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ABSTRACT

FRAPCON-2 calculations using all mechanical and gas release options are
compared with well-characterized experimental data and with calculations of
generic fuel rod response by FRAPCON-1. These comparisons indicate that
FRAPCON-2 is capable of analyzing the fuel rod response for the wide range of
cases for which the code was designed and compares well with experimental
data.
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1.0 INTRODUCTION

FRAPCON-Z s a computer code for calculating the steady-state thermal and
machanical behavior of a single Tight water reactor {LWR) fuel vod, This
report presents comparizons of the code calculations with experimental data
from a Tew well-characterized and heavily insirumented irradiated test fusl
rods.  The code is also compared with FRAPCON-] calculations for generic fuel
rods taken to extended burnup. These comparisons iilustrate the range of con-
ditions and rod designs over which FRAPCON-Z may be applied and ¥amiliarize the
reader with the code's operation, capabilities, and limitations.

& detailed description of fhe code and its modeling ostions may be found
in the FRAPCON-Z {ode Descripiion and User's Naﬁagi,{l} The results of an
“independent assessment® of FRAPLON-Z based on compariscn with a large number
of test rod data are presented in a report by Laats et ai.(z}

Development of the FRAPCON code series is funded by the U.S. HNuclear
Begulatory Commission (NRC), which, prior to 1977, funded development of both
FrAP-SE37 4t Tdaho Nationa) Engineering Laboratory {INEL) and SAPCON-THERMAL'®)
at Pacific Northwest Laboratory (PNL}. In 1977 funding for these single~rod
steady-state fuel code series was terminated, and fthe FRAPCON series was estab-
tished 1o combing the hest elaments of the two previous codes intce an advanced
code for audit catfculations in licensing procesdings as well as for best-
estimate calculations. The MRC decided to combine the mechanics package from
FRAP-S (FRACAS-1)(%)
tines from the GAPCON-THERMAL series, and this combination was released by IKEL
as FQQPCOHMI¢{63 the KRC then encouraged INEL and PNL to develop 2 second,
improved version of the code jointly, which was to include more ¢losely coupled

with the gap conductance and peliet heat conduction rou-

thermal and mechanical models developed at sach laboratory as well as a variety
of gas release models, The hest combination of models was to be chosen as 3
resytt of comparison to the large number of irradiation experiments detailed

in Reference 2.

The final version of FRAPCON-? contains three coupled thermal and mechan-
ical model options {see Table 1) and five fission gas release models {seg
Table 2}, In addition, the code can be Tinked to the fully interconnected,



TABLE 1. Integrated Thermal-Mechanical Medels

BAssociated Fuel

Mechanical Associated Fuel Conductivity Brief
Mode 1 Relocation Model Factor Model Model Description
FRACAS 1 Coleman {oleman Rigid Pellet
FRACAS-1T Carlson Modified Coleman ODeformable Paliet
FELET/RADIAL Constant Contact wWilliford Cracked Pellet

detailed half-pellet finite element model AXISYM, which can calculate ¢ladding
localized defommation {ridging).

Section 2 of this report provides a brief overview of the code and its
options. Section 3 presenis FRAPCON-2 versus FRAPCON-1 calculations for gen-
gric fuel rods taken to extended burnup. Section 4 presents cede calculations
compared with axpsrimental data for in-reactor data on fuel center ang aff-
center temperatures, cliadding eiongaiion, fission gas relesase, and radial
deformation. This is dong on a case-by-case basis, and the cases are grouped
by general emphasis~-temperature response, cladding response, ang fission gas
release. A summary of the varicus effects on fuel rod response chserved in
in-regactor experimental data (such as the effect of initia) pellet density) is
presented in Section 5, and the conclusions drawn from this developmental
assessment and recommendations for future FRAPCON-2 development are presented
in Section &.

TABLE 7. fas Release Mopdelis

Originating

Gas Release Model Model Basis Labhoratory
Seyer-H?nn(?? Fmpirical prL(a)
Rooth(8 Diffusion theory using empirical constant agcLib)
MacDonald-Weisman{?)  Release and trapping probability using INEL (€

empirical constants

ANS-5.4(10) Detailed diffusion PRL
FASTGRASS (11) Mechanistic approach ANt (4]
GRASS{12) Mechanistic approach ANL

{a} Pacific Northwest Laboratory, Richland, Washington.

{b) Atomic Energy of Canada, Ltd.

(c) Idaho Naticnal Engineering Laboratory, Idaho Falls, Idaho,
{d} Argonne National Laboratery, Argonne, ITTinois.



2.0 OVERVIEW OF FRAPCON-2

FRAPCON-2 is an analytical tool that calculates LWR fuel rod behavior when
power and boundary condition changes are sufficiently slow so that a series of
steady-state analyses (no time derivatives) can be used to model rod behavior.
Such situations would include long periods at constant power and slow power
ramps that are typical of normal power reactor operations. The code calculates
the variation with time of all significant fuel rod variables, including fuel
and cladding temperatures, cladding hoop strain, cladding oxidation, fuel irra-
diation swelling, fuel densification, fission gas release, and rod internal gas
pressure. In addition, the code is designed to generate initial conditions for
transient fuel rod analysis by either FRAP-TG(la)--the companion transient fuel
rod analysis code--or RELAP4/MOD?(14)~
analysis of LWR systems.

-a thermal-hydraulic-code for transient

2.1 FRAPCON-2 SOLUTION SCHEME

Calculating the variables listed above begins with processing of input data;
and the initial fuel rod state is determined through a self-initialization cal-
culation. Time is advanced according to user-specified time increments, a
steady-state solution is performed, and the new fuel rod state is determined.

The new fuel rod state provides the initial state conditions for the next time
step. The calculations are cycled in this manner for the user-specified number
of time steps.

The solution for each time step consists of calculations of:
e« the temperature of the fuel and the cladding
o fuel and cladding deformation

e the fission gas generation, void volume, and fuel rod internal gas
pressure.

Fach of these calculations is made in a separate subcode. The fuel rod
response for each time step is determined by repeated cycling through two
nested loops of calculations until the fuel rod temperature, deformation, and
internal gas pressure data converge.



2.2 FRAPCON-2 FUEL ROD THERMAL RESPDNSE

The models used in the fuel rod temperature calculations assume a cylin-
drical fuel! rod surrounded by coolant. User-supplied boundary conditions
(coolant inlet temperature, coolant channel equivalent heated diameter, and
coolant mass flux} and the user-supplied axial lTinear heat generation rate are
used to calcuiate the coclant bulk temperature with a single channel coolant
enthalpy rise model. A film temperature rise is then calculated from the cool-
ant to the surface of the fuel rod through any crud layer that may exist. The
temperature of the inside surface of the cladding is found by calculating the
temperature rise across the zirconium oxide and the cladding using Fourier's
Law. The temperature rise to the fuel surface is determined from an annular
gap conductance model, thereby establishing the fuel surface temperature.
Finally, the temperature distribution in the fuel is calculated accounting
for fuel cracking effects and using the fuel surface temperature and assumed
symmetry at the centerline as boundary conditions.

2.3 FRAPCON-2 FUEL ROD MECHANICAL RESPONSE

An accurate calculation of fuel and cladding deformation is necessary in
any fuel rod response analysis because the heat transfer coefficient (HTC)
across the fuel-cladding gap is a function of both the effective gap size and
the interfacial pressure. An accurate calculation of cladding stresses is also
needed so that an accurate determination of the onset of cladding failure {and

subsequent release of fission products) can be made.

FRAPCON-2 has four mechanical modeling options: FRACAS-I, FRACAS-II,
PELET/RADIAL, and AXISYM, Each model is briefly discussed below {see Refer-
ence 1 for detailed descriptions).

2.3.1 FRACAS Mechanical Response

Two FRACAS models can calculate the small displacement deformation of the
fuel and cladding. The more simplified model, FRACAS-I, neglects the stress-
induced deformation of the fuel and is called the rigid pellet model. The
cecond model, FRACAS-II, includes stress-induced fuel deformation and is

calied the deformable pellet model.



In analyzing the deformation of fuel rods, one of two physical situations
15 assumed to exisi:

o fuel and cladding are not in contact - Here the problem of a cylin-
drical shell {the cladding) with specified internal and external
pressuyres and a specified cladding temperature distribution must be
soived; called the open gap regime,

» fuel and cladding are in contact - (ccurs ween the fuel {which is con-
siderably hotter than the cladding} has expanded; further heating of
the fuel results in "driving" the cladding outward; called the closed
gap regime, This regime can occuy dug to creep of the cladding onto
the fuel from elevated cladding temperatures and 3 high coolant
Prassure.

2.3.¢ PELET/RADIAL Mechanical Response

The PELET finite element modei from GAPCON-THERMAL-3(3%) has been modi-
fied for use in FRAPCON-Z by addition of the RADIAL model, which changes the
gffective elastic modulus of the fuel elements to simulate the mechanical
pehavior of cracked fuei‘ilg} This "softer" fuel elasti¢ moditlus is then
used in the finite element calculation to determine Cladding elastic-pliastic

deformation,

RADIAL s also the primary 1link between thermal and mechanical portions
of the computer program. The thermal effect of fuel cracking reduges the
effective thermal conductivity of the fuel. The thermal conductivity of the
F811 gas is much less than that of the s01id fuel; and since there are cracys
in the fuel, some of the heat transfer will take place via this less conductive
mexd §um,

RADIAL assumes that as the fuel cracks, the pieces tend to shift position
and change orientation relative to one another. Thermal expansion of the fuel
will result in these pieces of fuel applying loads on each other amd on the
ciadding; Mikic has shown such a relationship hetwgen crack width and applied
Stress.(l?) The assumption is made by the subroutine that the stress across



the ¢racks in the fuel s {he same as the stress present in the interface
between the fuel and cladding. Using Mikig¢'s formulation, the stresses as
well as the widih of the cracks and the size of the gap can be determined.

The amount of free area within the cladding that is not occupied by fue)
can be determined by accounting for the thermal expansion of the fuel and clad-
ding and the deformation of the cladding due to internal and external loads.
The gap size saived for eariier can be used to determine the apportiosment of
the free arga that is gap area or crack area. These pércentages have been cor-
related with the effective elastic modulus of the fuel. The respolved stress
is used %o calculate the effective thermal conductivity. In this manner, the
mechanical and thermal models have been made fully interdependent and, in fact,
are not separable.

2.3.3 AXISYH Local Deformation Model

Local strain concentrations in the cladding of nuciear fuel rods are known
to be potential sites for Ffatlure initiation., Assessment of such strain con-
centrations requires a ifwo-dimensional analysis of stress and strain im both
the fuel and the cladding during pellet.cladding mechanical interaction (P{MI).
AXISYM.-a3 finite element mode] developed at INEL--was modified o provide thig
capability in the FRAPCON-Z cote,

AXISYM uses comstant strain, axisymmeiric, irianguiar elements and &
standard finite element displacement formulation, The model can accommodats
temperature~dependent material properties and has full elastic-plastic creep
capabilities. AXISYM has Dbeen modified for POMI analysis by the addition of
fuel-cladding gap elements and special cladding boundary constraints and pro-
vides for a detailed mechanical analysis for examination of iocal strains.

2.4 FRAPCON-2 FUEL RDD GAS PRESSURE RESPONSE

After the fuel rod temperature and deformation ¢alculations have bpeen
compieted, the pressure of the gas in the fuel rod is computed. The fuel rod
internal gas pressurs model is based on the perfeci gas faw modified to permit
different volumes of gas at different temperatures. The gas pressure is calcu-
tated using the gas temperature, void volumes, and gas inventory. The thermal



modeis discussed eariier provide the temperalure of the gas in the fuel rod
plenum, fuel-cladding gap, and fuel voids, The fuel rod deformation models
calculate information for camputing the volume of the fuel rod plenum, fuel.
cladding gap, and other fuel voids, The initial €111 gas and the gas release
mode Is~-which include ﬁﬁs-ﬁ,é,cla} Macﬂonald-weismaﬁ,(g} Beyer-Hann,(?} Booth
Dif?us%cn,{a} and FASTG&%SSili)w~prcvide the gas inventory.






3.0 GENERIC POWER REACTOR CALCULATIONS

Two generic power reactor fuel rods were analyzed with FRAFLCON-Z and
FRAPCON-1 to provide code comparisons for commercial fuel rods through extended
hurnup and to assess the reasonablensss of the caiculations. The fuel rods
chosen for these comparisons correspond to a commercial pressurized water
reactor (PWR) 15 by 15 design and a commercial beiling water reactor (BWR)

7 by 7 design. While these cases are not data comparisons, they provide infor-
mation whereby the code can be benchmarked for extended burnup of commercial
fuel rods.

For these comparisons, as-fabricated fuel rod parameiers, reactor operat-
ing conditions, and power history for the two cases were input to FRAPCON.]
and FRAPLON-Z, The FRACAS~I, FRACAS-IT, and PELET mechanics options as well
as the MacDonald-Weisman, FASTGRASS, and Bever-~Hann gas release models were
used. The input parameters for the PWR fuel rod are shown in Table 3. For
these calculations, the rod average power was 23.06 kd/m and the coslant inlet
temperature, mass flow rate, and pressure were 526K, 1937.5 kg}s-mg, and
15.5 MPa, respectively. The axial power profiie that was provided to FRAPCON-1
and FRAPCON-Z for the PWR case 35 shown in Table 4. The BWR input fuel rod
parameters are shown in Table 5. For these calculiations, the rod average power
was 24.25 kW/m and the coolant inlet temperature, mass flow rate, and pressure
were 522K, 1007.% kgis«m2 and 7.14 MPa, respectively. The axial profile that
was used is shown in Table &,

3.1 PRESSURIZED WATER REACTOR CALCULATIONS

The FRAPLUN-Z options inciuded 1n these comparisons are FRACAS-I with
MacDonalid-Weisman, FRACAS-II with MacDonald-Weisman, FRACAS-II with FASTGRASS,
PELET with MacDonald-Weisman, and PELET with Beyer-Hann. Uenteriine tempera-
ture, internal gas pressure, and gap HTC plots are shown for the generic PWR
case in Figuras 1, 2, and 3, respectively.

The generic PR comparisons of FRAPCON-1 wversus FRAPLON-Z Show some impor-
tant differences. The fuel centerline temperature (Figure 1) calculated by
FRAPCON-2 is lower than that using FRAPCODN-1 by approximately 170K at beginning



TABLE 3. Generic PWR Input to FRAPCON-1 and FRAPCON-Z

Rod Parameter

Clad Material

Clag Outside Diameter, in. (m)
£lad Inside Diameter, in. (m)}
Clad Thickness, in, {(m)
Dianetral Gap, mils (m)
Internal Helium Pressure, psia (MPa)
Pellet Diameter, in. {m}

Pellet Length, in. {(m)

Peilet True Densitg, w
Enrichment, wt% 23911

Fuel Stack Height, ft {m)

Dish Depth, in, {m}

Oish Shoulder wWidth, in. {m)
Cold Plenum Length, in. (m)
Spring Diameter, in, (m}
Spring Turns

Plenum Yolume, in.3 (m3}
Channel Heated Diameter, ft (m)

Design Yalue

Zircaloy-4
0,422 {0.0107)}
0.374 {0.0095}
0.024 (0.00061)
7.5 éﬁ.ﬂOlQ}
345 {2.379)
0.3665 (0.0093)
0.6 {0.0152)
34%

2.8

12.0 {3.65)
0.015 {0.000381)
0.043 (0.00109)
6.8 {0.173}
3,35 (0.00889)
28

0.838 {1.05 x 10-9)

0.0445 (0.01357)

TABLE 4, PWR Axial Power Profiie

Axial Station,

Incrament ft {m)
1 0.67 {0.203)
4 2.00 (0.510)
3 1.33 (1.D16)
2 4.67 (1.422}
5 6.00 (1.829)
& 7.33 {2.235;
7 8.67 (2.642)
a 10,00 {3.04%;
g 11.33 (3.4%4)

10

Normalized Heat Flux

(.457
0.858
1,152
1.326
1.3886
1,326
1.152
0.858
0.457













































































































































































































































With respect to EOL radia) cladding deformation, the PELET and FRACAS-I
mechanics options calculated positive diametral strain of the correct magnitude
for the high-interaction Studsvik rod; however, only the FRACAS-] option cor-
rectly calculated the significant creepdown,

In summary, BOL measured temperatures and cladding deformation are matched
well by both new code aptions {FRACAS-I] and PELET}; however, both options con~

tain empiricisms and require further refinement for calculating through-Tife
trands,
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5.0 DJUMMARY OF EFFECTS

5.1 EFFECTS OF AS-FABRICATED FUEL-CLADDING GAP

The effect observed in experimenta) data is that at BOL {(all other param-
eters being the same) fuel centerline temperature increases with increasing
fuel~ciadding gap size. This trend was observed in References 19 and 22. This
effect was, in fact, reproduced by ail code optiuns., It should be emphasized
that the quantity compared to data was the fuel centerline temperature., The
partition of thermal resistance between fuel and fuel.cladding gap calculated
by the three code options is almost never the same, even though the total
resistances (from fuel centerling out o the coolant] generally are the same.
In particular, the PELET option assumes fuel-cladding contact at all times and
produces relatively high gap conductance values at all times; whereas at medium
to Tow powers, the FRACAS options generally modeled an “open® gap, relatively
Tower gap conductance, and relatively higher effective fuel thermal conductiv-
ity. These differences lead to variations in estimated stored energy within
the fuel, even when the calculated centerline temperafure in a given situalion
is nearly identical among the various options. Only tests of these options
against transient fuel temperature data will uliimately isovlate the more cor-
reCct approacn.

5.2 EFFECTS OF AS~FABRICATED FUEL DENSITY

The trend due to as-fabricated fuel density observed in experimental data
is that with increasing fuel density there is an accompanying decrease in fuel
centerline temperatura. All of the thermal-mechanical aptions in FRAPCDR-Z
axhibited this trend as can be seen from the comparisons of rod B23-1 (92% TD)
and rod 522-3 {9%% TD}.

5.3 EFFECTS DF POWER AND AS-FABRICATED GAP SIZE UPON BEGINNING DF LIFE
CLADDING CEFORMATION

The following observed effects of power and gap size upon cladding defor-
mation have mainly been deduced from BOL in-reactor cladding elangation
measyrements:
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« As power increases, incremental cladding deformation usually under-
goes a marked change in character-~from a small incremental change
at low power that is generally associated with simple cladding expan-
sion to a large incremental change with incremental power inmcrease
that is generally associated with PCMI,

+ The onset of PFCMI is not sharp; it is diffused over a finite power
range.

o The onset of POMI generally shifts to higher power with increasing
fuel«cladding as-fabricated gap size.

s At a high-power hold period following significant PCMI, dramatic and
rapid relaxation of strain is often observed.

Both new code options {FRACAS-II and PELET) agreed well with medium-to-
high power ¢ladding elongation data. The PELET option was most successful in
modeling the onset of PCMI; and the FRAZAS options, in response to hot pressing
and/or fuel densification, did far better at modeling strain relaxation and
attenyation with increasing burnup.

With respect to diametral deformation measzured in IFA-B0B, FRAZAS-II was
mare successful with the small-qap rod data (100-um diametral). The FRACAS-I
option seriously undercalculated the data from both rods,

5.4 ELFFECTS GF FUEL BURKUP

The effects of fuel burnup inglude ful irradiation swelling, fuel densi-
fication, fission product release, and cladding irradiation growth. Although
fuel swelling and densification effects were not measured directly in the
pxperiments, their influence on the overall rod behavior warrants discussion.
Fuel irradiation swelling occurs due to the existence of fission products
trapped in the fuel matrix and therefore has an effect only after significant
burryp., Because of the change in the effective as-fabricated pellet radiug,
this phenomena has a significant influence on fuel temperatures at medium-to-
high burnup. Bensification is a BCL phenomena in which the fuel resinters
resulting in a decrease in the effective as-fabricated pellet radius. This
effect i5 not observed beyond 10 GWA/MTU but has a significant influence on
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fuel temperatures at low burnup., Cladding irradiation growth is gredited with
causing cladding elongation at extendad burnup. A1l of the above phenomena
are modeled in FRAPCON-Z,

The effect of fission product release is qualitatively well known. As
rod irradiation progresses, some fission products arg trapped in the fuel
matrix while others are released to the free voids within the cladding, The
internal gas pressure increases as a direct resulf of the increased number of
moles of gas in the rod. These fission products also degrade the gas thermal
conductivity and, hence, the transport of energy to the coolant,

The trends exhibited by all thermal-mechanical options are consistent with
the trends observed in the experimental data. However, FRAPCON-Z generaliy
overcalculated the inferred experimental data for fission gas release as was
seen in the Studsvik and IFA-432 comparisons.
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6.0 CONCLUSIONS

The followfng conclusions are hased on the results of the developmental

assessment of FRAPCON-Z:

-

FRAPCON-2 capabilities exceed those of FRAPCON-1, These additional
capabilities inciude a mechanistic gas release model along with four
other gas release models, a local deformation wodel, an evaluation
mode? aption, an automaied uncertainty estimation option, and three
thermal-mechanical analysis models,

FRAPCON-2 15 a viable tool for analyzing LAR fuel rod behavior.
Proper qualitative trends weve calculated for generic PWR and BWR
fuel rods, The centeriine temperaturs rose initially due to fusl
densification, then declined as fuel swelling and c¢ladding cresp
became important, and finally leveled off as fission products
avcumulated.

FRAPCON-7 compares favorably with the experimental fuel centerline
temperature data presented in this report. Calculations using all
three thermal-mechanical options {FRACAS-I, FRACAS.IT, and PELET]
werg consistently within 10%, and often within 5%, of the centerline
temperature data from a variety of experimental facilities including
Halder, PBF, and Studsvik. The one exception o good agreement is
that for rod 527-4 of GC 2.7; FRAPCON-?2 calcuylated coenterline fuel
temperatures that were 14 to 28% below the experimental data at

25 k®/m. The experimental centeriine temperature of this rod was
shown to be high relative te other comparable Halden and PBF test
rods.

FRAPCON-2 models fuel rod deformation behavior with mixed success,
The code calculated cladding axial slongation within 25% of the
experimental data for rod 3 of IFA-431 and rods 11 and 13 of IFA-S08
at 30 ¥W/m at BOL. However, calculations varised as much as 400%
from the experimental data afisr 2000 MWd/MT4.
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L3

FRAPCON-Z calculates gas release that is often greater than the
experimental data. The code calculation of gas release fraction for
rod K-4 in the H, B. Robinson reactor varied from 1 to 4,9%, whereas
the inferred experimental data was 0.2%. The calculated gas release
fraction for the Studsvik 3180 rod 11 was 24 to 33% while the
measurad gas release fraction was 10%.

46



z,

10.

it,

12.

7.0 REFERENCES

Berna, G. A., et a}l. December 1880, FRAPCON-2: A Computer Code for the
{ajculation of Steady-State Thermad-Mechanical Rehavior of Uxide Fue]
Rods. NUREG/CR-1845, EGR&G Idaho, Inc., Idaho Falls, Idaho.™

Laats, E. T., et al. Janvary 1981. Independent Assessment of the Steady-
State Fuel Rod Analysis Code FRAPCON-Z. EGG-CAAP-533%, E£LRG Idgahw, Inc.,
Idaho Falls, Idaho.

Gearien, J. A., et al. July 1977. FRAP-33: A Computer Code for the
Steady-State Analysis of Oxide Fuel Rods, TREE-NUREG-1107, EGEG Idaho,
inc., idaho Falls, [daho.

Beyer, 6. E., et al. November 1975. GAPCON-THERMAL-2: A Computer
Pragram for Calcuylating the Thermal Behavior of an Oxide Fusl Roed,
BNWL-1898, Pacific Horthwest Laboratory, Richiand, Washington.

Bohn, M. P, Apeil 1977, FRACAS: A Subcode for the Analysis of Fuel
Pellet Cladding Mechanical Interaction., TREE-NUREG-1U28, EGEL Tdaho,
Inc., Idaho Falls, Idaho.

Berna, G. A,, and M. B. Bohn. February 1981. FRAPCON-1: A& Computer
{ode for the Steady-State Analysis of Oxide Fuel Rods. NUREG/CR-1453,
EGG-2030, BGRG Idaho, Inc., ldaho Falls, Idaho.”

Beyar, C. E., and C. R. Hann. November 1874, <Calculation of Fission
Gas Release From UG» Fuel., BNWL-1875%, Pacific Northwest Laboratory,
Ricnland, Washingion.

Booth, A. H., 1857. A ¥ethod of Calculating Fission Gas Diffusion from
U0» Fuel and Its Application to the X-Z Loop Test. AECL~496, (ROC-721,
halk River Nuclear Laboratories, Chalk River, Ontaric, Canada.

Weisman, J., et al. November 1869. *Fission Gas Release from UQy Fuel
Rod with Time Varying Power Histories.," ANS Trans., 12:2.

Rausch, W. N., and F, £. Panisko. August 1979, ANS 5.4: A Computer Sub-
routine for Calculating Fisgion Gas Release. NUREG/FCR-1Z13, PRL-30/7,
Facific Northwest Laboratory, Richland, Washington.®

Argonne National Laboratory. Qctober 1980. Light Water Reactor Safetly
Research Program: Quarierly Progress Report, a&pril-June 13580,

NUREG/CR-180%, ANL-80-107, Argunne, I1itnois. ™

Rest, J. June 1978. GRASS-SST: A Comprehensive, Mechanics Model for the
Calculation of Fission Gas Behavior in UQE based fueis During Stegdy-
State and Transient Conditions. NUREG/CR-0204, ANL-78.52, Argonme
Natignal Laboratory, Argonne, Iilincis.*

q7



13.

14,

15,

i6.

i,

18’

19»

2is

22.

£3.

2%,

EGEG Idaho, Inc, Aprii 1986, Quarterly Technical Progress Report on
Water Reactor Jafety Programs Sponsored by the Nuciear Regutatory

Conmssion's Jivision of Reactor Safety Research, January-March 1980,
NUREG/CR-T400, EBRE-2031, pp. 1920, 1dano Fai?s. fdano.*

EG&G Iaaho, Inc. January 1979. Quarteriy Technical Progress Report on
Water Reactpr Safaty Programs Sponsored by the Nuclear Regulatory

Commission's Division of Reactor Safety Ressarch, October-December 1978,
NUREG/CR-0517, TREE-1Z98, p. 43, 1dano Falls, Idaho *

Lanning, 0. 0. January 1978, GAPCON-THERMAL -3 Code Description.
PHL-2434, Pacific Northwest Laboratory, Richland, Washington.

WiltViford, R. E., et al. April 1980. Tne Analysis of Fuel Relocation for

NRC/PHL Halden Assemblies IFA-431, IFA-437 and IFA.533. RUREG/CR-0588,

PRL-2/09, Pacific Northwest Laboratery, Richland, wWashington.*

HMikic, B. 8. "Thermal Lontact Conductance: Theoretical Considerations.®
Interpnattonal Journal of Heat and Mass Trans. 14:205-214.

Laats, E. T,, et ai. May 1980. Independeni Assessment of the Stsady-
State Fuel Rad Analysis Code FRAPCON-I. WUREG/CR-1339, t6G-2020, LG&G

ldaho, inc., idano Faiis, Idaho.w

Garner, K. W., 2t al. HNovember 1978, Gap Conductance Test Series-Z Test
Results Report for Tests BL 2-1, GC 2-2 and GO 2-3. NUREG/CR-0300,

TREE~1Z68, ELAG fdane, Inc., Idaho Falis, Idaho.*

Cote, J. T., and R. E. Wood. 'Power Burst Faciiity Fuel Studies.”
Nuclear Jech. 28(1}:9-22.

Appethans, T. 0., et al. June 1979, Startup Test Results Repeort for
Haiden [FA-430. TRFBP-TR-318, EG&G Idaho, Inc., Idaho Falis, Idahe.

Hann, §. R., et al. 1978. Qata Report for NRC/PNL Halden Assembly
1EA-431. NUREG/CR-0360, PRL-Z673, Pacific Northwest Laboratory, Richland,
washingion.™*

ychida, M., and M. Ichikawa., HNovember 1980, *"in-Pile Diameter Measure-
ment of Light wWater Reactor Test Fuel Rods for Assessment of Pellet
{ladding Mechanical Interaction.® HNuclear Jech, 51:33-44.

Hann, €. R., et al, 1977, Test Design, Precharacterization and Fuel
Assembly Fabrication for Instrumented Fuel Assemblies IFA-431 and

IFA-437. NUREG/CR-0332, BuML-~1982, Pacific Nortbwest Laboratary,
Richiand, Washington.,»

96



2%. Broughton, J. M. May 1978, Light MWater Reactor Fuel Behavior Program
Description: PCM Fuel Behavior bxperiment ¥equiremenfs., OSRD-[06-76,
EGEE Idaho, Inc., Idaho Falls, Idaho.

26, Peeler, G, B., et al. June 1977, Power Cooling Mismatch Test Series,
Test PCM-4, Test Results Report. TREP-TR-13G, EGAG Idaho, Inc., Idaho
Falls, Idaho.

27. Freeburn, H, R., &t al, 1877. Light Water Reactor Fuel Rod Modeling
Code Evaluation. EPRI-NP-368, Electric Power Research Instituwie, Palo
Alto, Catifornia,

28. Bradley, £, R., et al. 1879. An Evaluation of the In-Pile Pressure Data
from Instrumented Fuel Assemhlies IFA-43] and [FA-2372, RNUREG/TR-1139,
PNL-3206, Pacific Northwest Laboratory, Richland, Washington.x

29. Dagbjartsson, $. 2., et al. 1977. Axial Gas Flow in Irradiated PWR Fuel
Rods. TREE/NUREG-1158, £5&G ldaho, Inc., Idaho Falls, ldaho.

30, Hagrman, C. L., et al. February 1980. MATPRO-Version 2 [Revision 13: A
Handbook of Materials Properties for lise in the Analysis of Light Water
Reactor Fuel Rod Behavior. RUREG/CR-0497, TREE-128G, TG&G 1daho, Inc.,
Idahs Falls, idaho.*

31. Sparks, 0. T., et al. 1980. Power Coaling Mismatch Test Deries Test
PR-1, Quick-Look Report. EGG-TFBP-5127, EGEL Idaho, Inc., Idaho Fails,
Tdahqo.

32. Nealley, C., et al. October 1979, Postirradiation Data Analysis for
NRC/PNL Halden Assembly IFA-431, NUREG/CR-0797, PNL-2975, Pacific
Northwest Laboratory, Richland, Washingtonx

*avallable for purchase from the NRC/GPO Sales Program, U.S. Nuclear Regulatory
Commission, Rashington, DO 20855, and/or the Kational Technical Information
Service, Springfield, VA 2216:.

95






APPENDIX

DEVELOPMENTAL ASSESSMENT CASES OUTPUT




APPERDIX

DEVELOPMENTAL ASSESSMENT (ASES QUTPUT

The output from each of the developmental assessment computer runs was
recerded on microfiche, Copies of specific case ocutput may be obtained from
the authors at minimal charge.

Tables ALY, AL2, and A.3 present a Tisting of the developmental cases
available. Listings of the ipput data decks used to make the FRAPCON-Z devel-
apmental assessment computer runs are also provided.

TABLE A.l. Developmentsl Assessment Microfiche Using FRACAS-I

fage Microfiche Heading
[FA-430, Red 3 IFA 43D ROD 3 MECHAN=2 NGASR=0
1FA-432, Rod 1 TFA 432 ROD 1 MECHAN=2,NGASR=(
GC 2-1, Rod 503 GC Z-1 ROD 503 MECHAN=2 NGASR={)
IFA BO&, Rod 13 IFA 508 ROD 13 MECHAN=2 NGASR=0
GC 2-3, Rod 523-1 ’ aC 203 RO 523-1 MECHAR=Z NGASR=D
[FA-431, Rad 3 IFA 43] ROD 3 MECHAN=2 NGASR=0
H., B. Robinson, Rod K«4 HB ROBINSON ROD K-4 MECHAN=Z NGASR=(}
PLM-4) Rod 15 PCHM4 ROD 15 MECHAN=2 NGASR=0
IFA 508, Rod i1 IFA 508 ROD 11 MECHAN=2 HBASR=0
GC 2-2, Rad 52¢-3 GO 2-3 MECHAN=2 NGASR=0
GC 2-2, Rod 522-4 G 2-2 ROD 522-4 MECHAN=Z NGASR=D
Studsvik, Rod 11 STUDSYIK ROD 11 MECHAN=2 NGASR=0
Generic PWR STANDARD PWR MECHAN=2 NGASR=D
Generic BWR STAMDARD BWR MECHAN=2 NGASR=0
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TABLE A,2. Developmental Assessment Microfiche Using FRACAS-II

Lase

IFA-430, Rod 3

G 2-1, Rod 503
IFA-508, Rod 13
6L 2-2, Rod 522-3
GC 2-2, Rod 522-4
PCM-4, Rod 15

H. B. Rohinson, Rod K-4
Studsvik, RBod 11
G¢ 2+3, Red 8523-1
IFA-43]1, Rod 3
IFA-432, Rod 1
IFA-508, Rod 11
Bereric BWR
Generic PR
Generic PWR

Hicrgfiche Heading

IFA 430 ROD 3 MECHAK=3 NGASR=0

GC 2-1 ROU 503 HECHAN=3 ,KGASR=0
[FA 508 ROD 13 MECHAN=3 NGASR=Q
GC 2«2 ROD 522-3 MECHAN=3 NGASR =0
GC 2-7 ROD 522-4 MECHAN=3 ,NBASR=0
PCM4 ROD 15 MECHAN=3 NGASR=0

HE RORINSON ROD K-4 MECHAN=3 NGASR=(
STUDSYIK ROD 11 MECHAN=3 NGASR=0
GC 2-3 ROD 523~1 MECHAN=3 NGASR=(
IFA-431 ROD 3 MECHAN=3 NGASR=(
[FA-432 ROD 1 MECHAN=3 NGASR=(
[FA-508 ROD 11 MECHAN=3 NGASR=(
STANDARD BWR MECHAN=3 ,NGASR=0
STARDARD PHR MECHAN=3 RRASR=0
STANDARD PWWR MECHAN=3 NGASR=?
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TABLE A.3. Developmental Assessment Microfiche Using PELET/RADIAL

Lase Microfiche Heading
&C 2-3, 523-1 GC 2-3 523~1 MECHAN=1,NGASR=0
GC 2-2, 522-4 GC 2-2 522-4 MECHAN=1 NGASR=(
GC 2.2, 522-3 GC 2-2 522-3 MECHAN=1,NGASR=0
6C 2-1, Rod 503 GC 2-1 ROD 503 MECHAN=1,NGASR=0
IFA-431, Rod 3 IFA 431 ROD 3 MECHAN=1,NGASR=0
IFA-508, Rod 11 IFA 508 ROD 11 MECHAN=1,NGASR=D
1FA-508, Rod 13 IFA 508 ROD 13 MECHAN=1,NGASR=0
Studsvik, Rod 11 STUDVIK ROD 11 MECHAN=1,NGASR=0
H. B. Robinson, Rod K-4 H. B. ROBINSON ROD K-4 MECHAN=1,NGASR=0
TFA-43Z, Rod 1 IFA 432 ROD 1 MECHAN=1,NGASR=0
PCM-4, Rod 15 PCMA ROD 15 MECHAN=1,NGASR=0
IFA-430, Rod 3 IFA 430 ROD 3 MECHAN=1,NGAAR=0
IFA-432, Rod 1 IFA 432 ROD 1 MECHAN=1,NGASR=0
IFA-431, Rod 3 IFA 431 ROD 3 MECHAN=1,NGASR=2
Studsvik, Rod 11 STUDSYIK ROD 11 MECHAN=1,NGASR=?
H. B, Robinson, Rod k-4 H. B. ROBINSON ROD K-4 MECHAN=1,NGASR=2
IFA-432, Rod 1 IFA 432 ROD 1 MECHAN=1,NGASR=6
IEA-432, Rod 1 IFA 432 ROD 1 MECHAN=1,NGASR=6
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FRAPUON-Z Users

W. N. Rausch/G. B Lanning ﬁ!é%?f/f j

FRAPCON-2/VIM&  {NUREG/CR.1845)

This letter describes the changes that have been made to the KRC

CFRAPCON-2 Fuel Performance Code in order to create Version 1,
Modification 4 {V¥IM4}, The original version was released as
yIM? in June 1381, and VIM2 was released in April 1682,

Two enclasures accompany this letter:
17 A Tisting of the pertinent UPDATE-generated output;

21 Sample problem /0, to assist users in adding the V1M4 UYPDATE
set Lo FRAPCON-Z/VIM3.

The major modifications ¢ FRAPCON-Z in the updatz are the
foliowing:

+ A new version of the FASTGRASS fission gas release subroutine
(developed at ANL)} suppiants the previous versicn, The rew
version inciudes the effect of fuel microcracking and hydro-
static siress upon tne fission gos release mechanisms. RNote
that FRAFCON-Z2 stiil does not have a grain growth model, so
this mechanism is nol included in the FASTGRASS results,

Note alse that the fuel swelling #rom the modified {limited}
MATPRO madel 15 used, not that caiculated internally by FAST-
GRASS,

» The gap size iteration algorithm in Lhe FRACAS-11 ther-
mal/mechanical subcode was alterad; the iteration s now
started at the hot unrelocated gap size, rather than at zero
gap size. The consequent change in converged gan size is
dramatic in certain cases, and in c¢ertain important test
cases this has had g significant impact upon the predicted
fuel itemperatures.

« 1he Tower Jimit on the bulk effective elastic fuel meduli in
the PELET subcode was reduced.  The moduli in the radia)
direction was additionally softened. This persitted creep-
down o be calculated for low-powered PWR rod cases, where,
in fagk, 1t is observed,
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These changes and their effect upon the code's predictions are
discussed below. Other items (of less importance) which have
also been changed in VIM4 are tisted at the end of the letter.

FASTGRASS

The new FASTGRASS version, in general, tends to release Tess gas
than the previous version. This is demonstrated by comparative
runs with a “standard” prepressurized PWR rod,{(3) operated at a
constant peak power of 41 kW/m to a peak burnup of 17 MWd/kgM.
The calculated surface/centerline fuel temperatures at the peak
power node are shown for this case in Figure 1. Except for a
sTight rise near beginning of life (discussed below) the fuel
" temperatures calculated by the two code versions are within 50K.
Yet the FASTGRASS gas release model option calculated 8% end-of-
life release in the case of VIM3, and only 1% in VIMd. The latter
result is more reascnable relative to data for Jow-burnup
pressurized PWR rods.

FRACAS-IT Gap Size Changes

Figure 1 also reveals the effect of changes to the FRACAS-II gap
size calculation. With VIM3 the surface temperature remained
essentially constant throughout Tife, and the slowly decreasing
fuel center temperature reflects the ameliorating effect of
slowly increasing PCMI upon the initially degraded fuel thermal
conductivity. With VIM4, however, there is a rapid rise in
surface and center temperature, reflecting fuel densification,
and a slow decline in both related to cladding creepdown. Gaps
up and down the rod tend to be open in VIM4, whereas they were
always closed (thermally) in VIM3. The new version presents a
much more realistic fuel temperature response to the various
processes in operation during the rod's life.

Figure 2 represents the improvement the Tatest changes have made
in predicting the measured fuel temperatures in Xenon-filled
instrumented test rods (which are particularly sensitive to the
calcutated gap size). FRACAS-II in VIM3 (with its closed
thermal gap) seriously underpredicts the fuel temperatures. In
VIM4, the gap is estimated to be open at BOL at low power, and the
predicted temperatures are much more realistic.

Reduction in PELET Fuel Moduli Lower Limit

The simple reduction in the effective bulk fuel moduli permits a
prediction of creepdown by the PELET model for PWR rods which is
simitar to that actually observed in commercial reactor rods.
The effect of this change is demonstrated in Figure 3, where the
peak-power node's cladding hoop strain is plotted against peak
burnup. Because of the helium fill gas and the relatively high
power {egquivalent to high PCMI in the PELET model), the effect of

{a) For a complete description of the design/precharacterization
parameters used for this rod, see the equivalent case in
Reference 1.



this creepdown upon fuel temperatures is minor, as demonstrated
in Figure 4. Nevertheless, the change is 1in the expected
direction (VIM4 temperatures are less than VIM3) and is in fair
agreement with both FRACAS-TI predictions and the BOL thermal
performance of PWR rods, as extrapolated from instrumented
Halden tests.

Other changes to the coede were also made, and these will now be
discussed.

» FRAPCON-Z can now accept up to 200 input power-time steps
(increased from the previous limit of 100 time steps).

« A problem from previous versions that was corrected in VIM4
was the time printout for time steps toward the end of very
long power histories {over 900 days). The problem appeared
to be intermittent and did not affect the engineering
calculations of the program. This error was finally traced
to an improper use of the time variable in the subroutine
calcufating the radial power profile from the LASER tables,
and has now been fixed.

« A new item has been added to the output for each time step
summary. The coefficients for calculating the radial power
profile or flux depression. The values of Z, YY, and W are
now printed out and are used as follows:

POWER = Z + YY*RADIUS**Z + W*RADIUS**4.

POWER is normalized to be 1.0 at the center and RADIUS is in
meters.

« For the FRACAS options only, the fuel stack axial elangation
is now printed out along with the cladding axial elongation.
(PELET does not calculate this explicitly).

« The various printouts of cladding stresses and strains have
now been adjusted to present consistent information to the
user. These values are printed out in the axial node report,
the time step summary page, and in the final summary. The
former discrepancies were caused by having cladding stress
and strain values from both before and after the creep
calculation and also from nodes at the inner and outer
surfaces of the cladding.

« An error was corrected in the printout of the coolant
temperature at the different axial nodes and in the corres-
ponding cladding-cooTant heat transfer coefficients. The
correction changes the printout values but should not affect
the calculations of the code.



« The PELET/RADIAL model had previously improperiy lumped the
dish volume in with the Crack volume when calculating the rod
pressure. This has been changed in ViIM4 with the result being
increased volume in the rod but also higher temperatures for
the gas in the rod. The final calculated gas pressure appears
to have increased slightly {approximately 5%).

Special Note: Version VIMA permits a user-input of as-
fabricated mean grain size, bul dees not pass this value to
FASTGRASS. A constant S-micron diameter grain size is used
instead, The following modification will 31iow the user
supplied value to be alse used by FASTGRASS:

*ID REVVIMG
*DoovIMA, 106
A{L20+]-1) = GRNS[Z*1.CE-4
These cards will supply the user-inpul grain size (GRNSIZ in the
NAMEL IST FRPCON) to the FASTGRASS model. For most cases, the

change is not significant, but 1t may be desirable for some
spacial circumstances.

1} 8erna, Lanning, Rausch, FRAPCON-2 Developmental Assessment,
NUREG/CR-1949, June 1981,
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