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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-2 is a computer code for calculating the steady-state thermal and 
nechanical behavior of a single light water reactor {LWR) fuel rod. This 

report presents comparisons of the code ca leu 1 at ions w-ith experiment a 1 data 

from a few well-characterized and heavily instrumented irradiated test fuel 

rods. The code is also compared with FR.l\PCON-1 calculations for generic fuel 

rods taken to extended burnup. These comparisons illustrate the range of con­
ditions and rod designs over which FRAPC0~-2 may be applied and famlliarize the 
reader with the code 1 s operation, capabilities, and limitations. 

A detailed description of the code and its modeling o~tions may be found 
in the FRAPCON-2 Code Description and User's Manual.(l} The res:11ts of an 
"independent assessrnent 11 of FRAPCON-2 based on comparison with a large number 

of test rod data are presented in a report by Laats et al.( 2) 

Development of the FRAPCON code series is furded by the U.S. Nuclear 
Regulatory Commission (NRC), which, prior to 1977~ funCed development of both 
FRAP-S(J) at Idaho National Engineering Laboratory (INEL) a"d GAPCON-THERMAL (4 ) 

at Pacific ~orthwest Laboratory (PNL). In 1977 funding for these single-rod 
steady-sta~e fuel code series was terminated, and the FRAPCON series was estab­

lished to combine the best elements of the two !:lrevious codes into an aCvanced 
code for aud1t calculations in l1censing proceedings as well as for best­
estiMate ca1cutations. The NRC decided to combine the mechenics package fr~ 
FRAP-S (FRACAS-I)(S) with the gap conductance aod pellet heat conduction rou­

tines from the GAPCON~THERMAL series, and this conb~nation was released by ~r..EL 

as F1APCON-1.(o) The NRC then encouraged INEL and PNL to develop a second, 

i~proved version of the code jointly. whicr. was to include nore c1osely coupled 
thermal and ~echanical models developed at each ~aboratory as ~~11 as a variety 
o~ gas release models. The best co~bination of models was to be chosen as a 
result of comparison to t~e large number of irradiation experimen7s detailed 

in Reference 2~ 

... he final version of FRAPCON-2 contains three coup1ed therrral and mechan­
ical model options (see Table 1) and five fission gas release models (see 

Table 2}. In aCdition, the code can be linked to the full.Y interconnected~ 
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TABLE 1. Integrated Thermal-Mechanical Models 

Associated Fuel 
Mechanic a 1 Associated Fuel Conductivity Brief 

Model Relocation Model Factor Model Model Descr1Et1on 
FRACAS-I Coleman Coleman Rigid Pellet 
FRACAS-1! Carlson Modified Coleman Deformable Pellet 
PELET/RADIAL Constant Contact Wi 11 iford Cracked Pe 11 et 

detailed half-pellet finite element model AXISYM, which can calculate cladding 
localized deformation (ridging). 

Section 2 of this report provides a brief overview of the code and its 
options. Section 3 presents FRAPCON-2 versus FRAPCON-1 calculations for gen­
eric fuel rods taken to extended burnup. Section 4 presents code calculations 

compared with experimental data for in-reactor data on fuel center and off~ 

center temperatures~ cladding elongation, fission gas release~ and radial 
deforMation. This is done on a case-by-case basis, and the cases are grouped 
by general emphasis~-temperature response, cladding response, and fission gas 

release. A summary of the various effects on fuel rod response observed in 
in-reactor experimental data (such as the effect of initial pellet density) is 

presented in Section 5, and the conclusions drawn from this deve1opmental 
assessment and recommendations for future FRAPCON-2 development are presented 
in Section 6. 

Gas Release Model 
Beyer-H~nn ( 7) 
Booth(8J 
MacDonald-Weisman(9) 

ANS-5.4(10) 
FASTGRASS ( 11) 
GRASS( 12) 

TABLE 2. Gas Release Models 

Model Basis 
Empirical 
Diffusion theory using empirical constant 
Release and trapping probability using 

empirical constants 
Detailed diffusion 
Mechanistic approach 
Mechanistic approach 

(a) Pacific Northwest Laboratory, Richland, Washington. 
(b) Atomic Energy of Canada, Ltd. 
(c) Idaho National Engineering Laboratory, Idaho Falls, Idaho. 
(d) Argonne National Laboratory, Argonne, Illinois. 
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2.0 OVERVIEW OF FRAPCON-2 

FRAPCON-2 is an analytical tool that Cftlculates 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-T6(l3 )--the companion transient fuel 

rod analysis code--or RELAP4/MOD7(l4)--a thermal-hydraulic-code for transient 
analysis of LWR systems. 

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: 

• the temperature of the fuel and the cladding 

• fuel and cladding deformation 

• the fission gas generation. void volume. and fuel rod internal gas 

pressure. 

Each 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 
intPrnal gas pressure data converge. 
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2.2 FRAPCON-2 FUEL ROO THERMAL RESPONSE 

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 linear heat generation rate are 

used to calculate the coolant 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 1 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 ROO 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 

s~cond model, FRACAS-II, includes stress-induced fuel deformation and is 

called the deformable pellet model. 
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In analyzing the deformation of fuel rods) one of two physical situations 
is assumed to exist: 

• fuel and cladding are not 1n contact - Here the problem of a cylin­

drical shell (the cladding) with specified internal and external 
pressures dnd a specified cladding temperature distribution must be 

solved; ca1led the open gap regime. 

• fuel and cladding are in contact - Occurs when the fuel (which is con­

siderably hotte; than the cladding) has expanded; further heating of 
the fuel results in "drivin~t1 the cladding outward; called the closed 
gap regime. This regime can occur due to creep of the cladding onto 

the fuel from elevated cladding temperatures and a high coolant 

pressure. 

2.3.2 EELET/RAD!AL Mechanical Respo~ 

The PELET finite element modei from GAPCON-THERMAL-3(lS) has been modi­

fied for use in FRAPCON-2 by addition of the RADIAL model, which cnanges the 
effective elastic moaulus of the fuel elements to simulate the mechanical 
behavior of cracked fuel. (l6) This 11safter" fuel elastic modulus is then 

used in the finite element calculation to determine cladding elastic-plastic 
deformation. 

RADIAL is also the primary link between thermal and mechanical portions 

of the computer program~ The thermal effect of fuel cracking reduces the 
effective thermal conductivity of the fuel. The thermal conductivity of tne 
fill gas is much less than that of the solid fuel; and since there are crac.:,s 

in the fue11 some of the heat transfer will take place via this less conductive 
medium. 

RADIAL assumes that as the fuel cracks~ the pieces tend to shift position 

and change orientation relative to one another. Thermal expansion of the fue~ 
will result in these pieces of fuel applying loads on each other and on the 

cladding; MiKlc has shown such a relationship between crack width and applied 

stress.{ll) The assumption is made by the subroutine that the stress across 
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the cracks in the fuel is the same as the stress present in the interface 
between the fuel and cladding. Uslng Mikic's formulation. the stresses as 
well as the width of the cracks and th~ size of the gap can be determined. 

The amount of free area within the cladding that is not occupied by fuel 
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 solved for earlier can be used to determine the apportionment of 
the free area tnat is gap area or crack area. These percentages have been cor­
related with the effective elastic modulus of the fuel. The resolved stress 
is used to calculate the effective thermal conductivity. In this manner, the 
mechanical and thermal models have been made fu11y interdependent and, ln fact, 
are not separable. 

2.3.3 AX!SYM Local Deformation Model 

Local strain concentrations in the cladding of nuclear fuel rods are known 
to be potential sites for failure initiation. Assessment of such strain con­
centrations requires a two~dlmensional analysis of stress and strain in both 
the fuel and the cladding during pellet-cladding mechanical interaction (PCMI). 

AXISYM--a finite element model developed at INEL--was modified to provide this 
capability in the FRAPCON-2 code. 

AXISYM uses constant strain, axisymmetric, triangular elements and a 
standard finite element displacement formulation. The model can accommodate 
temperature-dependent material properties and has full elastic~plastic creep 
capabilities. AXISYM has been modified for PCMI 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 local strains. 

2.4 FRAPCON-2 FUEL ROO GAS PRESSURE RESPONSE 

After the fuel rod temperature and deformation calculations have been 
completed, the pressure of the gas in the fuel rod is computed. The fuel rod 
internal gas pressure model is based on the perfect gas law modified to permit 
different volumes of gas at different temperatures. The gas pressure is calcu­
lated using the gas temperature, void volumes~ and gas inventory_ The thermal 
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models discussed earlier provide the temperature of the gas in the fuel rod 
plenum. fuel-cladding gap~ and fuel voids. The fuel rod deformation models 
calculate information for computing the volume of the fuel rod plenum! fuel­
cladding gap, and other fuel voids. The initial fill gas and the gas release 
models--which include ANS-5.4,(lO) MacDonald-Weisman,( 9) Beyer-Hann,(l) Booth 
Diffusion,(B) and FASTGRASS(ll) __ provide the gas inventory. 
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3.0 GENERIC POWER REACTOR CALCULATIONS 

Two generic power reactor fuel rods were analyzed witl-t FRAPCON-2 and 

FRAPCON-1 to provide code comparisons for commercial fuel rods through extended 
burnup and to assess the reasorabieness of the calculations. The fuel rods 
chose!'! for these comparisons correspond to a commercial pressurized water 

reactor (PWR) 15 by 15 design and a commercial boiling weter 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 parameters, reactor operat­
ing conditions, and power history for the two cases were input to FRAPCON-1 

and FRAPCON-2. The FRACAS-!, FRACAS-II, and PELET mechanics options as well 
as the MacDonald-Weisman, FASTGRASS, and Beyer-Hann gas release models were 

used. The input parameters for the PWR fuel rod are showr in Table 3. For 

these calculations~ the rod average power was 23.06 kW/m and the coolant inlet 

temperature, mass flow rate~ and pressure were 526K, 1937.5 kg/s-m2, and 

15.5 MP a~ respective 1 y. The a xi a 1 power prof n e t~ at was provided to FRAPCON-1 

and FRAPCON-2 for the PWR case is shown in Table 4. The BWR input fuel rod 
parameters are shown in Table 5. For these ca1cu1ations, the rod average power 
was 24.25 kW/m and the coolant inlet temperature, mass flow rate, and pressure 
were 522K, 1007.5 kg/s-m2 and 7.14 MPa, respectively. The axial profih~ that 

was used is shown in Table 6. 

3.1 PRESSURIZED WATER REACTOR CALCULATIONS 

The FRAPCON-2 options included 1n these compa~isons are FRACAS-I with 

MacDonald-We:-isman, FRACAS-II with MacDona1d-Weisman~ FRACAS-II with FASTGRASS~ 

PELET with MacDonald-Weisman~ and PELET with Beyer-Hann. Centerline tempera­

ture, internal gas pressure, and gao HTC plots are shown fo~" the generic PWR 

case in Figures 1~ 2, and 3~ respectively. 

The generic PWR comparisons of FRAPCON-1 versus FRAPCON-2 show s""e impor­
tant differences. The fuel centerline temperature (Figure 1) calculated by 
FRAPCON-2 is lower than that using FRAPCON-1 by approximately 170K at beginning 
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TABLE 3. Generic PWR Input to FRAPCON-1 and FRAPCON-2 

Rod Parameter 

Clad Material 
C1ad Outside Diameter, in. (m) 
Clad Inside Diameter, in. (m) 
Clad Thickness, in. (m) 
Di~etral Gap, mils (m) 
Internal Helium Pressure, psia (MPa) 
Pellet Oiameter, in. (m} 
Pellet Length, in. (m) 
Pellet True Density, TO 
Enrichment, wt% 235u 
Fuel Stack Height, ft (m) 
Dish Depth, in. (m) 
Dish Shoulder Width, in. (m) 
Cold Plenum Length, in. (m) 
Spring Diameter, in. (m} 
Spring Turns 
Plenum Voluflle, in) (m3) 
Channel Heated Diameter, ft (m) 

____Q_es i gn Va l.c;:ue,___ 
Zi rca 1 oy-4 
0.422 (0.0107} 
0.374 (0.0095) 
0.024 (0.00061) 
7.5 (0.0019) 
345 (2.379) 
0.3665 (0.0093) 
0.6 (0.0152) 
94% 
2.8 
12.0 (3.65) 
0.015 (0.000381) 
0.043 (0.00109) 
6.8 (0.173) 
0.35 (0.00889) 
28 
0.638 (1.05 X JQ-5) 
0.0445 (0.01357) 

TABLE 4. ?WR Axial Power Profile 

Increment 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Axial Station~ 
ft (m) 

0.67 (0.203) 
2.00 (0.610) 
3.33 (1.016) 
4.67 (1.422) 
6.00 (1.829) 
7.33 (2.235) 
8.67 (2.642) 

10.00 (3.048) 
ll.33 (3.454) 

10 

Normalized Heat Flux 
0.457 
0.858 
1.152 
1.326 
1.386 
1.326 
1.152 
0.858 
0.457 



TABLE 5. Generic BWR Input to FRAPCON-1 and FRAPCON-2 

Parameter 
Clad Material 
Clad Outside Diameter, in. (m) 
Clad Inside Diameter, in. (m) 
Clad Thickness, in. (m) 
Diametral Gap, mils (m) 
Internal Helium Pressure, psia {MPa) 
Pellet Diameter, in. (m) 
Pellet Length, in. (m) 
Pellet True Density, TO 
Enrichment, wt% 235u 
Fuel Stack Height, ft (m) 
Dish Depth, in. 
Dish Shoulder Width, in. (m) 
Cold Plenum Length, in. {m) 
Spring Diameter, in. (m) 
Spring Turns 
Plenum Volume, in.3 {m3) 
Channel Heated Diameter, ft (m) 

Design Value 
Zircalo_y- 2 
0.567 (0.0144) 
0.499 (0.0127) 
0.034 (0.00086} 
12.0 (0.3048 x Io-3) 
15.0 (0. 1034) 
0.487 (0.0124) 
0.365 (0 .00927} 
94% 
2.2 
12.0 (3.66) 
0.00 
0.2435 (0.00619) 
16.0 (0.406) 
0.48 (0.0122) 
64 
2.76 (0.452 x 1Q-4) 
0.0583 (0.0178) 

TABLE 6. BWR Axial Power Profile 

Increment 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Axial Station, 
ft {m) 

0.546 (0.166) 
1.636 (0.499) 
2. 7 27 ( 0. 831) 
3.818 (1.422) 
4.909 (1.496) 
6.000 (1.829) 
7.091 (2.161) 
8.182 (2.494) 
9.273 (2.826) 

10.364 (3.159) 
11.455 (3.491) 

11 

Normalized Heat Flux 

0.416 
0. 760 
1.034 
1.231 
1.348 
1.348 
1.389 
1.348 
1. 231 
0.760 
0.416 
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of life (BOL) for all options that are presented. This difference is due in 
part to an improper treatment of the crack void temperature in FRAPCON-1 and 
in an improved feedback of density effects and cracking effects in the fuel 
conductivity in FRAPCON-2. At end of life (EOL), however, the calculations of 
fuel centerline temperature differ significantly due to differences in the 
application of the effective fuel thermal conductivity models. The sudden drop 
in temperature exhibited by the PELET options has been tentatively attributed 

to improper modeling of the densification. The trend of the lower BOL fuel 
temperature is in the desired direction as discussed in the independent assess­
ment of FRAPCON-2.( 2) 

The fission gas production in FRAPCON-1 was incorrectly modeled and was 
low by a factor of four, which resulted in the lower internal gas pressure at 

EOL as calculated by FRAPCON-1 when compared with the FRACAS-I and FRACAS-II 
calculations from FRAPCON-2 (see Figure 2). The PELET calculation of a lower 
gas pressure at EOL results from differences in the assumed void volume dis­
tribution within the fuel rod. 

The gap HTC comparison shown in Figure 3 demonstrates the various modeling 
assumptions. The basic gap conductance model changed between FRAPCON-1 and 
FRAPCON-2, resulting in a slight lowering of the peak power conductance values. 
Among the FRAPCON-2 model options, all the FRACAS calculations correspond at 
BOL, as do the two PELET combinations; but the two sets differ from each other. 
The FRACAS models assume conventional pellet surface roughness but instantane­

ous significant relocation, which at high power (33 kW/m in this case) results 
in a nearly total closure of the thermal gap. Mechanical contact, with con­
sequent interfacial pressure and further increase in gap conductance, is not 
assumed, however, until fuel swelling equals the volume change caused by 

initial relocation. This finally happens at about 650 days in the FRACAS-I 
(MacDonald-Weisman) case and at about 700 days in the FRAPCON-1 case (see Fig­
ure 3). PELET assumes mechanical and thermal contact at all times but assigns 
a macroroughness to the fuel surface that is quite large (and depends upon 

as-fabricated gap size). For these nominal gap rods, the roughness is on the 

order of 20 microns. Hence, the initial PELET gap conductance is slightly 

lower than the FRACAS value (at high power); but it is less power and burnup 

dependent. 
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The trends represented by Figures 1 through 3 represent generally realis­

tic fuel rod behavior. The initial increase in the fuel temperature (Figure 1) 

is due to early-in-life densification; the slow decrease in fuel temperature, 

to cladding creep and fuel swelling; and the leveling off and slight increase 
of the fuel temperature, to the fission gas increase within the fuel rod. In 

Figure 2, the initial gas pressure decrease is due to initial fuel densifica­

tion. The ever-increasing gas inventory, however, reverses that trend; and 

the gas pressure monotonically increases. The gap HTC decrease with time is 

due to the increased fission gas inventory, which degrades the conductivity of 

the gas in the fuel-cladding gap. These data indicate that FRAPCON-2 is calcu­

lating reasonable generic PWR fuel rod behavior. 

3.2 BOILING WATER REACTOR CALCULATIONS 

The generic BWR comparisons of FRAPCON-1 versus FRAPCON-2 show notable 

differences due to increased fission gas production, as was the case for the 

PWR comparisons. The centerline temperature, internal gas pressure, and gap 

HTC for the BWR fuel rod are shown in Figures 4, 5, and 6, respectively. 

As shown in Figure 4, the FRAPCON-1 calculation of centerline temperature 

at EOL is approximately lOOK higher than that of FRAPCON-2 using FRACAS-II. 

BOL centerline temperature differences are small and cannot be attributed to 

any specific model change. The initial rise in temperature (except for PELET; 

see Section 3.1) is due to fuel densification while the general decrease in 
temperature from that point is due to cladding creepdown. The increased fis­

sion gas inventory results in a significant increase in the internal gas pres­
sure. This is more prominent than in the generic PWR case because the amount 
of initial fill gas in the BWR rod is small compared with the fission gas that 

is released. 

The difference in the gap HTC between that calculated by FRAPCON-1 and 

FRAPCON-2 (see Figure 6) is due to a change in the gap HTC model. 

The trends shown in Figures 4, 5, and 6 are again as expected. The cen­

terline temperatures calculated by the FRACAS options increase early in life 
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due to densification and then gradually decrease because fuel swelling and 
cladding creep effects outweigh the effect of increased fission gas inventory. 
PELET calculates a definite temperature increase with increasing fission gas 
release. The internal gas pressure increases markedly because of the low ini­
tial gas inventory and the release of fission gas. The trend in the gap HTC 
is as expected, with early densification explaining the initial decrease and 
fill gas degradation explaini ng the subsequent decrease. These trends indicate 
t~at FRAPCON-2 can reasonably calculate generic BWR 7 by 7 fuel rod behavi or. 
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4.0 EXPERIMENTAL DATA COMPARISONS 

The following sections present FRAPCON-2 calculations of fuel rod response 

for selected experimental fuel rods irradiated in the Halden Boiling Water 
Reactor (HBWR), Halden, Norway; the Power Burst Facility (PBF), Idaho Falls, 
Idaho; and the Studsvik reactor, Sweden, and for a commercial fuel rod irradi­
ated in the H. B. Robinson plant. Many combinations of the model options are 
tested using the cases chosen. 

The purpose of these data comparisons is to verify that the code repro­
duced observed trends. Specifically, the following areas were examined: 

• effect of rod power and the as-fabricated fuel-cladding gap size on 
thermal response 

• effect of as-fabricated fuel density on thermal response 

• effect of power and as-fabricated gap size on cladding deformation 

• effect of fuel burnup and fission gas release on fuel temperatures. 

The general format of the subsections that follow is: (a) statement of 
the observed effect, portrayed by data trends; (b) indication that the major 
code options reproduce the observed trends; (c) description of the experiments, 
including reactor and test conditions, power history, and design parameters; 
and (d) comparison of code calculations to data and a brief discussion. Over­
all discussion of the comparison of code calculations to data is reserved for 
Section 5.0. 

4.1 EFFECT OF POWER AND GAP SIZE ON FUEL TEMPERATURE AT BEGINNING OF LIFE 

At BOL the slope of fuel temperature plotted versus local power becomes 
progressively steeper with increasing as-fabricated fuel-cladding gap size for 
fuel rods of otherwise identical design. This is illustrated in Figure 7, 
where centerline temperature versus power data are shown for varying gap sizes 
for three fresh instrumented rods from the PBF gap conductance tests GC 2-1 
and 2-2. (19) The slopes (Kelvin per kW/m) of the data trends in the figure 
are nearly c'onstant. We refer to this slope as the 11 thermal resistance, .. and 
such trends have also been observed in many tests at the Halden reactor. 
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4.1.1 Trends of Major Code Options 

All major thermal-mechanical options in the code produce the same trend-­
the BOL resistance increases with increasing fabricated gap size. Table 7 

shows calculated resistance for the same three rods by the FRACAS-I, FRACAS-II, 
and PELET options. Notice that all three options, while having the right trend 
with respect to the gap size effect, undercalculate the thermal resistance in 
each case. 

4.1.2 Experiment Description for GC 2 Tests 

The gap conductance test GC 2 was conducted using a series of four-rod 
instrumented fue l assemblies (IFAs) in the PBF. (19 , 20 ) The experimental 

matrix initially consisted of 20 rods featuring variations in gap size, fill 
gas composition, and fuel density. Table 8 lists the important parameters 
from the three helium-filled rods selected from this test to demonstrate the 
effect of gap size. 

The PBF reactor operates with natural circulating unpressurized light 
water coolant. The test region is an in-pile tube that houses the four 

Zircaloy-shrouded test rods. The inlet coolant temperature to the in-pile 
tube was 538K during the power calibration and preconditioning periods and 

478K during the power oscillation period with a coolant pressure of 7.17 MPa. 
The coolant flow was 2.5 to 10 m/s during the power calibration and precon­

ditioning periods and 5 m/s during the oscillation period. 

The instrumentation on these rods included a fuel centerline thermocouple 
(titanium-sheathed tungsten-rhenium), three off-center thermocouples (Inconel­
sheathed chromel-alumel), five cladding surface thermocouples (titanium-sheathed 
chromel-alumel), and one bellows-type strain gauge (see Appendix A of Refer­

ence 19 for additional instrumentation information). 

The power history for the various rods can be deduced from the PBF core 

power during the power calibration and preconditioning periods using appro­
priate power factors (kW/m peak power per megawatt of core power). The axial 
power profile that was used for the entire GC 2 test is shown in Figure 8. 
Note that the thermocouple plane lies in the peak power region. The power 

histories of each test are shown in Figures 9, 10, and 11. 
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TABLE 7. Representative Calculated and Measured Thermal 
Resistances Showing Gap Size Effects 

Measured FRAPCON-2( a) 
GC Gap Size, Resistance, Calculated 

Rod Number \Jm K-m/kW Resistance 2 K-m/kW 

522-3 100 26 22 
503 220 31 27 
522-4 360 43 33 

(a) Representative of all three options; generally the calculations 
ranged in the order FRACAS-I, PELET, and FRACAS-II (highest to 
lowest} but did not diverge by more than 1.5 K-m/kW. 

TABLE 8. Design Characteristics of Selected Fuel Rods(a) 
from the Gap Conductance Tests GC 2-1 and GC 2-2 

Rod Parameter 
Cladding Outside Diameter, mm 
Cladding Inside Diameter, mm 
Wall Thickness, mm 
Fuel Material 
Cladding Material 
Pellet Diameter, mm 

Diametral Gap, IJm 

Pellet Shape 
Rod Overall Length, mm 
Fuel Stack Length, mm 
Plenum Length, mm 
Internal Pressure, MPa 
Pellet Enrichment, wt% 235u 
Fill Gas 
Fuel Density, %TO 

(a) Rods differing only in gap size 

24 

Design Value 
12.50 
10.79 
0.86 
uo2 
Zircaloy-2 
Rod 522-3 = 10.69 
Rod 503 = 10.57 
Rod 522-4 = 10.43 
Rod 522-3 = 100 
Rod 503 = 220 
Rod 522-4 = 360 
Flat ends 
990.6 
914.4 
55.12 
2.58 
10.0 
Helium 
95.0 
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4.1.3 Comparison of FRAPCON-2 to GC 2 Test Data 

Figure 12 compares calculated fuel centerline temperatures for rod 522-3 
(the 100-~m diametral gap rod) using the FRACAS-I, FRACAS-II, and PELET options 
with preconditioning period data. All options tend to be low relative to those 
data; the discrepancy amounts to about 50 to 75K at 30 kW/m. The same compar­
ison was made for rod 503, the 200-~m gap rod (see Figure 13); the FRACAS-I 
option is within ~lOK of the data mean while the other two options are only 
5 to 50K low at any point. However, a large difference can be noted beb1een 

rod 522-4 data (360-~m gap) and code calculations (see Figure 14). Calcula­
tions by all three options were several hundred Kelvin degrees below the indi­
cated data in the 30 to 45 kW/m power range. If rod 522-4 is representative 
of t.he thermal performance of all rods having fabricated gaps greater than r~3% 

of the pellet diameter, then FRAPCON gives unacceptably low fuel temperature 

calculations for that range of gap sizes. 
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4.1.4 Discussion 

The comparison of the code calculations to data for fuel centerline tem­
perature was good except for rod 522-4 where the code calculations were signi­
ficantly less than the reported data . Additional data are presented to show 
that the reported values for rod 522-4 centerline temperature are high relative 
to the trend of other nearly identical rods in PBF and Halden. Figure 15(a) 

displays the thermal resistances of various BWR-sized helium-filled rods from 

both PBF and Halden, including the PBF GC 2 rods just examined; the additional 
rods are briefly described in Table 9. The Halden rods come from IFA-430, -431 
and -432.{b) From Figure 15 it can be seen that 

• there is some divergence in temperature data from comparable rods, with 
rods 522-3, 503, and 522-4 definitely lying on the high side 

• FRAPCON-2 is in line with the preponderance of data, even in the 
case of the large-gap rods. The bias between the GC 2/IFA-430 rods 
and the IFA-431 and -432 rods may be due to the presence of off­
center (coplanar) thermocouples in the former set. 

(a) In the figure the data po ints are identified by assembly number 
followed by rod numbers; the shaded boxes indicate rods with 
centerline thermocouples only. Unshaded boxes represent rods that 
have both centerline and off-center thermocouples. 

(b) IFA-431 and -432 are described in Sections 4.3.3 and 4.4.2. IFA-430 
was a specialized four-rod assembly containing gas flow rods 
(attached to an external system) and thermal performance rods with 
center and three off-center thermocouples; similar to the PBF GC 2 
rods. The description of rod 3 from this assembly is included in 
Table 9. Further information on the test may be found in 
Reference 21. 
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TABLE 9. Design Characteristics of Several Halden and PBF Test Rods 

Rod Parameter 

Cladding Outside Diameter, mm 
Cladding Inside Diameter, mm 
Cladding Wall Thickness, mm 
Fuel Material 
Pellet Enrichment, % 
Pellet Density, %TO 
Pel~et End Shape 
Pellet Diameter, mm 
Oiametral Gap, urn 

Active Fuel Stack Length, mm 

Plenum Length, mm 

Fi 11 Gas 
Fill Gas Pressure, MPa 

Design Values (listed by assembly and rod number) 
GC 2-2 GC 2-2 

Rod 524-2(a) Rod 524-3(a) 

12.50 
10.79 

0.86 

uo2 
10 
95 
Flat 
10 .57 

220 
914.4 

55.1 
He 1 ium 

2.58 

12.50 
10.79 

0.86 
uo2 
10 
97 

Flat 
10 .57 

220 
914.4 

55.1 
He 1 i urn 

2.58 

IFA-430 IFA-431/432 IFA-431/432 
Rod 3 Rod 1 Rod 2 

12.79 12.79 12.79 
10.91 10.91 10.91 

0.94 
uo2 
10 
95 
Chamfered 
10.81 

102 
240.9 
(TC section) 

{b) 

Helium 
0.48 

0.94 

uo2 
10 
95 
Flat 
10.68 
230 
576 

17 

Helium 
0.1 

0.94 
uo2 
10 

95 
Flat 
10.53 
380 
576 

17 

Helium 
0.1 

(a} These rods were ultimately irradiated in the PR-1 test at PBF.(32) 
(b) Segmented. 

IFA-431/432 
Rod 3 

12.79 

10.91 
0.94 

U02 
10 

95 
Flat 
10.86 

50-75 
576 

17 

He 1 i urn 
0.1 



4.2 EFFECT OF AS-FABRICATED FUEL DENSITY ON BEGINNING-OF-LIFE FUEL 
TEMPERATURE 

The effect of fuel density on fuel temperatures comes through the effec­
tive fuel conductivity. As the fuel porosity increases, the fuel thermal con­
ductivity decreases and (all other things being equal) the fuel temperature 
rises (see Figure 16). Centerline temperature versus local power data for the 
GC 2 rods 522-3 (already described) and 523-1 are presented. Rod 523-1 is 
identical to rod 522-3 except that the fuel density is nominally 92% theoret­
ical density (TO) whereas that for rod 522-3 is 95% TO. 

4.2.1 Comparison of FRAPCON-2 to GC 2 Test Data 

Each of the major code options has the correct trend with respect to the 
effect of initial fuel density upon fuel temperatures (see Figure 17). In each 
case, the calculated fuel temperatures are higher for the 92% TO rod than for 
the 95% TO rod. However, in both cases the code calculations are lower than 
the data. For example, in the code comparison to the 95% TO 100-~m diametral 
gap 522-3 rod data (Figure 12) all three options fell below the measured data 
for centerline temperature by 50 to 75K. In Figure 18, a similar comparison 
for the 92% TO 100-um gap rod 523-1 shows that the discrepancy between code 
and data is in the same direction and even worse. The code options undercal­
culate the data by lOOK at 30 kW/m and by nearly 200K at 40 kW/m. 

35 



T I I 

2000 1- [!] 523-1 (92% TO) -
• • ~ ... ' 

C) 522-3 (95% TO) 

• 1700 • .. ..... -<1.> • L 
:J • • ....... II 
0 

• • L 
<1.> • a. 

1400 E 1- ~. -
<I> 

1-

<I> • • c •• 
1: 

tl' • 

<I> 1100 ~ -....... 
c • <1.> 
u 
cv • 
:J • lL 800 -

500 I I I I 

0 1 0. 20 30 40 

Local Power, kW/m 

FIGURE 16. Demonstration of Fuel Density Effect Using Two GC 2 Test Rods 
with Helium Fill Gas and 100-~m Diametral Fabricated Gaps 
(fuel densities: 95% TO for rod 522-3 and 92% TO for 
rod 523-1) 

36 



2000 

[--------
PELET. 52.3-1 

X 
PELET. 522-3 

,; 1700 

/ ~ 
0 

f 
... 
Cll 
Q. 

1400 E 
Cll 
1-.. 

~ 
// 

·~ 
1100 ~/ 

"' c . . 
Cll 
u 

f 
. . 

j 
. . 

~ 
' ::l . ' u.. 800 . 

' 
' ' ' 

' 

500 -.1.... _____L --L- _L__ 

0 10 20 30 40 

Locol Power. kW/m 

2000 

r 
FRACAS-II. 523-1 2000 r=-- FRACAS-I. 523-1 J 

X X 

. I ~------ -- FRACAS-II, 522-3 FRACAS-I, 522-3 

1700 /'1 170:> o) Cll. r /:..· ... 
~ ::l 

~ ~ J/ Cll // Cll 
Q. 

1400 

I 
Q. 

1400 E /f/ E 

I Cll Cll 
1- 1- // Cll "' c: .!: 't: ~ /.·· 
" 1100 ' 

. 
~ 1100 

r / ... 
c . c 
Cll . 

Cll 
u I ' (.) 

' 
~ 

~ 
. ' "ii 

::l . . ::> u.. 800 . u.. 800 f- •• •••• . . . I/.· 
~ J 500 500 L__ !_____ L L 

0 10 20 30 40 0 10 20 30 40 

Local Power, kW/m Local Power, kW/m 

FIGURE 17. Predicted Fuel Density Effect Using the Major Code Options 

37 



GC2-3, Rod 523-1 

2000 C!J Test Measurements 
~ 

1!1 II 

PELET 
11 e 

1700 ---------· FRACAS-I 
II 

-Q) 
'-
:J • 

-+J ----- FRACAS-II • 0 
'-
Q) 
0. 

1400 E 
Q) 
r-

<1) 1!1 
II 

c 
'-
<1) 11 00 

-+J 
c 
Q) 

u 
<1) 
:J 

800 lJ... 

500 
0 1 0 20 30 40 

Local Power, kW/m 

FIGURE 18. Comparison of PELET, FRACAS-I, and FRACAS-II Calculations 
and Rod 523-1 of GC 2-3 Centerline Temperature Data 

38 



4.2.2 Discussion 

The correct dependence of fuel temperatures upon fuel porosity is calcu­
lated by the code options; the absolute value of the dependence seems to be 

undercalculated at 92% TO. However, this does not automatically mean that the 
code calculations are incorrect. First of all, consider the apparent effect 
of off-center thermocouples (not modeled in FRAPCON-2) as deduced in Figure 15. 
The same resistance shift is necessary to bring FRAPCON-2 in agreement with 
rod 522-3 as for rod 523-1. In other words, the relative resistance increase 

noted in the data between 92% and 95% TO fuel is calculated by FRAPCON-2. 

Finally, consider Table 10, which presents BOL resistance data from 

rods 1 and 6 of IFA-431 (95% TO, 230-~m gap, He-filled and 92% TO, 230-~m gap, 
He-filled, respectively}.( 22 ) As shown, the FRAPCON-2 calculation of the 

relative density effect is correct. 

4.3 POWER AND GAP SIZE EFFECTS ON CLADDING DEFORMATION AT BEGINNING OF LIFE 

The cladding deformation measured in-reactor includes total rod elongation 
and (rarely) cladding ridge and wave formation. Both axial elongation and 
elastic ridge formation at BOL have been observed to decrease (relax) signifi­

cantly over a constant power hold period of about 10 h.( 23 ) The actual mech­
anism is not clear, but one FRAPCON option (the FRACAS-II model) seeks to model 
this behavior through enhanced fuel hot pressing. 

The effect of fabricated gap size upon both axial elongation and ridging 
would be to diminish the observed values with increasing gap size. This is 
demonstrated in Figures 19 and 20, where the axial and diametral (ridge) 

TABLE 10. Measured and Calculated Resistances for Rods 1 and 6 
of IFA-431 Using PELET 

Rod 
Number 

1 
6 

Fuel 
Density, 

%TO 

95 
92 

Measured BOL 
Resistance, 

K-m/kW 

3g 

26 to 27 
28 to 30 

Calculated 
Resistance, 

K-m/kW 
27 
29 
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strai ns versus power are shown for large-gap and small-gap rods from the heav­
ily instrumented JAERI/Halden assembly IFA-508.{ 23 ) The "humps 11 in these 
curves represent strain relaxation at constant power during hold periods. It 

is interesting to note that this strain relaxation took place simultaneously 
in both dimensions and was of the same relative magnitude. 

4.3.1 Trends from the Major Code Options 

Figures 21 and 22 display the calculated axial strains for IFA-508 
large-gap and small-gap rods using the FRACAS-II and PELET options, respec­

tively. The trends are similar for the diametral strains (not shown). Both 
code options obviously reproduce the right trends; the strain increases with 
increasing power but diminishes with increasing gap size. 

4.3.2 Comparison of Code Calculations to Data from IFA-508 

The IFA-508 test( 23 ) included three instrumented rods {11, 12, and 13) 

irradiated at the Halden reactor. The rods had a 420-mm fuel length. The 
radial cladding dimensions of rods 11 and 13 were 0.01219-m outside diameter 

(OD) and 0.01141-m and 0.01143-m inside diameter (ID), respectively. Rod 11 
had a 0.1-mm diametral fuel-cladding gap; rod 13, a 0.22-mm diametral fuel­
cladding gap. Both contained sintered, spherically dished 95% TD uo2 pellets 
enriched to 10.5%. The fill gas was helium at atmospheric pressure. 

The Halden reactor operates with natural circulating boiling heavy water 
coolant. The coolant temperature and pressure are approximately 513K and 

3.34 MPa, respectively. 

Instrumentation on each rod included a fuel centerline thermocouple, an 
elongation sensor measuring total rod elongation, and a diameter-measuring 
rig.( 2B) The linear powers in IFA-508 were deduced from five self-powered 

neutron detectors (SPNDs). 

A BOL power history for this test is shown in Figure 23. The axial power 
profile of this rod is assumed to have changed little over this short irradia­

tion period. 
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Of the three rods in the IFA-508 experiment, the one having the relatively 
small gap and thin cladding {rod 11) showed the greatest PCMI-induced cladding 
deformation as would be expected. Figures 24 through 26 show data from this 

rod at 0.07 GWd/MTU burnup, when IFA-508 experienced a staircase power ramp 
with hold periods at approxi mately 30, 40, and 50 kW/m (rod 11 average power). 

Temperat4re versus power data and PELET calculations for rods 11 and 13 
are shown in Figure 24. The uncertainty band on the temperature is simply that 
which results from an estimated ~10% uncertainty in the local linear power. 

The agreement of the code calculation with the data in this case is excellent. 
A similar comparison with respect to rod elongation is shown in Figure 25. The 
uncertainty shown is related only to the power uncertainty. The multiple data 

values at certain powers correspond to "relaxation" during hold periods at 
those specific powers. The FRAPCON-2 calculations using the PELET mechanical 
model generally match the data trend. 

Figure 26 shows the rod-averaged diametral ridging strain plotted against 

average rod power. Since neither PELET nor FRACAS calculate ridging strain, 
the axially averaged diametral strain is plotted. It is encouraging that this 
is the same magnitude as the data, but the comparison is not good quantita­
tively. The uncertainty on these data is greater than 20% owing to the small 
deflections that are being measured. An uncertainty analysis on these data is 

not available; therefore, no estimated experimental error is shown. 

Figure 27 shows centerline temperature data from rods 13 and 11 compared 
to FRACAS-II calculations; agreement is good in both cases. Axial elongation 
calculations are compared to the staircase ramp data for both rods in Fig­
ure 28a. Neither calculation registers the apparent relaxation; both attain 
good agreement with the data at full power but not at intermediate powers. A 
similar comparison for the di ametral strain for both rods is shown in Fig­
ure 28b. In this case, FRACAS-II does begin to register relaxation at full 

power for rod 11; and its agreement with the magnitude of the data is much 
better than the PELET/RADIAL calculation. 

46 



.. 
Q) 
I... 
:J 

-t-J 
0 
I... 
Q) 
a. 
E 
<1) 

1-

CIJ 
c 
-c 
CIJ 

-t-J 
c 
Q) 

u 

2000 

1700 

1400 

11 00 

800 

500 
0 

IFA-508 

[!] Rod 11 Data 

Rod 11 PELET 

(!) Rod 13 Data 

Rod 13 PELET 

• 

1 0 20 30 40 

Local Power, kW/m 

FIGURE 24. Beginning-of-Life Centerline Temperature Data for Rods 11 
and 13 of IFA-508 Compared to PELET Calculations 

47 



z 
<( 
a:: 
I­
V') 

_..J 
<( 

X 
c:( 

0.35,..-----------------------. 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

10 

IFA-508, BEGINNING-OF-LIFE 

PELET -­

DATA ----

20 30 40 

ROD AVERAGE POWER, kWfm 

-.;ROD 13 
1_.&--. 

I 

50 

FIGURE 25. Beginning-of-Life Axial Elongation Data for Rods 11 
and 13 of IFA-508 Compared to PELET Calculations 

48 

60 



0.35 

0.30 

0.25 

~ 
~ 

:z -
<( 
a::: 0.20 ~ 
Vl 
L...I.J 
<..? 
0 

0:::: 
L...I.J 0.15 <..? 
<( 
a::: 
L...I.J 
> 
<( 

0.10 

0.05 

0 
0 

FIGURE 26. 

I FA -508. BEGINNING-OF-LIFE 

DATA ---­

PELET 

ROD 11 

I \ 
I \ 

I _,y 
1f ~~" I 

I // I 
I / 

I / 
.L/ 
~~ 

, ., I 
I ., ----------

10 20 30 40 50 

ROD AVERAGE POWER. kW/m 

Beginning-of-Life Oiametral Strain Data for Rods 11 
and 13 of IFA-508 Compared to PELET Calculations 

49 

60 



. 
Q) 
"­
:::J ....... 
0 
"­
Q) 
a. 
E 
Q) 

...... 
Q) 
c 
1: 
Q) 

....... 
c 
Q) 
() 

2000 

1700 

1400 

1 1 00 

800 

500 
0 

,' 
,' 

, 

IFA-508 

QJ Rod 11 Data 

Rod 11 FRACAS-II 

C9 Rod 1 3 Data 

Rod 13 FRACAS-II 

, , , .,, 
,• 

,' 

1 0 

, , , , 
, 

. , 
, , ,. , 
, 

20 

, 
, , , , 
, 

, , 
, 

. ,' , , , , 

30 

, , 

, , , , 

Local Power, kW/m 

,, 
, , , 

40 

, 
, , 

, , , , 

FIGURE 27. Beginning-of-Life Centerline Temperature Data for Rods 11 
and 13 of IFA-508 Compared to FRACAS-II Calculations 

50 



# 
z· 
< 
IX ... 
"' -' < 
X 
< 

0.35 

0.30 

0.25 

0.20 

0.15 

0.10 

0.05 

0 
0 

IFA-508. BEGINNING-OF-LIFE 

DATA 

FRACAS·II-

10 20 30 40 

ROD AVERACl POWER, kWlm 

ROO 11 

a) Axial Elongation 

50 60 

0.35 .....------------------, 

IFA-508, BEGINNING-Of-LIFE 

0.30 DATA 

# 

'% 

0.25 

~ 0.20 ... 
"' b) Diametral Strain g 
IX 

~ 0.15 

~ 
~ 

0.10 

nos 

FRACAS-II -

10 20 30 40 

ROD AVERAGE POWER, kW/m 

50 

FIGURE 28. Beginning-of-Life Cladding Deformation Data for Rods 11 
and 13 of IFA-508 Compared to FRACAS-II Calculations 

51 

60 



FRACAS-I temperature calculations are compared to IFA-508 data for rods 11 
and 13 in Figure 29. Although these temperature calculations are excellent, 
the cladding deformation calculations of the FRACAS-I rigid pellet model (shown 
in Figures 30a and 30b) display the classic shortcomings of that model: over­
calculation of the power to initiate hard PCMI followed by overcalculation of 
the severity of the interaction with respect to power increase. 

4.3.3 Comparison of Code Calculations to Data from Rod 3 of IFA-431 

IFA-431( 22 , 24 ) is a six-rod instrumented test assembly that was irradi­
ated in the HBWR from June 1975 to February 1976. The rods had a 57-cm fuel 
length and were located in the bottom half of the core near the core edge . The 
radial dimensions of the cladding (0.01278-m 00 and 0.0190-m ID) were close to 
BWR cladding dimensions. Rod 3 had a 50-~m diametral as-fabricated gap and 
contained sintered, flat-ended 95% TO U02 pellets enriched to 10.10%. The 
fill gas was helium at 1 atm pressure measured at 293K. 

The HBWR operates with naturally circulating, boiling heavy water cool­
ant. The coolant temperature and pressure are approximately 513K and 3.34 MPa, 
respectively. The thermal neutron flux shape and fuel and instrument locations 

are shown in Figure 31. The fast neutron flux is about 5 x 1015 n/m2-s for 
every kW/m of linear power. 

Each rod was instrumented with top and bottom fuel centerline thermocou­
ples and an elongation sensor to measure total rod elongation. The linear 
powers in IFA-431 were deduced from the in-pile BOL calibration of six vanadium 
neutron detectors. Three detectors each were at the lower and upper planes of 
the fuel centerline temperature measurement locations (see Figure 32). Refer­
ence 22 describes the power calibration and gives a calibration error. Linear 

heat rating accuracy is deduced to be +5.6% at the 2o confidence level, and 
the corresponding uncertainty on the thermocouple readings is +3%. 
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The power history for rod 3 at upper and lower thermocouple locations is 
shown in Figure 33. The axial power profile of this rod is assumed to have 
changed little over the short irradiation period. The peak burnup at the peak 
power location attained at EOL was 5.265 GWd/MTU. Minor variations between 
peak and measured power are not considered significant. 

Rod 3 was selected as the test case primarily because it shows temperature 
and elongation in a small-gap rod where finn fuel-cladding contact is achieved 
and where, as a consequence, there is minimal uncertainty in the fuel-cladding 
gap resistance. Gas release was not an issue in this irradiation. 

Both mechanics packages were tested against the data since significant rod 

elongation data were available. Resintering tests have shown the fuel used in 
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rod 3 to be stable (resintering at 1973K for 48 hours increased density only 
0.3% TO); therefore, the terminal density for this case was set at 95% TO. 

A comparison was made between centerline temperature and rod elongation 
data from rod 3 and FRAPCON-2 calculations using all three mechanical options. 

Gas release for this lower temperature, low-burnup rod was not measured; how­
ever, the release is assumed to be low.(a) 

Figure 34 shows measured and calculated fuel centerline BOL temperature 

versus power for rod 3. The uncertainty band on the data comes from an esti­
mated power uncertainty of less than 6% for this test. The agreement between 
code calculation and data is good, as it should be for a low-power, hi gh­

contact conductance situation. 

Measured rod elongation during the first rise to power was compared with 
PELET/RAOIAL, FRACAS-I, and FRACAS-II calculations (see Figure 35). Since this 
was not a staircase rise to power, no relaxation was observed until full power 
was achieved and even then only a slight amount occurred. It can be seen from 

the figure that PELET/RAOIAL calculations show the correct trend but were only 
fair qualitatively. FRACAS-I and FRACAS-II, however, do a poor job of modeling 

the cladding elongation during the rise to power. 

Figure 36 shows the measured and calculated axial elongation at peak power 

from rod 3 of IFA-431 as a function of burnup. 

The data demonstrate a dramatic reduction in the magnitude of the peak 
power cladding elongation over the first 1000 MWd/MTM of burnup. This behav­
ior may be due to the formation of axial gaps in the fuel columns, general 
fuel cracking effects, or a manifestation of fuel densification. Whatever the 
cause, both FRACAS options model this relaxation fairly well but the PELET/ 

RADIAL model does not. 

(a) This assumotion is based on the fact that rod 6 of IFA-431 operated at 
higher(t~peratures and had a measured gas release fraction of only 
0.25%. 3 
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4.3.4 Comparison of Code Calculations to Data from Rod 15 of PCM-4 

Cladding deformation data presented to this point have come from HBWR, 
10% enriched , BWR-sized fuel. To show the generality of the models, tempera­
ture and deformation data from a PBF PWR-sized rod in the power cooling mis­
match (PCM)-4 test( 2S) are presented below. 

PBF is operated to obtain data on fuel rod behavior during normal and 

postulated accident conditions. The PCM test series was conducted to charac­

terize the behavior of unirradiated PWR-type fuel rods under PCM conditions. 
The particular test chosen for this comparison was PCM-4.( 26 ) Rod 15 was 

simulated during the power calibration phase of the test. This rod had a 
0.914-m fuel length, Zircaloy-2 cladding with 0.0107-m 00 and 0.00948-m ID, 
and a 180-~m diametral fuel-cladding gap. The U02 fuel pellets were dished 
with a 20% enrichment and a density of 95% TO. The fill gas was helium pres­

surized to 2.49 MPa at 293K. 

The coolant conditions were similar to PWR conditions with a coolant pres­

sure of 15.0 MPa at a coolant temperature of 600K. The axial power profile is 

shown in Figure 37. 

Test rod 15 was instrumented with a cladding elongation sensor, pressure 
transducer, fu el centerline thermocouple, 4 cladding outside surface thermocou­

ples, and 10 cobalt SPNDs. The axial flux profile was established by a flux 

wire mounted on the flow shroud. 

The power history during the fuel rod power calibration phase of the test 
is shown in figure 38. The total time of irradiation during this phase was 
only about eight hours. The power history was simulated as a simple ramp to 
approximately 42 kW/m peak power occurring over about a 1-h period. 

Measured and calculated fuel centerline temperatures and the cladding 

elongation versus peak rod power for rod 15 of PCM-4 were compared using the 
PELET/RADIAL mechanical model to check the validity of the model•s Halden 
reactor data base; the information to the code was also input in SI units to 

test that option. Figure 39 shows the rod centerline temperature plotted 
versus rod peak power. The data and the calculation agree well for the entire 

power ramp. 
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Figure 39 also presents a comparison of the fuel centerline temperature as 

a function of local rod power calculated using the two FRACAS models. The cal­
culated centerline temperatures are slightly lower than the experimental data. 
FRACAS-II calculated a temperature that was SOK below the data at 30 kW/m while 
FRACAS-I calculated the fuel centerline temperature at lOK below the data at 

30 kW/m. 

Cladding elongation is plotted versus power in Figure 40. The point at 
which significant fuel-cladding interaction occurs (where the slope of elonga­
tion.versus power changes suddenly) agrees well between the PELET calculation 
and data. The data show a slightly greater rod elongation at peak power than 
calculated by the code. Figure 40 also shows the FRACAS-II elongation calcula­

tion versus local power for rod 15 of PCM-4. 
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4.3.5 Discussion of Cladding Deformation Results 

With respect to the onset of fuel-cladding axial interaction at BOL, the 
PELET option clearly evidenced the best agreement to data, followed by 
FRACAS-II, and then by FRACAS-I. The same ranking applies to the incremental 
severity of axial interaction (i.e., the slope of the BOL axial elongation 
versus power curve). These comments apply categorically to all four rods 

examined above. 

With respect to the "rod-averaged diametral strain" reported at BOL for 
IFA-508 rods, the situation is not so clear. FRACAS-II does the best overall 
job for magnitude and incremental severity; FRACAS-I undercalculates the onset 
of radial interaction and overcalculates the severity of it. PELET is gener­
ally correct for the onset and severity of radial interaction but overcalcu­

lates the magnitude, quite possibly because it has no fuel relaxation built 
into its mode 1 s. 

Finally, with respect to the apparent relaxation of the interactions, 
FRACAS does an excellent job of calculating both the magnitude and speed of 

relaxation. This is not too clear in the IFA-508 cases, but it is shown 
dramatically in the rod 3, IFA-431 case (see Figure 36). 

For these helium-filled, low-burnup, low-resistance rods, all three 
mechanical options fed back adequately to the thermal models as evidenced by 

the close match to centerline temperature data. 

4.4 FISSION GAS AND BURNUP EFFECTS 

The major thermal effect of burnup is often the production and release of 
fission gas, which degrades the thermal conductivity of the helium fill gas 
and consequently increases fuel thermal resistance. This effect is manifested 
more strongly in unpressurized BWR rods than in pressurized PWR rods because 
the initial helium inventory is at least 15 times greater (see Figures 41 and 
42). At all burnups fuel temperatures increase with increasing power, but the 
thermal resistance varies from nominal values at low burnup (~25 to 30K-m/kW) 
to very high values at high burnup (40 to 60K-m/kW) in a fission gas-saturated 

BWR rod. 
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The field of burnup and power thus may be divided into at least four sub­
regions each for both pressurized and unpressurized rods: low burnup/low 
power; low burnup/high power; high burnup/low power; and high burnup/high 

power. The cases examined in this section apply to the three most interesting 
of these eight subregions: low burnup/high power (unpressurized); high burnup/ 
high power (unpressurized}; and high burnup/low power (pressurized}. In all 
cases, variables of interest will be fission gas release and fuel temperatures; 
and where possible, the cladding creepdown (because of its feedback to fuel 
temperatures and potential significance to fuel failure in overpower) will also 

be examined. 

Fuel cracking, fuel densification, and fuel swelling are other burnup­
dependent effects that are implicitly present in the fuel temperature data 
(and are explicitly accounted for in the code options). However, because 
explicit comparison of code calculations to data is not possible for the cases 
ex ami ned, the·se effects wi l1 not be discussed. 

4.4.1 Comparison of Code Calculations to Data from the Studsvik S150 
Experiment(a) 

The Studsvik S150 experiment(2l) was conducted at high power and pro­

vided high-temperature gas release data for a short time period. A four-rod 
cluster of instrumented BWR-sized rods were irradiated in the R2 reactor at 
Studsvik, Sweden. The peak linear power was about 66 kW/m at the final burnup 
of approximately 4.4 GWd/MTU. Rod 11 was a nominal-gap rod with a fuel center­
line thermocouple in the top of the fuel (first 0.0508 m). The cladding had a 
0.01226-m 00 and a 0.01068-m ID with a diametral fuel-cladding gap of 200 urn. 

The fuel consisted of dished g4.4% TD uo2 pellets, and the total fuel length 
was 0.523 m. The fill gas was helium at a pressure of 0.1 MPa at 293K. 

The Studsvik reactor provides typical BWR conditions of 8-MPa coolant 
pressure and 529K coolant temperature. The axial flux shape was skewed and 

(a) low-burnup/high-power BWR rod. 
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essentially maintained throughout the irradiation (see Figure 43). Unfort u­
nately, the centerline thermocouple was located in the high flux gradient end 
of the rod, and the ratio of local power to average power at the thermocouple 
tip was sensitive to control rod movements throughout the irradiation. Fast 
flux is quoted as 1.4 x 1015 n/m-s per kW/m. 

Quoted uncertainty for the thermocouple reading was ~5%. The method of 
power determination and its uncertainty are not discussed in Reference 27. 

The detailed power history is shown in Figure 44. The reader should note 
the variability of the local power at the thermocouple relative to the rod 
average power as compared with the fairly constant ratio of peak-to-average 
power. 

Rather than defining eight axial profiles to describe the power history, 
one representative profile has been defined that represents the peak-to-average 
power ratio. Specific comparison with measured fuel centerline temperatur es 
may be made by interpolation and extrapolation of the calculated axial depen­
dent temperature profile, given the current local value of power that should 

be associated with a particular thermocouple reading. Input peak power closely 
matches the curve in Figure 44. 

Profilometry of this rod has shown positive permanent (hoop) strains, 
indicating PCMI. Therefore, both the FRACAS-II and PELET mechanical options 

as well as both the MacDonald-Weisman and Beyer-Hann gas release models were 
compared with experimental data. 

Figure 45 shows measured and calculated fuel centerline temperature versus 
burnup from the thermocouple located at the top of the rod. The error bars 
correspond to an estimated power uncertainty of ~10%. Measured and calculated 
gas release fractions and the inferred and calculated lifetime peak fuel 
centerline temperatures are also shown. These temperatures were inferred from 

the microstructure observed in the postirradiation examination (PIE) metallo­
graphic section taken near the rod center. 
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Although the measured fuel temperatures are bracketed by the code calcu­
lations, the fission gas release fraction is overcalculated. Since fuel 
temperatures are well matched at BOL by the calculations, it is concluded that 
the burnup dependence of thermal properties in the top of this high-power rod 
are not calculated well. However, the uncertainty and variation of the power 
in the top region of the rod should be considered. A more careful analysis 

(tracking the variation of axial power profile with time more exactly) would 
probably result in better agreement between the FRAPCON-2 calculation and 

experimental data. 

The measured minimum and maximum variation of permanent tangential strains 
in the peak power section of the rod was 0.02 to 0.20% with an average of 
0.11%. The FRACAS-I calculation of average hoop strain was 0.11%, and the 
PELET model calculated 0.14%. These figures compare favorably with the data, 
but the FRACAS-II calculation was quite low: 0.001% permanent hoop strain. 

4.4.2 Comparison of Code Calculations to Experimental Data from Rod 1 of 
IFA-432(a) 

Although the rods in IFA-432 are identical to those in IFA-431,( 24 •28 ) 

data from rod 1 of IFA-432 will be compared with the code calculation because 
its fabricated gap is 230 urn. IFA-432 has been under irradiation since Decem­
ber 1975, and the lower end thermocouple in rod 1 is continuing to operate 
although there is some uncertainty as to the degree of decalibration it may 

have suffered. 

The reactor and test conditions are the same as those described for IFA-
431 except that IFA-432 was deliberately placed nearer the core center to 
attain higher powers and faster burnup. The peak powers in IFA-431 did not 

exceed 39 kW/m; in IFA-432, peak powers slightly exceeded 50 kW/m. 

(a) High-burnup/high-power BWR rod. 
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The instrumentation for rod 1 of IFA-432 is the same as that described 
for rod 3 of IFA-431. In addition, rod 1 had a null balance pressure gauge so 
that measurements of internal gas pressure could be made during shutdowns and 

correlated to fission gas release. An analysis of the errors and uncertain­
ties in this correlation is discussed in Reference 16. 

The power history for rod 1 is shown in Figure 46. Peak and local (lower 
thermocouple site) powers are plotted versus rod-averaged burnup. The peak 
burnup attained at the end of the recorded history is estimated to be 28.3 GWd/ 

MTU. The input power history is shown relative to the actual power history in 

Figure 46. Deviations below the average power are not explicitly 
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modeled, but significant deviations above the average (even of short duration) 
are explicitly modeled since these affect fission gas release. 

Axial elongation for this rod was most si gnificant early in life, and the 
majority of the irradiation yields significant data on fission gas release cor­
related with fuel centerline temperature. Therefore, a variety of gas release 
models, including MacOonald-Weisman, Beyer-Hann, and ANS 5.4, were used. Since 
the fuel was the same type as in rod 3 of IFA-431, terminal density was again 

set at 95% TD. 

Measured centerline temperatures and gas release data from rod 1 of IFA-
432 are shown in Figures 47 and 48. The data are presented first to emphasize 
the strong correlation between gas release and fuel temperature that was 
observed for this rod. Then, the centerline temperatures throughout the rod 
life are compared with calculations, and the comparison between i nferred and 
calculated fission gas release at 23 GWd/MTU rod average burnup is shown. 

Figures 47 and 48 show the data trends for fission gas release (inferred 
from pressure transducer data) and fuel centerline temperature at the lower 
thermocouple location as a function of burnup to 23 GWd/MTU. The indicat ed 
uncertainty of the inferred gas release reflects the difficulty of translating 

pressure data to release rate, given the uncertainties in initial void volume, 
gas pressure, fission gas production, fuel volume changes, and helium leakage 

and production, etc. The data point at 23 GWd/MTU is a result of rod puncture 
on rod 8 of IFA-43 2, which was an uninstrumented replacement rod with the same 
design and power history as rod 1. 

An encouraging point is that the absolute release fraction determined for 
this rod falls within the uncertainty of that inferred for rod 1. The uncer­
tainty ind i cated for fuel temperature is due to possible thermocouple decali­
bration. The uncertainty in power (approximately ~5% for this test) is quickly 
overshadowed by the decalibration uncertainty. The lower boundary represents 

indicated temperatures, and the upper boundary represents estimated temperatures 
assuming a burnup-dependent decalibration of 1% per GWd/MTU (the magnitude of 
the estimated transmutation-induced decalibration of the tungsten-rhenium 

thermocouples). 
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The fuel temperature begins to increase at approximately the same burnup 
that the gas pressure and inferred release fraction begin to increase. The 
temperature levels off at about 10 GWd/MTU because the rod becomes "thermally 

saturated" with fission gas at that point. The lower thermocouple is near the 
bottom end of the rod and, hence, at relatively low power (see Figure 31). 
The peak rod powers at the top of the rod are 30 to 50% higher than the local 
power at the lower thermocouple site, and the power variation along the rod is 

approximately linear. Therefore, most of the fuel rod experiences fuel temper­
atures higher than those indicated in Figure 48, which makes the relatively 

high gas release more reasonable. 

Figure 4g shows power and temperature data and FRAPCON-2 calculated 
temperatures for the lower thermocouple position, given the power history 

indicated in Figure 46. The uncertainty band on the data accrues from the 
uncertainty in thermocouple calibration. The measured and calculated fission 
gas release fractions are indicated in Figure 4g, As shown, PELET/RADIAL, 

using the Beyer-Hann gas release model, somewhat overcalculates the gas release 
at 23 GWd/MTU. This does not totally explain the overcalculation of tempera­

ture since both the code and the data indicate that the rod is thermally satur­
ated with fission gas. The temperature overcalculation is more likely related 
to an overestimation of the effect of gas composition upon fuel-effective ther­
mal conductivity at high burnup. 

Figure 50 shows the same temperature history versus burnup at the lower 
thermocouple site of rod 1, this time compared to FRACAS calculations using 
the MacDonald-Weisman gas release option. Although the calculated gas release 
was also too high, the temperatures fall within the uncertainty band of the 
data. 

Figures 51 and 52 show fuel temperature data and FRAPCON-2 calculations 
for BOL conditions for the upper and lower thermocouple positions of rod 1 of 

IFA-432. 
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At the upper thermocouple (Figure 51), all three code options calculated 
temperature versus power acceptably well. At the lower thermocouple, however, 
the FRACAS-I calculation was lOOK conservative at 30 kW/m while FRACAS-II and 

PELET calculations agreed well with the data. 

4.4.3 Comparison cf Code Calculations to Experimental Data from Rod K-4 of 
H. B. Robinson Assembly B05(a) 

Certain rods from the H. B. Robinson (Unit 2) PWR were selected for axial 
gas flow experiments.( 29 ) Gas release profilometry, burnup, and power data 
are available for these rods, which attained 28 GWd/MTU average burnup from 

1971 to 1974. Rod K-4, which was selected for simulation, represents a com­
mercial PWR rod in both design and operation and has typical PWR dimensions: 
2.86-m fuel length, Zircaloy-4 cladding with a 0.0107-m 00 and a 0.00946-m 10, 
and a 165-~m diametral gap. The pellets were dished 92% TO uo2 with an 
enrichment of 3.1%. The fill gas was helium at a pressure of 1.5 MPa at 293K. 

Standard PWR coolant conditions are assumed (15 MPa pressure and 561K 
inlet t emperature). The BOL axial flux shape is shown in Figure 53. The fast 

flux is about 2 x 1015 n/m-s per kW/m, as derived from activation of cladding 
samples. 

The assembly power history is given in Table 11 on a month-by-month 
basis. Note that the axial profile at EOL is much flatter than at BOL (com­

pare Figures 53 and 54). The BOL axial profile is applied throughout the first 
200 days of irradiation, and an average power profile( 29 ) is used thereafter. 

Figure. 55 shows actual and input peak power histories. 

EOL profilometry did not indicate strong PCMI in the H. B. Robinson rods . 
The cladding had ovalized slightly and the average diameter had reduced 50 to 

100 microns; both the Beyer-Hann and MacDonald-Weisman models were run for this 
case. 

{a) High-burnup/low-power PWR rod. 
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TABLE 11. H. B. Robinson Assembly BOS Power History 

C~cle 1 Power 1 W/cm 
Date Average Peak EFPD{a) 

Oct. 1971 229.15 312.55 95.7 
Nov. 1971 228.62 316.91 120.0 
Dec. 1971 233.05 326.52 149.7 
Jan. 1972 237.58 313.20 177.2 
Feb. 1972 239.32 311.27 205.2 
Mar. 1972 228.85 285.54 235.5 
Apr. 1972 229.15 292.40 265.2 
May 1972 224.75 285.81 270.7 
June 1972 224.75 285.81 289.5 
July 1972 226.62 283.02 312.6 
Aug. 1972 215.89 271.24 341.2 
Sep. 1972 212.97 256.48 369.0 
Oct. 1972 214.71 275.08 398.6 
Nov. 1972 207.65 273.31 423.6 
Dec. 1972 204.41 269.96 443.9 
Jan. 1973 213.72 268.68 460.4 
Feb. 1973 218.48 278.98 475.7 
Mar. 1973 200.50 263.66 487.2 

Date 
Ctcle 2 Power 1 W/cm 

Average Peak ErPtl 
May 1973 177.57 228.88 6.5 
June 1973 168.51 215.40 25.4 
July 1973 182.85 240.56 58.8 
Aug. 1973 184.36 244.34 87.6 
Sep. 1973 178.75 231.38 116.6 
Oct. 1973 172.68 227.11 145.2 
Nov. 1973 174.61 219.11 166.2 
Dec. 1973 175.73 222.25 192.6 
Jan. 1974 176.65 222.55 221.2 
Feb. 1974 176.03 221.01 247.8 
Mar. 1974 175.50 219.20 278.1 
Apr. 1974 175.50 219.17 307.2 
May 1974 175.07 211.72 311.8 

(a) Effective full-power days. 

84 



15 
~ 
(,!) 

< ex: 

~0 1.0 
6i= 
~< 

I 0::: 
:w::cx: 

~~ 
~~ 0.5 
1-

5 
~ 
0:: 

DISTANCE FROM BOTTOM OF ROD, m 

FIGURE 53. Beginning-of-life Axial Power Profile for Assembly 
805 from the H. B. Robinson Reactor 

15r-------.--------,------r------, 

QL---------~~--------~----------~----~ 
0 1 2 3 

DISTANCE FRC'M BOTTOM OF ROD, m 

FIGURE 54. End-of-Life Axial Power Profile for Assembly 
805 from the H. B. Robinson Reactor 

85 



32 

30 

E 
~ 
.::.! 28 
0::: 
LJ.J 

~ 
CL 

~ 26 
LJ.J 
CL 

24 

22 

0 

----------

100 200 

--1 ·--

300 400 

-- QUOTED POWER HI STORY 

- -- INPUT POWER HI STORY 

----1 

500 

I 
I 
I 
I 
f 
I 

600 700 

EFFECTIVE FULL-POWER DAYS 

FIGURE 55. Input and Actual Power Histories for H. B. Robinson PWR Rod 

800 



Since rod K-4 was uninstrumented, there is no measured temperature his­
tory. The calculated centerline and fuel surface temperatures are shown in 
Figure 56 for reference. Metallography for this rod showed no significant 
grain growth even in the peak power region--an observation that supports the 
calculation that the centerline temperature did not exceed 1573 to 1673K. 

The observed fission gas release for this rod was 0.2%. The PELET/Beyer­

Hann combination calculated a 1% release; FRACAS-1/MacDonald-Weisman, a 4.9% 
release; and FRACAS-11/MacDonald-Weisman, a 2.9% gas release. 

Cladding creep was observed to be a 50- to 100-micron reduction in diam­
eter. FRACAS-I results were within the data with a negative creep strain of 

about 60 microns while FRACAS-II and PELET both calculated very small negative 
strains (on the order of 1 micron). 

4.4.4 Discussion of Burnup Effects 

All code options tended to overcalculate the measured gas release for the 

cases studied. This occurred even for those cases where measured centerline 
temperatures were not overcalculated. This does not necessarily point to basic 
conservatism in the gas release models however, for in neither of the high gas 

release cases (Studsvik rod and rod 1 of IFA-432) was the measured fuel temper­
ature representative of the peak fuel temperatures in the rod, which tend to 
dominate in gas release. 

Of the options presented~ the FRACAS options tracked the through-life 
measured fuel temperatures more reasonably, whereas the Beyer-Hann gas release 
results were closer to the data. The ANS 5.4 option was also run in conjunc­
tion with the PELET option for rod 1 of IFA-432 with the following results: 

Gas Release 
End-of-Life Fuel Temperature 

in Thermocouple Region 
at 27 kW/m 

ANS 5.4 
31% 
14500C 

Data 
10% 
13500C 

Again the measured gas release was overcalculated even though the measured 
centerline temperature in the thermocouple region was not barlly overcalculated. 

87 



-z 
0 

~ 
u 
0 
_J 

0::: 
w 
:: 

· 0 
0... 

~ 

L5 
Q.. 

w 

1800 

1600 

1400 

1200 

~ 1000 
0::: 
0 
l.J_ 

(f) 

z 800 
0 
....... 
u 
0 
w 
0::: 
0... 600 

400 

0 

H.B. Robinson Rod K-4, Assembly 805 

PELET 

FRACAS-I 

FRACAS-II 

-----, ,, I .......__ __ , ,, 

' I 

~ ... ...... -------.... _' 
','\ 

' ' '','\. 
' ' ','------.. ... ------

FUEL CENTERLINE TEMPERATURE 

, --- ........ 

FUEL SURFACE TEMPERATURE 

200 400 600 800 

EFFECTIVE FULL-POWER DAYS 
FIGURE 56. Calculated Pellet Surface and Center Temperatures Versus 

Irradiation Time for H. B. Robinson PWR Rod Using PELET , 
FRACAS-I, and FRACAS-II 

88 



With respect to EOL radial cladding deformation, the PELET and FRACAS-I 
mechanics options calculated positive diametra1 strain of the correct magnitude 
for the high-interaction Studsvik rod; however, only the FRACAS-T option cor­
rectly calculated the significant creepdown. 

In summary, BOL measured temperatures and cladding deformation are matched 
well by both new code options (FRACAS-II and PELET); however, both options con­
tai~ empiricisms and require further refinement for calculating through-life 
trePds. 
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5.0 SU~~ARY Of EFFECTS 

5.1 EFFECTS OF AS-FABRICATED FUEL-CLADDING GAP 

The effect observed in experimental data is that at BOL (all other param­
eters being the same) fuel centerline temperature increases with increasing 
fuel-cladding gap size. This trend was observed in References 19 and 22- This 
effect was, in fact, reproduced by all code options. It should be emphasized 
that the quantity c~~pared 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 centerline oJt to the coola'!lt) generally are the scrne. 

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 low powers, the FRACAS options generally modeled an 11 0pen 11 gap, relatively 
lower 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 temperature in a given sitJation 
is nearly identical among the various options. Only tests of these options 
against transient fuel temperature data will ultimately isolate the more cor­
rect approach. 

5.2 EFFECTS OF AS-FABRICATED FUEL DENSITY 

The trend due to as-fabricated fuel density observed in experimental data 
is that with increasing f ue 1 density there is an accompanying decrease in fue 1 

centerline temperature. All of the thermal-mechanical options in FRAPCON-2 
exhibited this trend as can be seen from the comparisons of rod 523-1 (92% TO) 
and rod 522-3 (95% To). 

5.3 EFFECTS OF POWER AND AS-FABRICATED GAP SIZE UPON BEGINNING OF LIFE 

CcAOOING OEFORM.ATION 

The following observed effects of power and gap size upon cladding defor­

mation have mainly been deduced from BOL in-reactor cladding e~ongation 
measurements: 
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• As power increases~ incrementa1 cladding deformation usually under­
goes a mar~ed change in character--from a small incremental change 
at Tow oower that is generally associated with simo1e cladding expan­
sion to a large incremental change with incremental power increase 
that is generally associated with PCMI. 

• The onset of PCMI is not sharp; it is diffused over a finite power 
range. 

• The onset of PCMI generally shifts to ~igher power with increasing 
fuel-cladding as-fabricated gap size. 

• 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 cladding elongation data. The PELET option was most successf~l in 
modeling the onset of PCMI; and the FRACAS options, 1n response to hot pressing 
and/or fuel densification, did far better at modeling strain re1axation and 
attenuation with increasing burnup. 

With respect to diametrai deformation measured in IFA-508, FRACAS-II was 
more successful with the small-gap rod data (100-um diametral). The FRACAS-I 

option serious 1 y underca 1 cu 1 ated the data from both rods. 

5.4 EFFECTS OF FUEL BURNUP 

The effects of fuel burnup include fuel irradiation swelling, fuel densi­
fication, fissior product release, and cladd-ing irradiation growth. A1thoug~ 

fuel swelling and densification effects were not 111easured directly in the 
experiments, 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 
burnuo. Because of the change in the effective as-fabricated pellet radlus~ 
this phem:mena has a significant influence on fuel temperatures at medium-to­
high burnup. Oensification is a BOL phenomena in which the fuel resinters 

resulting in a decrease in the effective as-fabricated pellet radius. This 
effect is not observed beya~d 10 GWd/MTU but has a significant influence on 
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fuel temperatures at low burnup. Cladding irradiation growth is credited with 
causing cladding elongation at extended burnup# Ali of the above phenomena 
are modeled in FRAPCON-2. 

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

The trends exhibited by a11 thermal-mechanical options are consistent with 
the trends observed in the experimenta1 data. Howeve~~ FRAPCON-2 generally 
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 following conclusions are based on the results of the developmental 
assessment of FRAPC0~-2: 

• FRAPCON-2 capabilities exceed those of FRAPCON-1. Toese additiooal 
capabilities include a mechanistic gas release model along with four 

other gas release ~odels~ a local deformation mode), an evaluation 
model option, an automated unce~tainty estimation option 1 and three 
t1ermal-mechanical analysis models. 

• FRAPCON-2 is a viable tool for ana1yzing L~R fuel rod behavior. 
Proper qualitative trends were calcu1ated for generic PWR and BWR 
fuel rods. The centerline temperature rose initially due to fuel 
densification~ then dec1ined as fuel swelii~g and cladding creep 
beca.tte important, and finally leveled off as fission products 
accumulated. 

• FRAPCON-2 COMpares favorably with the experimental fe~el centerllne 
temperature data presented in th~s report. 

three thermal-mechanical options (FRACAS-I, 
Calculations using a11 
FRACAS-II, aod PELET) 

were consistently within !0%, and often within 5%, of the centerline 
tenperatJre data from a var~ety of experimental facil~ties including 
Halder. PBF~ and Studsvik. The one exception to good agreement is 

that for rod 5?2-4 ot GC 2-2; FRAPCON-2 calcJlated centerline 'vel 
terr:peratures that were 14 to 28% below the experimental data at 
25 kW/m. fhe experimental centerline temperature of this rod was 

shmm to be 'ligh relative to other cmoarab1e !.!alden and PBF test 
rods. 

• FRAPCON-2 models fuel rod deformation behavior with mixed success. 
The code calculated cladding axial elongation within 25% of the 
experimental data for rod 3 of IFA-431 and rods 11 and 13 of IFA-508 
at 30 (W/m at BOL. However, calculations varied as much as 400% 

from the experimental data after 2000 MWd/Mfd. 
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• FRAPCON-2 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%, w~ereas 

the inferred experimental data was 0.2%. The calculated gas release 
fraction for the Studsvik SISO rod 11 was 24 to 33% while the 
measured gas release fraction was 10%. 
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APPENDIX 

OEVELOPME~TAL ASSESSMENT CASES OU~PlJT 

The output from each of the deve 1 opmenta 1 assess'T!ent computer runs was 

recorded on microfiche. Copies of specific case output may be obtained from 

the authors at minimal charge. 

Tables A.l. A.2, and A.3 present a 1isting of the developmental cases 
available. Listings of the irput data decks used to make the FRAPCON-2 devel­
opmental assessment computer runs are also provided~ 

TABLE A.l. Developme~tal Assessment Microfiche Using FRACAS~I 

Case 

IFA-430, Rod 3 

1FA-432, Rod 1 

GC 2-1, Rod 503 

!FA 508, Rod 13 

GC 2-3, Rod 523-1 

lFA-431, Rod 3 

H. B. Robinson, Rod K-4 
PCM-4, Rod 15 

!FA 508, Rod 11 

GC 2-2, Rod 522-3 

GC 2-2, Rod 522-4 
Studsvik, Rod 11 
Generic P\olR 
Generic BWR 

Microfiche y.."'.e"'a_,_d1'-'. n_,g,_ __ 
!FA 43D ROO 3 MECHAN=2,NGASR=O 
!FA 432 ROD I MECHAN=2,NGASR=O 
GC 2-1 ROD 503 MECHAN=2,NGASR=O 
!FA 508 ROO 13 MECHAN=2,NGASR=O 
GC 203 ROD 523-1 MECHAN=2,NGASR=D 
!FA 431 ROD 3 MECHAN=2,NGASR=O 
HB ROBINSON ROD K-4 ~ECHAN=2,NGASR=O 
PCM4 ROD 15 MECHAN=2,NGASR=O 
!FA 508 ROD II MECHAN=2,NGASR=O 
GC 2-3 MECHAN=2,NGASR=O 
GC 2-2 ROD 522-4 MECHAN=2,NGASR=O 
STUOSV!K ROO 11 MECHAN=2,NGASR=O 
STANDARD P~ MECHAN=2,NGASR=O 
STANDARD Bo~ MECHAN=2,NGASR=O 
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TABLE A.2. Developmental Assessment Microfiche Using FRACAS-II 

Case 
IFA-430, Rod 3 

GC 2-1, Rod 503 

IFA-508, Rod 13 

GC 2-2, Rod 522-3 
GC 2-2, Rod 522-4 
PCM-4, Rod 15 

H. B. Robinson, Rod K-4 
Studsvlk, Rod II 

GC 2-3, Rod 523-1 
IFA-431, Rod 3 

IFA-432, Rod 1 
IFA-508, Rod 11 

Generic BWR 
Generic PWR 
Generic PWR 

Microfiche Heading 
JFA 430 ROO 3 MECHA~"3,NGASR=O 
GC 2-1 ROO 503 MECHAN"3,NGASR=O 
!FA 508 ROO 13 MECHAN"3,NGASR"O 
GC 2-2 ROO 522-3 MECHAN•3,NGASR•O 
GC 2-2 ROO 522-4 MECHAN=3,NGASR=O 
PCM4 ROO 15 MECHAN=3 ,NGASR "0 

HB ROBINSON ROO K-4 MECHAN"3,NGASR=O 
STUDSVIK ROO 11 MECHAN"3,NGASR=O 
GC 2-3 ROO 523-1 ,~£CHAN"3,NGASR=O 
IFA-431 ROO 3 MECHAN"3,NGASR=O 
IFA-432 ROO 1 MECHAN=3,NGASR=O 
IFA-508 ROO 11 MECHAN=3,NGASR=O 
STANDARD BWR MECHAN=3,NGASR=O 
STANDARD PWR MECHAN=3,NGASR=O 
STANDARD PWWR MECHAN=3,NGASR•2 
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TABLE A.3. Developmental Assessment Microfiche Using PELET/RADIAL 

Case 
GC 2-3, 523-1 
GC 2-2, 522-4 
GC 2-2, 522-3 

GC 2-1, Rod 503 

!FA-431, Rod 3 

IFA-508, Rod 11 

IFA-508, Rod 13 

Studsvik, Rod II 
H. B. Robinson, Rod K-4 
lFA-432, Rod I 

PCM-4, Rod 15 
IFA-430, Rod 3 

IFA-432, Rod 1 

lfA-431, Rod 3 

Studsvik, Rod 11 
H. B. Robinson, Rod K-4 

!FA-432, Rod I 
IEA-432, Rod 1 

___ __,Microfiche Heading 
GC 2-3 523-1 MECHAM=1,NGASR=O 
GC 2-2 522-4 MECHAM=1,NGASR=O 
GC 2-2 522-3 MECHAN=l,NGASR=O 
GC 2-1 ROO 503 MECHAN=l,NGASR=O 
!FA 431 ROD 3 MECHAN=I,NGASR=O 
IFA 508 ROD II MECHAN•I,NGASR=O 
!FA 508 ROD 13 MECHAN=l,NGASR=O 
STUDVIK ROD 11 MECHAN=I,NGASR=O 
H. B. ROBINSON ROD K-4 MECHAN<l,NGASR<O 
!FA 432 ROD 1 MECHAN=1,NGASR<O 
PCM4 ROD 15 MECHAN=1,NGASR=O 
!FA 430 ROD 3 MECHAN=l,NGAAR=O 
!FA 432 ROD I MECHAN=l,NGASR=O 
!FA 431 ROD 3 MECHAN=1,NGASR=2 
STUDSVIK ROD 11 MECHAN<l,NGASR=2 
H. B. ROBINSON ROD K-4 MECHAN•1,NGASR=2 
!FA 432 ROD 1 MECHAN=l,NGASR=6 
!FA 432 ROD 1 MECHAN=1,NGASR=6 
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FRAPCOh-2/VlM4 (NUREG/CR-1949) 

This 1etter descrlbes the changes that have been made to the NRC 
FRAFCON 2 Fuel ?erformance Code in order to create Versicn l, 
M:Jdificaticn 4 (VlM4). The orighal version \\'dS released as 
'ilM2 in June 1981, and VlM3 was released 1n April :sB2. 

lwo enclosures accorr.;Jany this letter: 

1) A lis~ing of tht: per:>nent U?DATE-ge•1erated output; 

2) Samp1e prob1e:n f/0, to assist users in adding the VH·~4 UPDATE 
set co FRAPCON 2/VlM3. 

Ir.e major 'llOdifications to FRAPC0~-2 in the vpd e are the 
following: 

• A :rew vers1on of the FASTGRASS fis.sio11 gas tel ease s.ubr·outine 
(developed at ANL) supp:ants the previous versio11. The ne·r~ 
versi::n: inc:iJdes the effect of fuel rnicrocrac<.ir.g and hycta­
static slress upor tne fis~ion gas release mechanisms. Note 
thct FR.l'>.PCON-2 sti 11 does not have a grair growt~ 11odel, so 
this mechanisr.~ is not included in the F.<;STGRASS results. 

• 

• 

Note a~so that t'le fuel swelling ~rom the nodified {limited; 
MATPRO model is l~sed, no-:: that ca:culated interna: ly by FAS7-
GRA.SS. 

The qap s1ze iteratior algoritr:TI in lhe FRACAS-II tf'\er­
ma1/:iecharJical subcoce was ?Jltered; the itera:ion ~s now 
started at the hot Jnrelocated gap size, ratrer than at zero 
gap size. The cons.equent change in converged gao s1ze is 
dramatic in certain c3ses~ and in certain iMportant -:.est 
cases thl s has had a s ignif lcant impact upon the p1"eC~cted 
:uel tenperatures. 

The lower liTiit on the bulk effective elastic fuel mccJll in 
the P£LET subcode was redJced. The modu~ i in the radia1 
direction was additiona-ly softened. This permitted creep~ 
down to be calculated ~or low-powered ='w'R rod cases, tmet'e, 
~'l fact, H is observed, 



These changes and 
discussed below. 
also been changed 

FASTGRASS 

their effect upon the code's predictions are 
Other items (of less importance) which have 
in V1M4 are listed at the end of the letter. 

The new FASTGRASS version, in general, tends to release less gas 
than the previous version. This is demonstrated by comparative 
runs with a ''standard'' prepressurized PWR rod,(a) 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 
slight rise near beginning of life (discussed below) the fuel 
temperatures calculated by the two code versions are within SOK. 
Yet the FASTGRASS gas release model option calculated 8% end-of­
life release in the case of V1M3, and only 1% in V1M4. The latter 
result is more reasonable relative to data for low-burnup 
pressurized PWR rods. 

FRACAS-II Gap S1ze Changes 

Figure 1 also reveals the effect of changes to the FRACAS-II gap 
size calculation. With VlMJ the surface temperature remained 
essentially constant throughout life, and the slowly decreasing 
fuel center temperature reflects the ameliorating effect of 
slowly increasing PCMI upon the initially degraded fuel thermal 
conductivity. With V1M4, 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 VlM4, whereas they were 
always closed (thermally) in V1M3. 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 latest changes have made 
in predicting the measured fuel temperatures in Xenon-filled 
instrumented test rods (which are particularly sensitive to the 
calculated gap size). FRACJl.S-II in VlM3 (with its closed 
thermal gap) seriously underpredicts the fuel temperatures. In 
VlM4, 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 
similar 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 (equivalent to high PCMI in the PELET model), the effect of 

{a) For a complete descript1on 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 in the expected 
direction (VlM4 temperatures are less than VlM3) and is in fair 
agreement with both FRACAS-II predic-t ions and lhe BOL thermal 
performance of PWR rods, as extrapolated from instrumented 
Halden tests. 

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

• FRAPCON-2 can now accept up to 200 input power-time steps 
(increased from the previous limit ~f 100 time steps) . 

• A problem from previous versions that was corrected in VlM4 
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 
calculating 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 pr·inted out and are used as follows: 

• 

• 

• 

POWER = Z + YY*RADIUS**2 + 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 elongation 
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 ure 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 1n the printout of the coolant 
temperature at the different axial nodes and in the corres­
ponding cladding-coolant heat transfer coefficients. The 
correction changes the printout values but should not affect 
the calculations of the code. 



• The PELET/RADIAL model had previously 1mproperly lumped the 
dish volume in with the crack voiume when calculating the rod 
pressure. This has been changed 1n v:M4 with the result beir.g 
increased volu~e in the rod but also h1gher temperatures for 
the gas in the rod. The final calculated gas pressure appears 
to have ircreased slightly (approximately 5%). 

Special Note: \fersio'l VlM4 'Jermits a user-Input of as­
fabricated r:1ean graw size, bJt does not pass this va~Je to 
FASTGRASS. A corstant 5-micron diameter gra~n size is used 
i'lstead. The following ,Tiodificat;on will aPaw the user 
supplied value to be also used by FASTGRASS: 

* !0 REVVIM4 

*0 Vl'l4 .106 

A(L20+1-l) - GRNS!Z*I.CE-4 

These cards wi 1 T svpply the user- input grain size (GRNS:Z in the 
NA~El!ST FRPCON) to the FASTGRASS nodel. For most cases, the 
change is not significant, but it may oe desiraole for some 
special cir'u~stances. 

1) Berna, ~anning, Rausch, FRAPCON-2 Developmenta: Assessment, 
NUREG/CR,l949, June 1981. 
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OtiJ lt~e· NOJdllJ AJOC­

Ul•f.'~jp:JJtl::l H:LiiSNI• 
£JO' l ~o· C/; ( C 'ldr<'-r >o'l{_Jtl:Sd3-t- {E' ~ dt!~· ~WI )i;i':$cJ3) ~ XV$\JJ 
CJO I,O'i':/lfl'i:dC"'->WI):C:l:Sd:l+t•·ld~N'ItHJl(!:Sd3) ~ Vi::l$d 
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O't/fi,'ZcctN'H'Oll\!'..'I!St(l'ldi:!N'IWI)WIS) ~ llVtlUJS 

8Lt'Glhd 1AJ~JC, 
C'J(> J/0 ?./lil'ldi:!N'lN)l:UIS+(l"ldi:!N"i;~l)~')!Si ~ 8:.:1-'lfllS ------- ---- t JC · ~ /6 c! \ ( 8"' EJiiFi' i!fJJ t~li S .;T c·i--<i<m-rtf:lrt0fS') ·-;;--87;;i5TS -
£~C'J/0 C/((''~,JI"lll'lr<)l":~ilSdl'Lmi-l"~'l)W!Sl ~ <li.J8lS 

!~2 t~O'C/((C'lJHN'~NJll:SoJ3~1£'ldl:lN'l'i)US.cl3J i':Sil 
b:hOJ i'-SdJ 
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Jf ''~')AS<1.r-lf -:!)GO TO SOlO 

t·fiL:_--s~tON5 t:'iiTl __ _ 

' -c GRt~i;'i; SST--IS 4 M[cHAN!Sfi(; CUMPiJli:R-Ctmt ~Dii I'RV'..:!t::' :~:& i"'=.JiJij-
C GAS e,rHAVIDR ;•~ NUC~fAR FUfl$ GRASS T<!t;ATS f!SSiot;"(:p; f<ELC~5t 
C ,~NO FUEL SWHL!NG ON 4N EQOIIL BASIS ANI"l S;I>'Vlfl\hEDU~;~Y TREf.TS ;;•_:_ 
f_ ~-'~"·OP M:EQJA1jl5+"S ny~!____j_f:!_£J .. Uf.'<CE:_f!S5_!_tH~ (;~;, _§_t_H4VIJP 

Til'- Stf>RC\JTINE CALLGR CALLS THf G>I/\SS flOUTH;Es f1\>PI\L_Y Of.P£UDfNt 
VA<nteLF'i ARf STORED lN H'~ AGRASS ARRI!.'f SEf GRI\SS? r;:>n; IHEll< 

LOCA' WJ~ !t, 1f1£ __ A9_B~SS AI<'~.IIV -~----~-. 

lNr'cJT OJANT ll I'ES ARE' 
Pt.. Tllo'E STEP {SI 
l.i!_ IJ!A! M:M8ER Of ~~Jg ~U~~--?FC'l:Y"JO: 
-<1- TOYAf''fiu\iut? 6f PAOliiL PINGS 
rt LtNGlH [J~ f'UEL ROfl fOil 
~H(J_1<) FUEL OtNSITVJN JON!'; (J,K) (GM/Ui 
_1 :<:J <), V) ___ ::.~1\ Vf~Al?f • Tf:~!P [,ll'i!.I\1!?!0 ~ 1 N~lf,lN( _ (d. K : _ I¥) 
P«SQ-Id.Ki HYOR{)'5T4T!C F'RfSSUPE l'J lONE '' (f'Sl) 
POW(.J} • LIN£1\R <:'>QWI:R JN 1\Xli\L SCCriOJ'-. '- f..;J/rT) 
RShLK) ~ lNN(IJ RADIUS OF ZONE (,J,>:! ICMl 

. !~L_J ._In ____ =--._H':'"EI?~ !_lJRL~!_ ll:O:f y -l<Ltr:l _ . ____ _ 
GRS!Z(0.KI~ GRill~ OIIIMfTER IN RE31n~ (,J,KI IC~J 

t: FOI1:JS(d,Y}• fQACTlONAl POROS!TY !N I'IEGfON L.,\"l 
t: 1'!)\>{K) IUQ-liiL ~LUX O£t>R($StON FACTOP lN lltG!OI-.: V 

_; ___ _IIT . _______ \£11?.!\PLA!Igt~ __ U~~--1~L~.~- ... -----··-
c f'l(•-w PL£NU!of P><ESSL:RE {PSI) 
c: tr~STA:~ RFSTAIH l~ltiiCATOR 
C 1.~RfSltdH 

<;: 12 ~ CUM~ 
:::: --11 -"-· p:;-.\NSIE>if- ---
c o ~ "OTEAtW row<:« 
c •YQI!-H ~ LEVEL or f'IHNTOUT 
C 1 ~ ND P'liNlOlll 
c ---2.-J ,_ INHRMt::.IAttLFV"fliif' .. PRiJ.;'iQiJJ---·· 
C ~ ~ FLLL PRHHOlfT 
C DEFAULT IS ~ 

c 

~­c 

' c 
- - t; c 

c 

' 

GRT ~ tt>JITIAL AMOlJT [N PUNlJM~·TOfAl F1S§!9NS.'c'.'J __ 
m:'l EASED1MOlt:S:1 ~~~---~~··--- --··-~-

QIJTPU7 QI)At..f!TI!':S APE 
o;i§ I<./:, K J ~~- .: 1!!-!0lLNL_Qf.:_E n~l~fiL 1,)~ ~- !fL ~~ 9 tON_ \ .J_,_6 i. _~~~OLE'S l 
r.R(.J; o M~OUNl Of GAS RHCt.HD FROM AXllll S!:CTJC'J {d) 
O't;LES) OURJioJC OH ($} 
.-::i?l TOTAL FiSSION GIIS REUASFO ("'C)tfSl 
U•~_l.J.K) riSStON-GAS SWHLING/VO\\lr~E IN l:if\>10~~ (,J,Kl 
evs(..t! F'iSSi5f.I~GAS Stf'Er.LlNG/vQi.uMt: iN .\;oAL StC-riO'-i Ln 
!NSf TQTI\l fiS.SION-GJtS SWE~LING/VOUJMI' 
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UNI ~l'f.L f{l ULid'l lliHII Ui'lJJ\IE 1 <J-'jG1 

' c 
c 
c 
c 
c 

FRAPCOt-1 NO[JAL!2Afl0"1 IS JNCONSISlENT WITH GP.J\SS Nr!ni\Llli\T!OIJ 
FRIIPCQt,l PIWV!lJES MESH POHH DATA AT THE CENTER Or 1\XIAI_ NODES J\r,j(l 
AT THE BOlH<OAR!tS OF 11--'E RADIAL NUUES. THE FOLLDWII~G \llllL MilKE lHE 
Slilfl JN ~iOOI.LizAlll'N, i~i>.KE UNIT-CON'JERSIONS wHERE 1-iEEDfci-:- -liND 
l!EFJN[ !'-.JrUT VJ\RII\EllfS !N 1\GRIISS J\RRJ\Y 

C __ _!lj~ __ Nl!!·l~.!=:!~ __ Qf:_ AXIAL FUEL SECI!ONS -- Ncc-ic'~' 
c THE NUMBER OF RADiAL -RiNG$--::-::--KF--;-NR--
C 
C TIME STEP (S) 
c ___ ( 
f 

c 
c ___ L~~_G):!:I_O~ _ _f_\!!O~-~QQ_1~~L _________________________ _ 

OUMMVIJ) TOTL•JQ 48 

DU\~MY(5) ~PI 

_______ t;; ______________________________________________ _ 

\ 

' c 

' 

PLENUM PRESSURE (PSI) -- PLENP ~ PRESS 

OUMM1(2) = PRESS 

KF----;;: -Nr1::1 __________ _ 
1-JTKF = NT•f<'.F 

DO 610 t~I,NTKF 

c ---GRA iND!AMETERIN-REGfON--(K-~J) ( CMr- -GRSllTK. J)- -- -----

c 
II(U0-'-!-11 ~ 0 0005 

c ___________ ------------------------------ -
c 
c 

c 
G 10 
c 

HYOROSli\TIC PRESSURE IN ZONE (K,J) (PSI) -- PRSO(K,J) 

AILIB+I-1) ~ PRESS 

CONTINUE 

no 615 JJ•I,NT 
DO 612 li"'I,KF 

r; ---FRACl!ONALPOPos!TYIN--FLiEL REGION (K,JJ -- roRi:J:,(I(,JJ 
AIL19+1JJ-1)'NRM1+11-I) ~ A(LPOR52+JJ•NP•JI~1) 

c 

' 

c 

FUEL 0 ENS 11 Y I~- !:!JE ~ __ ~~ 9 t Qr-1_ ( !(__,_ ~_! __ (_~~(~Q_:_: _ B~l 1_~ ,_ dl__ ____ _ 
--- iF ICOMP EO 0 0) II(L25+(0_0_-I)•NPM1+1I-1) 

(I O-:l Q•fi(LI9+(0_0_-I)•NR1.11+1!-1))+10 97 
IF (CO~'P Gf 0 0) IIIL25-I-(dd-1)•NRMPII-1) = 

(I O-J.o•II_{_L19•1JJ-_1_j•NRMI~!I-1))• 
I 10 9 i -COMP;O- io97+coMFO. 1146 j 
(;Qt-JTHJUE 

CONTINUE 

oo 620 -i~ 1 .KF _______ _ 

C R/\OII\1. FLUX DEPRESSION FACTOR IN REGION K -- FDP(K.J) 

-------------------------. 
' 
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W~LAtlfLED OLDPL lOtNT V1M4 

c 
R • (~(LQ~O~l)+A(LPAD>l-l})/J O•i.Of-7 

-620 ---~k-~i1~b~ _'l_" ~·n_;_g• .>:;>+w·~R~-~-!__ --~~-- · ··- -----· 
CC 621 t~1.Kf 

A(L:!4+l-:) ,. A(L2Mt-1)/A(L:24->Kl' · \) 

_ ------ f!:U __________ r;;q~J ... HNS~----- ·--~----- ---- -~--~------ --~ _ 
c 
C RAOI/il HUX Dti>RfSSJON SAME fOR ALL AxtAl NOO!;;S 
c 

' 

.f?.~_J??:~ .,J!):::_2iNT ---· ··-·-----
00 !;0::13 I~l,w;f 

A{t.24+(JU-l )•NRMH-I- I~ 
CONTHIUE 

CQ!:!Ut'.U~-~~-- ----~- -------- __ 

C fifE A'it/il n~r;o: l$ ,;; lHi' ~ADIAL !NOt> IS K. 
c 
C __ .!!:!_LUWTER LOOP_ 1$ T_ljE_~JAl u;m~---~­
t 

I " ' 
00 i.i40 o.h.l" 1 ,NT 

THf--iNNEI'r 'l.OcP·-·y-s fHERA5J AL- LOOP--
c 

DO 6:30 K~•.NR 

-g -· ·--·Hi.lPE<i.\YUR£41RS:(I(.Jj{-;(-J~-. 'TS!K-:-Jl ·----- -·-----~~---··-­
c 

-~ ----··sso­
c 
c 
c 

A(t 15>1·-f) " (AfUMPOS-NI;>(,IJ•1l·l<)-3:'.0l/1.8'-213 '5 
t ~ 1 + 1 -- --CONHNi.iE-- ~-------- --- --------~-----------·· 

CONrtNUE 

f.VfRIIGE HMPERATUR£ tN ZONf'fd.l<) fKl HUJ.I<) 

-·oo· s?o- JJ-; i , i~h-
oo 660 Ko1,KI' 
h{ L 1S-H J<J- 1 ) *K~ •K- l) ~ 1 fl( LlS-H JJ-l) >NR+K- O+A( t. 15<( J,J· 1 )• 

·~--"'- -~U~H~€-~9-~~-- ~-------------- -· ----~~-· · -- -- ----
CONTINUE 

--···~-··-· 

FMj!; 

~t-~-----~--· ··~----_-_----·_·~_--__ ·-·- ··-··-~-· -_·-_ ---_· ____ ___, 
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, ''f Ul UFOATE '.11~5611. 

c 
c 
c 

AMOt:'F Of GAS RElEASED 
COPY GPhlj FRO~ AGRASS 

FROM AXIAl SECTIO~ fJ) {VOL~S) DURING DEL 

·-- ·- ...... ~---·oc -Gao --j J ;1·. Nt-----~ ----.. -~~- ·· -
A{lFMGR~NAhJJ) ~ Atl:J'9 ... JJ 1) 
CC~F INUE 

--------- tr.lC SEcc~i0tTG7T~-- ----·· 
QTr,RA$ ~ ~C2·fGl 

WRI~f IS.8S2) DTGR.S 
. ~a:t_. _ -~.Q~I!li_\1___:_ H.0'~_!;,_Q __ 1}!~~-fAS_LqB_~5-~ 

6\J'J CJNf!NUf 
c 

.'//// •oft.(T'Z ror;; 1J6 
lf' (NGA';:iQ_t:;o 

i jj_i_L_ ___ • 1 NS FI<J '"l}·H_!. 3S ____ _ 
cor.wc~J !G«AS/ "ij;F·. T SO' .'TGS IN~ T'f;';;)l~-

/!1!! "'TNSErH JNI-.\51 
c 

GiH ·----rso · 
lr:iS1N 
iG$Q 

0 0 
0.0 

I'll ETE 
l//!i. ['£' 

. _ SfJ~£ -~g_. :;;!'_!UP,- jl·~·~·····~ 
JNif 3B. IN!"' .4 

~ ~ ... 
'i/71! 

/}.-// . ' ' . ' 
I/ I 1 i 
1/ ·:n 
J; I J! 
I I I It 
!/!!.' 
/! / j 7 
/1/// 
!; //I 

~c"':_L 1n~r 

COMMON I :N;;;x; K~" .NF<- • .J I. 0~. r.>;;QK. 1 iRAN ,r-<PP.\ ,NOf"T/\. ! 14. :vtr- .Kr l.N"~ . 
. .. !-.. li3~~"__._J:SPA?:<_,_j)!',,t~~.~:<,·.A\I KSV,Yf'~lNT_,_~'- ---~~~~~ 
'INSERT TAPE.6S 
+(fiLl IPNT 
• [l~f[IH REST. !}3 
'CALl (PNT 
•DELEff ---FRPcON' ':SDiH;CON G2 
'CALl IPNl 
"'('£Lf'f POINTR 83,POTNH.30 
•DElE-E Rf.Si .30~ 
'JEtEh. ~--i:iESf .3i;·;-REst-.':l12·~~~-

•::Et.ETE ~EST 315,RE.Sf.3?ti 
~o~IETE lUST t,;>O,R-EST,191 
~ofLf.TE PEST §'!,8~~!~§? -------------·--
i6(l¥ft FPPGi}N: !;7~_HlP':OM 57ti 
~cf.LETE fPPC:J"'.688.fl<;ocoN 611:1 
'OEL€. Tf >"RPCO::~J, 698 

.,., _______________________ _ 
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J;NLA8tl.f0 OtDPt If!fNT Y!M4 

1/!11 qNSEIH FP?CON. 74 
c ---, 

II I I/ 
1!1/1 

~~UJ_i. 

•OftflE FRPCON !01 
•ottElE FRPCON 9119,HIPCON_11l2 
•OflETf POtNTR.689,PQINTR.698 C --:<RiSS ()i'>ff()"N ___ - - ------- . -- ---

' lF {NGA$~_£Q.~2) CALl OrUIM {NAXN,NUAN.LtNGTH) 
; l.l; L ___ ~D.f:llH. --- ___ t~JJ_,_~,~' Itg~:;'H!_~------- -------~-~-~------~----· -·--------- --

C ~ASTGRASS JNtTlALIZATlON 
c 

-~----, 

III"X "" NT 
J I " 1 

~ZR~ -~1 i ---~ --------- ----·----- ----~~---- ------­
tTRAN "' C 
NPR X " NPfl U.H 

--~-NOPTX.___::;_5J _____ _ 

lltu!) 0 
LO!O" ltO-LO 

13/01/83 12 OS.50 PA(';!' 

LO:.!$ ~ l28~LQ -----
------------~f'-~(NI'f£5fil'jif. 1. ANO.NGAsP.Eo. =2rcAfL zRmiR1izE~<O~IH01:Attlo) ,if" .. ___________ ----·~-------- --

~t11),NQAN.tcio.to2sJ 
/Iff! T(IEl_(f( INfT 19.!NTT 20 

!.UJ.L -- . • DJL;J'~~~rf-h~~~3fi-_ 0-------------~---·------ ···------------·-- - ----- ----· 
///// ~DELETE V183.77 

NEG! ""' ·1 
l010 ~ L 10-lO ---------- -~ ·-·-ro:?a--; "T2a:t:o------------ ~-- -~---~-~~---~--

tr {NGASR.EQ.-2) CALL ZROWR \N[Ql,A(LO),A!~lO).A{Lil),NRA~.LOfO LO 
~28,NH.P'i) 

_j lj_{L_ ___ -~ I_t_<S_E_B!__!~,i''_L~_?--,~--~~~ 
·~-----~- -~~-~ ---~~--

/Ill/ 
NnAN ,. ~- 1 

~on rn: VlM3. 1a 
TONE "' i 
\-9J.Q_ '!.....lc!Q:!c-Q~-­
l02B " t 28-1,.0 
JF (~~QASP.£0,-'2) CALL liWW? (!QNE.A(LO).A(l10).A(L1\),NRAN.tOtO.L0 

~21LNTAPI J 
-j)jj~ -----~£UH~~Qt;ST2Bl~!'5 .90,_TAPE. 92 

10£01 "' -1 
LOIO "" l tO-lO 
l028 = U8·l.O 

~ ///// 

"i:F--1Nf.ASR£ff:--=-2fCA~Il-6wR \NEQi :AI L-61-:-A!l JO), Aflfl-,---;NRAN; t0iO~L0-
+2B.NTLLJ 

•OELETE TAPE.S. 

~ ----~-~ 

' . -~-----> ---------~---;; 

-
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IIi/! 
!_I/(! 
I I/ 1/ 

/II!/ 

Ill! t 

!II I 1 

//Ill 

777!7 

iiI t i 

l/71/--

i I' I ~I I \1 IM-l 

'·:, 1 '::'.'I-.-. r: ,,~. """ c-. r TP[<'T. ·-~'JST' 1. 'JGfiS!~ ~ t1, 
'C[I_ETE T!IP( 33 

---~!;11\£:~~ TAPE 51 
•DELETE R~Sf 1?~ 

1JFC.1 = -1 
lOI'J- LIO--LO 
1.021'1 = L28-LO 

li"IJ~l[ I ~-'i',.~ 

I r- UJGAS!l EQ--:_2TCAt i 
•?B.NTL) 

/RD\1/R (t·-<€Gi,A(lQ'j":fi(i_1ol.II(LIIl NPAN.LOIG,LO 

•DELETE FP.PCON D10,f!1PCON 1211 
_______ ~ ~_C,_I::I~_r:! ,_l_Q~ U_,__:ri ~~ ( IT) , A ( LB T 0 LO) , _ITpE 5 _!__._L~!JS:]"H, "'C. A SR '-A_) __ _ 
'DELEH FRPCON I!';I'I,HnCC.N 15<J 

+ECH~!I, lCUIT.TJME(IT).A(LBTDLO), IT~EST,i_ENGT~I.NGASP,A) 
'lJEl_ETE Vtr~3 55 
______ t 'tIT~ _1 _) , ~ f_ 8.f?~, __ L ~£< 2 ,_I_ \I.' ORO S , A . NG~ }8 ,_L EN~J_i-iL __ 
'DElETE REST 5 

•AFRCS2,LFR2. !WOROS,ft,NGASR,LENGTH) 
'OELl'TE REST 60 
_ _ _ _ [)!_!!!:_ ~!~I _ _Qf:/ _A ~-R!= S 2 ( HlO_r./l~ S_) ,_ -~ {_~-~-~G-~ H) 
·ott til' rAPE 11 

,RIOLO(NI\,NGI ,II(LE"'GTH) 
'UELETE FGPL.312 

lF ('-.!GASP. NE O.~NQ._~G __ ~o;R __ ~I::_c-=?1 F~GR(J.l) _=-------f_~t;J-~_~G~_!J,I) 
;irj<;Efn REST-62 
C TAPE! • FRAP-T RESTART USING FRACAS-IT 
C TAPE22 n FRAP-T RESTART USING FRACAS-! 

II//_L ____ ·_~DCFILE !NPLI_l_,__E_ELP"I 

.... ' ... ~. 

l!JPRCM 
!IWPCI-1 
INPRC\1 
!iJi,Ru.~ 

l 'JPRCI.t 
j 'JPRC'I 
JIJPRC~ 

INPRCM 

I NP I Cl-1 
l NP I C" 
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