a$c:.;$s D.. W $?w;W. . :e.~ + . -s 4 . . , . <. : .-

|Y: '

:

,Qh< w"$ w$- .'5 ? '
" - + .

** ' ^ ' ' '

. . - -.
.;f. n; ,.s..

W 3 ; M !? W%wW W ,,n.% ~.:
- --'UO.-

e'f @*i: p> g % > mQ '* + y m$ &~ M:r ~a %y Q nWDkk. u:y .~'3'Njv.y[@h.y;;.M.f;k.my~G.t f hI '&.i J I ' k. .,N, m..G ut:.: h. :&w.
.

Q,%,M &. %:/ x :-;C K.'&, 2> ':J~ ~4 %+ V 'i
tu 'Cin ^' m' w. w ,W''~n.vn.

,c,Qy " ; if, T' , n -

Ni< N N .?rmw$.w. N NN,' NJ''. I ''b N,. N.
k :,:< . ' :: . . . ,

e,ym.,E"ih5
w x s w .: n. >. .~,-

.

NT W
^

f 5
': ~. . .h;w . .ny - it u $ ' .,8 *n%

'% s. ., z ,E ? , .: Y''- '* '

,,Wy% #m'n|t:. % / \'''.:Cm w . ..v. .' . n ., a
%!{ & R d. 4 Mw:$y U M %s8.' Q & w% :A?:

s n~
n w. . . c ~

id W'O 'm .. .

' % .i.- Z / ' '*'- Y ". . 2 ' .. <#

'

wmN e h'~s. Amsee)m e'!ce, .ww',: n e m,~ : w..* '

t



oy
e&,s'dp o

,f.V . ' p,9 f,
. ?,'e% 0 ,, I

q,'No "' fpQ

g/]ff
% %' /

'@jjf%g,N
;i

\\v' IMAGE EVALUATION
TEST TARGET (MT-3)

|rm''p'2"
1.0 M E23

i 2

E 713 h

|,| bU b-b
M8

1.25 1.4 ! 1.6
i_-

M - - - - 6" >

d,r?,43 'i db
.;vm;yO c <

4



4
.a W>

' \\\
//4, 1[

'

yg,
ypp+

<s_ .. _ _
TEST TARGET (MT-3)

|" I1.0
[:;;;g B1; 5 23

1.| jj2 Ha
%

1.25 1.4 1.6
___

==

v

4% 4

#I 'bQf4dhfi/#h///// y



f,/j/,ok

!$h3* M%

Ri&> '$f|\\f
'

# ._ _ _
TEST TARGET (MT-3)

1.0 |f|PRA EM

$ !! E!-E

I.I y,'c ll|LE
- M

l.25 IA
|

I.s

4 6" -- >

@d' %>,)F /4%
A a%y;<4-

%v o6 s >.

O Jgco e;z- '
y



2. COMMON BLOCK LINK

In this type of link, the comunication of information occurs
#

through a comon block named FRAPC. The comon 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 comon

block, are variables calculated by the thermal-hydraulic computer code
and passed to FR AP-T. The third type, positioned in the last part of

the common block, are variables calculated by FRAP-T5 and passed to the
thermal-hydraulic code. This comon block is used to link RELAP4/M007
and FRAP-T5. The variables calculated by the thermal-hydraulic code
are noted in parantheses as being passed from RELAP4. The comon block
and dictionary of the variables in the common block are shown below.

COMMON /FR APC/NCARD2, NREST2, NRODS2, NC00L2, NDTADV, NBUGSH, T12,

# T22, TMPRLP(20,24,12),RMRLP(20,12),TPRLP(12),
1 NFOR LP ( 12 ), N C IR LP (12 ) , NCOR LP (12 ), PC LR LP ( 24,12 ) ,

2ELVRLP(24,12),KMXRLP(12),

3KMX FR P (12 ) , EL VFR P ( 20,12 ) , HG PFR P ( 20,12 ) ,

4 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

NCARD2 = NCARDS, WHICH IS DEFINED BELOW (LEVEL 2 STORACE)

NCARDS = CONTROL SWITCH ON INPUT CARD READ

1 = READ INPUT CARDS THIS CALL (fir.5T CALL FOR GIVEN ROD)
0 = DO NOT READ CARDS

t

NREST2 = NREST, WHICH IS DEFINED BELOW
.

NREST = CONTROL SWITCH ON RESTART AND STORAGE

ALWAYS SET NREST = 3

GMcg ;
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NRODS2 = NRODS, WHICH IS DEFINED BELOW

NR005 = NUMBER OF FUEL RODS
3

NC00L2 = NC00L, WHICH IS DEFINr'' BTLOW

NC00L = CONTROL SWITCH ON THERMAL, HYDRAULIC - FUEL RCD TYPE OF

LINK. ALWAYS SET NC00L = 7 %

NDIADV = SWITCH TO ADVANCE IN TIME 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 ARR AYS, MAXIMUM VALUE OF L = 20, N = 12

FOR ARRAYS WITH NAME ENDING IN RLP, MAXIMUM VALUE OF K = 24

FOR ARRAYS WITH NAME ENDING IN FRP, MAXIMUM VALUE OF K = 20

L = RADIAL N0DE, 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 N0DE 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 N0DE AT FUEL PELLET SURFACE (FROM RELAP)

NCIRLe(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 AXI AL NODE (HEAT SLAB) K, FT

K4XRLP(N) = NUMBER OF AXIAL N0 DES IN FUEL R0D N (RELAP)
#

KMXFR P(N) = NUMBER OF FR AP AXIAL N0 DES, R0D N (FRAP)

ELVFRP(K,N) = ELEVATION OF FRAP K-TH AXIAL N0DE, FT (FRAP)

HGPFR P(K,N) = GAS GAP CONDUCTANCE (BTU /SEC-F-FT**2) (FRAP)
#

DRDFRP(K,N) = FUEL ROD OUTER DIAMETEP, (FT) (FRAP)

IFFR0(K,N) = CLADDING FAILURE INDICATOR, 0 = NO,1 = YES (FRAP)

VR LFRr'(K, N ) = FUEL CRACK V9LUME GENERATED BY RELOCATION

(FT**3/FT) (FRAP)

PGPFRP(K,Nj = FUEL ROD INTERNAL GAS PRESSURE (PSI A) (FRAP)

GSFR P ( J ,N ) = FRACTION OF J-TH GAS IN FUEL ROD N (FRAP)

BU FRP(K,1) = FUEL BURNUP (NW-SEC/KG) (FRAP)

GSMFR Pla) = GRAM-MOLES OF GAS

If tFe cocinon block link is used, only a portion of the input data
bl oc k s , 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. All of

the input variables on these card that refer to the temperature

solution are ignored.

.
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