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Fig 3 Photomicrograph showing a position of the reaction 
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ABSTRACT 

A potential fuel rod failure mechanism in water cooled reactors is pel
let- c 1 dd interaction (PCI). Although the severity of this problem 
varies significantly witn reactor desiyn, PCI failures generally occur-
in irradiated fuel during post-refuel ing startups and/or- operating tran
sients. A wide variety ot test reactor experiments have beer, performed 
to determine the absolute power levels and changes in power which lead 
to those failures; nowever, a quantitative description of the failure 
boundaries in terms nt the effects of operating parameters such as ini
tial (irradiation; power, Mnai power, rate ot change in power, burnup, 
or mean clad temperatuie noes not exist, lo develop such a relationship 
a linear discriminant analysis ot «lata trcm both test and commercial 
reactors has been performed. 1 he m i f a 1 oata base used encompassed 713 
data points [11/ failures jnd :>96 nor: failures) representing a wide 
variety of water cooled reactor fuel iPwK, Bw'R, CANÜU, ana SCHWR). When 
apoiiea on a best-estimate basis, the resulting function simultaneously 
predicts ~80 percent of botn the failure am! non-failure data correctly. 

une of the most significant predictions of the analysis is that rela
tively large changes in power can be tolerated when the pre-ramp irradi
ation power is low, but. that only small changes in power can be toler
ated when the pre-ramp irradiation power is high. However, it is also 
predicted that fuel rods irradiated at low power will fail at lower 
final powers than those irradiated at high powers. Other results of the 
analysis -ire that fuel rods with high clue operating temperatures can 



withstand larger power increases that fuel rods with low clad operating 
temperatures, and that burnup has only a minimal effect on PCI perfor
mance after levels of approximately 10000 MWU7M1U have been exceeded. 
These trends in PCI performance and the operating parameters selected 
are believed to be consistent with mechanistic considerations. 

It also appears that the relative PCI performance of PWR and BWR fuel 
can be rationalised on the basis of the discriminant analysis. Pub
lished PCI data indicate that 5WK fuel usually operates at higher local 
powers and changes in power, lower clad temperatures, and higher local 
ramp rates than PWR fuel. Based on this analysis each of these factors 
can increase a fuel rod's propensity for failure and decrease the change 
in power that can be tolerated before its failure threshold is ex
ceeded. The fact that fuel rod operating parameters can be used to 
describe the performance of a wide variety of water reactor fuels, also 
suggests that operating parameters may well have a more significant 
effect on PC! failure susceptibility than do fuel rod design variables. 

I. INTRODUCTION 

A potential fuel rod failure mechanism in water cooled reactors is pel
let-clad interaction (PCI). These power ramp related defects can occur 
during post-refueling startups or operating transients; the driving 
force being the differential thermal expansion of the U 0 ? fuel pellets 
and Zircaloy fuel cladding. If the resultant stresses imposed upon the 
cladding are large enough, it: «ill fail due to fission product assisted 
stress corrosion cracking a:id/or mechanical rupture. 

Although PCI has been extensively studied during the past decade, the 
fuel operating parameters which have the greatest influence on fuel rod 
failure propensity have not been clearly identified. This is exempli
fied by several genera! observations: 

1. Most of the published failure models are based on the concept that a 
specific final power threshold must be exceeded before failure will 
occur. Irradiation history effects, although frequently acknow
ledged 'o be important, have not been quantified. 

2. A wide variety of ramp test data have been performed to determine 
the absolute power levels or changes in power which lead to PCI 
failures. Although these data seem to support the concept of a 
final power threshold levé: of =40 kw/m, commercial power reactor 
fuel rods have failed at power levels as low as -25 kw/m. 

3. Ine relative PCI performance of various types of commercial power 
reactors has not been explained, despite the fact that PCI failure 
susceptibility varies rather significantly as a function of nuclear 
steam supply system design (i.e. PWR vs. :5WR). 

As a result of these ambiguities, a wide var iety of ramp test oata have 
been statistically analyzed to determine whether differences in fuel rod 
operating conditions could, to a first order, be responsible for the 
observed behavioral trends, ihe specific analysis technique selected 
was linear oiscr imir.ant anaivsis. briefly stated, this technique uses 
various fuel rod operating parameters to construct a mathematical func
tion that predicts fue-i rod failure and non-failure data in an optimum 
manner. foe purpose of this Paper is to describe some of the qualita
tive ana quantitative Information lhat has been determined from the 
linear discriminant analysis, and to consider specific, physical 
mechanisms that are consistent with its predictions. 

!_!_. _ VUHOD0LÜGY 

1 he data bas- which was used fur the derivation and verification of the 
statistical model encompassed 713 power ramps including 117 failures and 
b96 non-failures. Specific data sources included failure data from the 
Inter amp program;l "' "' ' failure a»d npn-t îijure Cita from trie Pickering 



and Douglas Point CANDU reactors;v ' and failure and non-failure data 
from ramp tests performed at Riso, ( ' Studsvik ' and 
Holden/ ~" Although other PCI data sources were available, these 
were not included for the model development because one or more of the 
pertinent operating parameters could not be determined. 

The operating parameters which were selected for the statistical analy
sis were change in power ( A P ) , burnup (W), ramp rate P, "conditioned" 
irradiation power (P.) and clad temperature (T , ) at the terminal 
power level of the ramp. The rationale for the selection of these 
specific operating parameters was based on the following mechanistic 
considerations: 

1. Change in Power: 

The driving force for PCI failures is differential expansion between 
the Zircaloy sheath and U 0 ? fuel pellets. As power ramp magnitude 
is increased, larger stresses and strains are imposed upon the fuel 
cladding and failure propensity increases. 

Z. Burnup: 

Several dynamic processes occur in a fuel rod as burnup increases. 
Fission product inventory within the fuel rod increases; clad irra
diation damage increases until saturation occurs; and mechanical 
interaction between the fuel pellets and the clad increases due to 
clad creep, pellet fragmentation and relocation effects, bonding, 
etc. All of the above effects could be expected to increase failure 
propensity during a power ramp. 

3. Ramp Rate: 

The rate of power change controls the rate of differential thermal 
expansion between the fuel pellets and the cladding and, hence, the 
strain rate imposed upon the cladding. Clad strain rate effects 

could affect PCI failure propensity through a) the strain rate 
dependence of the stress corrosion process; or b) the stress history 
experienced by the clad, in that low ramp rates allow greater in-
situ relaxation and lower imposed stresses. 

4 • J_pi_t i al or "Conditioned" Irradiation Power : 

Irradiation power is thought to reflect fuel rod operating history 
during some interim period prior to a ramp. As such, it could 
reflect the condition (irradiation damage state) of the clad; the 
degree of mechanical interaction between the clad and the fuel; or 
the environment (release and migration of fission products) within 
the fuel rod as a result of the fuel temperature during irradiation. 

5. Clad Temperature: 

Clad temperature could influence either a) the reaction rate of the 
fission products with the Zircaloy sheath; or b) the plasticity of 
the clad and, hence, the stress and strain history to which it is 
subjected. This parameter was included in the analysis because 
mechanistic considerations indicate that clad plasticity, in partic
ular, should play an important role in controlling failure propen
sity. Furthermore, mechanical Property data obtained on both unir
radiated and irradiated fuel cladding indicates that clad plasticity 
varies significantly over the range of clad temperatures that are 
characteristic of the water reactor PCI data base. (It should be 
noted that the variability in clad temperature for any specific type 
of nuclear fuel (BUR, PWR, etc.) is relatively small; but the varia
tion between fuel types is significant. Thus, the effect of other 
parameters, which vary systematically with fuel type, could be 
correlated with the effect of clad temperature.) 

The compatibility of the above mechanistic considerations with the 
specific trends identified by the statistical analysis will be one of 
the subjects addressed in the discussion section of the paper. It is 



also worth noting that although final power was not explicitly included 
in the analysis, it was implicitly included in that P, = AP + P.. 

The primary objective of the statistical analysis was to develop a 
mathematical function that would predict PCI fuel rod failures as a 
function of the imposed operating conditions. This leads to the 
consideration of analyses based on regression analysis. Unfortunately, 
the only dependent variable one can deal with in the PCI data base takes 
on only two possible values — failure or non-failure. This dependent 
variable is not continuous and regression analysis is not appropri-

(13) ate. Discriminant analysis is a procedure that is tractable and 
may be applied whenever a two-way classification of a dependent variable 
must be performed. 

The general form of any discriminant function is: 

Z " B 1 X 1 + B 2 X 2 + ••• + \ \ ( 1 ) 

where the X's represent specific functions of the parameters of interest 
(X, = f(aP), X, = f(W), etc.) and the B's are coefficients which the 
discriminant analysis procedure determines. Once the coefficients for a 
specific discriminant function have been calculated, it is used to pre
dict failures or non-failures in the following manner. For a particular 
combination of fuel rod operating parameters evaluation of the various 
terms in the discriminant function leads to a number which we call Z. 
If Z is greater than a predetermined critical Z, say Z , then the 
model predicts failure to occur at the point specified by the X's, 
otherwise the function predicts a non-failure. That is, if Z _> Z , 
failure is predicted; while if Z < Z , non-failure is predicted. 
Thus, the discriminant analysis in effect assumes that fuel rod failures 
and non-failures are related to the numerical size of a linear combina
tion of selected fuel rod operating parameter functions. 

The major obstacle to the successful use of the discriminant analysis 
method is the development of a specific function that yields accurate 

predictions for both failure and non-failure data. The analysis that 
will be discussed in this paper simultaneously predicts "83 percent of 
both the failure and non-failure data correctly when applied on a best 
estimate basis. Approximate 95 percent lower confidence bounds for trie 
prediction accuracy on new failure and non-failure data are 69 percent 
and 79 percent, respectively. Stated alternatively, the discriminant 
model is expected to predict at least 69 percent of all future failure 
data and at least 79 percent of all future non-failure data accurately -
when applied on a best-estimate basis at a 95 percent confidence level. 

1ÜL_.ANALYSIS RESULTS 

The general form of the discriminant function selected for the present 
evaluation was as follows: 

lc = BjtfUP)] + 32[f(W)J » B 3[f(P)] + B 4[f(P i)] + B 5 [ f ( T c l 8 d ) ] (2) 

The most, effective way to demonstrate the effect that various operating 
parameters are predicted to have on PCI failure propensity is to present 
the discriminant model in a graphical form. To do this it is first 
necessary to solve equation {?.) for the parameter of greatest interest. 
In the present case this parameter is AP. Once the appropriate function 
AP - f(Z , w, P, P , T., ) has been obtained, it is possible to 
plot AP failure boundaries as a function of the various fuel rod oper
ating parameters. In this type of plot AP represents the maximum allow
able change in power that can be tolerated before failure is expected to 
occur. Two such plots are shown in figures 1 and i for a constant clad 
temperature and ramp rate. 

In Figure 1, AP is plotted versus burnup for irradiation power levels of 
-13-46 Kw/nt. It is evident that burnup (W) has a very significant 
effect on the location of the failure boundary tint il burnups of 
~10 Gwü/MlU dre attained. Bevonu that point burnup has only a minimal 
effect on the AP failure boundary. It is also evident from Figure I 



that the failure boundary is a strong function of the pre-ramp irradia
tion power (P.). This is demonstrated more clearly in Figure 2, where 
AP is plotted versus P{. (Figure 2 is simply a cross-plot of Figure 1 
at burnups of 5, 10, 20 and 30 GWO/MTU.) Figure 2 demonstrates that 
high irradiation power levels reduce the magnitude of the AP that can be 
tolerated. It is also noteworthy that the slope of the predicted 
boundary is not -1, as would be required if there were a constant final 
power (P,) failure threshold. The significance of this result will be 
discussed later. 

The effects that the last two parameters, clad temperature and ramp 
rate, are predicted to have on the AP failure boundary can be summarised 
as follows. Increasing clad temperatures dre predicted to decrease the 
propensity for PCI failures. In Figures 1 and 2, for example, a de
crease in clad temperature of ~50°C can decrease the AP failure boundary 
by ~1-5 kw/m. Ramp rate is predicted to have almost no effect over most 
of the data range (0.002-3.0 kw/m/s) that was included in this analy
sis. In fact, only extremely high ramp rates (_>1 kw/m/s) are expected 
to have a significant effect on failure propensity. 

IV. DISCUSSION 

The qualitative predictions of the linear discriminant analysis are 
summarized in Table 1. These results indicate that AP, P. and T , , 

' i c lad 
have a strong effect on failure propensity over the full range in which 
these parameters were investigated. Similarly, W has a strong effect 
early in life; but beyond -10.0 GWO/KTU it has almost no effect. The 
parameter which had the weakest overall effect was P; its effect being 
minimal unless rates >1.0 kw/m/sec are exceeded. 
To the authors' knowledge there is only one other statistical model to 
which the results of the present investigation can be compared. The 
model, PROFIT, was developed by the Battel le Pacific Northwest Lahora-

1 f-i tory for use by the USNRC. PROFIT was designed to predict: failure 

probabilities once three specific fuel rod operating parameters (AP, 
P. and W) have been defined. Although it is not possible to make any 
specific quantitative comparisons between PROFIT and the present linear 
discriminant analysis (the former defines a failure probability whereas 
the latter defines a failure boundary), it is possible to make 
qualitative comparisons. 

The general form of PROFIT is as follows: 

PCF = _-e (3) 
e s + 1 

where S . B Q • B, A P O ) - 8 2 ( 4 P S M ) ( ^ (4) 

P, P. 
SM AP, M = (A/2) OSH (-J-i-1) (5) 

P = BlI+exp(-C FJiiJ], (6) 
a 

arid the various terms are 

PuF =. probability of failure 

AP = increase in power 

P. = irradiation power 

Bu - burnup 

A,8,C,B ,B, ,B, * model constants o 1 2 

SEAF = strain energy absorption to failure for the actual 
strain rate imposed upon the clad 

SEAF = minimum strain energy absorption to failure that is 
possible as a function of clad strain rate 



Although it is stated that SEAF and SEAF are sensitive to the J o c 
combined effects of clad strain rate, environmental embrittiernent, ana 
temperature; the principal significance is that the SEAF /SEAF 
ratio reflects the sensitivity of POP to P. Unfortunately, the quanti
tative evaluation of the SEAF parameters is difficult. Thus, the SEAF 
ratio is usually assumed to be 1.0, thereby representing a *orst pos
sible case. It can be said, therefore, that the effects of P and 
T , , are qualitatively, but not quantitatively, addressed in PROFIT. 
C 1 30 

This is the major difference between the Batelle-NRC model and the 
linear discriminant analysis, and is one of the reasons PRÜF II yields 
overly conservative predictions for PWR fuel. 

The form of the PROFIT model (POF = 0.5 and SEAF ratio = 1.0) is shown 
in Figures 3 and 4, where AP is plotted versus W ana P s, respec
tively. It can be seen from these figures that the qualitative trends 
predicted by PROFIT are quite similar to those predicted by the dis
criminant analysis, Figures 1 and 2. The most significant differences 
between the two are that 1) the discriminant analysis predicts that the 
effect of burnup saturates at ~10 GWD/MTU whereas PROFIT predicts satu
ration at ~5 GWD/MTU; and ?.) the discriminant analysis predicts that 
increasing irradiation power always increases failure propensity, 
whereas PROFIT predicts the effect of irradiation power eventually 
saturates. Despite these differences, the agreement in overall trends 
is excellent - even though the two analyses were derived using different 
data bases and statistical methods. 

Aside from quantifying the effect of various operating parameters on the 
PCI performance of water reactor fuel, the linear discriminant analysis 
has also led to several observations. For example, as mentioned in the 
introduction, it. is quite common for final power failure thresholds to 
be determined from research reactor ramp tests. (The threshold level 
that is typically quoted is ~40 kw/rn.) However, this type of analysis 
is inconsistent with commercial water reactor fuel experience, in that 
failures have occurred at final power levels as low as ~20-<?5 kw/in. 
This seemingly contradictory behavior can be rationalized on the basis 
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It is also believed that the performance trends discussed above can be 
used to rationalize the observed performance difference between PWR and 
BWR fuel. Much of the published BWR PCI data is derived from unpressur-
ized 6x6 and 7x7 fuel, if one examines the operating conditions that 
were imposed upo.i this generation of BWR fuel, it is found that it gen
erally operated at higher local irradiation powers and changes in power, 
lower c'ad temperatures, and higher local ramp rates than typical PWR 
fuel. (Local ramp rates as high as ~3 kw/m/s have been reported.) 
According to the present evaluation each of the above factors increases 
fuel rod failure propensity. Furthermore, it is significant that one 
analysis can predict reasonably accurate failure boundaries for a wide 
variety of reactor fuels; as this supports the view that all currently 
designed water reactor fuel performs comparably when subjected to 
identical operating conditions. 

The last topic which will be addressed is the compatibility of the 
trends identified by the linear discriminant analysis with those expect
ed on the basis of mechanistic considerations. Of the five parameters 
included in the present analysis, it is relatively easy to rationalize 
the qualitative effects that three of tnem U P , W and P) have on PCI 
failure propensity. (The specific mechanisms that have been proposed by 
various investigators were elucidated in Section II of this paper.) 
Unfortunately, the trends identified by the linear discriminant analysis 
do not in themselves clarify which, if any, of the proposed mechanisms 
is actually dominant. The authors opinion, however, is that the impor
tance of 4P and P lies in their influence on stress history; while the 
importance of W lies both in the irradiation hardening of the cladding 
and the buildup of the rod's fission product inventory. 

In the case of the remaining two parameters (P. and T ) potential 
mechanistic effects on PCI failure propensity have occasionally been 
alluded to; but these concepts have not addressed actual PCI data, 
per se. As mentioned previously, P. is thought to be an irradiation 
history parameter in much the same way as burnup. The principal dif
ference between the two is that burnup must always increase, whereas 

irradiation power follows a much more complex path. Detailed mechanis
tic considerations have led the authors to the tentative conclusion that 
P, reflects the environment within the fuel rod, rather than the 

i 

damage state of the clad or the degree of mechanical interaction between 
the clad and fuel. More specifically, it is believed that P. has a 
strong influence on both the release of fission products from the 
pellets and their migration to the "cold" surfaces at the clad inner 
diameter. The higher the tod power and fuel temperature, the greater 
will be the quantity of fission products that reach the clad, and hence, 
the propensity for failure at any specific applied stress or Change in 
power. This concept is consistent with the trends identified by the 
discriminant analysis. The concept of P i reflecting a clad damage 
state is, on the other hand, inconsistent with the trends of the analy
sis in that higher P.'s should yield slightly higher clad irradiation 
temperatures ana presumably a less severe damage state. If this scen
ario were applicable, large P.'s would not increase failure propen
sity, which is contrary to the observed trends. The question of some 
correlation existing between P. and fuel-clad mechanical interaction 
can net be ruled out, however. 

The potential effects of the last discriminant analysis parameter, clad 
temperature at the- terminal ramp power level, seems to be more clear cut 
in that the two potential mechanisms discussed in Section II of this 
paper would produce opposite trends in fuel rod failure propensity. If 
the primary effect of clad temperature was to alter the reaction rate 
between the fission products and the clad, increasing temperatures 
should increase failure propensity, as has been observed in laboratory 
tests. This is opposite to the trend identified by the discriminant 
analysis, thereby suggesting that the beneficial effect of increasing 
clad temperatures is to increase the plasticity of the clad. Increased 
clad plasticity means that applied stresses (localized and clad average) 
relax more rapidly. As a result, the cladding is subjected to a less 
severe stress transient. This is, of course, consistent with known 
deformation behavior of irradiated Zircaloy.l' 



V. CONCLUSIONS 

As a result of this statistical analysis the following conclusions have 
been reached: 

1. An analysis of a wide variety of LWR PCI data indicates that a model 
of the general form 

I = B^fUP)] + B 2[F(W)] + B 3[f(P)] + B 4[f(P,)] + B 5[f(T c l a d)] 
can be used to predict PCI failures in both test reactor and commer-
cial reactor fuel. 

2. A number of specific performance trends were identified in the water 
cooled reactor PCI data base. Several of the most important trends 
are qualitatively substantiated by the Battel le PROFIT model. 

3. The performance trends that have been identified indicate that 
failure propensity is influenced both by change-in-power and 
irradiation power. The concept of a constant final power failure 
threshold is not accurate since irradiation power must also be 
considered. 

4. The effects of pre-ramp irradiation power and in-situ clad tempera
ture should be explored more throughly in ramp test programs as the 
discriminant analysis indicates that PCI failure propensity is 
strongly correlated with these parameters. It is believed that the 
effect of clad temperature, in particular, should be verified in 
future ramp test programs. 

5. Fuel rod operating parameters can be used to explain the PCI perfor
mance of a variety of water reactor fuels. This suggests that oper
ating conditions are more important than design parameters - at 
least within the range that is typical of present-day fuel. 

Despite the apparent success of this analysis, it is thought that 
the inclusion of other operating or design parameters might further 
increase prediction accuracy. In addition, more explicit compari
sons of the discriminant analysis predictions with specific PCI dat 
bases are desirable. These questions, as well as others, are 
currently being pursued using an expanded data base. 
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9£1 I i i in9_ Parameter 

Effect on Failure 
Propensity 

AP strong 

clad 

Strong 

strong 

strong to -5.0 6WD/MTU 
weak past -10.0 GWD/MTU 

weak except when > 1.0 kw/m/sec 
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Burnup (GWD/MTU) 

Fig. 1 - Predicted change-in-power (API failure 
boundaries as a function of burnup ( wi 
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Burnup (GWD/MTU) 

Flg. 2 - Predicted change-in-power ( API failure boundaries 
as a function of Irradiation power ! P.) 
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Fig.3-Change-in-power SAP! failure boundaries as a 
function of burnupiw) as predicted by PROFIT fora failure 
probability of 50% 
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rig.4 — Change-in-power ( AP) failure boundaries as a 
function of irradiation power (P.)as predicted by PROFIT 
for a failure probability of 50% ' 
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STATISTICAL TRENDS OBSERVED IN 
PUBLISHED DATA ON PCI FAILURES 

H. BAIRIOT, D. HAAS, 
BELGONUCLEA1RH. 
Brussels, 
Belgium 

ABSTRACT 

The INEL data base, as presented by EG & G at the October 1978 ANS/ENS 
international meeting on nuclear power reactor safety, presents graphic 
cally the effect of some single parameters on the failure probability 
of the tested fuel rods. It includes the pellet density, the cladding 
thickness, the fuel-cladding gap, the ramp rate, the terminal power and 
the fuel burn-up. 

Although it is recognized that failure cannot be ascribed to one single 
parameter, the observed probability curves can be explained and are gene
rally in agreement with the experience we have accumulated in deeling 
with BWR and FwTR fuels. 

1. Introduction 

In a paper presented by EG & G j 1 j at the October 1978 ANS/ENS interna
tional meeting on nuclear power reactor safety, the author compared 
measured and calculated power ramp failure probabilities? with the 
objective to evaluate the adequacy of PCI models in the Transient Fuel 
Rod Analysis Program FRAP-T'4, About 90 power ramp experiments on pre« 
viously irradiated fuel rods were performed and the results analysed. 
The main parameters investigated were the pellet-cladding gap, the fuel 
pallet density, the clad radius to thickness ratio, the peak heat rating 
and power ramp rate and the fuel burn-up. 

It is now commonly agreed Chat PCI induced clad failure-can be attributed 
Lo one or both of the following mechanisms : 

- mechanical lai'ure of the Zircaioy clad subjected to tensile stress 
concentrations ; 

« stress corrosion cracking of the Zircaioy clad by aggressive fission 
products like I, Br or Cs. 


