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ABSTRACT 
 
 

The paper states that the regulatory documentation, as a rule, do not give explicit 
recommendations on formation techniques of engineering safety factors for design limited 
parameters of normal operation (engK ). The AER countries use different approaches to engK  

evaluation (sometimes even one country in relation of various power units). 
The paper suggests the development of uniform rules to be used in calculation of engineering 
safety factor for all VVER reactors.  
The paper presents principal problems that must be solved in the course of the discussion, and 
in the form of an exercise suggests the way of their solution. 
 
 
 
It can be stated that the normative documentation, which define the methods for 
computational simulation of power reactor operating conditions, recommend to take into 
account the methodological and mechanical uncertainties typical for such simulation. 
However, the documents fail to give explicit techniques of uncertainty accounting. The paper 
suggests developing and official discussion of uniform requirements for generating margin 
coefficients and proposes them for application in relation to VVER reactors. It is necessary to 
emphasise that we mean the safety factors that should ensure the limitations of certain 
parameters of normal reactor operation. The limitations will ensure reactor core safe operation 
at normal and abnormal conditions by defining their initiating events. For simulation of 
typical processes of abnormal operation conditions some other techniques of uncertainty 
account shall be applied.  
 
It must be emphasised that the safety factors presently used at various power units differ in 
calculation methods, nevertheless, they show close values, and since their effectiveness has 
been proven by long history of VVER safe operation, we think it necessary to take care that 
the new coefficients should be around the earlier values.  
 
The paper is presented in the form of basic problems and brief comments to them made as the 
task is completed.  



 
There are two types of parameters of normal reactor operation, which are limited by design 
limitations: they are the distribution parameters (power density, burnup, etc.), and reactor 
performances (coefficients of reactivity, control rod effectiveness, etc.). Our paper is focused 
on calculation techniques of safety factors for the most complicated coefficients that 
characterise power density.   
 
Basic problem No.1 - What provisions are ensured by safety factors?   
 
In relation of power density we suggest accepting a next provision:   
In normal operation conditions at every cycle moment, an introduced safety factor shall 
ensure the agreement with design limitation with a 95 %  probability for each FA, fuel pin and 
fuel pellet.  
 
Since the discrepancies between calculated and actual parameters are stochastic, probability 
and confidence values of calculated data are used.   
At the beginning of design work, which is based on earlier experience, it is necessary to adopt 
and follow the law (distribution), which governs the probable stochastic deviations. 
Proceeding from this law, safety factors shall be calculated, which will allow to satisfy the 
limitations with rated confidence. In its turn, the law of deviation distribution has been studied 
not very well. The law shall be derived from the earlier practice of similar loadings, and 
analysis of difference between calculated and measured data. The uncertainty of mastering the 
law of distribution is characterised by confidence level (degree of our confidence in correct 
understanding of the law of distribution), which mainly depends on the number of comparison 
evaluations used in the assessment of deviations. The more comparison evaluations are 
performed, the higher is the confidence level of the derived law of distribution. The numerical 
relationship between the number of comparison evaluations and confidence level is discussed 
in detail in the papers related to mathematical statistics, sections “Interval Estimates of 
Probabilities”.  
 
If the number of performed comparison evaluations is small, the calculated parameters of law 
of deviation distribution will be not very true. Only the ranges of the parameters will be 
calculated with rated probability. If the intervals are known, it is possible to determine the 
conservative values of the parameters. Our presentation does not discuss the methods of 
interval estimates, however, we think that such kind of estimation is normally performed, and 
in order to determine safety factors the laws of deviation distribution, which are calculated 
with at least a 95 % confidence level, must be used.  
 
 
 
In formation of safety factor for the parameters of power density, methodological (∆meth(x)) 
and mechanical (∆mech(x)) uncertainties shall be used.   
For parameter х, which defines power density, safety factor will be calculated as    
 

( ) ( ) ( )tot N engK x K x K x= ⋅ , 

 
where ( )NK x  characterises the effects of deviation in reactor integral parameters, mainly  

thermal power, to parameter х;  
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( )meth õδδδδ  is a permanent component of methodological uncertainty (can be not 

applicable); 
( )meth õ∆  is a stochastic component of methodological uncertainty; 

( )mech õ∆  is a stochastic component of mechanical uncertainty. 

 
Basic problem No. 2 - What is meant by methodological uncertainty and what is the way to 
evaluate it? Can it be evaluated by comparing against measured data from critical test 
facilities and active power units? Or by comparing against precise calculated data? Is it 
possible to determine a methodological uncertainty for a part of the core and depend on power 
density or cycle moment? What physics or statistical criteria shall be satisfied in the course of 
data retrieval? What is the difference between deviation distribution data and the values of 

( )meth õ∆  and ( )meth õδδδδ ?  

 
2.1 A methodological uncertainty of computer code shall be evaluated by way of comparing 
the calculated data with measured data and the outcomes of precise calculations. If calculated 
and measured data are compared, it is necessary to exclude a systematic uncertainty in 
measurements. Stochastic component of deviation between calculated and measured data 
evaluates the methodological uncertainty from above. Methodological uncertainty may be 
corrected by comparing against the data of precise calculations.  
 
2.2 Stochastic component of methodological uncertainty in the value of power density of 
micro field for fuel pin and a section of fuel pin is assumed to be a statistical sum of the 
components, such as uncertainties of macro field (power density field in reactor core) and 
micro field inside FA.  
 

2 2 2
macro micro∆ = ∆ + ∆ , 

 

where 2
macro∆  shall be determined by comparing the calculated and measured data from 

power plants, and by comparing against precise calculated data.  
2
micro∆  shall be determined by comparing the calculated and measured data from critical 

test facilities and other test facilities, such as ZR-6 or LR-0, and by comparing 
against the precise calculated data 

2.3 Magnitudes macro∆  and micro∆  may be determined either as common parameters of the 

whole core that cover the whole fuel cycle, or individually for some parts of the core or fuel 
elements versus their power density and/or cycle moment.  
 
2.4 For the purpose of evaluating a methodological uncertainty, it is required that the selection 
of comparisons consisted of “physically homogeneous” items, for which water-uranium ratio, 
dimensions that characterise fuel composites, fuel enrichment, power density and fuel and 
coolant temperatures were close. Should any of the parameters of the retrieval used be 
different from those realised at the unit, specific calculated investigation shall be performed to 
justify the selection of the comparisons.   
 



2.5 After the comparison retrieval elements are checked for “physical homogeneity” the 
adequacy of the selection to normal distribution shall be checked using Pearson criterion. 
Magnitudes ( )meth õδδδδ  and ( )meth õσσσσ - standard deviation shall be calculated. If the distribution 

is normal, it is assumed that ( )meth õ∆  = 1.645 ( )meth õσσσσ . 

  
Basic problem No. 3 - Let’s proceed to the issue, how the mechanical component of 
uncertainty shall be evaluated. What factors are “important”, i.e. what factor shall be taken 
into account in evaluation of mechanical uncertainty? What shall be the distribution of 
deviation in important factors from nominal values? What shall be done, if the distribution of 
deviations is unknown, while the maximum probable deviation has been determined. What 
computer codes shall be used in calculation of the factor deviation influence on the value of 
the functional we are interested in?  
 
3.1 In calculation of mechanical uncertainty for Russian-made FAs the deviations of the 
following factors р in tvel/tveg shall be taken into account: 

- fuel content (UO2); 
- fuel enrichment; 
- cladding outer diameter; 
- tvel pitch in FA; 
- gadolinium content in tveg; 
- axial gap between fuel pellets; 
- gap between FAs with account of possibility to change the gap during operation.  

 
3.2  For calculation of mechanical uncertainty the following correlations between deviations 
are assumed:  

- every fuel pellet of a certain tvel is characterised by identical set of factors:   
- for the tvels of one FA factor deviation from nominal values are stochastic within the 

tolerances. There can be a correlations between one-factor deviations (for instance, 
enrichment or cladding diameter). The deviations in different factors do not correlate 
between each other;  

- mean value of each factor that characterises FA on the whole deviates stochastically 
from nominal value within the field of tolerances (tolerance fields of tvel and FA are 
equal). The deviations of mean values of factors that characterise FA on the whole do 
not correlate either for one factor, or for various factors. 

 
3.3 Total mechanical uncertainty mech∆ , which is caused by deviation of factors 

1 2, ,... ,...i np p p p , shall be determined by statistical summation of uncertainties related to each 

of the factors  
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 is a coefficient of sensitivity of parameter х to changed factor ip  , 



( )ip∆ is deviation of factor ip  from nominal value. 

 
3.4 For all factors ip , but for the axial gap between fuel pellets and a gap between FA, a 

reduced normal law of deviation distribution is adopted. The following assumption is used  
 

1
( ) ( )

3i ip D p=σσσσ , 

 
where ( )iD p  is maximum probable deviation of factor ip from the nominal value, which is 

stated by Fuel Technical Specifications. Then, 
1,645

( ) ( )
3i ip D p∆ = . 

 
3.5 For axial gap between fuel pellets gàxp  a uniform law of deviation distribution is adopted  
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where ( )gàxD p  is a maximum gap identified in post irradiation examinations of burnt out 

tvels.  
 
3.6 The change of gap between FAs, which is probable to happen in the course of jacket-free 
FA operation, is realised in case of linear power density (heat flux) and tvel power. The 
calculation of applicable deviations shall follow thermal-mechanical simulation of FA 
behaviour for the expected loadings in the course of operation. The findings of thermal-
mechanical simulation shall be evaluated to obtain the most conservative, in terms of probable 
increased power density, distribution of gaps in the core cross section.  
 
Then, 5 % of the greatest gaps shall be rejected, while the maximum left gap will define the 
deviation ( )gàxp∆ , which must be used in the account of gap increase. It should be pointed 

out, that in addition to consideration of increased single gaps, it is necessary to analyse the 
behaviour of the sum of three gaps at joint connection of three FAs (for the sum of gaps, also 
5 % of the greatest sums shall be rejected). 
 

Coefficients of sensitivity 
i

x

p

∂
∂

 shall be calculated for fuel pins of FAs making first and 

second periphery rows. At that, every pin is assumed to show a maximum enrichment of the 
loading, a zero burnup and absence of liquid absorber in the coolant.  
 
The calculation of sensitivity coefficients shall be performed using Monte-Carlo methods.  
 
Basic problem No. 4 - Accounting the uncertainty in further measurements performed in the 
course of operation.  
 



In case of VVDER reactor, the design process and the process of parameter monitoring in the 
course of operation are practically independent processes. During operation, measured data 
play a decisive role for measured parameters (measured either directly or indirectly). The 
measure data define the possibility of further operation, as it is, irrespective of the data rated 
by the design. 
 
This state of affairs could be adopted as normal, if only the measurements were performed 
with an ideal accuracy. However, a too great uncertainty in the measurements may cause a 
drop of reactor power in ideally selected fuel loading. In order to avoid such a case, it is 
necessary to introduce an additional term into the formula of safety factor just at design stage, 
which will provide the accounting of uncertainties in further measurements. The accounting 
of uncertainties in further measurements will reduce the efficiency of fuel loading, however, it 
will ensure against drop of power. Thus, the designers face the challenge and have to solve an 
economy optimising problem: either to avoid a power drop in not completely optimal fuel 
loading, or take a risk and drop the power in an optimal, in terms of economy, loading. The 
relevant considerations on accounting of measurement uncertainties in formula of safety 
factor may be found in paper [1].  
The following wording of safety factors may be proposed for including into a regulatory 
document: if measurement uncertainty in any of the parameters exceeds a design uncertainty, 
or close to it in its value, the measurement uncertainty shall be taken into account in design.  
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