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Abstract 

•Hie model used to describe fuel pellet fracture and relocation is an important feature 
of a fuel performance computer code. This model becomes especially important if the 
computer code is principally to be used for the evaluation of pellet clad interaction. 
The fracture and relocation model being developed for the 3&W fuel performance code 
FUMAC was derived from an extensive data base. Cross sections of irradiated fuel rods 
were photographically magnified and measured to determine the configuration of the 
fragments of the fractured fuel pellets. Data, representing a wide range of I'M fuel 
designs and as-manufactured mechanical configurations, were catalogued and systemati
cally reduced and then correlated as a function of the likely independent variables. 
These correlations define the key phenomenological behavior patterns which the reloca
tion model must duplicate and indicate which mechanistic approaches are viable explan
ations of this behavior. The data base covers the burnup range from approximately one 
to 35 SWd/mtU and linear heat rates from less than 100 to new^y 700 wVCm. This paper 
presents the correlated data base and the methods used to derive and interpret i t . It 
was determined from this data base that pellet cracking is initially both power level 
and bumup dependent but tends to saturate eventually with continued steady irradia
tion. Fuel pellet relocation was found to be much more extensive than would be 
deduced from thermal considerations alone. Even at very low burnups fuel fragments 
were found to move outward until restrained by the cladding. "Soft* interactions with 
the cladding occurred ^ery early in l i fe under these circumstances «id the expected 
effects of as-built pellet to cladding gap and fuel densification on the hot gap can 
be masked by this behavior. Initial results obtained with the model ire presented and 
compared with both fuel performance data and with the results of calculations 
performed using an earlier model which was developed primarily to predict thermal 
effects. Significant pellet-clad interaction is found to begin more than a full 
reactor cycle earlier than predicted by the thermally orientated model; much more in 
line with the fuel performance data. The interaction is init ial ly "soft'* affecting 
Such parameters as clad ovaliration, then "hardens" to cause ridging and other 
cladding diameter changes. This transition from "soft" to "hard" interaction an 
occur over a wide range of burnups. The results also suggest that changes in internal 
resistance to heat flow within the pellets due to the opening of cracks may be as 
important as peripheral gap changes to the thermal modeler. The transient response 
and thermal implications of this model ire recommended as primary areas for future 
investigation. 

INTRODUCTION 

The FUMAC fuel rod performance computer code, currently being developed by the Sabcock 
& ailcox Company, will be used primarily to analyze the mechanical effects of pe l l e t -
clad interaction in light water reactors. An Important feature of this code is the 
treatment of fuel pellet cracking and relocation. Unless this phenomenon is correctly 
modeled, the mechanical interaction between the fuel pel lets and the cladding cannot 
be r e a l i s t i c a l l y evaluated. This paper presents the fuel pel let cracking and 
relocation model used in the FUMAC code. 
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The FutMC code is based in part on the TACO* family of fuel rod performance codes 
developed by 3abcock & Xilcox. The TACO codes were written primarily to perform 
thermal-hydraulic licensing calculations. These codes are used to establish neat 
rates to preclude central fuel melting, to provide conservative values for stored 
energy and gap conductance, and to predict the buildup of pressure within the fuel 
rod. The TACO codes contain models for fuel densification and swelling, fuel 
restructuring, gas release, cladding creep and gap closure. The codes provide 
calculational tools which conservatively predict fuel pin temperature and pressure. 

In the TACO codes fuel pellet cracking and relocation are conservatively accounted 
for from a thermal standpoint. The fuel pellets are assumed to remain right circular 
cylinders concentrically located within the free standing cladding. As is conven
tional «ith many codes of this type, a correction factor is applied to the calculated 
diametral gap between the fuel and the cladding to compensate for the effective 
thermal gap reduction due to pellet cracking and relocation. The correction is 
expressed in the form of i ratio, actual gap divided by calculated gao, and is m 
anperically derived function of power level and burnup only. 

The FUMAC code adopted many of the subroutines of the TACO series of codes in order to 
achieve commonality and reduced development costs. However, from the earliest stages 
of the FUMAC development effort it was recognized that the TACO cracking and 
relocation model would be inadequate for realistic mechanical analysis. The TACO 
relocation model is designed to under predict gap closure early in life in oraer to 
insure conservatively high thermal resistances are used in the heat transfer 
calculations. The ratio method used to apply the correction also means that the 
absolute magnitude of the correction decreases as the fuel-to-cladding gap closes so 
that pellet-clad contact is predicted only when the uncorrected pellet diameter equals 
the cladding inside diameter. Many years of analysis using the TACO codes have shown 
that the time to pel let-clad contact is significantly overpredicted and the extent of 
interference with the cladding is significantly underpredicted. 

The development of an improved fuel pellet cracking and relocation model became 
necessary when the decision was made to develop FUMAC with its mechanical orientation 
and emphasis on realistic modeling of the stress and strain induced in both the 
cladding and the pellets due to pellet clad interaction. The purpose of the new model 
is to more correctly predict the breakup of the fuel pellets and the relocation of 
their fragments both to insure that the gap closure occurs at more realistic times and 
to permit evaluation of the effects of other phenomena such as pellet hourglassing, 
frictional interactions between the cladding and fuel fragments and the stress 
concentrating effect of radial pellet cracks. 

EXPERIMENTAL METHOO 

Irradiated light water reactor fuel rods representing a wide range of designs and 
irradiation conditions were transversely sectioned in the hot ce l l and photographed. 
Enlargements approximately sixteen times l i f e size were made (Figure 1) from this 
photographic film. Each photograph was then examined to characterize the pel let 
cracking pattern and the extent of fragment relocation. 

For each fuel rod section the number of radial cracks Intersecting the outer surface 
of the pel let was counted and measurements were made of the crack widths and 
pellet-clad gap widths. All measurements were taken directly off the photographic 
enlargements then scaled to full s ize . The scaling factor for each photograph was 
determined by comparing the fuel rod diameter measured on the enlargement with the 
known as fabricated dimensions. 

The gap was determined for each pel let fragment by measuring the distance between the 
Inside surface of the cladding and the outside surface of each pel let fragment at the 
approximate midpoint between the radial cracks bounding the fragment. These values 
were then averaged for all fragments to determine the average gap at the cross 
section. Where the number of fragments was less then six, the average gap was 
determined instead from the measurement of the gap at six equidistant locations around 
the pellet-cladding boundary. The cracx widths were measured at the fuel surface when 
possible. In a few cases, the crack was not well defined at the pellet surface due to 
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such factors as pullout of a pellet fragment during polishing or a poorly defined 
boundary due to irregularities. In these cases the crack width was measured as near 
as possible to the pellet surface. 

DATA BASE 

The data base covers the burnup range from less than one to greater than 35 GWd/mtu 
and linear heat rates from less than 100 to nearly 700 W/Cm. The cross sections 
examined included irradiated 84W fuels, fuel pellets irradiated in the EEI program2, 
and mixed oxide fuels irradiated in the PRTR and the ETR3. In addition, cross 
sections from fuel irradiated in the VBWR4 were used. 

The 3&W fuels measured had burnups from 2 to 19.6 GWd/mtU. The fuels were irradiated 
at average linear heat ratings between 130 and 700 W/Cm. The as-fabricated diametral 
gaps of these fuels varied from less than 75 microns to greater than 300 microns. 
Initial pellet densities were between 91 and 96X TO. Twelve 3&W fuel rod sections 
were usea in developing the data base reported in this paper. Additional data to 
40000 MWd/mtU has recently become available but is not included in the data base 
presented here. 

Through B&W's participation in the EEI/EPRI sponsored program on fuel densification in 
the early 1970s, cross sections of irradiated fuels were available from a broad 
variety of different pellet types. Twenty-eight specimens from that program were used 
to generate data for this study. This data included pellets irradiated at average 
linear powers ranging from 70 to 300 W/Gn and burnups ranging from 230 MWd/mtU to 3.5 
GWd/mtU. The as-fabricated diametral gaps for the fuel pellets irradiated in this 
program were 150 microns while the as built densities varied from 89 to 97S TO. 

Pellet cracking and relocation measurements were taken from eight cross s -tions from 
mixed oxide fuels irradiated in the PRTR and ETR. For these fuels the f .Sir icated gap 
ranged from 175 to 300 microns and the burnups ranged from 935 MWd/mtU to v.3 GWd/mtU. 
The time-averaged linear powers were not given for these irradiations. Consequently, 
the peak heat rates which were given were used. Peak heat rates varied from 400 to 
700 W/Cm and as-fabricated densities varied from 93.5 to 94.5X TO. 

Fifteen cross sections were examined from fuel rods irradiated in the V6WR and the 
Oresden 1 reactor. These fuel rods were first irradiated in the Vallicitos Boiling 
Water Test Reactor. After this initial irradiation they were used to fabricate fuel 
assembly SA-1 and were then reirradiated in the Oresden Unit 1 power reactor. These 
fuels were irradiated to burnups from 16 to 36 GWd/mtU at low linear heat ratings of 
about 100 to 150 W/Cm. The nominal as-fabricated diametral gap was 100 microns and the 
nominal density was 95X TO. 

TEST RESULTS 

Figure 2 shows the number of radial cracks intersecting the outer surface of the 
pellet as a function of burnup for low power furl rods. While there is some data 
scatter it is still clearly evident that the number of cracks 1s a fairly well behaved 
function of burnup in this power range; the number of cracks increasing smoothly to a 
saturation value just above ten as the linear rate approaches 600 W/Cm. The trend of 
the data does not appear to project backwards to the origin suggesting that a thres
hold power level of around 50 W/Cm is required to Initiate cracking. This would be 
consistent with theoretical expectations; a significant power level being required to 
create sufficient tensile stress at the pellet surface. A conclusion that may be 
drawn from this figure 1s that for short duration events where the power significantly 
exceeds previously achieved levels the power level unlquly determines pellet 
cracking. 

In Figures 3 and 4 the number of radial cracks are shown as a function of burnup for 
the low power and high power rods respectively. Again it can be seen that the data, 
though scattered, show the cracking behavior to be a relatively smooth function of the 
variables of Interest. Figure 3 shows that continued Irradiation at low power causes 
increasing cracking. Again, however, the effect seems to be saturating at a value of 
ten. The cause of this additional cracking with time at continued low power 
irradiation can be attributed to either progressive material damage due to irradiation 
or thermal cycling. The authors lean towards the latter point of view though 
sufficient information on the power cycling history of the data base to verify this 
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speculation is not available. It should also be noted that the trend of the data in 
Figure 3 again does not appear to project backwards to the origin. This points up the 
initial power level dependency of the cracking phenomenon. On the long time base of 
Figure 3 the initial power level dependent cracking appears as an instantaneous step 
increase at startup. 

In Figure 4 on the other hand the data seem to project back to the origin. For this 
high power, short time, data the number of cracks appears to grow smoothly from zero 
at start up to the saturation value of ten or so as the bumup increases. Since these 
irradiations in general were too short to include significant power cycling, a 
materials irradiation damage mechanism is suggested here. 

Taken together Figures 2, 3, and 4 show that pellet cracking is a complex phenomena 
but that the general trend is fairly predictable. In all power level regimes the 
pellet ultimately breaks up into ten radial segments. This process takes time and is 
both power level and bumup dependent. If the power level is high the process is 
completed quickly while at lower power levels the process can require an extensive 
period of time. Multiple mechanisms are suggested by this behavior. 

Figure 5 shows the summation of the crack widths measured at the pellet's outer 
surface as a function of fuel rod bumup. This figure dramatically illustrates the 
random nature of the relocation process early in life when there is sufficient room 
for the broken pellet to expand into. The summation of crack widths for the low 
bumup rods span two orders of magnitude. As time progresses, however, cladding 
restraint begins to significantly limit the free volume in which the pellet fragments 
can occupy. At higher burnup the data converges on a consistent low value which is 
remarkably independent of both fuel design and power history. The fact that non zero 
terminal values ar^ reached at burnups where hard pellet clad contact has occurred 
demonstrate the inability of the pellet fragments to completely reregister. This can 
be attributed to the intervening effects of crack healing, UO2 creep, fragment axial 
relocation, fracture surface irregularity and debris in the cracks. 

Figure 6 is an expansion of the low burnup regime of the previous figure. While a 
slight trend towards increasing crack widths with increasing burnup mty oe suggested 
by the data, even at this expanded scale the extreme randomization of pellet fragment 
relocation at these low burnups is again clearly evident. The high power data shows 
somewhat less scatter then the low power data suggesting that the increased fuel 
thermal expansion in these hotter rods affords the pellet fragments less free room 
into which they can relocate. Again, cladding restraint appears to be a major factor 
in limiting outward pellet relocation. 

In Figure 7 an attempt has been mads to separate out the influence of geometric 
differences in the data base. This correlation of crack widths against initial 
diametral gap shows no dependent relationship. The summation of crack widths has an 
average value of something less than 250 microns independent of the initial geometry. 
The wide scatter about this average is also evident. Again, the random nature of the 
process is illustrated. 

One can now look at the effect of all of this on the classical variable; the diametral 
gap between the fuel pellet and the cladding. Figure 8 shows the final average gap 
between the fuel pellet fragments and the cladding as a function of discharge burnup. 
This figure bears a marked similarity to Figure 5. The highly random nature of the 
relocation can again be seen early in l i fe . With Increasing burnup cladding restraint 
again begins to dominate and the final gap converges on a small non zero value 
typically below 50 microns. Again l i t t l e dependency of this terminal value on power 
level or fuel design was evident In our data. This terminal value of less than 50 
microns at high burnups is on the order of the calculated differential thermal 
expansion between the fuel and the cladding at the generally lower power levels that 
the higher burnup fuel was subjected to late 1n life. This suggests that the fuel 
fragments were tightly constrained in the hot condition by the cladding on one hand 
and the inability of the fragments to relndex perfectly on the other hand. When the 
rods were cooled down and removed from the reactor the pellet remained relatively 
coherent and a diametral gap was opened up around the fragments equal to the 
differential thermal expansion of the two materials. 
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Finally in Figure 9 an attempt is again marie to separate out geometric effects. This 
figure more strongly suggests a dependency on fuel rod design. A weak trend is found 
towards increasing discharge diametral gap with increasing as-built diametral gap. 
This appears to be a second order effect however. 

In conclusion the experimental study shows that pellet cracking and relocation are 
complex functions of power level and burnup. The number of pellet fragments increases 
in a well defined manner with both time and pcwer level, thouqh multiple iiechanisms 
are suggested. The degree of relocation is, however, a least init ial ly highly random 
and i t is only at high burnup that some order returns due to the restraint provided by 
the cladding. Surprisingly l i t t l e dependency on initial geometry is found. 

MECHANISTIC MODEL 

This data suggests the following mechanistic model for fuel pellet cracking and 
relocation. Initially the pellets are intact and art loosely located in the cladding 
as shown in Figure 10a. In general the pellets will not be concentric with the 
cladding and tne cladding may have a small initial ovality. 

As the fuel rod is brought up to power for the f irst time both the fuel pellets and 
the cladding thermally expand. For a zircaloy clad fuel rod the differential thermal 
expansion will tend to close the diametral gap while for a stainless steel clad rod 
the gap will tend to open. The ends of the pellets will undergo more radial expansion 
than the roidplanes (hourglassing) due to their finite lengths8. During this initial 
power escalation the pellets crack both axially and radially as shown in Figure 10b 
once a threshold power level is exceeded.' The number of radial cracks is 
determined by the power level. 

The pellet fragments move outward opening up internal gaps at the radial cracks and 
closing the diametral gap between the pellets and the cladding. There is a random 
nature to this initial location with some fragments moving outward very l i t t le or 
moving only in conjunction with their neighbors while others move outward until 
constrained by the cladding as shown in Figure 10:. The newly created free surfaces 
of the pellet fragments bulge due to the radial thermal gradient. 

As the burnup of the fuel rod increases the pellet fragments decrease in volume due to 
densification and additional cracking occurs. The internal and external gaps 
redistribute and further fragment relocation occurs as shown in Figure lOd. The 
process is sti l l highly random. At some point in time determined by the power 
history, the fuel densification and swelling kinetics, and the cladding creep behavior 
the condition of maximum pellet fragment free play is reached. This point is reached 
during the first few months of operation at typical light water reactor conditions. 
At this point the summation of the internal and external gap widths is potentially 
maximized and fragment relocation reaches its greatest extend. 

As the burnup of the fuel rod progresses further cladding constraint becomes 
increasingly dominant. The cladding is now creeping down radially and increasing in 
ovality due to the action of the external pressure of the reactor coolant while the 
fuel pellet fragments are increasing in volume due to the swelling of the 
uranium-dioxide matrix as it undergoes irradiation. The combined effect of these 
changes serves to compress the fuel pellet fragments together and decrease their fru 
play. 

However, for many reasons the relocation process 1s not fully reversible. The 
surfaces of the pellet fragments are not the smooth idealized surfaces shown in Figure 
10. They are rough on both the macroscopic as well as the microscopic scale having 
many asperities which can hang up or frlctlonally Interact with their neighbors, 
their neighbors. There is also a frlctlonal interface between the cladding and the 
fuel and 1f the fragments have remained 1n place for a long time chemical bonding or 
crack healing may serve to further lock them in place. Additionally, the relocation 
process itself driven by gravity and vibrational forces plus the Initial thermal 
expansion can cause axial and radial translations of the fragments which move them 
into new arrangements from which geometric considerations prevent their return when 
the free space about them decreases. FimMy there is the strong potential that 
debris and slivers of fuel will ntve been generated during the Initial breakup which 
can wedge into the cracks and gaps at their maximum extent and lock up the pellet 
fragments further. 
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I t is therefore expected that some resistance trill be encountered almost immediately 
wnen the time dependent processes in the fuel rod begin to act to close up the 
internal and diametral gaps. This resistance will have a random nature due to the 
random process which created it and can best be described statistically. Effectively 
there will be an increasing resistance with increasing constraint. The resistance 
will increase slowly at first and then more rapidly reaching a value sufficiently high 
to dominate the cladding mechanically well before the fuel pellets are compressed back 
to anything like their theoretical cylindrical volume. 

This resistance can best be visualized as a hardening process. Init ial ly as shown in 
Figure lOe the pellet fragments and the cladding will only be contacting at a few 
points defined by the increasing ovality of the cladding and those pellet fragments 
which have relocated radially outward to the maximum extent. The interaction between 
the expanding pellets and the contracting cladding will be "soft" and will manifest 
itself in partial relocation of the fuel fragments into the regions where non 
constraining conditions remain and in a decrease or reversal of cladding ovalization. 

As time progresses, however, the resistance will become greater and "hard" interaction 
will begin as shown in Figure 10f. The fuel fragments now have almost no free play 
and their volumetric increase due to swelling must be bom entirely by straining the 
cladding except in so far as time dependent internal relief processes such as creep 
can further compact the pellet fragments. At reasonably low temperatures such as 
exist in typical LWR steady state irradiations,an equilibrium will eventually be 
reached between the radial swelling rate of the fuel and the diametral creep or strain 
rate of the cladding. This condition will usually be reached at the larger ends of 
the pellets before i t is reached at the smaller pellet mi dp lane. The interaction will 
manifest itself in the reversal of the cladding diametral creepdown and in ridging of 
the cladding at the pellet ends. 

In the case of a power up ramp the same basic mechanisms hold, however, the differen
t ial thermal expansion between the cladding and the fuel provides an additional driv
ing force serving to reduce the free volume around the fragments. The interaction 
will st i l l go through a hardening pattern as in the steady power case, however, the 
shorter time base will effect the response of the fuel rod significantly. Higher 
cladding stresses and strains an possible for the same amount of interference since 
the cladding creep rate may be too low to keep up with the pellet fragment expansion. 
Additionally the increased bulging of the sides of the fragments due to the higher 
thermal gradient across the fuel serve to force open the radial cracks. If the radial 
contact pressure is high so that the fragments are fFictionally locked to the cladding 
at their outer surfaces or if chemical bonding has xcurred at the interface very high 
local stresses can be created in the cladding over these opening cracks between pellet 
fragments.* A similar concentration can occur over axial pellet cracks and 
especially at the pellet ends. The coincidence of the radial crack stress 
concentration mechanism with the axial stress concentration mechanism apparatus at the 
ends of the pellets is believe to be the most probable initiator of pellet clad 
interaction failures in light water reactors when coupled with stress corrosion 
cracking. 

The increased fuel and cladding temperatures during the power increase can offer 
additional stress relief mechanisms. The thermal dependency of both fuel and cladding 
creep may serve to mitigate the situation if given time to act. Oue to this factor 
the rate of power increase is very important. I t is speculated that there may also be 
a mechanistic impact of ramp rate on fuel relocation. I f the rate of fuel volume 
increase is slow as during steady power with irradiation swelling, the fuel fragments 
may have more chance to relocate and relieve the interfacial forces than during a 
rapid power ramp. Possible mechanisms for this enhanced relocation potential during 
slow changes include not only creep but also the cumulative effects of vibration as a 
relocation aid and the similar effect of local and core wide power fluxuations. Some 
data from various test irradiations maybe interpreted to man that the pellet 
fragments lock up to a much higher degree during a rapid power increase than they do 
during a slow change which produces equivalent cladding constraint. 

(During a power decrease the above mechanisms tend to be reversed. The decreased 
differential thermal expansion between the cladding and the fuel decreases the driving 
force serving to reduce the free volume around tne fragments. The interaction with 
the cladding will soften and the fuel fragments nay even become frst enough to 
relocate further. This raises the potential for a ratcheting nechanism during power 
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cycling with the fragments relocating further at each low power episode and increasing 
the local strain at each high power swing. There is some empirical evidence to 
support such i theory; i . e . , the strong propensity for PCI fai lures occurring 
immediately after core shuff l ing where the vibration imparted by fuel handling would 
be expected to enhance pellet fragment relocation. On the otfer hand, the HaldenS 
cycling experiments shew evidence of decreasing interaction with repeated power 
cycling. 

RESULTS ANO DISCUSSION 

The programming of this pellet cracking and relocation model into i fuel performance 
code is relat ively straight forward aid can be accomplished in my one if several 
alternate ways depending on :he objectives of the programmer. The FUMftC code uses a 
complex f i n i t e element model to describe the fuel pellet-cladding interaction, 
however, we have also found the pel let relocation model to be useable and give useful 
insight into the phenomenonological interactions in a fuel rod undergoing power 
changes in much simpler calculations. Various elements of the new node! nave been 
programmed into simple single purpose computer codes and have been used to investigata 
the changes the new model makes in our analytical understanding j f pe!1et-c1adding 
interactions. 

I n i t i a l work with the new model has concentrated on steady state irradiat ions. 
Comparisons have been made between the time to onset of soft interaction (as measured 
by cladding ovalization reversal) and hard interaction (as measured by ridge 
formation) using the new model and the time to hard contact predicted by the old 
model. The height and axial d istr ibut ion of ridges predicted by the model has also 
been compared to i r radiat ion data for a range of fuel designs and power histor ies. 
Figure 11 shows the time to soft and hard contact predicted by the model for a variety 
of fuel design and i rradiat ion power histor ies. The actual times, where known or 
deducible from post i r radiat ion examinations, ire also shown. Also shown are the 
times to hard contact predicted by the old TACO gap rat io model, [ t can be seen that 
the new relocation model predicts times :o hard cont<aci. that ire substantially less 
than those predicted by the old model. Soft contact times ire even earl ier and both 
sets of predictions are far more in tune with the actual irradiation results than are 
the predictions using the previous method of analysis. 

Similarly in Figure 12 the axial progression and heignt of the cladding ridges 
predicted by the model xor standard 3tt PWR fuel is shown and compared with actual 
irradiation results. Both the trend and the extent of ridging is reasonably modeled at 
these moderately low steady power conditions. No comparison is made with the results 
of che TACO model here since the TACO codes do not have a pellet hourglassing model 
and so do not predict dad ridging. 

These results are encouraging as far as they go. Future work wi l l concentrate on 
benchmarking the new model against test reactor ramp data and other transient data in 
order to evaluate i ts su i tab i l i ty for analyzing the structural effects of rapidly 
changing power levels. I t is expected that some adjustments to the model may be 
necessary as the result of this work particularly in the area of the ramp rate 
dependency of the fragments' resistance to cladding restraint. 

No attempt has yet been made to assess the impact of this model on thermal conditions 
within the rod. Comparisons with TACO ana]yse$ show that the calculated effective 
pel let-to-clad gap 1$ always much smaller with the new methodology. This smaller gap 
plus the early onset of Intimate pellet-cladding contact would result in the 
calculation of consistently lower fuel temperature with the new model unless some 
accounting 1s made for the Increased thermal resistance Internal to the fuel due to 
the presence of the gaps opened up between pellet fragments when the fragments 
relocate outward. This could be complex to model other than on a statist ical basis 
s i ce one would have to introduce the effect of non radial cracking in some way. 

Lanning and Cunningham? report that recent improvements 1n fuel temperature measure
ment accuracy has in fact shown that just such an effect 1s occurring. "Relocation 
cannot be Involked merely as an adjustment to gap size within the thermal calculation; 
i t has further Implications mechanically 1n gap closure and pel let-cladding interac
tion (and fuel compliance) and thermally In degradation of the fuel conductivity." 
This is another area that 3iW w i l l be looking at in the future. 
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In conclusion, the fuel pellet cracking and relocation model recently developed shows 
considerable promise in being better able to reproduce the phenomena occurring in a 
fuel rod during irradiation. The mechanical behavior predicted by the model has been 
partially verified already and shows good agreement with performance data obtained 
from steady moderate power irradiations. Future work will concentrate on transient 
response in fuel rods undergoing power ramps near or above the failure threshold. The 
thermal implications of the model have not been investigated yet and would appear to 
be an interesting area for future work. 
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Fuel Rod Cross Section 

Figure 1 
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Figure 10 

Fuel Pellet Cracking & Relocation Model 
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Figure 11 
Interaction Onset Times 
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Clad Ridging Progression 
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