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The grounding of fuel element safety exploitation is 
carried out as a rule of the base of deterministic 
approach. The most conservative evaluations are 
used for reliable carrying out of all safety criteria. It 
is possible to ground one or another degree of 
conservatism of deterministic approach with using 
the probabilistic methods. It is necessary to con-
duct the calculations for all fuel elements but not 
for most stressed one only. Calculations are con-
ducting with all possible combination of parameters 
for each fuel elements. It is possible to obtain den-
sity of probabilistic distribution of researched value 
determining probability of parameters combination 
for each calculation variant. It is obvious conduct-
ing of probabilistic analysis is possible for every 
fuel element operation mode: steady-state, tran-
sient and accidental ones. Researching of tran-
sient mode of operation is presented in [1].   

This paper considered stationary modes and 
accidents with reactivity increasing. Computer co-
des PULSAR-2 [2,3] and PULSAR+ [4] are used. 

 
 

1. The Main Regulations of 
Probabilistic Analysis 

Fuel element parameters like fuel-cladding gap, 
fuel density, Gas pressure is stretched out within 
the limits of technology tolerance. Other para-
meters also have dispersion, but their influence to 
simulating values is essentially less then influence 
of numerated three. Choosing different combina-
tion of the parameters we receive different calcu-
lation results. 

Density of the probability distributions for gap,  
fuel density and gas pressure has been chosen in 
the air of normal distribution (1): 
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where x-random value (gap, fuel density or gas 
pressure value); 

xmin – minimal permissible parameter value; 
x – average parameter value. 
Parameter deflection from average value both 

ways is equiprobable and probability of value going 
out the field (xmin, xmax) is less than 1%. Values of 

minimal, maximal and average parameters for 
WWER-1000 fuel elements are presented in Table 1. 

Breaking a random value to intervals x1, x2, ...., 
xi, xi+1,...., xn we have probability of placing into 
interval (xi, xi+1) is detected as (2): 
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Dividing values of all parameters to intervals we 
obtain concrete variants which could be calculated 
by code PULSAR-2 and PULSAR+. Interval of 
permissible fuel cladding gap size has been 
divided to 10 equal parts, fuel density and pressure 
to 5 parts under simulation. Thus, we have 250 
different combinations of three parameters corres-
ponding to parts centers for each fuel element. 

Probability of each variant realization is deter-
mined by multiplying the probabilities of separate 
parameters, because parameters are distributed 
independently. 
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After accounts conducting we obtain meanings 
of all simulating values (with known probability of 
its realization). If we break scales of all simulating 
values and put probability of each variant into 
appropriate cell, we’ll obtain bar chart of probability 
for simulating values. 

 
 

2. Probabilistic Analysis of Fuel 
Element Behaviour under Steady-
State Operation Mode 

Calculations have been provided for 6-9-th fuel 
loads on Balakovo NPP, Unit 4. Data for fuel ele-
ments which fuel do not consist Gd2O3 are pre-

Table 1. 

Parameter Minimum Average Maximum 

δ, [mm] 0.15 0.2 0.25 

ρ, [g/cm3] 10.4 10.55 10.7 

P, [MPa] 1.8 2 2.2 
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sented in the paper. During these loads transition 
from 3-rd year campaign to 4-th year take place. 
One sixth of core (symmetry sector) involves three 
4-year fuel assemblies. The others assemblies are 
assigned to 3-year exploitation and have smaller 
burnup. 

Investigations have been provided for 4-year 
assembly fuel elements. There are 930 fuel ele-
ments without Gd2O3 in the symmetry sector. Neut-
ron-physical calculations have been conducted 
with help of BIPR-7 and PERMAK [5] attested pro-
grams. 

Calculation results are presented on Figures 1-5. 
Probabilistic bar charts for main fuel element cha-
racteristics have been obtained after obtained re-
sults treatment. Main requests to fuel elements, 
effluent from native normative documents, using 
under developing and licensing WWER reactor are 
brought to next concrete heat-physical and 
strength criteria: 
• σθ≤250 МPа –  does not admit cladding stress 

corrosion cracking and growth of micro fuel 
element defects; 

• ∆D≤0.12 mm – determined by the General 
Constructor of the NPP 

• ∆l≤35 mm for WWER-1000 – fuel element 
elongation limit, determined by the General 
Constructor of the NPP; 

• T<Tmelt – fuel melting is not permitted; 
• Pg<Pc – gas pressure could not exceed the 

coolant pressure. 
Normative safety factor is introduced for control of 
any criterion realization and for determination of 
reserve to its failure: 
Knorm=[R]/Rp 
where: 

[R] – parameter limit value; 
Rр – calculated value. 
Probabilistic bar charts of safety factors on 

numerated criteria are presented on Figures 6-10. 
Rated values of safety factors in the form of 
vertical line are indicated in the bar charts. 

 
 
 
 
 
 
 
 
 

  
 

Figure 1. Fuel element diameter changes on 10 axial sections under parameter variation 
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All criteria satisfaction is 
obvious with 100% probability 
(obvious result for stationary 
operation). It is necessary to 
pay attention to fact that safety 
factors have big values with 
probability more then 90%. 
Experimenter, who makes 
some tests and draws a 
conclusion, must keep in mind 
this fact. At the same time 1% 
probability is big enough to 
Nuclear Power Engineering 
safety, although such events 
practically could not be marked 
under small number of 
experiments. 

 
 

3. Probabilistic Analysis 
of Fuel Elements 
Behaviour under 
Reactive Accidents 

It is known, maximal value of 
average radial enthalpy has 
been reached 160-190 cal/g as 
a result of hypothetical 
Reactivity Initiated Accidents 
(RIA). What is the probability of 
fuel element cladding 
depressurization depending on 
maximal enthalpy value and 
impulse half-width? 

Let us suppose (only on 
premium stage of method 
statement) that parameter (gap, 
fuel density and so on) 
variations have not an influence 
on maximal value of the fuel 
average enthalpy. In this case, 
we should break maximal 
enthalpy scale to 5 cal/g parts 
on the 160-190 cal/g interval. 
We could choose the same heat 
loading splashes which leads to 
maximal enthalpy values 
respondent to interval center: 
162.5; 167.5; 172.5 and so on 
cal/g. 

Further, if we make 
calculations with PULSAR+ 
code for any heat power history 
(for example leading to 
maximal enthalpy 167.5 cal/g) 
under various combinations of 
the initial data, we could 
establish a fact of fuel cladding 
depressurization or absence of 
depressurization. We could put 

W, rel. units 
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Figure 6. Probabilistic bar chart of the non Gd fuel elements safety 
factor on stress 
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Figure 7. Probabilistic bar chart of the non Gd fuel elements safety 
factor before fuel melting 
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Figure 8. Probabilistic bar chart of the non Gd fuel element safety factor 
on gas pressure 
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out a probability equal to probability of initial data 
combination to this fact. We could obtain a fuel ele-
ment depressurization probability on the assum-
ption of fuel average enthalpy is in the 165-
170 cal/g limit as a result. Conducting analogous 
calculation for other heat power splashes, we 
could obtain the bar chart of fuel element de-
pressurization probability on maximal fuel enthalpy 
reached. 

Accounts for different relative power histories 
and calculation of the probability are realized inde-
pendently in method described. So, each column 
of bar chart is calculated inde-
pendently. It concerns with ini-
tial supposition about absence 
of influence of parameter varia-
tions on maximal enthalpy 
value. In fact, this influence is 
essential, because enthalpy is 
determined by fuel tempera-
ture, which is directly depended 
from gap size and so on. 

In this connection, probabi-
listic method could be corrected 
in the following way. We could 
choose heat power history so as 
maximal enthalpy values 162.5, 
167.5 and so on could be 
reached by all varying para-
meters average values. Conduc-
ting accounts under parameter 
variation, we must to determine 
average radial enthalpy maximal 
reached. A fact of depressuri-
zation in the interval, containing 
the enthalpy meaning, we could 
take into account in accordance 
with enthalpy value. For ins-
tance, if enthalpy reached the 
value of 182.5 cal/g (this is cor-
responded to 180-185 cal/g in-
terval), and enthalpy reached 
185.1 cal/g at certain parame-
ters combination, then this result 
with its probabilistic weight will 
get into 185-190 cal/g interval. In 
such a way data from different 
bar chart column are “mixed”. 

It is necessary to note there 
is one more parameter, con-
cerning accident itself, what 
could have an influence to fuel 
element depressurization pro-
bability. This is a half-width of 
the heat power impulse. Investi-
gations conducted consequent-
ly for three values of the im-
pulse half-width, 0.1, 1 sec. Mi-
nimal enthalpy value fuel ele-
ment depressurization take 

place at big positive overpressure between the 
fission gas pressure under cladding and coolant. 
All calculations were conducted under atmosphere 
pressure of the coolant (0.1 MPa) because this 
variant is more dangerous and in this work all 
hypothetical accidents are considered. However, 
coolant properties were chosen corresponding to 
15.7 MPa pressure (WWER-1000 work pressure). 
Accidental situation was imitated from 100% power 
reactor state. Dynamics of fuel element depressuri-
zation process itself could be presented in the 
following way. 

W, rel. units 
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Figure 9. Probabilistic bar chart of the non Gd fuel element safety factor 
on lengthening 
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Figure 10. Probabilistic bar chart of the fuel element safety factor on 
non Gd fuel elements diameter change 
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Fuel heating takes place as a consequence of 
quick energy deposition. Further, heat is passed to 
cladding, and from cladding to coolant. Owing to 
heat transfer crisis, cladding temperature reaches 
the value more then 850°C. Under these tempera-
tures, cladding fluidity limit value falls below the 
level of stresses caused by overpressure and 
particular, by fuel-cladding mechanical interaction 
(axial cohesion and pressure of cracked fuel 
fragments). Elastic-plastic swelling and depressu-
rization of cladding takes place. 

A bar chart of the WWER-1000 fuel element 
depressurization probability under hypothetical RIA 
on reached value of fuel average enthalpy at im-
pulse width 0.1 sec is presented on Figure 11. 
Obviously, practically assured cladding destroy 

takes place under reaching the average enthalpy 
value 185 cal/g at positive pressure drop. Cladding 
integrity under RIA is practically assured at 
enthalpy value less then 165 cal/g. 

A bar chart of the probability of WWER-1000 
fuel element depressurization under hypothetical 
RIA on reached value of fuel average enthalpy at 
impulse width 1 sec is presented on Figure 12. It 
should to be mentioned, differences between 
0.1 sec and 1 sec impulse half-width bar charts 
are minimal. Thus, influence of impulse half-
width in the 0.1-1 sec range on fuel element de-
pressurization probability is unessential. This 
influence takes place at a few second impulse 
half-width. But this theme exceeds the bounds of 
the paper. 
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Figure 11. Probabilistic bar chart of the fuel element depressurization 
on reached average enthalpy at impulse width 0.1 sec 
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Figure 12. Probabilistic bar chart of the fuel element depressurization 
on reached average enthalpy at impulse width 1 sec 


