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ABSTRACT 

Instrumented fuel assembly (IFA)-431 was irradiated in the Halden Boiling 

Water Reactor (HBWR) for the purpose of extending the steady-state data base. 

Rod 6 of this assembly began irradiation with uo2 fuel of 92% theoretical 

density (TO) that was unstable with respect to in-reactor densification. 

Thermal resintering tests resulted in a final density of 95.3% TO while post

irradiation examination (PIE) indicated a final density of 96.5% TO. Observed 

microstructural changes were consistent with published densification studies; 

there was a marked depletion of submicrometer diameter pores and total pore 

volume. However, grain size increased only slightly, indicating that internal 

pellet temperatures did not reach the 1875K applied in resintering tests. 

Oensification was observed to increase the temperatures in rod 6, but tem

peratures did not become as high as for a sibling rod that simulated instanta
neous densification. 

Temperatures calculated with U.S. Nuclear Regulatory Commission (NRC) fuel 

performance computer codes were generally higher than observed temperatures. 
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SUMMARY 

In-reactor densification of uo2 fuel can have significant effects on the 

thermal and mechanical performance of nuclear fuel rods. To provide additional 

data on the irradiation behavior of densifying fuel, rod 6 of instrumented fuel 
assembly (IFA)-431 contained fuel of 92% theoretical density (TO) that was 

unstable with respect to in-reactor densification. Following an extensive pre

irradiation characterization, IFA-431 was irradiated from June 1975 to February 

1976 and then subjected to postirradiation examination (PIE) during 1977 and 

1978. 

Thermal resintering tests during the precharacterization showed a density 

change from 92 to 95.3% TO, and PIE measurements indicated a final density of 

96.5% TO after a rod average burnup of approximately 380 GJ/kgU (4400 MWd/MTM). 

Observed microstructural changes after irradiation were consistent with 

the measured in-reactor densification, including a marked depletion of submi

crometer pores and an accompanying reduction in total pore volume proportional 

to pellet burnup. Grain size increased only slightly with irradiation (from 

an average of 6 "f.lm preirradiated to 8 ]lm irradiated) although resintering tests 

at 1875K on sibling pellets produced grains averaging 1ti ]lm. Pronounced accu

mulation of porosity at the grain boundary occurred near the axis of the higher 

bumup pellets. 

Fuel centerline temperature measurements from rod 6 have been compared to 

those from rod 1 (standard BWR-6) and rod 2 (large initial fuel-cladding gap 

to simulate instantaneous isotropic densification). Temperatures during the 

first power ascension showed that rod 6 had higher temperatures than rod 1 but 

lower temperatures than rod 2. Rod 6 temperatures did increase as a result of 

densification but never became as high as those in rod 2. It was therefore 

concluded that the temperature effect of densification is not as severe as 

instantaneous isotropic densification. 

Temperature data from IFA-431 has also been compared to calculations per

formed by the U.S. Nuclear Regulatory Commission (NRC) fuel performance com

puter codes. In general, temperatures calculated by the codes, when using a 
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densification model, were higher than observed temperatures. An uncertainty 
band for the calculated temperatures overlapped the observed temperatures ln a 

number of cases. 
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INTRODUCTION 

If a loss-of-coolant accident (LOCA) should occur in a light water reac
tor (LWR), the short-term thermal stored energy and the long-term fission pro

duct decay heat of the fuel become the driving forces for fuel rod damage. To 
assess both the amount of energy that is present and its rate of removal, the 
U.S. Nuclear Regulatory Commission (NRC) relies on fuel performance computer 

codes that are designed to account for both fuel rod design and operating con
ditions. However, the individual models within a code and the net result of 

their interactions are continually being evaluated for accuracy and validity. 

In 1972 it was discovered that the fuel in some commercial fuel rods had 
undergone considerable densification that resulted in a decreased fuel volume, 

increased radial and axial gaps, and some cladding deformation due to coolant 

pressure. The irrmediate concern was the effect that densification could have 

upon fuel rod behavior during LOCA conditions. The NRC quickly set forth 

requirements that placed restrictive limits on reactor operation. (1) Fuel 

vendors in tum examined their data and developed models to describe the den

sification behavior of uo
2
.(Z,J, 4 ) In addition, programs were initiated to 

better understand densification and to determine the characteristics of 

densification-resistant fuel.(S- 9) 

By 1974, the NRC had approved vendor models that calculated densification 

as a function of time or burnup.( 10) Fuel that was made up of large uo
2 

grains and a small fraction of small pores (<1 Jlm) was found to be densifica

tion resistant. Calculations of fuel rod thermal behavior, now accounting for 

densification, were considered to be improved over pre-1972 calculations. How

ever, in-reactor data for comparison to the code calculations was still sparse. 

In 1974 the NRC began sponsoring the Experimental Support and Development 

of Single-Rod Fuel Codes Program at Pacific Northwest Laboratory (PNL)(a) to 

provide a data base for the development and verification of NRC audit and best

estimate codes. Recognizing the need for in-reactor thermal data on densifying 

(a) Operated for the U.S. Department of Energy (DOE) by Battelle Memorial 
Institute. 
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fuel, one objective of the program was to include densifying fue-l in tt1e clesign 

of test irradiation rigs. The overall design of those instrumented fuel assem

blies (IFAs)--IFA-431 and IFA-43L--was predicated on the need to ootain as much 

information as possible. Thus, each of the six rods 1n each assemoly(a) was of 

a different but interrelated design, which al iows cross comparison of the irra

diation behavior due to design differences. Rod 6 is of specific interest 

since it contained pellets that were not resistant to in-reactor uensification. 

IFA-431 was irradiated from June 197b to February 1976 in the Halden Boil

ing Water Reactor (HBWR), Halden, Norway, and then removed; IFA-43..:' began irra

diation in December 1975 and completed irrad1ation in vune 1~81. During !977 

and 1978, destructive postirradiation examination (PIE) was performed on roci 6 

of IFA-431 by AERE(b) Harwe-ll, U.K.; and a final report on their findings was 

issued to PNL late in 1978. The PIE included bulk and microaensity changes and 

metallographic examination 

the irradiation of IFA-431 

of porosity changes. A general report discussing 
( 1 has been released. !J because PIE data nas been 

obtained only for rod 6 of IFA-431, this report wil-l concentrate on that rod. 

Some supporting in-reactor data for rod 6 of IFA-432 wi 11 also be presented. 

In recent years vendors have changed to densification-rcsistant fuels, 

thus reducing the need for further extensive evaluation of densifying fuel. 

Recognizing this 

thermal behavior 

change 

of rod 

in emphasis, this report will present the observed 

6, an 

irradiation, and a comparison 

analysis of fuel microstructural changes due to 

of current fuel performance computer codes to 

the thermal data. However, this report will not present an analys1s of densi

fication kinetics. 

(a) !FA-431 and IFA-431 are identically des1gned assembl1es. 
(b) Atomic Energy Research Establishment. 
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EXPERIMENTAL DESIGN 

In addition to studying the effects of fuel density and stability. the 

test parameters for IFA-431 and IFA-432 include three fuel-cladding gap sizes, 
two fill gas compositions. and different operating power levels. To monitor 

the performance of the fuel rods, each rod in each assembly was instrumented 

with two fuel centerline thermocouples and a cladding axial elongation sensor. 

Three of the rods in each assembly were also equipped with fi 11 gas pressure 

transducers. Self-powered neutron detectors (SPNDs) determine local linear 

heat rates in each assembly. The precharacterization report for the two assem
blies(lZ) contains a full description of the assemblies and a discussion of 

the objectives. Table 1 provides a summary of design characteristics, and 

Figure 1 is a schematic of the assemblies. 

Rods 1, 2, and 6 are of particular concern in this analysis. The basic 

design features of these rods are: 

• Rod 1 serves as the standard or reference rod for this program. It 

simulates a typical BWR-6 fuel rod and was fabricated with stable 

fuel of 95% theoretical density (TO), a fuel-cladding gap of 230 ~m. 

and helium fill gas. The active fuel length was 0.57 m for all rods. 

• Rod 2 simulates a fuel rod with unstable fuel of 92% TO that instan

taneously densified to 96.5% TO. The fabricated rod had a fuel

cladding gap of 380 ~m. 95% TO stable fuel, and helium fill gas. 

• Rod 6 is a fuel rod with densifying fuel that was initially 92% TO 

but was unstable with respect to in-reactor densification. The ini

tial fuel-cladding gap was 230 ~m. and the fill gas was helium. 
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TABLE 1. Design Parameters and Instrumentation for IFA-431 and IFA-432 

IFA-431 Peak Power - 33 kW/1n 

Cold 
Fuel lnstru:nentut 10n Diametral Fuel 

Rod Pe II et 
Ga~, (a) I.Jr:l 

F 1 ll Oens1ty, 
b Tern~eratun~ L- 1 auu 1 ng 

No. Diameter, ~ Gas % TO Tr~e\ 1 
~ Lower Pressure Lt'n:Jtn 

1 10.681 230 He ~; Stable TC 1 c J TC PT\JJ csleJ 

2 10.528 380 He 95 Stable TC TC -- b 

3 10.858 50 He 95 Stable TC TC -- cs 
4 10.681 230 Xe 95 Stable TC TC -- ,s 
5 10.681 230 He '2 Stable TC TC PT " 6 10.681 230 He 92 Unstable TC TC PT ES 

IFA-432 Peak Power - 49 K~/m 

1 10.681 230 He 90 Stable TC rc PT ES ..,. 
2 10.528 380 He 95 Stable uri'l TC ES --

3 10.833 70 He 95 Stable TC TC -- ES 

4 10.681 230 Xe 95 Stable TC TC -- ES 

5 10.681 230 He "2 Stable TC TC PT cs 
6 10.681 230 He 92 Unstable TC TC PT ES 
7 10.528 380 He Y5 Stable 

8 10.681 230 He 95 Stable 

9 10.732 180 He 95 Stable 

(a) Cladding for all rods had an outside diameter (OD) of 12.789 mrn and an inside d1ameter 
{ID} of 10.909 rrrn; diametral gap= cladding ID minus pellet diameter. 

(b) With respect to in-reactor densification. 
I c I TC thermocouple. 
(d) PT pressure transducer. 
{e) ES = elongation sensor. 
(f) UT = ultrasonic thermometer. 
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The assemblies have been irradiated in the HBWR, which uses natural circu
lation of heavy water for cooling and has the following operating parameters: 

Power Level 
Reactor Coolant Pressure 
Heavy Water Saturation Temperature 
Coolant Inlet Temperature 

Thermal Neutron Flux 
Fast Neutron Flux {>1 MeV) 

Average Power Density 

12 MWth 
3.45 MPa 
513K 
510K 

2 x 1016 n/m2-s per W/gU02 
5 x 1015 n/m2-s per W/gU02 
14.8 W/gU02 

Data is recorded every 15 min by a computer-controlled acquisition system 

and is then sent to PNL for appropriate corrections (e.g., axial flux shape 
and radial flux tilt) and analysis. 

6 
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IRRADIATION HISTORY AND THERMAL ANALYSIS 

The irradiation of IFA-431 began June 8, 1975, and ended February 13, 

1976. When the assembly was removed from the reactor, the average burnup was 
approximately 380 GJ/kgU (4400 MWd/MTM); Table 2 lists the local end-of-life 

(EOL) burnups for the six rods in IFA-431. After cooling for 123 days, IFA-431 
~ was shipped to the Kjeller Hot Lab, Kjeller, Norway, for nondestructive exami

nation (NDE) of all rods. Rod 6 was then sent to AERE Harwell, U.K., for 
destructive PIE to determine fission gas release, microstructural changes, 

density changes, and burnup analysis; this work was completed in August 1978. 

TABLE 2. End-of-Life Burnup for IFA-431 

Thermocouple Local Burnu~ 2 GJ/kgU(a) 
Position Rod 1 Rod 2 Rod 3 Rod 4 Rod 5 Rod 6 

Lower 314 3~ 336 325 315 308 
Upper 432 447 463 449 434 425 
Rod Average 373 386 400 387 3~ 367 

(a) MWd/MTM = GJ/kgU x 11.574. 

The irradiation history of IFA-431 is summarized in Figure 2 where reactor 
power and assembly average burnup are plotted as a function of real time. Lin
ear heat rates at the upper and lower thermocouples of rod 6 are presented in 
Figures 3 and 4 as a function of local burnup, and corresponding centerline 
temperatures are shown in Figures 5 and 6. 

Thermal resistance has been found to be a useful aid in the analysis of 
fuel rod thermal behavior. As the heat transfer behavior of a fuel rod changes 
(e.g., due to densification, fuel cracking, and/or fission gas release), the 
thermal resistance changes. Specifically, thermal resistance is the ratio of 
the difference between the fuel centerline temperature and the coolant temper
ature to the local linear heat rate: 

TCL - TW 
LHR x 1000 

7 



~ 

(L 

::::> 
z 300 
0::: 
::::> 
m 
w 200 
0 
<( 
0::: 
w 
~ 100 

0 
0 
0::: 0 

6/8 

12 

9 

ROD 6, IFA-431 

7/18 8/27 10/6 11/15 12/25 2/3 3/14 

DATE, 1975-1976 

FIGURE 2. Overview of Irradiation Power History for IFA-431 with 
Rod Average Burnup for Rod 6 

8 

3: 
2 

~ 

0::: 
w 
3: ' 
0 
(L 

0::: 
0 
f-
u 
L5 
0::: 



ROD 6, IFA-431 

35 

E 
~ 
3: 30 ..Y. 

-w 
~ 25 n::: 

~ w 
:r: 20 

n::: 
L5 
z 1 5 
_J 

n::: 
w 
()_ 10 
()_ 

:::> 

5 

0 

0 50 100 150 200 250 300 350 

ROD AVERAGE BURNUP, GJ/kgU 

FIGURE 3. Upper Linear Heat Rate for Rod 6 of IFA-431 

9 



ROD 6, IFA-431 
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where RT = total thermal resistance, m-K/W 
TCL = fuel centerline temperature, K 

Tw = coolant temperature, K 
LHR = local linear heat rate, kW/m. 

Defined in this manner, thermal resistance is sensitive to changes in the ther
mal response of a fuel rod. A more extensive discussion of thermal resistance 
can be found in Reference 13. 

ROO 6 RESISTANCE VERSUS BURNUP 

Figure 7 presents the thermal resistance of rod 6 at the upper and lower 
thermocouple positions as a function of rod average burnup. Three principal 

regions are of interest in this figure. First, the resistance increased 
approximately 19% (from 0.026 to 0.031 m-K/W) during the first 4 GJ/kgU and was 

followed by another 6% increase (from 0. 031 to 0.033 m-K/W) during the follow
ing 39 GJ/kgU. Second, the resistance after the 3-month shutdown (215 GJ/kgU) 
was approximately 5% lower than it was before the shutdown. Third, an approxi
mately step increase in resistance from 141 to 153 GJ/kgU was followed by a 
return to preceding values. 

A preliminary analysis might attribute the beginning-of-life (BOL) 
resistance increase entirely to densification; however, a closer examination 

indicates that densification may not have occurred immediately. The general 
resistance behavior of rods 6, 1 (standard rod) , and 3 (small-gap, high-gap 

conductance) over the first 14 days at power (shutdown time is not included) 
is compared in Figure 8.(a) The behavior is the same for all three rods for 
approximately the first 8 days. Since the fuel in rods 1 and 3 was expected 
to have minimal densification, this initial resistance change is attributed to 
fuel cracking and related effects. Additionally, fuel centerline temperatures 
for rod 6 during this period ranged from 1025 to 1675K (750 to 1400°C), with 

the peak temperatures occurring for only approximately 36 h. Since the fuel 

(a) The initial resistance differences among the three rods are due to design 
differences: Rod 3 has the smallest gap and thus the lowest resistance; 
although rods 1 and 6 have the same gap, the fuel jn r)od 6 has a higher 
porosity and therefore lower thermal conductivity . l12 
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was initially sintered at 1973K for 8 h, this lower temperature may have been 
insufficient for additional sintering and densification . 

After 8 days at power, the resistance of rod 6 began increasing while the 

resistance of rods 1 and 3 remained constant . Measured centerline temperatures 
during this per iod were greater than 1700K for 3.5 days and greater than 1800K 

for the last 2.5 days (see Figure 8) . This resistance increase is attributed 
to densification of the fuel in rod 6. 
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FIGURE 8. General Resistance Behavior for Rods 6, 1, and 3 
of IFA-431 During Early Irradiation 

The 5% drop in resistance after the extended shutdown (Figure 7) was also 
observed in the other rods of IFA-431 and is believed to be due to settling of 
the fuel pellet fragments, which then resulted in a reduction of the effective 
fuel-cladding gap and the thermal resistance. The rise in resistance seen 
during the burnup span from 141 to 153 GJ/kgU is believed to be an instrumen
tation error. No physical reasons for such a resistance spike are suspected, 
and the other rods in IFA-431 showed similar resistance spikes during the same 
time period along with indications of anomalous instrumentation behavior. 

The observed increase in thermal resistance for rod 6 should be princi
pally attributed to densification and not fission gas release. Pressure mea
surements during the irradiation indicated low fission gas release, and PIE 
measurements confirmed this. The final gas mixture for rod 6 was approximately 
85% helium, 10% nitrogen and carbon monoxide, and 5% fission gas. 
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COMPARISON OF RESISTANCE BETWEEN ROD DESIGNS 

IFA-431 was designed so that the thermal behavior of rod 6 could be 
compared to that of rods 1 and 2. Rods 6 and 1 had the same initial fuel 

diameters and gap size; but because the fuel in rod 6 was designed to undergo 
significant densification, it was expected to have a higher thermal resis
tance. Alternately, the fuel in rod 2 had a larger initial gap between the 
fuel and cladding (0.38 mm) to simulate instantaneous densification. Assuming 
a final density of 96.5% TO for the 92% TO unstable fuel,(a) an isotropic 
dimensional change would result in a cold fuel-cladding gap after densifica

tion of 0.40 mm for rod 6. Therefore, it would be expected that the thermal 
resistance for rod 6 after densification could be equal to or greater than 
that of rod 2. 

The resistance behavior for rods 6, 1, and 2 of IFA-431 is compared in 
Figure 9. The resistance for rod 6 is greater than for rod 1, as was expected, 

but less than for rod 2. This same behavior was observed for rods 6, l, and 2 
of IFA-432 as is shown in Figure 10. One point of concern involves the initial 
resistance data. As stated earlier, densification does require time and tem
perature and the initial resistance differences observed in Figures 9 and 10 

are basically due to design differences. This is further illustrated in Fig
ure 11, where centerline temperature as a function of power is plotted for the 
first rise to power. Rod 2 has the largest fuel-cladding gap and the highest 
centerline temperature. Rods 6 and 1 have the same gap; the lower density in 
rod 6 is principally responsible for its higher temperature. 

By comparing the resistance behavior of rods 6, 1, and 2 and recalling 
that the observed total thermal resistance is dependent on densification, fuel 
cracking and relocation, and other factors, it can be concluded that densifi

cation does increase fuel temperatures. However, the observed temperature 
increase due to densification (rod 6) was less than if instantaneous densifica
tion and isotropic shrinking had occurred. 

(a) Final density for rod 6 of IFA-431 fuel was measured at 96 +1% To.(11) 
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MICROSTRUCTURAL ANALYSIS 

PURPOSE AND GENERAL PROCEDURE 

Microstructural analysis of pellets 13 and 39 of rod 6 of IFA-431 was 
conducted to compare the pre- and postirradiated structures and evaluate the 
effects of irradiation on unstable fuel. Of particular interest were the 
changes in porosity and grain size, which are especially significant relative 
to densification behavior. 

The analysis was conducted as a cooperative effort by PNL and Harwell. At 
PNL, detailed precharacterization of sibling pellets of this fuel type was con
ducted as reported in Reference 12. That work included high-resolution metal
lography, optical and scanning electron microscopy, quantitative image analysis 
of porosity, and estimation of grain size. From this data the characteristics 
of inherent porosity and the propensity for densification were determined . At 

Harwell, metallography and microscopy were conducted on an as-sintered sibling 
archive pellet to demonstrate that Harwell specimen preparation, metallography, 
and microscopy procedures to be applied to the irradiated pellets were compar
able. The Harwell micrographs were quantitatively analyzed at PNL using the 

same procedures as for the PNL preirradiation characterization work . The pro
cedures generally followed the methods outlined in Reference 12. 

In this report, the qualitative results of metallography and representa
tive illustrations of microstructure obtained both in precharacterization and 
PIE work are presented and provide a visual comparison of the fuel materials. 

Quantitative data from image analysis of those microstructures is presented, 
and the pre- and postirradiation comparisons are summarized. 

MICROSCOPY 

Microscopy was conducted on polished sections of pellets prepared by stan
dard metallography techniques. PNL precharacteri zation work was conducted on 

two randomly selected pellets of this unstable fuel type that were sectioned 
transversely and longitudinally for microscopy. At Harwell, metallography on 
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archive and irradiated pellets was conducted on transverse sections only. Fig
ure 12 shows the polished sections of as-sintered pellets at low magnification; 
the locations of the subsequent high-magnification photomicrography are indi 
cated. Similarly, the cross sections of the irradiated pellets examined are 
shown in Figure 13 . The sites for subsequent detailed porosity studies include 
a representative sampling of peripheral, midradius, and center locations. This 
procedure permits identification of any differences in densification or pore 
size distribution relative to radial locations in each pellet and allows veri
fication that the as- sintered pellets were homogeneous . Observed qualitative 

differences between as-sintered and irradiated fuel are illustrated in Fig-
ure 14. There are significantly fewer pores present after irradiation, which 
is typical of densification. 

Examples of more detailed preirradiation microscopy conducted at PNL and 
Harwell are compared in Figures 15 and 16. Both of these figures show a signi
ficant number of small pores (visible at the higher magnification) as well as 
a uniform distribution of larger pores. Some difficulties were initially expe
rienced at the Harwell laboratory with pull-out from the pellet surface dur i ng 
polishing; and although these problems were largely overcome by a modified pol
ishing method, the equipment that was utilized was unable to provide as sharp 
a definition of pores at the higher magnification as in the PNL series. How
ever, qualitatively, the two sets of micrographs are comparable. 

The microscopy conducted on the two irradiated pellets is illustrated in 
Figures 17 and 18. As mentioned previously, irradiation tended to densify the 
pellets, resulting in fewer pores. The lower burnup pellet (39) shows the ini
tial stage of a grain boundary concentration of pores ; the higher burnup pel 
let (13) contains a pronounced concentration of pores in the grain boundaries 
(in the axial regions in particular where the temperature was the highest). 
Grain definition is also enhanced in both of these irradiated pellets and par 

ticularly in pellet 13 . 

Grain size measurements were conducted on etched surfaces of the same pre-

and postirradiation pellets. 
observed at PNL and Harwell . 

Figure 19 shows the preirradiation condition 
In the PNL precharacterization, the grains are 
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FIGURE 12. Polished Sections of 92% TO As-Sintered Pellets Used for Rod 6 
of IFA-431. Locations of photomicrography for study of 
porosity, microstructure, and grain size are shown. 
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FIGURE 13. Polished Sections of 92% TO Irradiated Pellets Used for Rod 6 
of IFA-431. Locations of photomicrography for study of 
porosity, microstructure, and grain size are shown. 
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PERIPHERY MIORAOIUS 
HARWELL ARCHIVE P£LLET 

FIGURE 19 . Grain Size and Microstructure Distribution in 92% TO As -Sintered 
Fuel Pellets (polished and etched sections) 

reasonably well defined and relatively small. In the archive pellet from 
Harwell, the pellets apparently received insufficient etching to define the 

grains satisfactorily and no size determination could be made . Figure 20 

shows the postirradiation grain size distribution. While the grains are much 

better defined than in the preirradiation condition, only a modest size 

increase occurred. 
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FIGURE 20. Grain Size and Microstructure Distribution in Irradiated Pellets 
from Rod 6 of IFA-431 (polished and etched sections) 

QUANTITATIVE MICROSTRUCTURAL ANALYSIS 

The quantitative examination and measurement of all photomicrographs were 
conducted using a quantitative image analyzer (Quantimet-720) in the manner 
described in Reference 12. In this method, each pore in the polished section 
is examined , its diameter is automatically measured, and these measurements 

are distributed into size and volume histograms. The three-dimensional volume 
distribution of the pores within the body of the pellet is estimated from the 

data using a special computer program (LINEST-II) . The assumption is made 
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that these pores are spherical and that they are uniformly distributed through
out the pellet volume in the same manner observed for the polished section. 

The preirradiation characterizations of fuel pellets examined at PNL and 

Harwell are compared in Table 3. PNL and Harwell photomicrographs were ana
lyzed on the quantitative image analyzer at PNL. The PNL data showed good 

agreement between density measurements (made by standard immersion methods) 
and porosity measurements. Since this fuel type was deliberately prepared as 
a densifying fuel, it should contain an appreciable fraction of <1-~m diameter 
pores, which is verified by the data in Table 3. 

Polishing pull-out problems at Harwell initially resulted in an extremely 

high pore volume although the total number of pores observed was actually less 
than that observed in the PNL precharacterization pellet. Upon repolishing the 

archive pellet at Harwell, the total volume observed was slightly lower than 
the nominal 8 to 9%; and pull-out was largely eliminated. Low volume was due 
largely to the apparent absence of submicrometer porosity; other pore size 
ranges were in good agreement with the PNL data. The relatively high median 
pore diameter results from the apparent lack of submicrometer pores. The low 
submicrometer porosity in the Harwell data apparently resulted from a combina

tion of the polishing method used and inadequate microscope resolution. Sub
sequent work at Harwell using another scanning electron microscope showed a 

frequency of submicrometer pores in qualitative agreement with PNL data. 

Table 4 shows the effects of irradiation on the porosity characteristics 

of the fuel pellets from rod 6, based on image analysis of photomicrographs of 
the type illustrated in Figures 17 and 18. While the PNL preirradiation immer

sion density measurements agreed well with the corresponding pore volume mea
surements, the Harwell postirradiation immersion density of adjacent pellet 40 

does not agree with the Quantimet porosity calculations made on pellet 39. 
However, there is good agreement between the porosity measurements by photomi

crographs of pellet 13 and the postirradiation immersion density of adjacent 
pellet 12. From previous experience at PNL on a variety of fuel materials, it 
is concluded that quantitative porosity data and the volume of pores determined 
therefrom are likely to be the better measurements of the density changes that 

take place throughout the pellet. 
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TABLE 3. Comparison of Preirradiation Characterjz~tion of Typical 
92% TO Fuel Pellets at PNL and HarwelllaJ 

Porosity Volume, % 

By Density ~easurement 
By Pore Measurement 

Pores d um 

Pores >1 um 

Pores >10 urn 

Pore Diameter, ulll 
Median, all 

Median, d um 

Median, >1 urn 
Median, >10 urn 
Maximum 

Pore Population, no./cm3 

All Pores 

Pores >1 \.lm 

Pores >10 \.lm 

PNL 
Reference Pellet(b) 

Pellet 1-6-457 
8.7 
9.1 +0.3 

3.5 

5.6 +0.3 
2.7 +0.3 

1.8 
0.6 

8.5 

32 

220 

1.9 ~0.1 x 1o12 (e) 

l. 2 ~0 .1 ;: 1010 

5.6 +0.7 X 106 

Harwell Archive Pellet(c) 
First Pol ish Second Pol1sh 

NA(d) NA 

20.4 +0.7 

3.8 
16.6 +0.7 

-
8.9 +0.7 

4.8 

0.8 

24 

53 

101 

1.1 ~0.2 X 1012 (f) 

3 · 7 ~0. 2 X 1010 
3.6 +2.0 X 106 

6.8 +0.8 
-

1.3 
5.5 +0.8 

-

2.9 +0.8 -

4.8 

0.6 

11 

40 

12 7 

0.39 ~0.04 X 1012(g) 

0.59 ~0.11 X 1010 

5.8 +0.2 X 106 

(a) Confidence intervals = 1o SO, based on image analysis calculations only. 
(b) All sample preparation, microscopy, and image analyses conducted on reference 

fuel pellet at PNL (see Reference 12). 
(c) Sample preparation and microscopy of archive pellet conducted at Harwell; image 

analysis conducted at PNL using Harwell photomicrographs. 
(d) NA = not available; nominal porosity= 8%. 
(e) All pores >0 .065-\.lm diameter. 
(f) All pores >0.061-um diameter. 
(g) All pores >0.108-um diameter. 



TABLE 4. Effects of Irr adiation on Porosity Characteristics of 
92% TO Fuel Pellets from Rod 6 of IFA-431 

Est1mated Burnup, at .%(b) 

Appr oximate Maximum Thermo
couple Temperature, K 

Porosity Volume, % 
By Density Measurement 

Preirradiation(c) 

Post1rradiation(b) 

By Por e Measurement 

Pores d um 

Pores >1 um 

Pores >10 um 

Pore Diameter, 

Median , a 11 

Med1an, d urn 

Median , >1 um 

Med 1an, >10 um 

Maximum 

um 

Pore Population, no . /cm3 

Al l Por es 

Pores >1 um 

Por es >10 um 

PNL Pre1rradiat1on!al 
Character llat 10n 

( ldt?nt. No . 457) 

0 

8 . 7 

9 . 1 +0 . 3 

3. 5 

5 .6 +0. 3 

2.7 •o . 3 

1.8 

0 .6 

8 .5 

32 

220 

1. 9 +0 .1 X 1012(d) 

1.~ +C .1 l( 1010 

5 .6 •0 . 7 X 106 

Irradiuted 
Rod 6, 

P~llet 39 
{!dent. No . 704) 

0.41 

1223 

7.6 

3. 4 

6 . 1 •0 . 3 

0. 5 

5 .6 •0 . 3 

2. 2 +0. 3 

5 .4 

0 .8 

7.0 

45 

Ill 

O. lll +0 . 04 x 101?{ e) 

) . 69 +0 .05 X 1010 

5.? +? .5 )( 106 

Rod 6, 
Pellet 13 

{!dent. No . 745) 

0 . 55 

1523 

8 .0 
3. 7 

4. 1 +0 .2 

0.5 

3.6 •0 .2 

1.8 •o . ? 

7.1 

0 .9 

I? 

45 

84 

0 .1 5 +0 . 04 x 1012(e) 

0.27 •0 . 01 )( 1010 

1. 6 +1.9 )( 106 

(a) Confidence interv als = I n SO , b~sed on imaqe analysis ca l cula t1 ons only . 
(b) Burnup and density of adjacent pellets 40 and 12 ~s mP~sured at Harwell durinq PIE (seP 

Refer ence 11) . 
(c) Imme r sion densi t y me<Jsu r ements at PNL. 
(d) All pores >0 .065-um dlamPter . 
(e) A 11 pores >0 . 070- um rll a mete r. 
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Some of the specific features shown in the table are typical of densifica
tion behavior. A decrease in the submicrometer pore volume occurs, which is at 
the same time reflected in the increased median pore diameter. A significant 
decrease is also observed in the total pore volume, accompanied by a marked 

decrease in the total pore population, particularly in the case of pellet 13. 
Comparison of the postirradiation data with the Harwell archive pellet data 
shown in Table 3 leads to the same conclusions although the relative differ
ences would be somewhat smaller. It can be concluded that in-reactor densifi
cation is confirmed. 

The details of the pore size and volume relationships for both pre- and 
postirradiation data are illustrated in Figures 21 and 22. In Figure 21, the 
preirradiation characterization shows a satisfactory similarity between the 
pellets prepared and examined at PNL and Harwell; the differences cited ear
lier for the total volume of submicrometer porosity are clearly indicated by 
the size of the peak at that end of the curve. Other components of the curves 

and pore volume distribution are in close agreement. In Figure 22 the differ
ences between pre- and postirradiation curves are clearly illustrated as is the 
difference between pellets 13 and 39. With increasing irradiation, the total 
pore volume in the submicrometer range continued to decrease and the total pore 

volume in the midrange and larger sizes simultaneously increased. These curves 
are consistent with the summary data described in Tables 3 and 4. 

The radial distribution of porosity in the irradiated pellets is summa
rized in Tables 5 and 6. Harwell measurements of immersion density using small 

core samples taken from the polished surface of these pellets indicated a den
sity difference across the diameter of the pellet, but these density differ
ences are not confirmed by quantitative image analysis. On each polished cross 
section, the densities calculated from pore volume are essentially the same 
across the entire radius. Slight densification might be indicated at the mid
radius position, but the error bars are too large to confirm that difference. 
There appears to be a definite trend toward fewer submicrometer pores at the 
center of the pellet, which is confirmed by the larger median diameter in the 

center and by the smaller total pore population. The largest pores are near 
the periphery and the smallest are at approximately midradius. The large stan

dard deviations are due primarily to the relatively few pores present. 
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TABLE 5. Porosity Oistrib~tion in Irradiatea Pellet 39 from 
Rod 6 of IFA-431 a) 

Porosity Volume, % Periphery Midradius Axial 
By Density Measurement{b) 10 .4 7.1 6.6 
By Pore Measurement 6.4 +1.6 6.0 +0.5 6.3 +0.7 

Pores <111m 0. 7 0.6 0. 3 
Pores >1 11m 5.7 +1.6 5.4 +0 .5 6.0 +0.7 

Pores >10 11m 2. 5 +1.6 2.5 +0.5 2.1 +0.6 -

Pore Diameter, ~~m 

Median, all 5.4 5.4 7.0 

Median, <111m 0.9 0.9 0.9 

Median, >1 11m 7 .o 7.0 7.0 

Median, >10 11m 58 27 45 

Maximum 111 66 85 

Pore Population, no./ cm3 

All Pores >0 .070 11m 1.13 +0.06 X 1012 0.23 +0.11 X 1012 0.08 +0.15 X 1012 
-

X 1010 
X 1010 0.40 +0.06 X 1010 

Pores >1 11m 0.79 +0.09 0.78 +0.14 

Pores >10 11m 4.0 +4.4 X 106 8.7 +5.1 X 106 2.9 +6.3 X 106 

(a) Confidence intervals = 1o SO, based on image analysis calculations only. 
(b) Ca l culated from densities measured at Harwell on small core samples removed 

from the respective locations on the polished pellet after completion of 
microscopy (Reference 11). 

The behavior of pellets 13 and 39 is similar and is supported qualita

tively by the photomicrographs obtained at Harwell (Figures 17 and 18}. 
Harwell immersion density data obtained from core samples cannot be supported. 

For example, the midradius microstructure of pellet 13 obviously contains more 

than 0.4% porosity (see Figure 18). 

Figure 23 summarizes all the previous data by showing a comparison of the 

total pore volume and the pore volume distribution in the as-sintered and 

irradiated pellets. The general relationships shown are consistent with the 
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TABLE 6. Porosity Distribvtl)·on in Irradiated Pellet 13 from 
Rod 6 of IFA-43lla 

Porosity Volume, % 
By Density Measurement(b) 

By Pore Measurement 
Pores d 11m 
Pores >1 11m 
Pores >10 llm 

Pore Diameter , llm 
Median, all 
Median, d 11m 
Median, >1 11m 
Median, >10 11m 
Maximum 

Pore Population, no./cm3 

All Pores >0.070 11m 

Pores >1 11m 
Pores >10 11m 

Periphery 
7.6 

4.1 +0.5 

0.5 

3.6 +0.5 

2.0 +0.5 

5.0 

0.9 

20 

45 

66 

0.12 +0.05 X 1012 

0.33 +0.02 X 1010 

0 .86 :5 .6 X 106 

Midradius 
0.4 

3.9 +0.6 

0.2 

3.7 +0.6 

1. 9 +0.6 

7.1 

0.9 

12 
45 

86 

0. 25 +0.14 X 1012 

0.18 +0.01 X 1010 

2.2 +5.4 X 106 

Axial 
6.3 
4.4 +0.5 

0.8 

3.6 +0.5 
1.6 +0.5 

4.2 

0.9 

7.1 

35 

51 

0.20 +1.4 X 1012 

0.30 :0.02 X 1010 

1.8 +5.9 X 106 

(a) Confidence intervals = 1a SO, based on image analysis calculations only. 
(b) Calculated from densities measured at Harwell on small core samples removed 

from the respective locations on the polished pellet after completion of 
microscopy (Reference 11). 

conclusions that densification clearly occurred in pellets 13 and 3~ . While 

the difference between the precharacterization pellets observed at PNL and the 
archive pellet observed at Harwell is disturbing, the probable explanation 

given earlier (that the smail pores present were not satisfactorily observed 
at Harwel I) still appears applicable. In any case, the differences observed 

in the irradiated pellets (whether compared to PNL or Harwell precharacteriza

tion information) are still reasonable and consistent within the data set. 
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The pore population relationship between and within 
irradiated pellets is illustrated in Figures 24 and 25. 

data from Tables 3 and 4 applies. 

preirradiation and 
Previously discussed 

To obtain grain size information, the pellets were subsequently etched 
specifically for grain size definition; measurements were made by the linear 
intercept technique used in previous work. Table 7 summarizes the measure
ments from photomicrographs of the type illustrated in Figures 19 and 20. The 
resulting grain size in the irradiated pellets is only slightly increased or 
unchanged from preirradiation dimensions. The grain size increase certain ly 
did not approach that achieved in the resintering tests applied to the simi lar 

fuel type. From that observation it can be concluded that the temperature 
within pellets 13 and 39 did not approach the 1873 or 1973K applied in the 

resintering tests. 
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TABLE 7. Grain Size of As-Sintered, Resintered, and Irradiated 
Pellets of 92% TO Fuel 

Grain Size lJm 
Seecimen Condition Perieheral Midradius Ax i a 1 

Pre irradiated (PNL) 

As-Sintered 2 9 7 

Resintered, 1873K 13 20 15 

Resintered, 1973K 26 37 53 

Preirradiated (Harwe 11) NA(a) NA NA 

Archive 

Irradiated 

Pe 11 et 39 8 8 8 

Pe 11et 13 7 7 8 

(a) Not available; grain boundaries on etched specimen 
photomicrographs insufficiently defined for measurements. 

CONCLUSIONS 

The foregoing data clearly demonstrates that densification occurred to 
the degree and extent expected, based on the relative burnup conditions of pel
lets 13 and 39 in rod 6. These observations are consistent with densification 
behavior expected from previous work. (8) While measurements conducted on 
similar pellets at both PNL and Harwell did not show absolute agreement, the 
relative differences between preirradiation and irradiated pellets are con
sistent within the data sets themselves. The lack of significant grain size 
increase demonstrates that the temperature in the irradiated pellets probably 
did not approach the temperature in the resintering tests. 
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COMPUTER CODE COMPARISONS TO THERMAL DATA 

Because densification has been observed to affect the thermal and mechani
cal performance of fuel rods, it is important that computer codes used for 

design and safety studies be able to model densification effects adequately. 
It is therefore of interest to compare the data from rod 6 of IFA-431 to fuel 
rod thermal performance computer code calculations. For this comparison, the 
following codes used by the NRC were selected: GAPCON-THERMAL-3 (GT3), (14 ) 
FRAPCON-1, (15 ) and FRAPCON-2 (Version 1, Mod 2). (16 ) Of principal considera
tion is the comparison of calculated centerline temperatures to those measured 

in-reactor . 

The input for fuel thermal performance codes generally consists of fuel 
rod dimensions, material properties (including initial fuel density), and oper
ating conditions (power and coolant). When comparing the codes to data, ini
tial dimensions, material properties, and coolant conditions are usually fairly 
well known. The most difficult problem is supplying the code with an appropri

ate power history based on the as-measured history. 

The as-measured power history for rod 6 of IFA-431 is presented in Fig
ure 26 as a function of time at power (i.e., time at shutdown is not included). 
The solid line in the figure is the selected power histJry to be used during 
the data/code comparison. The centerline temperatures corresponding to the 
power history are presented in Figure 27. The solid line in this figure is the 
temperature history to be compared to the code results. The selected power 
history and corresponding centerline temperatures are listed in Table 8. 

Additional input parameters that are needed and common to all three codes 
of interest are listed in Table 9. Two of the codes - -GT3 and FRAPCON-2--allow 
user input to control the amount of densification calculated during code opera

tion; this input is based on observed densification changes. Two density 
changes have been observed for the 92% TD unstable fuel used in rod 6. 

• During the fuel precharacterization for IFA-431/432, (12 ) an average 

: final density of 95.3% TD was observed after resintering at 1973K 
for 24 h. 

• PIE showed an average final density of 96.5% TD. 
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FIGURE 26. Actual Power History and Power History Used for Code Comparison 

Oensification in GT3 is controlled by inputting the final density, using 
the time-dependent model of Meyer(lO) to apply densification. Three GT3 

calculations will be compared to the data: no densification (input variable 
FRDEN2(a) = 92%) , final densification equal to that observed from the t her
mal resintering tests (FRDEN2 = 95 . 3%), and final densification equal to that 
observed from PIE (FRDEN2 = 96 . 5%) . 

(a) Input variable FRDEN is used for the initial density and is equal to 92% 
for these calculations; FRDEN2 specifies the density after densification 
is complete. 
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FIGURE 27. Actual Temperature History and Temperature History 
Used for Code Comparison 

Densification in FRAPCON-2 is calculated by the MATPRO(ll} routine FUDENS 
using either the initial density and sintering temperature or the observed den
sity change during a 1973K 24-h resintering test; the second method is recom
mended. The observed density of 95.3% TO after resintering at 1973K for 24 h 

is equivalent to a density increase of 362 kg/m3 (input variable RSNTR) . 
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TABLE 8. Power and Temperature History for Data/Code Comparison 

Step Time 2 da~s(a) Power
2 

kW/m(b) 
Centerline 

Temperature 2 K 

1 0.08 3.07 597 
2 0.16 5.66 670 
3 0.23 8.80 764 
4 0.28 11.41 828 
5 0. 34 14.36 899 
6 0.43 16.58 956 
7 0.46 18.05 1004 
8 0.50 19.60 1041 
9 2.0 19.6 105~ 

10 2.1 25.0 -- c) 
11 2.2 30.4 
12 6.0 30.4 
13 12.0 30.4 1458 
14 18.0 31.2 1533 
15 30.0 33.6 1578 
16 39.5 32.4 1533 
17 41.0 33.6 1578 
18 62.0 32.4 1533 
19 64.0 30.0 1458 
20 70.0 31.6 1503 
21 74.0 32.8 1548 
22 78.0 28.4 1398 
23 84.0 30.8 1473 
24 90.0 32.8 1518 
25 92.0 28.8 1383 
26 100.0 32.4 1503 
27 110.0 32.8 1533 
28 114.0 31.6 1503 
29 116.0 30.4 1443 
30 124.0 29.2 1413 
31 128.0 28.4 1368 
32 134.0 33.2 1548 
33 138.0 28.0 1383 
34 143.0 19.6 1098 

(a) Time, power, and temperature are for the end of each step. 
(b) Steps 1 through 8 are taken from startup data; steps 9 

through 34 are taken from Figures 26 and 27. 
(c) Steps 10 through 12 are necessary for code operation and 

were not compared to the data. 
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TABLE 9. Common Input Parameters for Data/Code Comparison 

Fuel Dimensions: 

cladding outer diameter 
cladding inner diameter 

fuel diameter 

fuel length 

plenum volume 

Materials: 

initial uo2 density 
235u enrichment 

f i 11 gas 

Operating Conditions: 
coolant temperature 

coolant pressure 

axial power profile 

power history 

12.79 nm 
10.91 mm 

10.68 mm 

571.5 mm 

1. 64 cm3 

92% TD 
10% 
100% He at 0.1 MPa 

513K 

3.4 MPa 

see Reference 12 

see Table 8 

FRAPCON-2 contains three mechanical response packages, which complicates 
its comparison to the data. (a) Each package has a different effect on cal

culated temperatures and implements the densification calculated by FUDENS 
differently. Thus, to implement the densification options and the mechanical 

package options, three densification assumptions were combined with the PELET 
and FRACAS-2 mechanical packages: no densification, densification based on 

the thermal resintering data (RSNTR = 362 kg/m3). and densification based 
on the sintering temperature (RSNTR = 0 kg/m3). The series of calculations 
that were made are summarized in Table 10. 

(a) FRAPCON-2 is a cooperative effort between PNL and the Idaho National 
Engineering Laboratory (INEL). Each laboratory has developed its own 
model of fuel rod mechanical response, and th~ NRC has requested that 
models be placed in FRAPCON-2 for evaluation.\18,19) The PELET 
mechanical package was developed by PNL, and the FRACAS-! and FRACAS-2 
mechanical packages were developed by INEL. 
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TABLE 10. Computer Runs for Data/Code Comparison 

Meehan i ca 1 
Case Code Option Densification Option 
1 GT3 none 

none 
no densification (FROEN2 = 92% TO) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

GT3 
GT3 none 

FRAPCON-1 none 

FRAPCON-2 PELET(a) 

FRAPCON-2 PELET 
FRAPCON-2 PELET 
FRAPCON-2 FRACAS-2( b) 

FRAPCON-2 FRACAS-2 
FRAPCON- 2 FRACAS- 2 

ex-reactor densification (FROEN2 = 95.3% TO) 
in-reactor densification (FROEN2 = 96.5% TO) 

none (RSNTR = 0) 

no densification (RSNTR = 0.01 kg/m3) 
default densification (RSNTR = 0.0 kg/m3) 

ex-reactor densification (RSNTR = 362.0 kg/m3) 
no densification (RSNTR = 0.01 kg/m3) 

default densification (RSNTR = 0.0 kg;m3) 
ex-reactor densification (RSNTR = 362.0 kg/m3) 

(a) PELET developed by PNL. 
(b) FRACAS-2 developed by INEL. 

Results from the 10 cases that were run are summarized in Table 11. The 
data is from the upper thermocouple (high-power region) of rod 6 of IFA-431, 

and the code calculations correspond to that thermocouple location. In gen
eral, the following results were obtained: 

• GT3 without densification (case 1) undercalculated temperatures while 
GT3 with densification (cases 2 and 3) overcalculated temperatures. 

• FRAPCON-1 (case 4) overcalculated temperatures. 

• FRAPCON-2/PELET without densification (case 5) overcalculated tem
peratures and undercalculated temperatures with densification 

(cases 6 and 7). 

• FRAPCON-2/FRACAS-2 overcalculated temperatures (cases 8, 9, and 10). 

The comparisons are more easily seen in Table 12 where the difference between 
the code calculations and data is presented. Minimum differences occurred for 
the FRAPCON-2/FRACAS-2 run without densification (case 8) and the GT3 run using 
ex-reactor thermal resintering densification (case 2). 
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TABLE 11. Results of Data/Code Comparison 

Centerl1ne TempPrdture, K 
GT 3 FRAPCON 1 FRAP(ON 2/PELET FRAPCON 2/FRACAS 2 

~ tep Qa til (a) b' easel'' Case ? C dSE' 3 Case 4 Case 5 Case 6 Case 7 casr> 8 Case 9 Case 10 

1 597 604 604 604 612 603 003 603 592 591 592 
1 670 680 680 680 704 681 681 681 663 663 Cb3 
J 764 776 776 776 621 781 781 781 754 754 754 
4 828 858 858 858 924 861 861 861 833 83] 833 
5 899 951 952 952 1044 955 955 955 925 925 925 
6 956 1022 i0?2 1022 113 7 1026 Hl?fi 1026 997 997 997 
7 1004 1069 1069 1074 1199 1073 1073 1073 1046 l 046 1046 
8 1041 1120 ! 120 lll2 1?6 7 11?? 1122 ]]?( 1098 1098 1098 
9 1058 1107 1130 1194 1266 1122 1077 1088 1098 1114 1109 

10 -- (c) 1230 131? 1394 14 74 1290 1216 1236 1280 1311 1300 
11 1451 1493 1591 1670 1456 1362 1389 1465 1507 1492 
12 1406 1512 1629 16 7l 1460 1308 133? 1465 1544 152 3 
13 1458 1365 1512 1642 l67l ]459 1270 1?89 ]465 1S76 1552 
14 1S33 1368 1 ')3 7 !670 1703 148? 1?72 1289 1492 1586 1684 
15 1578 1399 1626 1767 1837 IJJ4 1322 1331 15 73 1662 164? 
16 1533 135 7 1592 112 3 1817 152 3 1288 1296 1534 1620 1602 

""' 
17 1578 1386 1636 1772 1855 1560 1321 1329 1576 1667 1647 

~ 18 1533 1348 1504 1741 1849 1530 1290 1298 1538 1625 1606 
19 1485 1287 1522 1655 1764 1465 1229 1236 1460 1535 1518 
20 1503 1328 1576 1715 1828 1517 1274 1?83 151 7 1599 1 ~81 
21 1548 1356 1618 1779 1866 1562 1312 1320 1561 1649 1530 
22 1398 1245 1468 1621 1711 1443 1200 1208 1414 1483 1468 
23 14 73 1308 1551 1713 1805 1521 1268 1277 1501 15 77 1561 
24 1518 13 53 162 3 1874 1875 1594 1325 1339 1574 1660 lfi43 
25 1383 1?56 1487 1 732 1734 1491 1230 1238 1441 1509 1495 
16 1503 1343 1611 1879 1870 1608 1328 1345 15 70 11154 163 7 
27 1533 1334 1631 1973 1886 1543 1344 1369 1591 1674 Hi 55 
28 1503 1320 1591 1935 184 7 1626 1322 134 7 1555 1631 1614 
29 1443 1291 1551 1894 1806 1605 1299 1324 1519 1590 1573 
30 1413 1?61 1510 1860 1766 1585 1275 1300 1484 1549 1535 
31 1368 1243 1484 1834 1738 1576 1263 1288 1462 1524 1511 
32 !548 1382 1662 2260 1908 1748 1413 1440 1608 1716 1696 
33 1383 1197 1489 ?128 1720 1607 12 77 1303 1431 1509 1496 
34 1098 1020 1200 1840 1407 1331 1040 1062 1135 1184 1177 

fal Upper thermocouple. 
tJ See Table 10 for defin1tion of cases. 
c Steps Hl, 11, dnd 12 were needed for code operation and were not compared to the data. 



TABLE 12. Comparison of Data and Code Results 

G1fferer1ce Between Code ralcuiation and Oata,(a' K 
GT .1 FRfl.PCON 1 FRAPCON-?/PELET FRAPCON-?/FRACAS 2 

Step Case l C asP ? Case .i - case 4 rase 5 Case 6 Case 7 C ilSC' 8 CasC' 9 Case 10 --- --
l 7 7 7 15 6 6 6 -5 -I -I 
2 10 '0 10 34 ll ll ll -7 -7 -7 
3 " '" 12 12 57 15 15 II -10 -10 10 
4 30 JO 30 96 33 33 33 5 I 5 
5 :,3 13 \] 14) 16 16 "\6 y ,, 26 26 
6 66 66 66 181 70 70 70 41 41 41 
I 61 h'::> 70 li.JS 69 69 69 4? 42 42 
8 79 79 91 ??6 81 81 81 57 57 57 
9 49 7{_ 136 203 64 19 lO 40 56 II 

10 -- ( Ll) 
• l 
t2 
l3 -93 \4 184 21:, l -188 -1G9 7 11 R 94 
14 -1 70 J 137 170 -Jl -?61 -244 -41 53 71 
II -179 48 189 219 -24 -256 -24 7 -5 84 64 

~ 16 -176 59 190 284 -10 -245 -237 I 87 69 0 
17 -192 58 194 277 -IS -25 7 -249 -? 89 69 
18 -185 71 ?OR 316 -3 -?43 -?35 5 92 73 
19 - l 71 ]/ I 70 279 7 -229 -22? 2 )) 60 
?0 -175 73 2" ·' 325 14 -229 -220 14 95 78 
2l -192 711 231 3 IS 14 -236 -228 13 101 82 
12 -1 53 70 223 313 45 -198 -190 16 85 70 
13 -1fi5 7G ?40 33? 48 -205 -196 28 104 88 
24 -165 105 3Sfi 357 76 -193 -179 56 142 121 
25 -127 104 349 351 108 -153 -145 58 1?6 112 
26 -160 108 3 76 36 7 I 01 -17S -158 67 151 134 
27 -199 98 440 353 II 0 -189 -154 58 141 122 
28 -183 88 432 344 12 3 -181 -1J6 52 12 8 Ill 
?9 -152 108 451 363 162 -144 -119 76 14 7 130 
30 -151 " 44 7 353 17? -138 -113 71 136 122 
31 -125 !16 466 370 208 -105 -80 94 156 14 3 
31 -166 114 712 360 200 -!35 -108 60 168 148 
33 -186 106 74 5 337 224 -106 -80 48 125 113 
34 -78 102 742 309 233 -58 -36 37 86 79 

(a) A positive difference means the code calculation was greater than the data. 
{b) Steps 10, 11 and 12 were needed for code operation and were not compared to the data. 



When densification is used in conjunction with FRAPCON-2/PELET, the cal

culated temperatures are less than when 110 densification is assumed due to the 

fuel model used in PELET(a) (see Table 12). Densification is applied by 

reducing the cold fuel diameter and thus increasing the amount of voidage, 

which increases the roughness and widths of the fuel cracks and the fuel

cladding gap. However, an increase in the interaction between fuel fragments 

apparently accompanies the increased roughness, which increases the effective 

fuel thermal conductivity and reduces fuel temperatures. 

When comparing data and code calculations, it is possible to define a band 

around the data within which a code calculation can be accepted. Two possible 

ways to define this acceptance band are: 

• the uncertainty in the temperature measurement 

• the uncertainty in the expected operating temperature given the 

uncertainty in fuel rod dimensions, material properties, and oper

ating conditions. 

The first definition results in a narrow band and requires that the code cal

culate the behavior of a specific rod that may or may not be typical of that 

design. The second definition results in a wider acceptance band that accounts 

for the expected behavior differences in nominally identical rods. Use of this 

second acceptance band allows the code to be compared to the expected general 

response of a rod design based on the actual specific response of that rod 

design. 

Table 13 details the widths of the two acceptance bands. For the first 

band, the temperature measurement uncertainty is reported to be +3% at a con

fidence level of 3o (99.7% confidence level), ( 20) which correspo~ds to 

approximately ~35 to ~40K during the steady-state portion of the irradiation. 

The second acceptance band was determined by applying linear propagation 

of errors to the calculation of fuel temperature.( 2l,ZZ) By requiring that 

{a) A complete discussion of the PELET mechanical package may be found in 
Reference 16. 
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TABLE 13. Acceptance Bands for Data/Code Comparison 

Temperature Calculated 
Centerline Measurement Operational 

Step Tem~erature, K Uncertaintl, Kla) Uncertaintt(b) 

1 597 10 33 
2 670 12 35 
3 764 15 50 
4 828 17 57 
5 899 19 64 
6 956 20 70 
7 1004 22 75 
8 1041 23 79 
9 1058 24 82 

10 --(c) 
11 
12 
13 1458 36 137 
14 1533 38 151 
15 1578 39 154 
16 1533 38 147 
17 1578 39 154 
18 1533 38 147 
19 1485 36 139 
20 1503 37 144 
21 1548 38 149 
22 1398 34 131 
23 1473 36 140 
24 1518 37 143 
25 1383 33 127 
26 1503 37 141 
27 1533 38 146 
28 1503 37 144 
29 1443 35 135 
30 1413 34 132 
31 1368 33 124 
32 1548 38 148 
33 1383 33 129 
34 1098 25 92 

(a} Temperatures were measured in oc and uncertainty is based 
on as-measured temperatures. 

(b) Calculation was performed in oc; power uncertainty = 5.6% 
{Reference 20); and 3 confidence level. 

(c) Steps 10, 11, and 12 were needed for code operation and were 
not compared to the data. 

52 



the calculated centerline temperature match the data, the resulting uncertainty 
calculation can be interpreted as the expected range of temperature response 
given the dimensional and operating uncertainties. A code calculation that 

falls within this band ("'~140K) is assumed to be reasonable. 

By comparing Tables 12 and 13, lt is possible to make the following state

ments about the thermal performance of the codes relative to the data. 

• GT3 - If run without allowing densification, the calculated tempera

tures lie within the acceptance band during the rise to power. How

ever, calculated temperatures are below the band throughout the 

steady-state irradiation. If run with a final density of 95.3% TO 

(thermal resintering result), the calculations lie within the accept

ance band until the last step. Inputting a final density of 96.5% TO 

(from PIE) results in a strong overcalculation of temperature. 

• FRAPCON-1 - Temperatures are greatly overcalculated using the default 
densification. 

• FRAPCON-2/PELET - If run without densification, the calculated tem

peratures lie within the acceptance band until late in the power 
history, at which point temperatures are overcalculated. If run 

with either densification option, calculated temperatures are within 

the acceptance band during the rise to power. During steady-state 
irradiation, temperatures are undercalculated until late in the 
power history. (a) 

• FRAPCON-2/FRACAS-2 - Except for scattered points late in the power 

history, Cdlculated temperatures (with and without densification) 
lie within the acceptance band. 

(a) Following the completion of this work and prior to publication, the 
anomalous result of densification that had caused a decrease in the 
calculated temperatures was traced to an error in the publicly available 
version of FRAPCON-2 (Version 1, Mod 2). With the error corrected, 
FRAPCON-2/PELET temperatures (with RSNTR = 362 kg/m3) increased to 
values greater than the data but within the acceptance band until power 
history step 25. The effect of porosity changes within the PELET/RADIAL 
model is under review. 
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