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ABSTRACT 

 

 

From the late nineties Paks Nuclear Power Plant – in collaboration with KFKI Atomic Energy 

Research Institute (KFKI AEKI) – is developing a system for determining the  normal 

operation local power engineering safety factors. The system is based on a Monte Carlo 

sampling of the uncertain model input parameters. Additionally, the comparison of the 

calculation to the in-core measurements plays essential role for determining some important 

input parameters. By using new fuel types and the corresponding more recent detailed 

technological data, the applied method is being improved from time to time. Presently, the 

actually used and authorized engineering safety factors at Paks NPP are determined by using 

this method. 

 

In the paper, the system‟s main properties are described (not going beyond the possible 

extent). The main points are as follows: 

 

 Mathematical definition of the engineering safety factor 

 Sources of the uncertainties 

 Input error propagation method constituting the basis of the system 

 Flow-chart of the subsequent steps of the determination 

   

Finally, in the paper the engineering safety factors values of some selected parameters are 

presented as examples for demonstration of the capability of the method. 
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Normal operation target quantities, relation to the DBA safety 
analysis 
 

At the beginning of the nineteen‟s, a new Safety Analysis Report of Paks NPP corresponding 

to the required standards of European norms was elaborated. According the new safety 

analyses, damage of larger amount fuel and the subsequent large release of radioactivity can 

occur only at a very low likelihood level.  During the performed analyses, large number of 

various scenarios, accidental events or breakdowns was investigated. Conservative initial 

values of a set of the relevant core parameters influencing the transient consequences to great 

extent is introduced and called as frame parameters. This procedure is detailed below as 

follows. 

 

 It is supposed that not too large number of parameters (e.g. reactivity coefficients, 

peaking factors, reactor power, control rod worth, etc.) determine the main 

characteristics and consequences of the transients and accidents.  

 The maximum or/and the minimum, enveloping values of these parameters form the 

set of the frame parameters.  

 They belong to the initial stationary state.  

 The core is in safe condition concerning the abnormal events starting from the given 

initial state if the corresponding parameters are surely within the range determined by 

the frame parameters.  

 Proving this by the core design or the core monitoring, both the uncertainty of the core 

calculations (group constants, nodalization, etc.) and the influence of the different 

loading patterns must be taken into account.  
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 For determination of the calculation uncertainty, comparison to the results of the start-

up and in-core measurements plays an essential role. 

 

In the Appendix, the above frame parameters are listed giving also their role. 

 

Taking into account the calculation uncertainties during the fuel management, core design and 

core monitoring play important role in the present practice. The fuel management and 

corresponding checking process aims at avoiding the violation of the so called true safety 

limits – used in the safety analyses - at a given confidence level. However, due to the 

uncertainties only a lower (or larger) permitted calculated value can be allowed for assuring a 

high enough confidence level.  

 

Fig. 1 shows the relation between the frame parameter‟s checking (“permitted limiting 

calculated”) and true values (left side), also illustrating the possible accident consequences 

(“true safety limit” on the right side).    

 

  

 
Figure 1. 

 

The requirement for the fulfillment of the frame parameter limitation at a given probability, or 

in other words with a given confidence level, can guarantee to avoid the violation of the true 

safety limit. To avoid the violation of the absolute limits, operational limits are applied in the 

phase of planning of a new load pattern, taking into account every aspects of uncertainty.    
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Mathematical definition of the engineering safety factor 
 

The rules of mathematical statistics are strictly followed calculating relations between 

important parameters.   

 

The checking requirements described in the previous chapter can be formulated in 

mathematical way, considering a supposed  likelihood criteria for limit violation. Let p  the 

examined framework parameter, take it as a probability variable and the „True” limiting value 

of the frame parameter lp . Let denote the probability density function of p  as pf  in that case 

when the true value of the given safety related parameter is just equal to its true limit and the 

related expected value as M equal to the „True” value of the given safety related parameter. 

Fig. 2. shows the probability density function of the calculated value in case when true safety 

limit is just equal to the expected value of the calculation.  

 

 

 
 

Figure 2. 

 

It can be write the following equation: 
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where                                is the permitted limiting value (checking limit) of the calculated 

value. 

 

In other words, if the given parameter for a given core complies the request to have a lower 

value than ep , than the limit will not be violated with 1- likelihood.  

 

In this work the checking limits for heat technical parameters are established after the 

appropriate PDFs are generated. 

 

Target quantities in the recent paper 
 

In this paper the following parameters are examined with the described model:  

 

 Linear heat rate depending on the pin burnup 

 Pin power 

 Assembly power 

 (Sub-channel outlet temperature) 

 

The reactor physical parameters are calculated from input parameters characterizing the core 

using different models, codes and relations. For determination of a given parameter 

sometimes many codes are used and the output of a given code provides the input for the 

others together with the parameters characterizing the core. In Fig. 3, the general scheme of 

the system used for the determination of number of parameters is shown. This scheme 

consists of three models denoted by rounded boxes. 

 

 

 
Figure 3. 

 

npp le 
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Generally, the following „calculation tools‟ must be applied: 

 

 Lattice transport codes for the few group constants generation 

 Simulator global level codes 

 Pin-wise diffusion codes 

 

According to the Appendix, beside the local power parameters there is a set of further frame 

parameters (reactivity coefficients, etc.), giving task of the continuation of the special working 

group. 

 

Concerning the modeling uncertainties (for example diffusion approximation, cross section 

errors), the validation procedure and utilizing its results play an essential role. While for the 

local power type parameters the in-core measurements are important, for the mentioned 

further parameters (reactivity coefficients, etc.), other measurements, for example the startup 

measurement are determining. 

 

Sources of the uncertainties 
 

The procedure presented in Fig. 3 shows that the statistical errors are originating from two 

sources. The first source is originated from the parameters characterizing the reactor, while 

the second one comes from the modelling assumptions. The first type of the uncertainties 

comprises the assembly fabrication or technical uncertainties, local fluctuation of the core 

parameters (local fluctuation of boron acid concentration, moderator temperature fluctuation 

etc.) and basic modelling data (cross section, group constants coolant properties). The second 

type of the uncertainties derives from the model approximations and the applied numerical 

methods. Such codes - similarly to all other models - describe the physical phenomena by 

using suitable approaches but sometimes having approximate assumptions. As a consequence, 

these models are loaded with errors and in the procedure applied for a given parameter the 

uncertainties coming from all different sources must be taken into account.  The errors can 

have systematic and statistical nature. The systematic errors can be eliminated by a model 

tuning or - if it is not possible – they must be taken into account directly by using the 

benchmarking or validations results.  

 
a) Uncertainties of the material and composition data of the fuel, given by the manufacturer  

b) Operational data (inlet temperature, reactor power), measurements 

c) Modelling approximation, explored by validation, comparison to the in-core 

measurements 

d) Basic modeling data; cross sections, group constants coolant properties), explored by 

validation 

 

Uncertainties of the material and composition data 
 

The PDF the parameters describing the fuel and core can be generated by two ways. Either 

their values are established by the checking statistics obtained just after the fabrication or by 

the tolerance level of fabrication checking. 
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Because the first statistics were not available at the development of the method the second 

opportunity was chosen. The constant probability distribution was used within the interval of 

tolerance. 

 

 
Figure 4. 

 

  

Fuel geometry and composition data are the following: 

 

1. Length of fuel pin and the whole length of all pins 
2. Fuel enrichment 
3. Pellet outlet diameter 
4. Hole diameter in the pellet 
5. High of pellet 
6. Density of pellet 
7. Cladding outlet diameter 
8. Assembly wall thickness 
9. Pin pitch 
10. Assembly pitch 
11.  Assembly shroud size 
12. Water gap between assemblies 
13. Hydraulic resistance of spacer 
14. Central tube outlet diameter 
15. Gadolinium content 
 

Uncertainties of operational data  
 
The determination of uncertainties of operational data always requires specific and additional 

considerations. Many processes contribute to the fluctuation of state parameters. Sometimes 

the direct handlings of uncertainties are impossible and the measurement accuracy of the 

given parameter is used to determine the errors. These considerations are based on the 
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following facts. The occurring parameter errors can be larger or smaller than the measurement 

accuracy. If the parameter errors are larger than the measurement errors than these errors are 

observable and can be taken into account as a correction in the input of calculation. 

Consequently, the remaining errors are those which are within the measurement precision. So 

we will be conservative if the parameter uncertainty is substituted with the errors of 

measurement. The measurement precision data come from the technical description of the 

used devices. For determining the calculation uncertainties of heat technical parameters, the 

following operational state parameters were used. 

 

Operational data  

 

1. Reactor power 
2. Moderator temperature 
3. Boric acid concentration 
4. Inlet coolant temperature 
5. Coolant flow rate 
5. Control rod position 
 
The normal probability distribution was used. 

 

 
Figure 5. 

 

The model errors  
 

The model errors are established during the validation process of a given code by comparing 

the calculated and measured benchmarking values. The corresponding data were filed up from 

the documentation of the codes.   

 

Further parameter uncertainties 
 

There are some parameters which are not belonging to the calculation input, but the 

uncertainty of the frame parameters is affected by them. These parameters also are neither 

input for the core design (C-PORCA) nor for the online core monitoring (VERONA) code.  
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Examples: 

 

Gap between pellets 

Pollutants in the pellets 

 

The influence of these parameters are examined in other way, namely with further 

examinations, for example with further MCMP or HELIOS calculations. These effects are 

added separately to the model uncertainty. 

 

Basic considerations, general features of the applied method 
 

Knowing the above mentioned uncertainties, the following task is to determine the impact of 

the input uncertainties on the output frame parameters. An input error propagation method 

based on Monte Carlo sampling is used for the determination of probability density function 

of the frame parameter according to the illustration of Fig. 6. 

 
Figure 6. 

 
According to Fig. 3, the uncertainty determination is divided into sub-tasks. In the following, 

an example is shown for characterizing the structure of the sub-tasks. The logically final step 

is the uncertainty evaluation of a simple, but accurate formula, which is applied for dividing 

the task into sub-tasks. 
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In the last task the Monte Carlo procedure is made for the final formula.  In the previous 

logical steps, the statistical behaviour of the components of the formula is determined 

partially based also on Monte Carlo sampling method.  

Conservative approaches are not avoidable for the uncertainty estimation. The following basic 

considerations are made for the statistical examination of parameters of the above described 

formula: 

 
kq: The standard deviation of the calculated and the value is derived from temperature 

measurements. This value is overestimated due to the measurement errors. 
kz: The standard deviation of the normalized power distributions is derived from calculation 

and the SPND measurements. This value is also overestimation due to the measurement 

errors. 

kk : There is a special treatment of the statistical examination of kk. The main steps of process 

are the following: 

 The parameterized pin-wise few-group constant library is supplemented with the new 

parameters of the uncertain geometric and material data.  

 The uncertain geometric and material data are sampled.  

 The probability distribution of the few group constants is calculated.  

 Validation results are collected to assure the additional modeling source, standard 

deviation is derived.  

 A set of assembly calculations is performed by sampling the few group constants.  

 The additional modelling error according to the standard deviation from the validation 

is sampled and added. Material and composition data are taken into account twice, but 

they can be different for the validation and the target (application) cases. 

(Conservative approach) 

 

According to Fig. 3, the whole procedure is divided into the method three main steps. As it 

was mentioned before, the investigation is carried out by using the natural partition of the 

block scheme of the models. There are two main reasons of this partition. First reason is that 

the output of a given code is an input of other one. The models are loaded with errors and the 

errors of the first model have an impact on the second one. This fact can be traced by using 

the partition of the problem.  The second reason is that in case of the simultaneous application 

of all the intertwined models following the error propagation would lead to a very 

cumbersome and complicated procedure. 

 

Error propagation through the few group constants generator program  
 

The first level of calculation models is the lattice calculation to provide few group constants 

for assembly-wise and core simulator calculations. The determination of these few group 

constants, cross sections, is carried out taking into account the geometrical and material 

properties of assemblies and the core and the state of the rector. As a result, the cross sections 

turn up as a function of lot of parameters. This process is called as parameterization. In our 

case the code for few group constants generation was HELIOS code.  

The following input parameters were used in producing the cross sections.  

 

 Fuel enrichment 

 Fuel density 

 Clad outer diameter 

 Assembly shroud thickness  
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 Pin pitch 

 Water gap between assemblies 

 

The first aim is to covert the fabrication uncertainties into cross section uncertainties. In the 

usual calculation, the cross sections are generated for the nominal values of the input 

parameters. However in our case, because these input parameters will vary due to the input 

parameter uncertainty, additional cross section values are necessary „around‟ the nominal 

values. In other words, the original cross section libraries were remarkably enlarged including 

cross sections referring to states in parameters phase-space, surrounding the nominal values. 

In the enlargement of cross section library, linear relation between parameters and cross 

sections and reasonable interpolations were used to reduce amount of data. 

  

With the help of HELIOS code around the EV of describing parameters the cross sections 

were generated to certify the 99.865% „covering‟ of potentially occurring values. 

The input error propagation method is a Monte-Carlo simulation which consists of is made in 

three steps.  

 

 Drawing up of the state parameters accordingly to their  probability distribution function 

 Determination of the cross sections values using pre-calculated enlarged cross section 

libraries 

 After a lot of drawing, the determination of cross section probability distribution function  

 

 

Figure 7. 
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During the simulation, the different input parameters were considered independent. Our 

analysis shows that in the case of small perturbation of input parameters this approximation is 

valid. 

 

The following two-group cross section uncertainties were generated. 

 

 Diffusion constants 

 Absorption cross section 

 Fission cross section 

 Removal cross section 

 

 

Error propagation through assembly-wise and node-wise calculation 
 
 

The second level of reactor-physics calculations is a three dimensional diffusion calculation 

for the whole core. This involves partly the calculation of assembly-wise and node-wise 

distributions of the different quantities. Large amount of measured information were filed up 

for these distributions in the recent years thank to the continuous comparisons of the 

measured detector signals of the in-core measurement system to the calculated values. 

 

In this case, the PDF of the calculated parameter can be determined from the comparison of 

the measured and calculated data. In the course of the comparison of measured and calculated 

values the difference between two stochastic variables must be regarded. If the two variables 

are having normal distribution - as it was supposed -, then the difference will have also 

normal distribution. The EV of the difference of variables will be the difference of EVs and 

the second moment will be the sum of second moments. As a consequence, if there are no 

systematic errors of both quantities then the EV of two quantities are the same and resultant 

EV is zero. If the uncertainty of measurement is known then the uncertainty of calculation can 

be determined from the comparison of the calculation and the measurement. If the uncertainty 

of measurement is not known then it can be used the SD of comparison because of this SD is 

greater than the SD of calculation. In this way it is a conservative approach, and in many 

cases this SD is used. This method is relatively simple, but in most cases we do not have 

enough measured data. 

 

The uncertainties of the following parameters were derived from the calculation to 

measurement comparisons. 
 

 Moderator temperature 

 Fast flux 

 Critical boron acid concentration 

 Assembly-wise power distribution 

 Node-wise power distribution 

 Boric acid concentration 

 Kq 

 Kz 
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The flow chart of the comparison of measured and calculated data is shown in Fig. 8. 

 

 
Figure 8. 

 

 

Error propagation through pin-wise and subchannel calculation 
 

The third level of the reactor-physical calculations comprises the determination of the inner 

parameter of the assemblies, for example the pin-wise power distribution and the subchannel 

outlet temperature. In this case, the Mote-Carlo simulation is used in a similar manner as in 

case of determination of the few group constant distribution. 

 

The flow chart of Monte-Carlo simulation of the third level is shown in the next Fig. 9. 

 

 

 
Figure 9. 
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The main steps of the procedure are the following: 

 The few group cross-sections, the assembly-wise and global parameters are sampled. 

 The pin-wise parameters are determined by the core design code.  

 After a lot of drawing, the determination of cross section probability distribution 

function is possible. 

 The additional modelling error according to the standard deviation from the validation 

is sampled and added.  

Correlations between parameters 
 

There can be correlations between input parameters of simulation. For example: 

 

 Between epithermal flux and Kv 

 Kk and Kv 

 

All correlations have to be examined and taken into account in the Monte-Carlo simulation. If 

the degree of correlation is not determined, then a conservative selection of the correlation 

value has is applied.   

 

 
Figure 10. 

 

Conclusion and some results 
 

From the analysis, for the 3,82% enrichment profiled assembly the following core design 

engineering factors of the heat technical parameters were derived.  

 

 Linear heat rate:  37,0 W/cm. 

 Assembly power: 0,37 MW. 

 Total pin power: 5,7 kW. 

 Subchannel outlet temperature: 6,5 C 
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This new handling of engineering reserves has the following advantageous features 

comparing to the deterministic method.  

- It is in accordance with the Safety Analysis. 

- For every important parameters orders a distinguish value of engineering reserves.  

- The above-described system deals with the uncertainties mathematically correctly, and 

can take into account every factor having influence on uncertainty. 

- The new method contains some conservative approaches, so it is reliable and safe. 

- The new system is automated, supported by the codes. This makes the easy recalculation 

possible in case of modified values of the uncertainties sources.  For example, in case of 

changing the assembly manufacturing technology or the geometry, the necessary re-

evaluation can easily be done.  

- The fastness of method makes it possible to study the reactor state dependence of the 

uncertainties.  

- The method offers an opportunity to expand the applied procedures for other framework 

parameters and limits, and helps to establish similar error estimation for the in-core 

measurement. 
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Appendix 
 

CONSERVATIVE INITIAL CONDITIONS (FRAME PARAMETERS) OF THE SAFETY 

ANALYSES (1) 

Frame parameter Concerned initiating event or group 

Maximum reactor power All initiating events starting from except  
Malfunction of the volume and boron control 

system 

Maximum core inlet temperature All initiating events except  
Increase of secondary heat removal  

Control rod withdrawal during startup  

Malfunction of the volume and boron control 

system  

Minimum flow rate All initiating events except  
Control rod withdrawal during startup  

Malfunction of the volume and boron control 

system  

Maximum linear heat rate All initiating events except  
Control rod withdrawal during startup  

Malfunction of the volume and boron control 

system  

Maximum pin power All initiating events except  
Control rod withdrawal during startup  

Malfunction of the volume and boron control 

system  

Maximum assembly power Decrease of primary inventory 

Maximum moderator temperature 

reactivity coefficient 

Control rod withdrawal at power 

Sart-up of inactive loop with lower boron content  

Control rod ejection  

Decrease of primary coolant inventory  

Decrease of primary flow rate  

Decrease of secondary heat removal  

Minimum moderator temperature 

reactivity coefficient 

Increase of secondary heat removal 

Sart-up of inactive loop with lower temperature  

Maximum fuel temperature 

reactivity coefficient 

Increase of secondary heat removal 

Control rod withdrawal at power  

Sart-up of inactive loop with lower temperature  

Sart-up of inactive loop with lower boron content  

Control rod ejection  

Minimum fuel temperature 

Reactivity coefficient 

Decrease of primary coolant inventory 

Decrease of secondary heat removal 
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Maximum boron concentration 

reactivity coefficient 

Increase of secondary heat removal 

Decrease of primary coolant inventory 

Minimum boron concentration 

reactivity coefficient 

Sart-up of inactive loop with lower boron content 

Malfunction of the volume and boron control 

system 

Effective delayed neutron 

fraction 

All initiating events starting from FP except  
Control rod withdrawal during startup  

Malfunction (stuck or drop) of a control assembly  

Malfunction of the volume and boron control 

system  

Loading a fuel assembly into a wrong position  

Minimum shut down margin 

reactivity 

All initiating events starting from FP except  
Increase of secondary heat removal  

Control rod withdrawal during startup  

Maximum excess reactivity at  

BOC 

Control rod withdrawal during startup  

Malfunction of the volume and boron control 

system 

Maximum recriticality 

temperature 

Increase of secondary heat removal 

Maximum reactivity of one 

control assembly 

Control rod ejection 

Maximum reactivity of the 

working control rod group 

Control rod withdrawal at power 

Minimum rod drop time All initiating events starting from FP except  

Control rod withdrawal during startup  

Malfunction (stuck or drop) of a control assembly  

Malfunction of the volume and boron control 

system  

Loading a fuel assembly into a wrong position  

Minimum scram reactivity All initiating events starting from FP except  

Control rod withdrawal during startup  

Malfunction (stuck or drop) of a control assembly  

Loading a fuel assembly into a wrong position  

 


