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ABSTRACT 
 

As nuclear fuel failures can have significant economic and operational consequences, it is 
essential that factors impacting fuel performance are adequately understood.  Current industrial practice 
relies on deterministic safety analysis and the “limit of operating envelope” approach to establish 
CANDU fuel design limits, where all parameters are assumed to be at their worst-case limits 
simultaneously.  This results in a conservative prediction of event consequences with little consideration 
given to the high quality and precision of current manufacturing processes. 

This study employs a novel approach to the prediction of nuclear fuel reliability.  Probability 
distributions are fitted to actual fuel manufacturing datasets provided by Cameco Fuel Manufacturing, 
Inc.  They are used to form input for ELESTRES, which is an industry-standard fuel performance 
modeling code that predicts fuel element behavior under normal operating conditions.  Through 105 
simulation trials, it is found that critical model response distributions are far below failure limits, 
implying that margin exists in the current fuel design.  In addition, the results of this probabilistic study 
are compared with those of a deterministic case, demonstrating the contrast between the two methods.   
 
INTRODUCTION 

 
This study involves the analysis of real manufacturing datasets, using a proven simulation tool, in 

order to quantify the fuel performance margins that exist.  Using this methodology, it is then possible to 
make a realistic prediction regarding the probability of unsatisfactory fuel performance through the 
examination of multiple failure mechanisms – something that has not yet been quantified.  The intent is to 
afford valuable information to industry professionals during the development of design criteria and/or the 
conduct of safety analyses. 

Cameco Corporation, a CANDU fuel manufacturer in Canada, has provided relevant datasets that 
describe the behavior of current manufacturing processes.  Through statistical analysis, appropriate 
probability distributions for important CANDU fuel manufacturing parameters are established.  These 
distributions are then randomly sampled and the resultant input vectors are submitted to ELESTRES, an 
industry-standard fuel performance modeling code used to predict the on-power thermal, micro-structural 
and mechanical behavior of a CANDU fuel element under Normal Operating Conditions (NOC) of 
power, temperature and pressure [2].  The code output then statistically analyzed to establish reliability.  
This allows for fuel performance predictions to be based on many years of real data as opposed to 
selected limit values. 

CANDU reactors are designed and licensed based on a conservative safety analysis method 
commonly referred to as a “Limit of Operating Envelope” (LOE) approach.  Throughout this process, 
parameters, manufacturing or otherwise, are set to limit values describing a “worst case” scenario.  For 
the analysis of manufacturing parameters, this involves minimizing parameters such as sheath thickness 
or yield stress, and maximizing parameters such as pellet diameter or stack length, among others.  This 
level of conservatism is important in nuclear safety analyses as the outcome of a non-conservative 
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analysis could be catastrophic.  However, this technique neglects the vast difference that can exist 
between the postulated set of conditions and those realistically encountered in a reactor.  To demonstrate 
this seeming disparity, a LOE benchmark case is developed by fixing manufacturing parameters at their 
limit values.  The case is then simulated using ELESTRES.  This allows for a quantification of the 
difference that exists in steady-state (NOC) fuel performance predictions for both the deterministic (LOE) 
and probabilistic safety analysis methods. 

In understanding which parametric values have the greatest impact on fuel performance, margins 
can be more accurately established, with greater confidence.  This study could also result in plant 
managers or operators being able to make more informed decisions in emergency or operationally-
important situations.  The ability to predict whether or not fuel will remain intact under specific 
conditions for a certain period of time is quite useful. 

 
CANDU FUEL DESIGN AND PERFORMANCE 

 
Clearly, one of the primary goals of any nuclear fuel design or operating procedure is reaching a 

situation where there are zero defects.  CANDU fuel technology has come very close to meeting this 
standard, however defects do still occur and stations require mechanisms to both detect and locate them.   

 
Design 

 
Natural uranium dioxide (UO2) cylindrical fuel pellets are used in all CANDU designs.  They are 

stacked end-to-end and hermetically sealed within a Zircaloy sheathing to form a fuel element.  Several 
elements are then combined to form a fuel bundle.  This is the physical unit that is handled by plant 
operators during reactor fuelling, where multiple bundles are placed in several fuel channels within the 
reactor vessel, which is known as the calandria.  A schematic of this set-up is found in Figure 1. 

 

 
 

Figure 1. CANDU Fuel Bundle and Fuel Channel Relationship. 
 
Nuclear fuel designers specify a variety of parametric tolerance levels to the manufacturer for the 

pellet, sheath, element and bundle.  Manufacturers then derive tolerance limits for each parameter to 
manufacture a product that conforms to the design.  The following is a brief overview of the major 
considerations of each parameter: 

 
Pellet  

 
The pellet contains the actual fissile material (Uranium-235) required to produce electricity and 

pellet design has a direct impact on fuel performance and fuel economy [1].  The material properties of 
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the pellet, such as density, surface finish, and impurity levels, must promote heat transfer between pellet 
and sheath.  Additionally, grain size tolerance limits must be established to control fission gas release.  
Finally, pellet dimension limits control the available volume for fission gas containment. 
 
Sheath 

 
The pellet stack is surrounded by the sheath, a Zircaloy tubing coated with CANLUB, which is a 

graphite coating used to mitigate Stress Corrosion Cracking (SCC).  The mechanical properties of the 
sheath must be controlled during manufacturing as processes like brazing could affect these values in a 
detrimental fashion [1].  Sheath diameter, thickness, surface finish, ultimate strength and elongation must 
all be specified to ensure dimensional stability and to minimize sheath strain.  Also, consistent CANLUB 
coverage and adhesion is important to mitigate SCC-related defects. 
 
Element 

 
Other parameters that are specified include minimum end cap weld strength to ensure 

containment, as well as end cap dimensions to minimize neutron absorption and end flux peaking, and to 
maximize heat transfer.  Additionally, the pellet-to-sheath gap must be controlled to prevent longitudinal 
ridging, and an axial gap limit must be established to facilitate end cap welding, to allow for UO2 
expansion and to accommodate fission gas release.  Hydrogen content must also be controlled to prevent 
hydriding of the Zircaloy components [1]. 
 
Bundle 

 
End plates must be sufficiently thin to minimize neutron absorption.  The weld strength between 

the elements and end plates must be sufficient to ensure the in-reactor integrity of the fuel bundle.  Inter-
element spacers and bearing pads, which provide support to the bundle and allow for adequate coolant 
flow, need to be specified. [1].   

 
Performance 

 
A fuel defect may be defined as “a fuel bundle with at least one sheath penetration that can be 

seen or determined through measured fission product releases” [1].  This sheath failure results in the 
release of radioactive fission products into the coolant system, and if the activity of these fission products 
were to exceed established regulatory limits for the coolant, it could pose a risk to station personnel 
and/or the public.  A schematic of a fuel defect and its corresponding fission product release path can be 
found in Figure 2. 

 

 
 

Figure 2. A Schematic of Fission Product Transportation through a Fuel Defect. 
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Fuel performance has been a highly recognized strength of CANDU reactors, with less than 0.1 
percent of fuel bundles containing or developing defects [3].  This low defect rate is a result of element 
and bundle designs that meet or exceed all regulatory and operational requirements, and manufacturing 
processes that produce fuel well within those design specifications. 

Fuel defects are generally categorized as either manufacturing, operational, or design-type 
defects, although these categories are sometimes interrelated.  Examples of each category are listed in 
Table 1.  The frequency of occurrence of design-related defects in CANDU reactors has decreased 
substantially in recent years, with most defects being attributed to the other two categories [7].  While 
reassuring from a safety-analysis perspective, from an engineering standpoint it calls for further 
investigation to ensure fuel elements are not being overdesigned, as this could be resulting in economic 
setbacks for the station.  

 
Table 1: Fuel Defect Categories and Examples. 

Design Defects Manufacturing Defects Operational Defects 

-Stress Corrosion 
Cracking (normal 
operations) 
-Endplate Fatigue 
-Fission Gas Overpressure 

-Incomplete Welds 
-Endcap Weld Cracks  
-Excess Hydrogen 
-Insufficient Volume 
 

-Debris Fretting 
-Mechanical Damage (fuel 
handling) 
-Acoustic Resonance 
-Stress Corrosion 
Cracking (abnormal 
operation) 

 
MODELLING AND SIMULATION 

 
Although most fuel element and bundle designs are simplistic in nature, their structural behavior 

during irradiation depends on a multitude of physical, chemical and mechanical processes, many of which 
are exceedingly complex and not easily understood [6].  For this reason, computer-based modeling and 
simulation tools are often used.  Of the available validated modeling tools used for CANDU fuel 
predictions this paper discusses one that is commonly employed.  Fuel acceptance criteria are also given. 

 
ELESTRES 

 

ELESTRES is a computer code that predicts the on-power axisymmetric, thermal, micro-
structural and mechanical behavior of CANDU nuclear fuel elements under normal operating conditions 
[2].  It is a fuel performance code that has been used extensively in the Canadian nuclear industry for 
many years, and is the standard against which other fuel performance codes are benchmarked.   
 One of the main objectives of ELESTRES is to predict the extent to which fuel performance is 
affected by various changes in design parameters [9].  Thus, sheath strain and fission-gas release in a 
single fuel element is the primary focus of the code.  In order to develop an appropriate simulation 
scheme for these parameters, several assumptions are made that allowed for the use of one and two-
dimensional models instead of three-dimensional models. 

The temperature distribution in the fuel element is solved first.  This is because temperature 
gradients contribute greatly to pellet deformation, which can result in pellet-pellet or pellet-sheath 
interaction [9].  The temperature distribution is treated as a one-dimensional problem, as it is assumed that 
there is no axial neutron flux variation and that axisymmetry exists within the element.   This allows for 
temperature to be determined using a finite difference method. 

The stresses and strains in the pellet are considered as a two-dimensional problem [2], with the 
axial direction being the first dimension and the radial direction being the second.  This analysis assumes 
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that stresses and strains are symmetric about the central axis and about the mid-plane [9].  A finite 
element method is used to solve the resultant equations. 

Fission-gas release is modeled as a function of diffusion, bubble growth and bubble interlinking 
[2].  For diffusion, values such as heat transfer between the pellet and sheath, heat generation rate and 
thermal conductivity are considered.  For bubble growth and interlinking, bubble size and density around 
the grain boundary are considered.  

ELESTRES has evolved over time, but the underlying physical models and associated 
assumptions have remained unchanged.  The fuel performance predictions it makes are in good agreement 
with experimental data [9], and it is well known to industry.   

 
Acceptance Criteria 

 

The fuel performance code discussed previously models CANDU reactor operation under NOC.  
The output it provides allows fuel designers to draw valuable conclusions without having to conduct 
extensive in-reactor testing, with all its resource and safety implications.  The simulated fuel performance 
calculated by the code is compared to predefined acceptance criteria. 

Although the regulator stipulates reactor shutdown limits based on fission product isotope 
concentrations in the coolant, acceptance criteria are largely station-specific, and are based on a variety of 
factors.  For the purposes of this paper, generic acceptance criteria to quantify acceptable versus 
unacceptable fuel performance are described.  In general, the fuel element is considered intact if the 
following criteria are met [4, 7]: 

1. No UO2 Melting.  The centerline temperature of the fuel element must not exceed the 
UO2 melting temperature of 2840oC. 

2. No Excessive Strain.  The uniform sheath strain of the element must not exceed 5% for 
sheath temperatures less than 1000oC or 2% for sheath temperatures higher than 1000oC. 

3. No Oxygen Embrittlement.  The oxygen concentration must not exceed 0.7 weight 
percent over half of the sheath thickness. 

This paper presents the findings on the first two above criteria for a CANDU fuel element under 
NOC.  

 
DATA COLLECTION AND ANALYSIS 

 
As the primary objective of this study is to improve current understanding of fuel manufacturing 

variability in order to augment fuel design and operational analyses, the manufacturing parametric data 
are prioritized as follows: 

1. Priority 1.  Parameters that are directly related to common design defects.  For example: 
SCC, fission gas overpressure, internal void, etc. 

2. Priority 2.  Parameters that are directly related to common manufacturing defects.  For 
example: end cap welds, excess hydrogen, etc. 

3. Priority 3.  All others. 
The priority categorization is shown in Table 2.  For the purposes of this study, only priority 1 

parameters are evaluated.  Other parameters could be considered as future work should a new need or 
modeling capability arise. 

Using the Probability Paper Plotting method [5], probability distributions are fitted to each 
parameter.  This is done by evaluating the goodness of fit of a number of suspected distributions to the 
datasets collected at CFM.  The results are given in Table 3.  As expected, the majority of the parameters 
are successfully described by the Normal and/or Log-Normal probability distributions, which are 
commonly associated with manufacturing processes. 
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Table 2: Fuel Manufacturing Parameter Priority Categorization. 

Priority 1 (Essential) Priority 2 (Supplemental) Priority 3 (Residual) 

-Pellet stack/end cap axial 
clearance 
-Pellet/sheath diametral clearance 
-Minimum sheath thickness 
-Sheath diameter (ID/OD) 
-Pellet density 
-Pellet microstructure and pellet 
impurities/EBC 
-Pellet shape/dimensions 
-Pellet surface roughness 
-Hydrogen content of fill gas 
-Sheath mechanical and chemical 
composition 
-Braze heat affected zone grain 
structure 

-End-cap/sheath weld strength 
and interface 
-End-cap thickness 
-End-cap to end-plate weld 
strength 
-End-cap internal and external 
weld steps 
-Bundle diameter 
-Bundle length 
-Bearing pad height 
-Element-to-element clearance 
-End plate thickness 
-End plate waviness and 
squareness  
-Minimum spacer height 
-CANLUB coverage, thickness, 
adhesion and curing 
-End plate web widths 
-End plate tensile strength 

-End plate metallographic 
homogeneity 
-Element orientation/match-up 
-Bearing pad surface condition 
-Bearing pad parallelism 
-Bearing pad edge radius 
-Surface condition/contamination  

 
A limiting factor in this analysis is the quantity of data points included in each dataset.  Logically, 

the more data points available, the more accurate a distribution fitting exercise will be. However, 
sufficient data were obtained to establish a detailed understanding of how each parameter is behaving, and 
the corresponding coefficient of determination (R2) values of the linear regression analyses yield a high 
degree of confidence in the distributions selected.   

 
Table 3: Distribution Fitting Summary. 

Parameter 
Data 

Points 
Coefficient of 

Variation 
Chosen 

Distribution R2 
Pellet Diameter 1920 0.00027 Log-Normal 0.961 
Dish Depth 900 0.06973 Log-Normal 0.914 
Land Width 897 0.03938 Log-Normal 0.967 
Pellet Density 1618 0.00186 Normal 0.992 
Sheath Thickness 834 0.00474 Log-Normal 0.973 
Helium Fraction of Fill Gas 111 0.02825 Log-Normal 0.977 
Pellet Grain Size 362 0.14855 Log-Normal 0.969 
Sheath Yield Stress 822 0.05252 Normal 0.998 
Weld Displacement 400 0.01904 Weibull 0.978 
Sheath Outer Diameter 834 0.00025 Log-Normal 0.935 
Sheath Inner Diameter 834 0.00030 Log-Normal 0.976 
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The Coefficients of Variation (COV) in Table 3 indicate the relative variability of each parameter 
across its dataset.  This is simply the ratio of a parameter’s standard deviation to its mean, meaning a 
lower COV is indicative of a tighter distribution, and therefore a lower degree of randomness.  Although 
no hard rules exist when classifying a parameter as a random versus non-random variable, a parameter 
with a COV of much less than 1% would be suspect of not being sufficiently random to have an impact 
on the system across its acceptable range of values.  This would imply that parameters such as Sheath 
Thickness and Pellet Diameter are not varying sufficiently to impact fuel performance.  From a design 
and manufacturing perspective, this is a positive result.   

However, other parameters, such as Pellet Grain Size and Dish Depth, show a higher COV and 
thus a higher degree of randomness.  This is not necessarily a cause for concern, as this degree of 
randomness is often acceptable if the parameter is practically difficult to control and if its impact is 
assessed to be minimal for a particular tolerance level. 

Distributions are selected for each parameter based on the least squares regression analysis 
methodology [8].  The higher coefficient of determination (R2) value is the deciding factor.  As shown in 
Table 3, the parameter labeled Weld Displacement is best described by the Weibull distribution.  This 
distribution type is normally used to describe ageing phenomena (such as the degradation of reactor 
components over time), and therefore intuitively seems like a questionable choice for a manufacturing 
parameter.  However, due to its shape and scale parameters, it is a flexible distribution that can sometimes 
be used to describe other variables.  The Log-Normal distribution is also a good fit for this parameter, and 
it is likely that if a sufficiently large dataset were obtained, the Log-Normal distribution would prove to 
be a better fit. 

 
ELESTRES SIMULATION RESULTS 
  

Two ELESTRES outputs that are considered significant when quantifying fuel performance are 
discussed.  These are fuel centerline temperature and sheath hoop strain.  The maximum values for both 
variables for each simulation run are read into a spreadsheet and then statistically analyzed.  What follows 
is a detailed analysis of the results for each variable with respect to the acceptance criteria described 
previously.  

 
Fuel Centerline Temperature 

 
This output variable addresses the “no fuel melting” criterion.  As heat is removed by the coolant, 

the hottest location in the fuel pellet (and therefore the first to melt) is the centerline location.  Fuel 
melting is a major concern, as it results in a significant volumetric change in the fuel element, likely 
resulting in cladding ballooning and failure and consequent fission gas release into the coolant.  By 
comparing the maximum fuel centerline temperature for a given simulation run against the melting point 
of natural uranium (2840°C), one can assess the potential of failure by this mechanism. 

Table 4 shows a summary of 105 ELESTRES simulations.   The maximum centerline temperature 
obtained is 1776 °C.  This is well below the acceptance criterion for fuel melting, implying that failure by 
this mechanism under NOC is extremely unlikely.  In fact, this value is 204 standard deviations from 
failure, meaning the likelihood of fuel melting occurring can effectively be declared nil.  

 
Table 4: Centerline Temperature Statistics Obtained Through 105 ELESTRES Simulations. 

 
Mean 1747.4 °C Minimum Value 1723.0 °C 
Standard Deviation 5.2 °C Maximum Value 1776.0 °C 
Coefficient of Variation 0.00296 Range 53.0 °C 
Second Moment 3.1 x 106 Number of σ from Failure 204 
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Another important value in Table 4 is the COV.  Recall that the COV is the ratio of a dataset’s 
standard deviation to its mean, and is indicative of the relative degree of variability of a quantity across its 
dataset.  A COV of 0.3% for centerline temperature implies a very tight distribution.  A histogram of the 
resultant data is shown in Figure 3.  Various suspected distributions are fitted to the data using the 
probability paper plotting method [5], and the resultant best-fit distribution is found to be the Log-Normal 
distribution with an R2 value of 0.9967.  This distribution is also given in Figure 3.   

 

 
 

Figure 3. Distribution of ELESTRES Output – Fuel Centerline Temperature (°C). 
 
Using this distribution, the probability of the centerline temperature exceeding 2840 °C is found 

to be less than 10-30.  This implies the presence of design margin when considering realistic 
manufacturing parametric values and fuel centerline temperature under NOC, suggesting that 
manufacturing specification limits could potentially be relaxed in future designs, possibly resulting in 
resource savings. 

 
Sheath Hoop Strain 

 
The next output variable relates to the criterion for “no excessive strain.”  The largest strain 

values obtained in the simulations are always those for hoop strain at the pellet end location.  These are 
the values used for statistical evaluation.  If sheath hoop strain becomes sufficiently large, the element 
tubing can balloon and ultimately burst, resulting in fission product release into the coolant.  This is 
typically caused by a higher than normal internal gas pressure due to both the filling gas and the fission 
gas contained within the element.   

The criteria for sheath strain are that it not surpass 5% for temperatures less than 1000 °C or 2% 
for temperatures higher than 1000 °C.  As sheath inside-surface temperatures remain at values just under 
350 °C for all NOC trials, any sheath strain higher than 5% is considered a failure. A summary of the 
values obtained for sheath hoop strain at the pellet end location for 105 ELESTRES simulations is given 
in Table 5. 

 
Table 5: Sheath Hoop Strain Statistics Obtained Through 105 ELESTRES Simulations. 

Mean 1.116% Minimum Value 0.966% 
Standard Deviation 0.040% Maximum Value 1.350% 
Coefficient of Variation 0.03565 Range 0.384% 
Second Moment 1.247 Number of σ from Failure 91 



 
22nd Conference on Structural Mechanics in Reactor Technology 

San Francisco, California, USA - August 18-23, 2013 
Division IX 

The maximum strain value obtained in 105 trials is 1.35%, which is 91 standard deviations from 
failure.  Erring on the side of caution and considering 2% sheath strain to be the failure limit, the 
maximum strain value obtained is still 16 standard deviations away.  The COV of 3.56% shows a much 
higher degree of variation in this output variable than in fuel centerline temperature.  This demonstrates 
that current variation in fuel manufacturing parameters has a greater impact on resultant sheath strain than 
it does on fuel centerline temperature. 

A histogram of the resultant data is plotted with its fitted probability distribution, shown in Figure 
4.  The distribution that best fits the sheath strain output data is the Log-Normal distribution, with an R2 
value of 0.9912. The probability of sheath strain exceeding 2% is determined to be less than 10-30, 
implying the existence of margin when considering this particular acceptance criterion under NOC. 

 

 
 

Figure 4. Distribution of ELESTRES Output – Total Sheath Hoop Strain at the Pellet End 
Location (%). 

 
LIMIT OF OPERATING ENVELOPE (LOE) BENCHMARK 
 

The conditions described in the Monte Carlo Simulation (MCS) exercise above are deemed to be 
a realistic representation of currently manufactured fuel elements, as the full range of potential input 
values are deduced directly from manufacturing data.  Due to time and resource constraints, as well as the 
requirement for the nuclear industry to remain conservative in its estimation of such conditions, this type 
of approach is not taken in industry.  The LOE approach is instead adopted, where all manufacturing 
parameters are assumed to be at their respective limit values.  This creates a “worst-case” estimation for 
input conditions, and the resultant model output values are then assumed to be the worst possible 
prediction of in-reactor fuel performance.  To determine how the MCS study compares to a traditional 
LOE approach, a benchmark case is constructed. 

With LOE data unavailable, input parameters are given maximum or minimum values according 
to the conditions that would most likely promote fuel failure.  For each parameter, if a limit value is not 
given by the manufacturer, a reasonable value at the appropriate edge of the parameter’s dataset is 
selected.  These values are used to create an input file for the code package, and the case is simulated. 

The results of the benchmark LOE case under NOC are given in Table 6.  The same ELESTRES 
output quantities are examined as those presented for the MCS exercise.  Mean and maximum values 
obtained from MCS are also given for comparison. 
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Table 6: A Comparison of ELESTRES Results for the LOE Benchmark Case and the MCS Study. 

Output Quantity 
Benchmark 
Maximum 

MCS Mean 
Value 

MCS 
Maximum 

Maximum Fuel Centerline 
Temperature (°C) 1833.0 1747.4 1776.0 

Maximum Sheath Hoop Strain (%) 1.466 1.116 1.350 
 
 The data in Table 6 show that the benchmark case produces more severe output conditions than a 
typical case, as the values of both output quantities are greater than the mean values obtained through 
MCS.  They are also significantly greater than the maximum values obtained through 105 MCS trials, 
revealing the disparity that exists between the two methods.   
 
CONCLUSION 

 
The Monte Carlo approach for the NOC case yields valuable information.  The statistical 

variation of key in-reactor phenomena due to the normal variation of CANDU fuel manufacturing 
parameters is quantified.  Although it is promising that the range of that variation is not large, the fact that 
it exists illustrates the complexity of the myriad of engineering considerations at play inside a CANDU 
fuel element while in operation. 

No fuel failures are predicted in 105 trials, and the probability of the limit values established by 
industrial acceptance criteria being exceeded is less than 10-30.  When comparing the results of this study 
to a typical LOE benchmark, the contrast is appreciable.  This does not imply that defects do not occur 
under NOC, however it strongly supports the idea that margin exists within current fuel manufacturing 
practices. It also provides some level of reassurance that current CANDU fuel manufacturers are 
producing fuel that meets and often exceeds design specifications. 
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