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USER'S GUIDE FOR GAPCON-THERMAL-2:
A COMPUTER PROGRAM FOR CALCULATING THE
THERMAL BEHAVIOR OF AN OXIDE FUEL ROD

C. E. Beyer, C. R. Hann, D. D. Lanning,
F. E. Panisko and L. J. Parchen

INTRODUCT ION

This report is being published as a user's manual for GAPCON-THERMAL-2
and provides a general description of the code and instructions for its
use. The code is described in more detail and compared with experimental

(1)

data in a companion report.

The GAPCON-THERMAL-2 code was developed for the Regulatory Staff, NRC,
to use as a tool in estimating fuel-cladding gap conductances and fuel

(2)

The goal of the modifications was to reduce the uncertainties associated

stored energy and represents a modification of the GAPCON-THERMAL-1 code.

with calculating power history and burnup effects and yet retain a rela-
tively flexible and fast running code for parametric studies.



SUMMARY AND CONCLUSIONS

GAPCON-THERMAL-2, a modification of GAPCON-THERMAL-],(Z) can be used
to calculate the gap conductance, temperatures, pressure and stored energy
in oxide fuel rods. The code is capable of calculating fuel temperatures
for several coolant, cladding, and fuel material combinations. The code
is also capable of following an actual irradiation history in finite time-
power steps (i.e., power history). The mechanisms used to model changes in
the fuel-to-cladding gap include differential thermal expansion of fuel and
cladding, elastic and creep deformation of the cladding, fuel expansion
created by early-in-life fuel swelling and cracking as well as late-in-life
swelling induced by the build up of fission products, and fuel contraction
caused by densification. In addition to the gap changes, the code simulates
the effects of a variety of fill gas compositions and changes to the gas com-
position (and thus gap conductivity) caused by the release of fission gas
and volatile impurities. The reaction of the volatile impurities with the
clad is also taken into account.



GENERAL CODE DESCRIPTION

GAPCON-THERMAL-2 calculates the gap conductance, temperatures, pressures
and stored thermal energy in a nuclear fuel rod. The code calculates these
values for a fuel rod during its operation, following its power history.

The current version uses 50 fuel radial nodes and between 1 and 20 axial
fuel nodes for as many as 15 time-power steps. A simplified flow chart of
the calculation sequence in the code is given in Figure 1. A listing is
contained in Appendix A, and Appendix B contains a sample problem with
input data and output results.

The GAPCON-THERMAL-2 code is a revised version of the GAPCON-THERMAL-1
code. The following areas of the code were modified or added to improve
the thermal performance modeling capability:

e power history

e relocation

e densification

® gas generation

e gas release

e recycled U02-Pu02 fuel
e volatile impurities

e gap conductance

e contact conductance

e axial thermal expansion
e dish volumes

e fuel melting

e SI units

e modular code

The code was modified to follow changes in power with time enabling
the user to more realistically follow the history of a fuel rod. The user
can use up to 15 time-power steps to model a particular rod power history.
The irreversible phenomena of gas release and fuel relocation induced by
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cracking and fission product swelling required the use of path dependent
algorithms. We modified a path dependent algorithm for fission gas release

(3)

developed by Notley and developed an algorithm for fuel relocation.

The fuel relocation model was added to the code to account for the
early-in-life reduction gap size caused by athermal cracking and outward
movement of the fuel. The model is based on initial cold gaps and gaps
determined from postirradiation micrographs. The model includes best esti-
mate and conservative 95% lower prediction bound equations. The Geithoff
mode1(4) for restrained fission product swelling is retained from GAPCON-
THERMAL-1 for later-in-1ife fuel swelling.

(5)

reduction of the fuel radius as a function of irradiation time and the

A fuel densification model was added to the code to calculate the

fabricated density.

The model for fission gas generation was altered with a more exact solu-
tion of the differential equations allowing the ability to change the power
with time. The 238
reactions were also included. The accuracy of this new model was checked
against ALCHEMY,(6)
agreement for fission gas concentrations.

U (resonance absorption) +239Pu+ gaseous fission product

a general purpose transmutation code, with very good

(7)

This model was correlated aginst 45 well characterized data points from the

A new steady-state fission gas release model was added to the code.

open literature. The model includes both a best estimate and a conservative
upper 95% prediction equation.

The material properties of recycled mixed-oxide fuel were also added
to the code. Additions of PuO2 up to 5 wt% are currently being considered
for plutonium recycled fuel. A review of small additions indicated that
the effects of PuO2 on the physical properties of UO2 are very small and
in many instances undetectable. Thermal conductivity and melting tempera-
ture data do show some differences and their equations are changed accordingly
within the code.



The model for the behavior of volatile impurities was also modified.

(8)

gases from oxide fuel pellets are very rapid and the reaction of oxygen,

A review of adsorbed gas data concluded that the release rates of these
hydrogen, and water vapor occurs within a few hours while nitrogen, carbon
monoxide, and carbon dioxide react within a few days. Consequently, the
code provides for release of the adsorbed gases from the fuel immediately
and then calculates the amount that has reacted with the cladding at any

given time.

The gap conductance models were modified to be more consistent with
theory and data.(g) The Lloyd model(]o) was adapted for the calculation
of temperature jump distance and the effective gap width (gas conductance
after contact) model is based on a linear regression of the Ross and Stoute
data.(]]) The Mikic-Todreas model(]z) for solid-solid conductance was
modified to fit the data of Rapier(]3) and Ross and Stoute(]]) for fuel-
cladding contact.

Axial thermal expansion of the fuel was added to provide a more
realistic calculation of void volume in the calculation of internal pressures.
The axial thermal expansion is computed for each axial segment of the fuel

(14)

column using the Conway, Fincel, and Hein coefficient of linear expansion.

In order to further improve the calculation of void volumes, the
ability to include dished pellets was added. Dish geometry is approximated
by a void in the form of a short right cylinder with the radius of the
cy]fnder equal to the radius of the dish. Axial thermal expansion, molten
fuel and fission product swelling are allowed to fill the dish volume.

The volume expansion (radial and axial) caused by fuel melting is

'|l‘
based on a volume change of 9.6% éy( 5) for the solid-to-liquid transforma-

tion. The fuel is assumed to expand isotropically after all internal fuel
voidage (i.e., porosity and dish volumes) has been filled. Also, 100% of
the fission gases are released from the molten fuel.

The code's output was changed to include the international system of
units (SI) as well as English units to reflect the international trend to
a standard system of units.



The code also has been broken into modules in that calculational models
are separated into discrete subroutines which should make it easier for the
user to replace individual models as the need arises without impacting other
portions of the code. The subroutine call sequence is given in Figure 2
and the following list briefly identifies each routine:

INPT - provides the input values
DEPRES - calculates radial flux depression
INPOUT - writes input values
FISSES - controls the time and power steps for the fission gas
calculations
POWDIS - calculates power for fission gas, cladding and fuel temperatures
FISGAS - calculates the generated fission gas
RELOC - calculates radial fuel relocation
DENSF - calculates radial fuel densification
RTEMP - calculates radial fuel temperature profile
EXPAND - calculates radial fuel thermal expansion
GASREL - calculates gas release rate
T QUTPUT - writes pertinent nodal information
HCAP - calculates volumetric-averaged fuel heat capacity
CARL - calculates fuel rod stored energy
—— AXPRNT - writes summary of pertinent nodal information
BLKDAT - contains the data used by the program
HTCW - calculates water coolant film coefficient
MOVEAA - transforms a one dimensional matrix
MOVEKA - fills a one dimensional matrix with a constant

TCOR - Function - calculates LWR fuel thermal conductivity
TEPP - Function - does linear interpolation with two arrays
TERP - Function - does linear interpolation with one array

OMEXP - Function defined as 1 - EXP (-X)
CORROS - calculates Zr oxide thickness from coolant reaction
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INPUT INSTRUCTIONS

The GAPCON-THERMAL-2 code has been developed for use on the CDC 6600

CYBER system and requires approximately 65 K of addressable core storage.

Run time will depend on the machine the code is used on, the number of cases

input, the number of axial nodes and the number of time-steps per case; but
will typically take 1 to 2 min on the CDC 6600.

GAPCON-THERMAL-2 uses a combination of formatted and namelist input.

This minimizes errors in input data and simplifies running a number of con-

secutive cases in which the values of only a few variables change from one

case to the next. The following steps are required to input data to GAPCON-
THERMAL-2:

The first card for each case contains the title (in columns 2 through
80) which will be printed at the beginning of the output. If no title
is desired a blank card must be inserted.

The next group of cards contains input data in NAMELIST form. Those
variables that may be input in this manner are listed and defined in
Tables 1 and 2. The first of these cards must have a dollar sign ($)
in column 2 and the name INPUT in columns 3 through 7. Vd]uesw¥6f4£he
variables are then entered as simple algebraic statements separated by
commas, e.9., FRDEN = 0.92, FRSIN = 0.98, etc. Only columns 2 through
72 may be used. As many cards as required may be used but a variable
name and its value must be on the same card (e.g., FRDEN = on one card
followed by 0.92 on the next card is not allowed). The axial power
profile, power history and accumulative time increments are all input
as sets with the variable names PROFIL, PSEUDO and TIME [e.g., TIME

(1) = 0, 60, 100, 200, 250, - with NTIME = 5].

A dollar sign ($) must appear somewhere in column 2 through 72 after
the last NAMELIST variable entered for each case.

The next group of cards (optional) contains formatted input for fuel
thermal conductivity values. The number of cards in this group is
equal to NCON (see Table B-1). On each card, columns 1 through 10

10



contain a temperature (°C), columns 11 through 20 contain the thermal
conductivity values (watts/cm°C), columns 11 through 20 contain the
thermal conductivity values (watts/cm°C) for as-fabricated fuel asso-
ciated with the respective temperatures in columns 1 through 10, and
columns 21 through 30 contain the thermal conductivity values (watts/
cm°C) for restructured fuel. These data can be input in either expo-
nential or decimal format. The cards in this group must be arranged
so that temperatures are in either ascending or descending order.

The next group of cards (optional) contains formatted input for
cladding properties. The number of cards in this group is equal to
NCLAD (see Table B-1). On each card, columns 1 through 10 contain

a temperature (°F) and the following columns contain cladding proper-
ties associated with this temperature. Columns 11 through 20 contain
the thermal conductivity value (Btu/hr ft °F); columns 21 through 30
contain the yield strength value (1b/in.2); columns 31 through 40
contain the modulus of elasticity value (1b/in.2); columns 41 through
50 contain the Poisson's ratio; columns 51 through 60 contain the
linear coefficient of thermal expansion value (per °F); and columns
61 through 70 contain the Meyer hardness number (kg/cm2) associated
with that temperature. These data can be input in either exponential
or decimal format. The cards in this group must be arranged so that
temperatures are in either ascending or descending order.

The next group of cards (optional) contains formatted input for flux
depression values. The number of cards in this group is equal to
NFLX (see Table B-1). On each card, columns 1 through 10 contain a
diameter (inches), and columns 11 through 20 contain the relative
neutron flux at that diameter. These data can be input in either
exponential or decimal format. The cards in this group must be
arranged so that the diameters are in either ascending or descending
order.

11



® The final group of cards (optional) contains formatted input for clad
creepdown values. The number of cards in this group is equal to ICREP
(see Table B-1). On each card columns 1 through 10 contain the time
in days, and columns 11 through 20 the diametral change (inches) at
this time. At time zero a diametral change due to elastic deflection
of the clad, from the pressure differential, should be input. Also
if a creepdown table is input, the option for calculating the elastic
clad deflection (see ICDF in Table B-1) should not be used.

An example of input to GAPCON is shown in Appendix B, Figure B-1. The
NAMELIST variables need not be input in any particular order and, in fact,
it is not necessary to input values for all variables. A1l but six of the
input variables in Table 1 are set equal to zero in the code before the user
input data is read. The non-zero values are given in Table 1. Consequently,
if a variable is omitted from the input data of the first case read-in, it
will be zero. Additional cases added behind the first case will use the

previous values entered for those variables unless otherwise changed in the
input for the case in question.

12



TABLE 1. Alphabetical Listing of INPUT Parameters
for GAPCON-THERMAL-2

ATMOS FR35 LVOIDZ SIGHF

DBO FR40 MINI TIME

DCI FR41 NCLAD

DCO HBC NCON TINLET  (1,1)
DE HGACEL NFLX ™ 2790°C
DFS ICDF NFUEL TPLAS_ 1200°C__
DSINZ ICREP NOH v

DTEMP__ 100°F IDENSF NPOW 10 VPLENZ

DVOIDZ ICOR NPRFIL 1 XCO

EXTP 1GAS NTIME XH

FRACAR IPEAK PRCDH XN

FRACH IRELOC *PROFIL  (1,1)___ ZCLAD

FRACHE IRELSE CRUDTH

FRACKR IRL PSEUDO

FRACN ISTOR

FRACXE IT RADS

FRDEN KB ROUC

FRPUO2 KOOL ROUF

FRSIN LFUEL S

* PROFIL(1,1) = 0.23, 0.63, 0.96, 1.21, 1.35, 1.41, 1.35, 1.21, 0.96,
0.63, 0.23

NOTE: Al11 input variables initialized to zero except as shown above.

13
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TABLE 2. Namelist Variables for GAPCON-THERMAL-2

Variable Name Definition and Comments
\DE Equivalent diameter of the coolant passage (inches). Ignored if SIGHF is greater
than zero.
~ EXTP Coolant pressure (psi).
.~ HBC Heat transfer coefficient between basket and cladding (Btu/hr—ft2°F).
~ SIGHF A signal to specify the type of coolant.

If SIGHF < 0, coolant is water, a film coefficient will be calcualted.
If SIGHF > 0, coolant is unspecified and the film coefficient will be
set to SIGHF,

v Coolant velocity (ft/sec). 1Ignored if SIGHF is greater than zero.

ICOR A non-zero signal to specify cladding oxidation rates
If ICOR < 3 oxidation rates for a PWR are used.
If ICOR > 3 oxidation rates for a BWR are used.

CRUDTH Thickness of crud on2the cladding (inches). Crud thermal conductivity is assumed
to be 0.23 Btu/hr-ft™-°F.
TINLET Axial coolant temperature array (°F) permits the user to input coolant temperatures at

each axial node as an array. NPOW+1 values need to be input with the NPOW+1 value equal
to the outlet temperature. If the user does not wish to input the axial coolant tempera-
ture array he can input the inlet temperature, TINLET(1), and DTEMP and the code will
assume a linear temperature rise across the core.

DTEMP The axial AT across the core, (i.e. T outlet - T inlet), note not used when TINLET
array is input.
KeeL If a value (integer) greater than zero is assigned to K66L, the cladding I.D. tempera-

ture is the same as the coolant temperature.

NCLAD An integer signal to specify type of cladding.
If NCLAD = 0, cladding is Zircaloy.
If NCLAD < 0, cladding is 304SS.
If NCLAD > 0, cladding properties are input as described previously with the number
of points (temperatures) input equal to NCLAD.

ZCLAD An integer signal to specify Zr-2 or Zr-4 cladding. Material properties.
If ZCLAD > 0, cladding is Zr-4
If ZCLAD < 0, cladding is ZR-2

> NOTE: NCLAD must have a value of 0 to use ZCLAD.
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APPENDIX B
SAMPLE PROBLEM AND OUTPUT FROM GAPCON-THERMAL-2
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