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Abstract. A computer system for the statistical evaluation cf 

LWR fuel performance has been developed. The computer code FRP, 

Fuel Reliability Predictor, calculates the distributions for 

parameters characterizing the fuel performance and failure prob

ability. 

The statistical methods employed are either Monte Carlo simu

lations or a low order Taylor approximation. 

Included in the computer system is a deterministic fuel per

formance code, which has been verified by comparison with data 

from irradiation experiments. 

The distributions for all material data utilized in the fuel 

simulations are estimations from the best available information 

in the literature. 

For the failure prediction, a stress corrosion failure creterion 

has been derived. The failure criterion is based on data from 

out-of-reactor stress corrosion experiments performed on unir

radiated and irradiated zircaloy with iodine present. 
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By means of an example the typical distributions of the variables 

characterizing the fuel performance and the accuracy of the 

methods themselve3 have been investigated. 
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1. INTRODUCTION 

The general performance of LWR fuel has been considerably im

proved in recent years, but problems with failures caused by 

pellet-cladding interactions (PCI) still exist and cause un

scheduled shutdowns accompanied by serious economic consequences. 

The occurrence of PCI failures points to an effect which is 

attributed to statistical fluctuations, because they take place 

at power levels below that of the measured failure threshold in 

irradiation experiments. Therefore, the safety margins for the 

fuel are increased either by requiring a more stringent design 

or impose limitations on reactor --"oration (power levels, 

local ramp rates). Design specifications have been set rigidly, 

although no clear connection between these tolerances and fuel 

reliability with respect to the avoidance of PCI effects has 

yet been proved. The consequences of these restrictions on 

design and operation are increased fuel costs and reduced flex

ibility in the operation of nuclear power plants. 

A probabilistic approach to fuel modeling provides information 

regarding the influence of tolerances on fuel reliability, as 

well as a quantitative bisis for comparing designs and making 

improvements. The probabilistic approach seems, therefore, to 

provide a logical foundation for the evaluation of various 

designs. 

For operating reactors, the probabilistic approach is expected 

to be a valuable tool for the establishment of optimal oper

ational strategies, taking into account the cost of operational 

restrictions as well as that of fuel failures and design im

provements. 

The purpose of the work described in this report is to evaluate 

the failure probability for a nuclear fuel pin and to estimate 

the distribution of parameters required to characterize the fuel 

performance. 
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A nuclear fuel pin is a complex structural element, the per

formance of which depends on material properties, design speci

fications, and irradiation conditions. Therefore, a major ef

fort was concentrated on the developing of a model of fuel-pin 

performance and the establishment of statistical models for the 

material properties of the fuel and cladding. 

The time-dependent irradiation conditions are in general stoch

astic processes; in order to avoid any restrictions on the 

specified irradiation conditions, Monte Carlo simulations were 

chosen for the statistical method. In cases where the irradia

tion conditions . an be expressed through deterministic functions 

and continuous stochastic variables, a Taylor expansion can be 

used to estimate the failure probability and the distribution 

of the parameters characterizing fuel performance. In this 

case the individual contributions from the stochastic variables 

use- in the material equations, the design and irradiation 

specifications,also can be evaluated. 

Typical distribution functions for the parameters characterizing 

the fuel performance are calculated and the truncation error of 

the Taylor expansion is investigated through comparisons with 

Monte Carlo simulations. 

Finally, several examples illustrating the applications of the 

probabilistic approach are given. 

2. EVALUATION OF CONCEPTS 

A nuclear fuel pin is a complex structural element, and its 

behaviour cannot be satisfactorily modelled by means of a 

simple analytical approach. Therefore fuel pin behaviour is 

simulated by a computer code. 

The statistical variation of fuel pin behaviour results from 

different factors such as statistical uncertainty on material 

behaviour, tolerances on dimensions, and uncertainty with 

rsspect to the applied load on the fuel pin. 
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Figure 2.1 shows a plan over the Fuel Reliability Predictor 

(FRP). Based on the applied load, H(t), and the design and 

material data, X, FRP calculated the fuel state, Y(t), (distri

bution of temperature, strain, stress, etc., in pellet and 

cladding as function of time), and the failure probability for 

different failure criteria as a function of time, Wjt). 

The deterministic fuel model and the failure model are developed 

independently of the statistical model. Hence these models can 

be verified by means of relatively few irradiation experiments, 

as well as by comparison with the results obtained by other fuel 

models. 

In principle, the input power history (applied load), H(t), is 

a stochastic process. However, for most applications it can be 

simplified to a deterministic function of time, h(t), with poss

ible dependence on some stochastic variables. 

Design and material data are stochastic variable ; characterized 

by probability density functions (pdf's) derived from exper

imental data. 

The fuel state, Y/t), *nd the failure probability, Wjt), are 

stochastic processes. 

The deterministic fuel model, FFRS, the failure model, and the 

estimation of pdf's for material and design data are described 

in Chapters 3, 4 and 5, respectively. 
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Fig. 2.1. The Fuel Reliability Predictor 

2.1. Calculation of the fuel state, Y(t) 

If the load is a general stochastic process, the only method 

applicable for the calculation of an approximation to the fuel 

state is a Monte Carlo simulation. This is a computation of a 

number of values from Y(t), each based on a new random sample 

from X and H(t). If the number of samples is large, the cal

culated values ^(t) form a good approximation to Y(t). 
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2.1.1. Stochastic state variables, Z 

Calculation of the fuel state is restricted generally to some 

end-of-life and some extreme set of values, Z_. For example, 

these are the cladding permanent strain, the amount of released 

fission gas, and the maximum stress during irradiation. These 

stochastic variables provide sufficient information, in general, 

to describe the fuel state at any time. In this way, the prob

lem of calculating the fuel state is reduced to that of cal

culating several stochastic variables. The pdf's for these 

variables can be approximated by Monte Carlo simulation to the 

accuracy required. 

If the applied load were a deterministic function of time, h(t), 

instead of a function described by a stochastic process, the 

stochastic state variables would be functions of the design and 

material data alone. 

Z = F(\); h(t) a given deterministic function of time 

If the applied load can be characterized by a deterministic 

function and a limited number of stochastic variables, these 

variables can be included in X. 

If the range of variables, X., are continuous iandom variables, 

the moments for the continuous values for £ can be approximated 

by a Taylor expansion. By retaining the terms up to the second 

order and assuming uncorrelated variables, the expression for 

the mean value and the variance for Z. can be expressed, ac-
1) cording to Hahn and Shapiro , as 

n 32F.(X) 
Mean (Z.) ? Z. = F. (X) + h Z 1 • Var(X.) 

j=l 3X^ J 

n /3F (XK2 
Var(Zi) = Z ^-^-—J • Var(Xj) (2.1) 

where F,(X) is the ith state variable calculated by the deter

ministic fuel model, when all X.'s are at their mean values, 
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and n is the number of i .»dependent variables, X.. The partial 

derivatives are evaluated numerically. 

One major advantage of the Taylor approximation is the separately 

calculated contributions to the variance. They give useful in

formation on the relative importance of the variables X.. 

However, as the variance for sor.e of the parameter4; is large, 

the accuracy of the approximation can be quite poor. 

2.2. The probability of failure 

The probability of failure of a system or structure is the like-

hood of the occurrence of some unfavourable state, defined 

through a failure criterion. 

In structural reliability, failure is normally defined as a 

condition in which the load exceeds the resistance of the 

structure. The resistance is a measure of the capability of 

the structure in meeting the demands. 

2.2.1. Static load and resistance 

If the 1 -ad, L, and the resistance, R, are stochastic variables 

with probability density functions, f,(t) and fR(r), and the 

failure criterion is R < L, the probability of failure is 

1 
p(failure) - P(R < L) = /" [/ fB(r)dr] f.(t)dl 

0 0 R L 

" / r F R U ) fL< t ) d t (2.2) 

where fR(r) is the cumulative distribution function for the 

resistance. The value corresponds to the area shown in Fig. 2.2. 
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Fig. 2.2. Probability of failure 

For a fuel rod, the fuel stat», Y(t), or the state variables Z 

are functions of the power history, H(t), and the material and 

design data, X- When evaluating the failure probability for a 

specific failure node, sone of the state processes or the state 

variables might be considered as a simplified load or resistance. 

If the simplified load and resistance are independent stochastic 

variables, the failure probability can be evaluated according 

to 2.2, where the pdf's for the load and the resistance can be 

approximated by Monte Carlo approximation or Taylor expansion. 

One example in which this approach is used is described in ref. 

2. The failure mode considered in this example is overstrain, 

with ^he strain-to-failure (the strain at which failure occurs) de

fined from tests on irradiated tubes. The load is defined as 

the tensile strain during the end-of-life ramp for the fuel rod. 

The er.brittlement of the cladding is assumed saturated at the 

time of the ramp and therefore the resistance can be assumed 

independent of H(t) and X. 

For most failure modes, both load and resistance depend on the 

power history, in which case the failure probability cannot be 

evaluated according to 2.2. However, it is often possible to 

define a normalized load and resistance in such a way that the 

normalized resistance is independent of the irradiation (the 

power history), and the load is a stochastic variable. 
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This can be illustrated by an example where the strain in the 

end-of-life ramp is considered to be the dominating load. If 

the resistance (the strain to failure) is a function of neutron 

exposure (called fluence, <J>) , R = f (ty)'R', where R' is the un

irradiated strain-to-failure (a stochastic variable) and f(flu

ence) is a deterministic function of the fluence, then the 

normalized load can be defined as 

L' = L/f(i|;), 

where L is the actual strain during the ramp and fluence is the 

neutron exposure at the time of the ramp. R' ir- the normalized 

resiscance. 

The failure probability can then be calculated according to 2.2 

with the resistance R' and the load L'. L' and R' are inde

pendent stochastic variables and can be included in £. 

For time-dependent failure modes, an analogous approach can be 

used, assuming for example that the failure process is cumulative 

as described for stress corrosion in Chapter 4. 

2.2.2. The reliability index 

Only if the pdf's for both R and L are known, the prob

ability of failure P(R-L<0) can be evaluated according to 2.2. 

If a Taylor expansion is used to obtain information regarding 

R and L, it is necessary to assume the pdf's on the basis of 

the calculated moments. Even if the Monte Carlo simulation is 

used, the failure probability often depends strongly on the 

tails of the pdf's of R and L; these i turn again depend on 

the tails of the pdf's for the variables in X. These tails will 

seldom be known very accurately. Therefore the exact value for 

the failure probability is often unattainable;in this case the 

available information regarding the reliability instead should 

be expressed by a reliability index, 0. This is defined by 

A.M. Hasofer and N.C. Lind as the distance from the mean point 

(the point where all variables are at their mean values) to the 

fail.re region, where all variables are measured in standard 

deviation units. 
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If the failure criterion is F<0, where F=R-L and R, L are 

normally distributed with mean R, L and standard deviation sR, 

sL, respectively, the mean and standard deviation of F are 

respectively 

F = R - L, sF = /s R + s£ . 

By making use of the above definition for a single variable, 

the reliability index is 

6 = £_ =
 R - L . (2.3) 

This expression is identical to the first-order Taylor approxi

mation to & for any continuous distribution of R and L. 

3. THE DETERMINISTIC FUEL MODEL, FFRS 

FFRS was developed for use in FRP; therefore the code should be 

fast vin computer time) and it should respond correctly to 

reasonable changes in design data, material data and operational 

conditions. 

A short description of the model is given below? a more com

prehensive description is found in ref. 4. 

Only a slice (dies) of the fuel is treated in the model, except 

in the case of fission gas release and internal pressure where 

an approximation to the whole rod is used. The slice is divided 

into three regions: cladding, gap, and fuel. The fuel is sub

divided by a bridging annulus into a rigid, totally cracked 

zone and a perfectly plastic zone. 

3.1. Stationary models for the regions 

The cladding is treated as an axisymmetric, hollow, thin cylinder 

with a pressure difference between the outgide and the inside, 
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and a superimposed axisymmetrical contact pressure acting on 

the inside. Elastic, plastic and thermal strains are considered. 

The mechanical treatment of the fuel is extremely simple; only 

thermal expansion and creep strains are considered. The strain 

and temperature distribution in the fuel are axisymmetrical in 

the model. The outer, rigid zont is assumed to be totally 

cracked (only compressive stresses); the thermal expansion is 

therefore calculated as that of a rigid bar. The material in 

the plastic zone is allowed to expand freely and is assumed to 

be stress-free, except for hydrostatic pressure. 

A rigid annulus, the bridge, forms the boundary between the 

rigid and the plastic fuel zones. The position of the bridge, 

together with the temperature distribution in the fuel, deter

mines the thermal expansion of the cracked pellet. The creep 

deformation in the fuel changes the position of the bridge. 

This change in position depends on the creep strain at the 

bridging annulus.. and the total crack opening angle (see fig. 

3.1) . 

The stress at the bridge is 

°b = Pcp " Rfs/Rb <3-!> 

where P is the contact pressure, R, the fuel surface radius, 

and R. the bridge radius. The U0- creep, e, at the bridge is 

found from the bridge temperature and cr. by the U02 creep 

equation. The area occupied by the material from R. to R. + dR, 

as a result of creep, is 

Acr = 2 * e R b d R • (3-2) 

The crack area between R. and Rfc + dR may be approximated by 

Acrk = *(<**> 2 ' w/2* • (3.3) 

Equating these areas (eqs. 3.2 and 3.3) yields the creep of 

the bridge 

dR = 4TTCRK/W . (3.4) 
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Fig. 3.1. Cracked pellet. 

The connection between fuel and cladding is called the gap. The 

gap conductance is modelled according to Ross and Stoute with 

modxfications as proposed by Vitanza taking into account the 

eccentricity. 

3.2. The stationary solution for the fuel rod 

The common stationary solution for the regions is found by 

simultaneous solution of the equations for the regions with 

specific boundary and initial conditions for the fuel rod. 

The boundary and initial conditions are, for example, outer 

cladding temperature, heat load, pressure (outer and inner), 

cold geometry, and material conditions. 

The solution is found iteratively as shown schematically in 

fig. 3.2. 
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Given: 

power, outer cladding te*.p., outer and 

inner pressure, 

swelling, denslfication, bridge radius, 

burn-up, tluence in cladding, gas con

ductivity, etc. 

choose: 

gap conductivity, h' gap, and contact 

pressure, g' and t' 
cp 

calculate: 

temperature distribution (depends on h'), 

stress distribution (depends on P'__). 

elastic, thermal and permanent strains, 

new bridge radius 

calculate: 

gap and contact pressure, g and •*__. 

from the calculated strains, assuming 

additional elastic strain to avoid 

negative gap 

(g. PC P) * c*\ «"cp) 

<9,rcp> • < 9 \ f c p > 

temperature, stress and strain distri

butions found 

Fig. 3.2. Solution of the stationary equations. 

3.3. The time-dependent quasi-stationary model 

The stationary model as outlined in fig. 3.2 includes creep in 

fuel and cladding? however, the solution is found for a fixed 

time step, and the creep deformation is therefore treated as a 

time-independent plastic deformation. 
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The simulation of a realistic irradiation case requires that 

time-dependent boundary conditions be considered as well as 

changes in the materials with time. 

During a period of constant heat load, the most important changes 

result from creep and those in the material itself, such as 

swelling, densification, and fission gas release. 

The solution is obtained by an incremental theory; the tempera

ture distribution from the last time-step is used in the evalu

ation of swelling and fission gas release during the time-step 

considered, but stress, strain and temperature distributions 

are found for the time-step as shown in fig. 3.3. 

Power ramps are divided into 'small" ramps. In each "small" 

ramp the bridge is moved a fraction of the pellet radius towards 

the centre and then allowed to creep back as far as the creep 

rate and the time allow. Hence the bridge position is fixed by 

a balance between ramp rate and creep rate at the bridging 

annulus. 

During a fall in heat load the bridge position is assumed to be 

unchanged in the model. The power level, at which the thermal 

expansion again starts moving the bridge towards the centre, in 

a new ramp, decreases with burnup from a previous level. At 

this power level the thermal expansion again begins to move the 

bridge toward the centre, thereby opening the cracks. 
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choose the length of 

the next tine atep 

based on last temperature distri

bution, calculate: 

fission gas release, swelling, 

denslflcatlon, gas conductivity,etc. 

steady power 

power 

1 

calculate: 

temperatur«. 

stress and 

strain distri

butions, bridge 

radius 

• solution of 

the stationary 

equations 

' 

ramp 

assuming elastic 

strains only. 

calculate: 

temperature. 

stress and strain 

distributions, 

new bridge radius 

by cracking 

I 

Calculate: 

temperature 

dlstributloi 

power 

reduction 

1 

assuming elastic 

strains only. 

calculate: 

temperature. 

stress and 

strain distri

butions 

I ? 

f 

stress and strain 

is, bridge radius 

• solution of the stationary 

eqjatlons 

» 

Fig. 3.3. The time-dependent, quasi-stationary model FFRS. 

3.4. Verification of FFRS 

The fuel model was verified in a number of irradiation exper

iments including the EPRI benchmark cases '. The result 

generally agreed well with the experimental results (for the 

EPRI benchmark cases, it proved to be as good as any of the 

compared codes). A few results are listed in table 3.1 together 

with the experimental values. 

Further results and illustrations of the code performance are 

given in reference 4. 
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Table 3.1. Comparison between experimental PIE data and 

the values calculated by FFRS 

Pin no. 

M20-1B 

Pa29-4 

M2-2C 

AG17-2 

AG17-3 

HCD 

X-260 

X-264 

ELP-9 

PWR Rod 

EOL averagi 

exp 

% 

-0.35 

-

-

0 

-0.15 

0.2-0.J 

0.26 

0.36 

-

-0.59 

f strain 

calc. 

% 

-0.29 

-0.25 

-0.36 

-0.16 

-0.17 

0.16 

0.21 

0.16 

-

-0.71 

Max. 

exp. 

°C 

1950 

1900 

1850 

-

-

1232" 

201S 

2166 

2200 

1650 

temperature 

calc. 

°C 

2100 

2260 

2070 

1970 

1960 

126B* 

1970 

2140 

2230 

1860 

Released 

exp. 

1 

40 

47 

37 

-

: 

(2.3) 

-

-

23 

12.7 

fission gas 

calc. 

* 

35 

61 

49 

21 

22 

22 

-

-

19 

5 

at 4710 MMd/MTU and 400 M/cn 

FUEL FAILURE CRITERIA 

The failures observed in nuclear fuel pins today are normally 

characterized as pellet-cladding interaction, PCI failures. 

They are caused by high tensile stresses in the cladding during 

a power increase where the expansion of the fuel exceeds that 

of the cladding. 

The strain observed for failed fuel is often below the out-of-

reactor fracture strain for irradiated fuel cladding; therefore, 

the failure mechanism is generally described as stress-corrosion. 

This is supported by out-of-reactor experiments, where it is 

shown that the fracture stress for zircaloy tubes is reduced if 

the tubes are exposed to iodine vapor at temperatures above 

220°C (refs. 8-17). For these stress corrosion failures the 
8) fracture surfaces do resemble those seen on failed fuel , and 

It has been demonstrated that the fission products released 

from hot irradiated fuel can reduce the fracture stress for 

zircaloy tubes 9,10) 
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These observations all indicate that the failure mechanism can 

be characterized as stress corrosion, and the experimenters 

propose iodine as a possible corrosive element. Unfortunately, 

no stress-controlled experiments have until now been performed 

with fission products present, neither out-of-reactor nor in-

reactor. Therefore the influence of the in-reactor environment 

in a fuel tube cannot be described quantitatively. 

An expression for the time-to-failure for stress corrosion, 

depending on the tube material and the fuel state, has been 

derived from the results of out-of-reactor stress corrosion 

experiments performed with unirradiated zircaloy exposed to 

iodine vapour. 

Very recently, some results from out-of-reactor stress corrosion 

experiments performed on irradiated zircaloy tubes exposed to 

iodine vapour have been published . These results differ 

considerably from those derived from experiments with unir

radiated tubes. Corrections which would enable the results 

from both to be more closely correlated have been proposed. 

As there do not exist, at the moment, any experiments which can 

quantify the influence of the in-reactor environment, the only 

calibration possible with respect to this enviro-iment is ob

tainable by means of ramp experiments. Here the stresses are 

calculated by a fuel performance code. 

Additional failure criteria, which under special conditions 

could become important, are creep rupture, overstrain and 

fatigue. 

4.1. Time-to-failure for stress corrosion 

The time-to-failure for stress corrosion consists of the time 

to crack initiation plus the time to crack propagation; however, 

in this simplified formulation no distinction is made. 

Assuming that the time-to-failure for stress corrosion, t_sc 

can be approximated by a product of several independent functions, 
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each function expressing the dependence of a single or a few 

parameters, an expression is derived of the form 

t_er = fi (environment)- x f2 (stress, material condition) x 

f, (temperature). (4.1) 

4.1.1. Influence of the environment 

In the stress corrosion tests, the dominant environmental factor 

is the iodine concentration influenced by the presence of 

catalyzing components (air, iron, etc.). During in-reactor 

situations the environment is almost unknown, but at least two 

possibilities for the dependence on the fuel condition exists, 

namely: 

1. The corrosive components are stable and are released with 

approximately the same rate as the noble gasses (Xe,Kr). 

In this case the corrosive concentration is proportional 

to the concentration of the released fission gas. 

2. The corrosive environment exists mainly during transient 

release, caused by high thermal and chemical instabilities. 

Experiments have been performed (for example see refs. 9 

and 10) which demonstrate the influence of the fission products, 

but no experiments have yet tried to distinguish between the 

two mentioned possibilities. 

Until further experiments are available the corrosive components 

are assumed to be proportional to the concentration of released 

fission gas. The dependence of the time to failure on the 

corrosive concentration is based on iodine stress corrosion 
12) experiments, as for example the experiments of Wood and 

13) Elayaperumal and Bulenchandra . The trend observed in these 

experiments is shown in fig. 4.1. 

The figure shows three areas: In area I the specimens fails in 

approximately the same time as specimens without iodine and the 

fracture surfaces look like creep rupture fractures. In areas 

II and III brittle fractures are observed. No significant 

decrease in the time-to-failure with increased iodine concen

tration is observed in area III. 
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IODINE CONCENTRATION 

Fig. 4.1. Influence of the iodine concentration on the 

time-to-failure in stress corrosion experiments. 

The expression used for f. is 

f. (environment) = f 1 (fission gas concentration) 
- const l (4.2) 
" min(Po,P) 

where PQ is the fission gas pressure corresponding to the satu

ration level, and P is the partial pressure of fission gas in 

the fuel pin. 

4.1.2. Influence of the temperature 

The influence of the test temperature on the time-to-failure 

for iodine stress corrosion have been investigated by several 

authors. The data from Wood12), Busby etal. 1 4 ) and Weinberg15* 
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agree well with a temperature dependence where a 40 C increase 

in the temperature corresponds to one decade decrease in the 

time to failure, this is approximately valid between 220 C and 

400 C. The lower temperature limit for stress corrosion in 

iodine vapour is around 220 C. 

The expression used for f, is 

f3(6) = const x 10'
 2^Q~ 9 ; 220°C <_ 9 <_ 400°C (4.3) 

where 8 is the temperature in °C. 

An -"»xpression of this form could be expected if the dominant 

process is a chemical reaction, as, for example, the crack 

initiation process. 

4.1.3. Influence of the stress and the material condition 

The time-to-failure in stress corrosion tests depends strongly 

on the materials used; different amounts of cold work and dif

ferences in the heat treatment have a strong influence. One 

way to characterize the materials is through the yield strength 

or the ultimate burst strength measured in a uni-axial or bi

axial test. If the time-to-failure is plotted versus the stress 

for different materials (otherwise equal conditions), the curves 

appear as shown in fig. 4.2. 

It is possible to multiply the stress for each of the three 

materials in fig. 4.2 by individual factors, chosen so that the 

curves a, b, and c coincide. These factors are approximately 

proportional to the reciprocal of the ultimate burst strength, 

a . For very hard materials, normalization with a seems to 

lengthen the time-to-failure, and a limit value for the nor

malization stress is assumed. 
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f2 can then be expressed as 

t2 (stress, material condition) = f2*°N^ 

(4.4) 

°N = o / V °u = m i n (ou,burst' °u,limit1 

Because of the influence of a number of uncontrolled parameters 

such as the residual stresses, catalyzing components, and tex

ture, a single investigation, that of Busby et al. , provided 

the data for estimating f.fcO. The data are shown in fig. 4.3; 

they arc for both annealed and stress-relieved tubes tested at 

360 C and 400°C. The iodine concentration has been varied in 

the test, but no significant influence was observed. 

In fig. 4.4 the data are shown plotted against the normalized 

stress; the different test temperatures have different scales 

on the abscissa, corresponding to the expected differences in 
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time-to-failure (according to f^). On the figure f2 (o ) is 

shown. In FRP a piecewise linear (in th . semilogarithmic figure) 

approximation to f2 (cO is used. 

Based on the data from refs. 14-17 a value of approximately 550 

MP is found for o .... at 360°C. 
u,limit 

4.1.4. Irradiated cladding 

Very recently, several experiments performed on irradiated 

cladding tubes have been published by Roberts et al. . The 

experiments are performed out-of-reactor with iodine as the 

corrosive component. 

These experiments show that there are large differences between 

the hard irradiated fuel tubes and the hard unirradiated tubes 

w.rth respect to stress corrosion. 

I fig. 4.5 the time-to-failure versus the normalized stress 

for the irradiated fuel tubes is plotted* the normalization 

stress is 550 MP as for hard unirradiated tubes. In the figure 

f-(oN) is also shown. The stress necessary for stress corrosion 

is much less for the irradiated cladding. If a normalization 

stress around 400 MP were used and the time-to-failure were 

multiplied by a factor of 100, the experimental points obtained 

for irradiatec cladding would fall close to f2-

However, it should be noticed that these few experimental points 

verify neither the stress dependency as expressed by f2 and the 

normalization stress, the temperature dependency, nor the de

pendency on the concentration of fission gases. 
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4.2. Failure criteria under varying conditions 

In a fuel rod the paramf ters important for stress corrosion are 

continuously changing. In order to utilize the data from stress 

corrosion experiments for the prediction of fuel failures, a 

cumulative damage process is assumed; it is furthermore assumed 

that the effect of two periods with different conditions is the 

same regardless of which period occurs first. 

The extent of damage, ASCD., in a time inverval, At., with 

constant conditions, is defined as 

At, 
ASCT^ = •£ (4.5) 

FSC,i 

where t p g c . is the time-to-failure according to 4.1 for the 

conditions given during the time period. 
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The damage following a number of time periods (1-n) is 

n n At. 
SCD(t) = E ASCD. = Z ~ . (4.6) 

i=l i=l T-SCi 

If the process is continuous thxs becomes 

t , 
SCD(t ) = / " — — (4.7) 

fco W « 

For stress corrosion the probability of failure at time t is 

then 

P(failure) = P(SCD{tn) > 1) (4.8) 

The uncertainty of the time-to-failure under well-controlled 

conditions can be estimated from the experiments, where all 

parameters included in 4.1, with f_ given by 4.4, are controlled. 

This uncertainty can be accounted for by replacing the failure 

criterion in 4.8 with a formulation such as D > R, where R, the 

normalized resistance, is a stochastic variable, which includes 

the above mentioned uncertainty. 

5. MATERIAL AND DESIGN DATA 

In the following a short summary is given of the basis for the 

data which are used in the reliability calculations with FRP. 

A more comprehensive treatment is found in ref. 18. 

5.1. Design data 

The design data, as well as their probability density functions, 

should be based on information available for the specific fuel 

treated. A few rules of thumb which are helpful in the esti

mation of the probability density functions for design data are: 
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The design parameters are assumed normally distributed. 

The standard deviation can be estimated from the specified 

tolerances. A tolerance band for 100% inspection (cladding 

diameter, cladding thickness, gap size etc.) is associated with 

a 6 standard deviation band. A tolerance band for sample in

spection (density, yield strength etc.) is associated with a 

4 standard deviation band. 

The value specified in the design specifications is used as the 

mean value. 

5.2. Material data 

The material data as well as estimates of the probability den

sity functions are all described in ref. 18. If tests, per

formed on the same fuel as the fuel treated, are available for 

any material property, they should be utilized for reestimation 

of the probability density function for this material property. 

The uncertainty of a material property originates from several 

sources: experimental uncertainty, insufficient experimental 

data, lack of knowledge of the physical background, and uncon

trolled (not included in the equations) differences in material 

composition and structure. 

Very often the equation for a specific material property is a 

fitted function, where the constants themselves are correlated. 

As the available .̂ ata points seldom are sufficient to determine 

the distribution of all the constants and the correlation be

tween them, an expression of the form y = g(time, temperature 

etc.)' F, where y is the material equation used in deterministic 

fuel modeling and F is a stochastic variable including the total 

uncertainty for this material property. The mean value (mean 

function) for y is called g. F is determined by comparing ex

perimental values for y with the values calculated by g. If g 

contains constants (or terms) which can be considered independent 

(by physical arguments) they are treated separately. 
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For most of the material properties the expressions from two 

recent investigations of material properties for zircaloy and 

U02, MATPRO and EPRI ' together with additional equations 

published in the literature were considered. In MATPRO quite 

comprehensive comparisons with experimental data are often 

included; these are then used to estimate the distributions of 

the material properties. Where necessary, further experimental 

data are included. 

Example: Zircaloy creep is described by an equation proposed 
20) by Gittus e_t a_l. . The uncertainty in the creep is associated 

with a factor F = experimental/calculated creep. The distri

bution of F has been estimated from 6 5 experimental in-reactor 

creep measurements. It was found that F is log-normally distri

buted with the mean value 1.2 (median 1.0) and a standard de

viation of 0.5. 

It should be noted that the distributions for the material data 

are based on literature-derived data from various sources; they 

include uncertainties attributed to missing experimental in

formation. Consequently, the distributions are not typical of 

a single case; reduction of the uncertainty, therefore, would 

require experimental data for each fuel batch. 

For a deterministic calculation in which prediction of the 

results obtained in an experiment are sought, the most probable 

value, i.e., the mode value, should be used for each of the 

material parameters. 

6. NUMERICAL RESULTS FOR THE STATE VARIABLES 

When utilizing a statistical program like FRP the choice of 

numerical method is a compromise between the desired accuracy 

and the computational effort to be spent. The most reliable 

method available in FRP is Monte Carlo simulation with a very 

large number of trials; however, each trial requires detailed 
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simulation of a fuel pin during its irradiation history, and 

the computational effort is therefore extremely high. Depending 

on the kind of information desired, alternative methods re

quiring less computations are available. 

The desired information can roughly be characterized as data 

regarding (a) the central parts of the pdf's for the state 

variables, and (b) the tails of the pdf's for some of the state 

variables. For the evaluation of irradiation experiments, where 

only a single or a few pins are considered, the information 

desired for the state variables is an estimate of the mean 

value or the mode '• lue together with the width of some con

fidence intervals. This information is connected with the 

central part of the pdf's. If the failure probability of com

mercial fuel, where a large number of fuel pins are considered, 

is desired, it is often necessary to estimate the tails of state 

variables included in the failure criteria. 

Information regarding the central part of the pdf's can be ob

tained by Monte Carlo simulations with a relatively small num

ber of trials, or, if the pdf's are well behaved, by a low order 

Taylor approximation. In both cases the computational effort 

can be reasonably small. 

An estimate of the tails of a given distribution is more diffi

cult, but if the pdf for the considered state variable is well 

behaved, it is possible to extrapolate the tails from the cen

tral part by assuming a known probability density function. The 

same procedure applies for the Taylor approximation where the 

probability density function can be derived from the calculated 

moments. 

If the reliability is expressed by a reliability index, only 

the mean value and the standard deviation need be estimated, 

even when the failure probability is desired. 

A priori knowledge about both the pdf's for the state variables 

and the truncation errors when applying the Taylor approximation 

is therefore important for efficient utilization of the methods. 
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6.1. Distribution of the state variables 

The distribution of the state variables depends on the pdf's 

for the material and design data as well as on the transfer 

function (which depends on the power history and the simulation 

model). A general description of the pdf's for the state 

variables can therefore not be given; they can, however, be 

illustrated by a typical example, such as is described in 

Appendix A. 

With the transfer function (power history and simulation model) 

and the nominal design and material data as specified in Appen

dix A, approximations to the probability density functions for 

the state variables have been calculated by Monte Carlo simu

lations. 

For most of the state variables the probability density functions-

are well behaved; examples of these state variables are the 

fractional release of fission gas at end-of-life and the end-of-

life permanent strain of the cladding tube. Frequency polygons 

based on 500 Monte Carlo trials are shown for these two vari

ables in figures 6.1 and 6.2. 

The fractional release of fission gas seems to follow a log-

normal or an extreme value (largest value) distribution. In 

figure 6.3 the cumulative distribution function, CDF, for the 

fractional release is shown on lognormal probability paper (a 

lognormal CDF fits a straight line in the plot). Though there 

are some diviations from a straight line, the lognormal distri

bution function seems to be a reasonable description of this 

variable. The end-of-life strain appears similar, except that 

this distribution is skewed to the left, and is bounded neither 

to the left nor right. An extreme-value distribution (smallest 

element) seems to model the distribution for this variable 

reasonably well. 

The distribution for a few of the state variables is not well 

behaved. The cause of this must be sought in the transfer 

function, which for these variables is very unlinear. These 
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Fig. 6.1. Frequency polygon for the end-of-life fractional 
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Fig. 6.3. Lognormal probability plot for the end-of-life 

fractional fission gas release. 

state variables all depend on the cladding tangential stress, 

which is responsible for the high unlinearity in the transfer 

function for these variables, as is the difference between 

situations with and without contact between fuel and cladding. 

A transfer function of this type is illustrated in figure 6.4. 

The first almost horizontal part corresponds for the peak stress 

to a situation with no contact between fuel and cladding, in 

this area the peak stress is insensitive to the considered 

design or material variable. The second area corresponds to 

irradiations where the deformations of the cladding are elastic. 

In area III the interaction is strong enough to cause plastic 

deformations of the cladding. 

A frequency polygon based on 500 Monte Carlo trials is shown in 

figure 6.5 for the maximum tangential stress in the cladding. 

It illustrates the behaviour of the state variables depending 

on the cladding stress. 

One of the state variables for which estimation of the tail is 

very important, is the stress corrosion damage index, D. The 

calculation of this index is based on the tangential stress in 
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the cladding and the time to failure correlation, equation 4.6. 

The distribution of the damage index is illustrated in figure 

6.6, where a frequency polygon based on 500 Monte Carlo trials 

is shown. In approximately 60 per cent of the trials, the stress 

never reaches the lower limit for stress corrosion, and the 

damage index is zero. This pdf is difficult to extrapolate from 

calculations with a small number of trials, and the moments 

alone give almost no information as their values are dominated 

by a few trials. If, for example, the highest value for the 

damage index is excluded from the 500 Monte Carlo trials used 

in figure 6.6, the mean value would be 2 instead of 12. 

In attempting to avoid this distribution in the calculation of 

the failure probability, the stre-s corrosion damage index is 

transformed to a stress corrosion damage stress, Sn, defined as 

the stress for which the time to failure calculated by equation 

4.6 under specified conditions (for example: irradiated cladding, 

360 C, and saturation of the fission gas pressure) is equal to 

1/D. It is possible to define a stress different from zero, 
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also when the damage index is zero. Another advantage of using 

this damage stres? for the calculation of the failure probability 

is,that the resistance is defined in terms of the failure stress 

at 360 C with the time to failure equal to 1 hour. Therefore 

the resistance is uncorrelated with the stress corrosion damage 

stress, and the distribution of the resistance can be estimated 

from stress corrosion experiments. In this case the failure 

probability can be calculated by equation 2.2. 

A frequency polygon is shown in figure 6.7 for the stress cor

rosion damage stress. The pdf resembles that of the maximum 

stress, but the tail does not seem to follow any simple prob

ability distribution function. The moments for this variable 

are not sensitive to the small number of trials as are the 

moments for the damage index. 

£ 

mean value 
•1 standard deviation 

0 100 200 300 (00 
STRESS CORROSION DAMAGE STRESS, MP 

Fig. 6.7. Frequency polygon for the stress corrosion 

damage stress, based on 500 Monte Carlo trials. 
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For most design and material data the distributions are based 

on rather small samples; the tails of these distributions are, 

therefore, only an extrapolation of the central values. The 

significance of the tails is investigated by performing Monte 

Carlo simulations with the pdf's of all design and material 

data truncated at the i and 100-* per cent fractile. 

The simulations were performed with i = 5, I and 0.14 per cent, 

corresponding to a normal pdf truncated at - 1.6, - 2.3, and 

- 3.0 standard deviations respectively. 

Tables 6.1 and 6.2 show the fractions exceeding the S, 1, and 

0.14 percentiles in the untruncated distributions for the 

maximum stress and stress corrosion damage stress respectively. 

The same random sequence with S00 trials is used for the four 

simulations. 

The influence of the truncations is moderate; the pdf's for the 

state variables are not truncated at the same fractiles as the 

material and design data, the tails are only lowered. 

Table 6.1. Influence on the peak stress of truncating 

the design and material data at the a and 100-a per 

cent fractiles. 

fraction fraction fraction 
eaccndlaf axcmrflaq ac««dlna 

• 2«« iv MI nr m m 
I I I % 

0. M t r a m t t d 
variable« 10.0 S.O 1.0 

i.O t.O 3.4 0 
1.0 9.« 5.4 0 .« 
0.14 10.0 S.O 1.0 
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Table 6.2. Influence on the stress corrosion damage 

stress of truncating the design and material data at 

the a and 100-a per cent fractiles 

fraction fraction fraction 

exceeding exceeding exceeding 

a 266 MP 322 MP 3S0 MP 

I % % « 

0, antruncated 

variables 10.0 5.0 1.0 

S.O 9.0 2.0 0.0 

1.0 10.4 4.6 0.6 

0.14 10.4 5.2 1.0 

6.2. Accuracy of the Taylor approximation 

As shown in section 6.1/ the probability density functions for 

most of the state variables are well behaved. Approximations 

to the lowest moments would satisfactorily characterize these 

state variables for most applications. We can evaluate these 

approximations either by Monte Carlo simulations or by a Taylor 

expansion. 

The accuracy of the Taylor expansion depends on both the distri

bution of the design and material data and the transfer function; 

this dependence was investigated numerically using data specified 

in Appendix A. In order to investigate the asymptotic behaviour 

of the Taylor approximation, when the variance of all the con

sidered design and material data approaches zero, the standard 

deviation for all design and material data are multiplied by a 

factor, a; a = 1 corresponds to the nominal distributions as 

specified in Appendix A. The reference values (true values) 

are obtained by Monte Carlo simulations with 500 trials each. 

Calculation of the Taylor approximation requires knowledge of 

the partial derivatives of the state variables with respect to 

all stochastic variables in the design and material data; these 

derivatives are evaluated numerically. The partial derivative 

of the state variable, Z. = F.(X), with respect to the stoch

astic variable, X., is calculated from a polynomial approxi-
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mation to a number of values Z. , = F. , (x). ), where X. 
1 , K 1»K — D # * —]|K 

specifies that all design and material d?ta are at their mean 

values, except for X. which is X.+Ak> The change, A, , can, for 

example, be plus or minus a fraction of the mean value. In this 

investigation five values for Z. , were used, they are A, = X., 
_ _ 1 , K K 3 

1.1-X., 1.2-X., 0.9-X. and 0.8-X.. The values Z. . are calculated 
J J J J 1 , K 

by the simulation model FFRS. This can cause some problems, 

since FFRS includes discontinuous submodels and the numerical 

accuracy is relatively low. These inaccuracies can overshadow 

the influence of some of the design and material data, if the 

values of A, are too close to the mean value. The problems are 

easily detected by the dependency of the partial derivatives on 

A, . For this example the influence was found to be small except 

for the stress corrosion damage stress, where the second order 

partial derivatives were very difficult to calculate accurately. 
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Fig. 6.8. Truncation error of the Taylor approximation as 

a function of the variation of the material and design data, 

shoen for the end-of-life fractional fission gas release. 
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The calculated mean values and standard deviations are shown in 

figures 6.8 and 6.9 for the fractional fission gas release and 

the end-of-life strain. For these state variables, the accuracy 

of the Taylor approximation is very good, even though the coef

ficient of variation is as high as 50%. 

A comparison between the Monte Carlo simulation and the Taylor 

approximation is shown in figures 6.10 and 6.11 for the maximum 

stress and the stress corrosion damage stress. Despite the pro

nounced nonlinearity of the transfer function and the large 

variance for the damage stress, the Taylor approximation is 

reasonably accurate for the maximum stress. The Taylor approxi

mation to the stress corrosion damage stress diverges consider

ably from the Monte Carlo simulation for a as low as 0.1. The 

low order Taylor approximation can therefore not be used for 

this variable in the nominal case, a = 1. 

| i T .a T , : mean and standard deviation calculated by a 
taylor expansion 

\i,a -.calculated from 500 Monte Carlo trials 

°X tøx.nonw'n*! 

Fig. 6.9. Truncation error of the Taylor approximation as 

a function of the variation of the material and design data, 

shown for the end-of-life permanent cladding strain. 
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Fig. 6.11. Truncation error of the Taylor approximation as 

a function of the variation of the material and design data, 

shown for the stress corrosion damage stress. 
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6.3. Calculations with reduced computer costs 

The computer costs for the Monte Carlo simulations and the 

Taylor approximations in sections 6.1 and 6.2 are moderate, 

nevertheless in some applications it is essential to obtain 

information on fuel performance at very low computer cost. These 

applications are, for example: (a) core performance calculations, 

where a large number of fuel pins throughout the reactor core 

are evaluated consecutively, or (b) experiments with pin bundles. 

It can also be beneficial, in general, to perform preliminary 

calculations which give immediate results. 

In the Monte Carlo simulations the computational effort is 

proportional to the nuiroer of trials and is therefore easy to 

reduce. For the Taylor approximation the number of deterministic 

calculations with FFRS used for the estimation of each partial 

derivative can be reduced. As the contribution to the mean and 

the variance from each of the material and design data is cal

culated independently, the calculational effort is proportional 

to the number of stochastic variables in the material and design 

data. 

It is not possible, in general, to define the minimal necessary 

number of Monte Carlo computations required or the minimal 

number of calculations with FFRS needed for the Taylor approxi

mation; but the accuracy gained in using different approxi

mations is illustrated by calculations on the example described 

in Appendix A. 

The results for four of the state variables are shown in table 

6.3. For the Monte Carlo simulations the fraction exceeding 

the stress corrosion damage stress of 350 MP is also shown. 

For the simulations with less than 500 trials this figure is 

obtained by extrapolation of the right tail assuming a normal 

pdf. 

The relative computer costs are shown in table 6.3,given as the 

number of deterministic fuel simulations with FFRS. The calcu

lation times for typical simulations with FFRS are found in 

reference 4. 
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The Monte Carlo simulations are characterized by the number of 

trials and the Taylor approximations are characterized by the 

number of points used as well as the order of the polynomial 

approximation required in estimating the partial derivatives. 

Table 6.3. Accuracy and computer costs for different approximations 

Computer Released EOL perma- Max. S-C r'.amaqe Fractior. of the 

Method costs fission qas,I nent strain,! stress,MP stress, MP S-C dar-.Mo stress 

••xc.-rdin.) J5 0MP,* 

MC, 1000* 

MC, 50C 

MC, 1SC 

MC, 50 

MC, 10 

TA, 5, 

TA, 5, 

TA, 3, 

TA. 3. 

TA, 2, 

FIX) 

F(mode 

) 
1 

2' 

1 

2 

1 

1 

(X)) 

1000 

500 

150 

50 

10 

173 

173 

87 

87 

43 

1 

1 

* 15.5, 

. 15.4. 

:i5.9. 

v 14.9, 

15.2, 

16.8, 

12.0, 

16.6, 

12.0, 

( 12.0, 

>12.0, 

(12.1, 

9.1 '* 

8.1, 

8.4 

7.6! 

4.6j 

6.8j 

6.8) 

6.5 

6.5) 

6.3) 

- > 
- ) 

-0.42, 

-0.41, 

< -0.39, 

-0.38, 

-0.33, 

. -0.44, 

-0.47, 

' -0.43, 

I -0.47, 

'. -0.47, 

. -0.47, 

I -0.35, 

0.17; 

0.17 

0.16 ) 

0.15 > 

0.08 I 

0.17) 

0.17; 

0.17 ) 

r-.n] 

0.16) 

" ) 
- ) 

. 98, 

( 98. 

• 100, 

103, 

. 73, 

(65, 

( 135, 

(87, 

135, 

135, 

135, 

108, 

107' 

106) 

109) 

110 

89 

86) 

86) 

83,1 

83) 

94) 

" ) 
-

10), 

103, 

102, 

. 104, 

65. 

785, 

100, 

10".O, 

« 100, 

100, 

100, 

. 108, 

in) 
112) 

113 > 

110; 

Bfc) 

208 ) 

208 ( 

186 . 

l»t. i 

JO 5) 

- . 
- ) 

! . 1 

i . u 

1 .1 

2.0 

).r> 
-
-
-
-
-
-
-

MC, i * Monte Carlo simulation with i trials 

TA, n, t = Taylor approximation utilizing i points and a polynomial of order : for the 

«•«• :ri' i '-r of the partial dprivativps. 

'i,: i = (mean, standard deviation; 

7. CALCULATIONS PERFORMED WITH FRP 

The computer code FRP has been utilized for the analysis of a 

number of problems. Examples on the analysis of irradiation 

experiments are presented in references 2 and 21. A comparison 

between two typical BWR designs, as well as the analysis of a 

minor accident - a control rod withdrawal at full power - are 

presented in reference 21. The examples from reference 21 are 

included as Appendix B. 

As an illustrative example, the failure probabilities for two 

standard BWR designs have been evaluated for a given reference 

power history. In addition, the influence of changes in the 

power history and the influence of the uncertainty on the 

material and design parameters are illustrated. 
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7.1. Failure probability for the two BWR designs 

The two fuel pin designs are chosen as a typical 7 x 7 BWR fuel 

pin and a typical 8 x 8 BWR fuel pin. The design data are shown 

in table 7.1, together with the distribution of the design 

parameters. The distributions are based on the typical toler

ances given in ref. 18. 

A few data for the reference power history are given in table 

7.2. 

Figure 7.1 shows the calculated failure probability as a func

tion of the ramp time (the time to reach 25% overpower). The 

probability for the average strain to exceed the uniform limit 

(0.21%) is also shown; only instant plastic deformations and 

primary creep are considered. 

The failure probability as a function of the overpower in the 

ramp is shown in fig. 7.2. The ramp time is 1 hour. 

Table 7.1. Design data for the fuel pins 

Spacification 

Inner cladding disaster (aa) 

Cladding thickneae (aa) 

Dlaaetral gap (aa) 

Density (% of theoretical) 

Plenu« voluae 

Fill gas pressure (ata) 

Cladding yield strength. 

300°C (MP) 

Puel grain sixe (ua) 

Cladding surface roughness 

iwa) 

Fuel surface ioughne»f 

(ua) 

BWR 8 X 

no.a, o.i 
(0.864, 0 

(0.228, 0 

(94.4, 0.1 

(37, 7.4) 

(1, 0.2) 

(300, IS) 

(25, 5) 

(130, 26) 

(90, 18) 

Denslflcatlon at 0.1% PIMA (»Ho.16, O.i 

Denalflcation at It PIMA (t) 

Cladding anlsotropy 

8 

B15)» 

.022) 

.023) 

66) 

06) 

(1.1, 0.4) 

• • 

BWR 7 x 7 

(12.42, 0.017) 

(0.94, 0.024) 

(0.10, 0.03) 

(94.4, 0.66) 

(37, 7.4) 

(1, 0.2) 

(300, IS) 

(25, 5) 

(130, 26) 

(90, 18) 

(o.l6, 0.06) 

(1.1, 0.4) 

*• 

(a, 8) • (mean, standard deviation) 

anlsotropy according to ref. 4 with the anlsotropy 

factors YP • 0.5, YH • 0.75 and YG • o.25 
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Table 7.2. Reference power history for the fuel pins 

S p e c i f i c a t i o n 

Heat l o a d , 0 - U 0 0 0 h iK/cml 

Ramp t i n e (h) 

Heat load a f t e r t h e ramp 'W.'cm) 

I r r a d i a t i o n tune a f t e r the ramp <h) 

Fast f l u x a t max. power '10 n /an s) 

Burn up at the ramp It FIMA) 

Outer c l a d d i n g temperature (°C) 

Outer p r e s s u r e iMPi 

BWR 8x8 

(ISO, 1 7 . 

1 

( 4 4 0 , 22) 

500 

S) 

( 1 . 5 , 0 .075) 

2 .25 

295 

7.1 

BWR 7x7 

( 4 4 2 . 2 2 . 1 ) 

1 

(556 . 2 7 . 8 ) 

500 

( 1 . 5 , 0 . 0 7 5 ) 

2 .14 

295 

7 . 1 

In figs. 7.1 and 7.2 it is noted that a comparison between the 

two designs would yield quite different results for the two 

failure modes. This stresses the importance'of choosing the 

correct failure mode for the evaluation of different designs. 

The influence of the ramp rate (the ramp time, fig. 7.1) is 

much more pronounced for the stress corrosion failure mode than 

for the overstrain failure mode. This is important when de

fining reasonable restrictions on reactor operation. 
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Fig. 7.1. Failure probability for the 7x7 and the 8x8 BWR 

designs as a function of the ramp rate. 
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F i g . 7 . 2 , 
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Failure probability for the 7x7 and the 8x8 BWR 

designs as a function of the overpower in the ramp. 
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7.2. Influence of the individual design and material parameters 

The contribution to the variance of the maximum tangential stress 

and of the permanent tensile strain (excluding the secondary 

creep) during the ramp is shown in figs. 7.3 and 7.4 for the 

8x8 design. The mean values and the standard deviations as cal

culated by the Taylor approximation for both stress and strain 

are in good agreement with the values calculated by the Monte 

Carlo approximation. The Taylor approximation to the stress 

corrosion damage stress is poor due to the shape of the pdf. 

For a fixed ramp rate, the stress corrosion damage is non-

linearly correlated with the stress. 

As noted in the two figures, the contributions from different 

material parameters for stress and strain dominate their vari

ance. This again leads to the conclusion that strain alone can

not be used, except under special conditions, to predict the 

failures caused by stress corrosion. Furthermore, it is ob

served that manufacturing tolerances havr> practically no in

fluence on stress or strain at this high level of burnup. The 

large uncertainty associated with the plenum volume is caused 

primarily by the uncertainty in the free volume in the pin, and 

it has very little to dc with manufacturing tolerances. 
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Fig. 7.3. Contribution to the variance of the maximum 

stress for the 8x8 BWR design. 
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Fig. 7.4. Contribution to the variance of the average 

tensile strain for the 8x8 BWR design. 
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8. CONCLUSION 

The computer program FRP was developed for the statistical 

evaluation of nuclear fuel. The statistical methods employed 

are Monte Carlo simulations and a low-order Taylor approxi

mation. The latter is, for most variables, able to characterize 

fuel performance with high accuracy; however, tor accurate 

prediction of failure Monte Carlo simulations are necessary. 

Calculations performed with the computer code have shown: (a) 

Stress co*region failures cannot in general be correlated with 

the average (or maximum) strain. (b) For constant ramp rate, a 

correlation between stress corrosion failures and the maximum 

stress seems possible. (c) The material parameter are dominant 

(in the considered example) in the contribution to the variance 

of the stress and the strain; therefore, little improvement in 

reliability is obtained by decreasing the fabrication tolerances, 

(d) Efforts should rather be concentrated on obtaining additional 

information on important material properties such as creep, 

swelling, fission gas release, gap conductance, etc., thereby 

decreasing the uncertainty en these parameters. 
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APPENDIX A 

Specification of the numerical example used in chapter 6 

The chosen power history simulates a control rod sequencing in 

a BWR, when the power is returned to full power immediately 

after the control rod movements. The considered fuel rod is in 

a high power position, close to a control rod which was in

serted a short period and then withdrawn. For the design data 

are chosen values typical for BWR fuel. 

The power history, the design data and the stochastic variables 

in the material data are described in the following. 

The power as a function of time is shown in fig. A.l. 

The uncertainty of the individual pin powers, as calculated by 

a reactor physics calculation, is at least -S% (- 1 standard 

deviation). The three power levels (P,, P2 and P^) can be con

sidered as independent. The uncertainties of the fast flux and 

the outer cladding temperature are assumed to be -5'* (- 1 stan

dard deviation) and -2% (- 1 standard deviation) respectively. 

The power levels, the outer cladding temperature and the fast 

flux are assumed to follow a normal distribution. 

The irradiation conditions (power history) are summarized in 

table A.l. 

The used design data are shown in table A.2. As mean value is 

used the nominal values, the standard deviations are based on 

typical tolerances for BWR fuel as specified in ref. 18. All 

design variables are assumed to be normally distributed. 

The material equations used in FRP are described in ref. 18. The 

mean value, the standard deviation and the distribution type is 

shown in table A.3 for the stochastic variables in the material 

equations. 
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Fig. A.l. Power history for the example. 

Table A.l. Power history for the example 

p e r l o d 

h 

0-24 

24-15400 

15400-15401 

15401-17630 

1 7 6 1 0 - 1 7 6 3 0 . 

17630 .01 -17654 

01 

power* 

w/aa 

0-360 

360 

360-136 

136 

136-410 

410 

f a i t f l u x * 

1 0 Z 4 n / C B 2 s ec 

0 - 1 . 0 

1.0 

1 . 0 - 0 . 4 

0 .4 

0 . 4 - 1 . 1 5 

1 .15 

o u t e r c l a d d i n g 

temperature* 

°c 
295 

295 

295 

; 9 ' j 

295 

295 

mean values 
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Table A.2. Design data for the example 

Design parameter 

Inner cladding radius 

Cladding thickness 

Radial gap 

Density 

Equivalent length 

Plenum volume 

Fill gas volume 

Cladding yield 

strength at 300° 

Inverse neutron 

diffusion length 

Average grain site 

Cladding surface 

roughness 

Fuel surface roughness 

Short 

name 

RCI 

TCLAD 

TGAB 

TDEN 

LEQ1' 

VP 

RF 

SIGHAF 

KAPPA 

GRAIN 

RH1 

RH2 

Denslf icatlon parameter MEFF2' 

Mean 

value 

5.33 

0.80 

0.11 

96 

3.6 

37. 

37. 

300. 

80. 

25. 

130 

90 

0.1x10"* 

Standard 

deviation 

0.0075 

0.021 

0.011 

0.67 

0.72 

7.4 

7.« 

15. 

16. 

5. 

26. 

IS. 

0.035xl0"4 

Unit 

• . 

mm 

mm 

% TO 

m 

cm3 

o 3 

MP 

m'1 

um 

wm 

um 

Anisotropy factors YF .5s YH - .75, YG .25 

Porosity distribution: 0.161 porosity with r • 0.1 m» 

1.6« porosity with r • 0.6 um 

2.2* porosity with r - 6 urn 

TV 

2) 

3) 

defined as: LEO- (fuel stack length) (average pin power)/ 

(max pin power) 

parameter in the densifIcatlon equation, the equation Is 

described in ref. 18. 

simplified anisotrop theory for permenent deformation, 

described in ref. 4. 
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Table A. 3. Stochastic variables in the material equatl-ins 

Material property« Short nistrl-

bution** 

Mean 

value 

Standard 

deviation 
Unit 

Ztrcaloy thermal conductivity 

UO, thermal expansion 

Zircaloy thermal expansion 

Younqs modulus, zircaloy 

Mean thermal conductivity 

of UO, and zircaloy 

A constant in the gap 

conductance equation 

Factor In the porosity correction 

to the UO, thermal conductivity 

Constant in the UO, thermal 

conductivity 

Fission energy 

Zircaloy plastic deformation 

zircaloy creep 

UO, creep 

Solid swelling 

Hot (gaseous) swelling i 

Poisons ratio, zircaloy 

Parameters In FFRS 

Stress concentration in the cladding 

Excontrlclty of the pellet 

CO 

ALFAF 

ALF AC 

EC 

N 

N 

N 

N 

13.5 

lxlO-5 

0.53xl0-5 

7.6X1010 

1.01 

O.lxlO"5 

O.OSxlO-5 

0.5X1010 

M/m 

K"1 

K"1 

N/m 

KM 

CRS 

EO 

LN 

6.5 

1.2 

2.5 

0.98 

0.42 

0.5 

W/a 

EI 

EFIS 

KKAX 

DELX 

NPL 

BFL 

FCLAO 

FU02 

KSW 

KHTS 

HHTSHL 

NY 

OREF 

OBl'RN 

SIGFAC 

ECCENT 

N 

N 

N 

N 

N 

N 

LN 

LN 

N 

N 

N 

N 

N 

N 

N 

LN 

8.056 

200 

1.2xl09 

-1.4x10* 

0.1 

0.4X10"21 

1.2 

1.7 

0.8 

4.7SX10"3 

0.1 

0.3 

20.X103 

O.SxlO"6 

1.25 

0.5 

0.3 

20 

0.12X109 

0.22x10* 

0.012 

0.08x1c"21 

0.5 

2.5 

0.08 

lxlO"3 

0.02 

0.07 

4.xl03 

O.lxlO"6 

0.2 

0.2 

-
M*V 

HP 

KP/K 

ca/n 

-

PIMA-1 

PIMA-1«"1 

-
-

. 

-
-

The material equations are described in refa. 4 and 18 

N * normal distribution 

LN - lognortiMl distribution 
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APPENDIX B 

Typical applications of FRP, from reference 21. 

The versatility of the code FRP makes it capable of handling 

quite different situations. Examples of the use are: 

1. Irradiation experiments 

When preparing and evaluating experiments it is important to 

know the expected distributions of the results and their sensi

tivity to uncontrolled parameters and tolerances on the specifi

cations. From numerous ramp experiments it is obvious that the 

distribution of the experimental results is important. Profit 

from these experiments is considerably increased by the intro

duction of probabilistic considerations in the planning as well 

as in the evaluation of the tests. 

In table 2 is shown the 65%, 95% and 99% expection intervals 

calculated by FRP for the EOL strain, the released fission gas 

and the maximum temperature for the M20-1B pin. 

2. Comparison between designs 

Since the reliability is the logical basis for design comparisons, 

it is necessary to include probabilistic methods in the design 

comparison. For certain "reference power histories" the re

liability as well as the influence from design and material 

parameters are calculated. These calculations show, besides the 

difference between the designs, that many of the tolerances 

specified for the fuel are unnecessarily low, they could be in

creased without affecting the reliability of the fuel. 

Fig. 2 shows a comparison between two standard BWR fuel designs, 

the design data and the reference power history are specified 

in table 3. The figure also illustrates the influence of the 

ramp rate (time to reach full power after changes in the power 

distribution). 
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3. Safety related applications 

In order to estimate the consequences of some minor, but frequent, 

accidents leading to local or overall fuel ramps, FRP includes a 

simple core simulator. The simulator can give the power as a 

function of time for a number of axial segments in each fuel rod. 

The consequences of the following situation have been investi

gated for a BWR reactor: 

At the end of the second cycle (for the fuel elements considered) 

a control rod is half inserted. After 90 days the control rod 

is withdrawn at full power. The overall power is assumed to be 

almost unchanged. 

The fuel rods in the four elements nearest to the control rod 

are divided into S groups as shown in fig. 3. The pin power 

histories, the nodal failure probability and the total number of 

failed rods assuming the node size to be 10 cm are given in 

table 4. 

The node size of 10 cm corresponds approximately to the size of 

the test specimens in stress corrosion experiments. 

Table 2. Comparison between the experimental data for pin 

M20-1B and the expected values as calculated by FRP. 

Calculated by rPP 

Value experimental exp^c' ior. intervals 

results pear 6S» 9S» "'»• 

EOL average »train, » 0.J5 0.29 0.21-0.38 0.13-C.49 0.0'j-C.Si 

Max. temperature, 3C 1950 2110 l»70-2Jin H3o-.'68C !r>90-:?7C 

Released fission gas, t 40 36 26-45 1S-SS i .<-#.'• 
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Table 3. Design data and reference power history for the 

fuel pins. 

Specification 

inner cladding diameter (mm) 

cladding thickness (mn) 

diametral gap Inn] 

density It af theoretical) 

grain size (urn) 

denalfication 

fill gas/pressure (atn) 

heat load, 0-1000 h (W/cnt) 

heat load, 8000-16000 h (K/cm) 

heat load after the reap (W/cw) 

fast flux at max. power In/cut ) 

burn-up at the ramp, % FINA 

burn-up at the ramp, Hfcd/tUO, 

BKF. 8x8 

d o . e . 

(0 .864, 

(0 .228, 

( 9 4 . 4 , 

(25 , 5. 

s t a b l e 

1 He 

440 

150 

550 

0 . 0 1 5 ) * 

, 0 . 0 2 2 ) " 

, 0 . 0 2 3 ) " 

0 . 6 6 ) " 

. 0 ) * 

1 . 5 x l 0 1 4 

2.5 

20000 

•WS 7x7 

( 1 2 . 4 2 , TI.017)" 

( 0 . 9 4 , 0 . 0 2 4 ) " 

( 0 . 3 0 , 0 . 0 3 ) " 

( 9 4 . 4 , 0 . 6 6 ) " 

(25 , 5 . 0 ) " 

s t a b l e 

1 He 

556 

193 

701 

1.5X10 1 4 

2 .5 

20000 

(mean, standard deviation) 

Table 4. Data and consequences for the contro l rod withdrawl. 

Fin group Heat load, w/ctn P( fa i lure ) Fai led pin« 
0-1540O h -17630h -17654h per node 0-40 cm t o t a l 

I a x l e l l o c a t i o n 

1 

2 

3 

4 

5 

360 

365 

350 

360 

310 

125 

260 

160 

320 

2S0 

430 

410 

390 

190 

350 

3 . 3 

3 . 0 

0 . 8 
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Fig. 2. Failure probability as a function 

of the ramp rate for two designs. 
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