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Abstract – The computer expert system for fuel failure analysis of WWER during operation is 
presented. The diagnostics is based on the measurement of specific activity of reference nuclides in 
reactor primary coolant and application of a computer code for the data interpretation. The data 
analysis includes an evaluation of tramp uranium mass in reactor core, detection of failures by iodine 
and caesium spikes, evaluation of burnup of defective fuel. Evaluation of defective fuel burnup was 
carried out by applying the relation of caesium nuclides activity in spikes and relations of activities of 
gaseous fission products for steady state operational conditions. The method of burnup evaluation of 
defective fuel by use of fission gas activity is presented in detail. The neural-network analysis is 
performed for determination of failed fuel rod number and defect size. Results of the expert system 
application are illustrated for several fuel campaigns on operating WWER NPPs.     

  
 

I. INTRODUCTION 
 

Fuel failures at operating LWRs lead to release of 
radioactive fission products into the primary coolant. 
Local massive hydriding of cladding following a failure 
may result in significant cladding degradation and washout 
of fuel fragments from failed fuel rod. In this case severe 
contamination of primary circuit is possible.  

Failed fuel is identified in leakage tests during 
reactor refueling outages to provide radiation safety at 
nuclear power plants (NPPs). These tests are time 
consuming and involve high financial costs. Most NPPs 
use a preliminary evaluation of failure characteristics 
before the end of fuel campaign to reduce expenses and a 
risk to miss a failure. The main failure parameters to be 
determined are the number and burnup of failed fuel rods 
as well as leak size.  

The state-of-the-art methods of failure evaluation 
under operation conditions are based on monitoring of 
primary coolant activity and application of a computer 
code for data interpretation [1-5]. These methods can be 
integrated into a computer expert system for the on-line 
failure diagnosis at operating units.   

At present time the expert system for failure 
diagnosis at operating WWER units is under development 
[6-8]. The system is based on the mechanistic RTOP-CA 
code and application of neural network methods. The 
RTOP-CA code is a tool for solving the direct problem – 
prediction of coolant activity when parameters of failure 
are known. The RTOP-CA serial calculations with 
variation of failure characteristics make it possible to 
configure and train neural networks for solving the inverse 
problem – evaluation of failure parameters by measured 
the data on primary coolant activity.   

The analysis of coolant activity data by the expert 
system includes two main steps. The first step evaluates a 
tramp uranium mass in reactor core and detects failures by 
iodine and Cs spiking. In case of large assembly failure a 
rate of release of tramp uranium can be identified. A 
burnup of the failed fuel is evaluated by the ratio of 134Cs 
and 137Cs activity in spikes. A new technique for 
estimation of failed fuel burnup is also utilized.  This 
approach includes consideration of a relation between 
activities of gaseous fission products under conditions of 
steady state reactor operation. The first stage of the 
analysis allows us to decrease uncertainties of 
defectiveness parameters of the WWER reactor core.  



On the second stage of the analysis a neural-network 
program was applied to determine the failure 
characteristics in more detail with taking into account of 
the preliminary results received during the first stage of the 
analysis. The neural-network program evaluates a number 
of failed fuel rods and defect sizes (large/small) [8]. The 
current version of the expert system has been tested against 
data for several fuel campaigns at different WWER units in 
Russia [8]. The data included results of coolant activity 
monitoring during a campaign and results of leakage tests 
in special casks after reactor shutdown for refueling. In all 
the cases predictions of the expert system were in good 
agreement with findings of leakage tests. Since publication 
[8] the neural network program incorporated into the 
expert system has been optimized for higher reliability of 
predictions.  The method of burnup evaluation of defective 
fuel by measuring the fission gas activity is presented in 
detail. New results of application the modified version of 
the expert system for burnup evaluation of failed fuel at 
operating WWER units are presented. 

II. GENERAL DATA ANALYSIS OF PRIMARY 
COOLANT ACTIVITY 

 
The initial step in NPP data analysis is an evaluation 

of tramp uranium mass (MTU) in the reactor core. 
Contamination with tramp uranium forms a background 
activity in primary coolant. The estimation of the tramp 
uranium mass is possible because of different mechanisms 
of FP release from the failed fuel rods and from the tramp 
uranium. The FPs generally releases from the failed rods 
by diffusion mechanism. In this case the ratio of release-to-
birth (R/B) decreases for short-lived nuclides. The recoil is 
governing release mechanism and the fraction R/B is 
lifetime independent for uranium contamination. 
Consequently, activity of short-lived nuclides in primary 
coolant is mostly due to tramp uranium and contribution of 
fuel failures is negligible. A preferable nuclide for 
evaluation of tramp uranium mass is 134I. It is fairly short-
lived and susceptible of adsorption inside failed fuel rods 
[2].  

The differences in mechanisms of FP release from 
defective fuel rods and tramp uranium allow to detect 
failure occurrence and to gain a rough idea of its 
seriousness during reactor operation. Mass of tramp 
uranium is formally calculated using 131I and 134I activities 
assuming the recoil mechanism. If the both calculations 

give close results then the core is intact. Otherwise a failure 
has occurred. The higher is the ratio of 131I to 134I 
calculations the higher is defectiveness of the core. Severe 
failures can be also identified by growth of 134I activity 
during the campaign that implies possibility of fuel 
washout. The most reliable failure indicator is spiking in 
activity of long-lived nuclides (131I, 134,137Cs or 133Xe) at 
power manoeuvres, reactor start-up or shutdown. 
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Fig.1. Preliminary analysis of primary coolant activity with 
respect to existence of defective fuel assemblies in reactor 
core of the WWER-1000 unit.  – average mass of tramp 
uranium through the fuel campaign calculated by use of 134I 
activity;  – average mass of tramp uranium through the 
fuel campaign formally calculated by use of 131I activity;  – 
tramp uranium mass kinetics during fuel campaign (on 
activity of 134I). S – spikes were measured during the fuel 
campaign, nS – no spikes were measured during the fuel 
campaign. 

 
The preliminary analysis of the activity data of one 

WWER-1000 unit for several subsequent fuel campaigns is 
illustrated in Fig.1. It is shown in Fig.1 that spikes on 131I 
and/or 134,137Cs activities were measured for all fuel 
campaigns when the ratios of “tramp uranium mass” 
MTU(131I)/ MTU(134I) noticeably greater than one. And vice 
versa the spikes in activities were absent for fuel 
campaigns with ratios MTU(131I)/MTU(134I) ~1. This 
preliminary analysis enables to have a single meaning for 
fuel campaigns with or without defective fuel assemblies. 
Increasing of tramp uranium mass during fuel campaign is 
an evidence of fuel washout and existence of assembly 
with large defect in cladding rod. 

As a matter of fact, increasing of 134I activity was 
measured during all fuel campaigns in Fig.1 even if 
defective assemblies were absent. In the case of intact fuel 
the increase of 134I activity amounts to ~ 1.5. As a result 



Most NPPs use a preliminary evaluation of failure 
characteristics before the end of fuel campaign the 
calculated mass of tramp uranium increases. Point is that 
the calculations in current version do not take into account 
increasing of average neutron flux in the reactor core 
during the fuel campaigns. Increasing of average neutron 
flux takes place for power maintenance as far as fuel 
burnup growth. The values of MTU(134I) during some fuel 
campaigns in Fig.1 have grown up to five times. Certainly 
the effect is due to the washout of fuel fragments through 
large defects in the cladding of fuel elements. 

III. EVALUATION OF DEFECTIVE FUEL BURNUP 
 

Caesium spiking provides data for the estimation of 
the failed fuel burnup. Ratio of 134Cs to 137Cs activity in 
spikes is a function of burnup which can be calculated for a 
given reactor type. For burnup estimation the measured 
values of the caesium ratio should be compared to the 
theoretical values. Due to long lifetimes 134Cs and 137Cs are 
accumulated in primary coolant from previous cycles and 
this method of burnup evaluation does not work under 
conditions of steady state operation. 
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Fig.2. Evolution of fuel isotope composition, initial 
enrichment 3%. 

 
For the burnup estimation in nominal operation 

regime gaseous FPs can be used. Fission yields depend on 
fuel isotope composition which changes with burnup 
(Figs.2,3). Krypton (83m,85mKr, 87-90Kr) demonstrates more 
significant decrease of cumulative yields with burnup than 
xenon (133,135Xe). So, the measured ratios of krypton to 
xenon activities indicate the burnup of failed fuel. The 

background activity should be taken into account in these 
assessments. The better results can be achieved with long-
lived Kr-Xe pairs since they are less sensitive to the level 
of tramp uranium.  
 

 

Burnup, MWdays/kgU 
0 10 20 30 40 50 60

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

133Xe
135Xe
85mKr
87Kr
88Kr
89Kr

 
 

Fig.3. Relative changes in effective cumulative fission 
yields with burnup. 

 
There are some limitations on burnup estimation by 

noble gas activity and caesium spiking. The both methods 
can be applied directly only in the case of a few number of 
defective rods with nearly the same burnup. An additional 
analysis is necessary for several failures with different 
burnups. Moreover, the gaseous radionuclides have much 
shorter lifetimes than 134Cs and 137Cs and their release into 
coolant varies with leak size, axial position and fuel heat 
generation rate. Therefore there is no universal relation 
between the ratio of krypton to xenon activities and fuel 
burnup and additional calculations are necessary even for a 
single failure. 

The most reliable results for estimation of defective 
fuel burnup could be achieved by activity analysis at 
steady-state reactor power for pair of long-lived Kr-Xe 
isotopes because measured activity for these isotopes is 
least sensitive with respect to the mass of uranium tramp. 
However dependence of gaseous FPs release on defect 
parameters increases with isotope lifetime. For this reason, 
for example, the release of 133Xe in primary coolant has not 
always one-to-one relation with fuel burnup. The nuclides 
85mKr, 88Kr and 135Xe are the most optimal gaseous FPs for 
evaluation of defective fuel burnup. These isotopes are low 



sensitive to parameters of a failure and to the mass of 
uranium tramp.  

Serial calculations with the RTOP-CA code for a 
single defective fuel rod at steady state power have been 
performed to evaluate burnup on the base activities of 
gaseous FPs (85mKr, 88Kr and 135Xe). Following parameters 
of defective fuel rod were varied: leak size and axial 
position, fuel burnup, heat generation rate and the moment 
of failure occurrence. It was taken into account that a range 
of heat generation rate in fuel rods is a function of 
operational period. Heat generation rate decreases as 
burnup growth. Results of calculations are shown in Fig.4. 
Single point in Fig.4 corresponds to different parameter set 
of the defective fuel rod. It is shown in Fig.4 that the cloud 
of calculated points moves to point of origin with operation 
period. This correlates with relative decrease of effective 
cumulative fission yields of krypton isotopes (Fig.3) with 
burnup.  
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Fig.4. Average activities relations of 85mKr/135Xe and 
88Kr/135Xe – results of RTOP-CA calculations:  

 – defective fuel rods of the first year operation,  
 – second year operation,   – third year operation,  

  – fourth year operation. 
 
Experimental points for average activity relations 

85mKr/135Xe and 88Kr/135Xe measured in primary coolant 
can be plotted on Fig.4 to find a burnup of defective fuel. 
Accuracy of the activity measurements and data 
uncertainty should be taken into consideration. 

 

 

IV. DATA PROCESSING OF ACTIVITY OF GASEOUS 
FISSION PRODUCTS 

 
 The method for evaluation of burnup of the defective 
fuel on the base of NPP data of activity of gaseous FPs was 
checked in the following way. During every fuel campaign 
an operational period with nominal steady-state reactor 
power was chosen. The time interval was selected as close 
as possible to the end of fuel campaign. For this period the 
relations of activities of 85mKr and 88Kr to activity of 135Xe 
in water tests were calculated. On the plane in Fig.4 these 
experimental data form some region which takes into 
account an accuracy of the activity measurements and data 
uncertainty for various water tests. Various marks 
corresponding to fuel rods with different operational 
periods can be simultaneously found in this region. In this 
situation it is impossible to determine a burnup of the 
defective fuel with 100% precision and it is reasonable to 
define probability a defective fuel assembly corresponding 
to some operational period. A large number of the 
calculated points were counted for different burnup level 
with variations of defect parameters for region of an 
uncertainty parameters. The relative number for defective 
rods with certain burnup which are positioned on region of 
uncertainty parameters characterizes the probability. 
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 The measurements of gaseous FP activities are not 
obligatory for WWER according to regulating authority.  
For this reason the spreading of the measured data on 
gaseous FP activities in WWER is now significant. 
Dispersion of activity data on gaseous FPs is conveniently 
characterized by some “averaged” deviation from average 
measured values. As is the convention some “confidence 
level” is used as an extent of dispersion [9]. For instance, 
the confidence level of 70% defines the boundaries of 
interval where 70% of serial experimental data is located. 
In this case the probabilities of deviation of an 
experimental point beyond the low and upper bounds of the 
confidence interval are equal to 15%. It is significant that 
the confidence level of 70% for normal distribution of 
some value with dispersion σ is approximately the same as 
a mean square deviation (±σ) of the average value. The 
confidence level of 80% in addition to confidence level of 
70% was considered. The confidence level of 80% was 
used for sensitivity study of burnup evaluation of a 
defective fuel. Using of the confidence intervals allows us 
to remove unreliable experimental data and significantly 
decrease the interval of data deviation. 
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Fig.5. a – Operational parameters of unit D of WWER-1000 
during 19 fuel campaign (Table I),  
▬▬ – heat power of the reactor (MW),  
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▬▬ – coolant flow through cleaning filters, (10–2 T/hour).  
b – Activity kinetics of gaseous FPs in primary coolant (Bq). 
The hatched region – interval of the data used for evaluation 
of defective fuel burnup. 
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Fig.6. Average activity relations of 85mKr/135Xe and 
88Kr/135Xe – results of RTOP-CA calculations:  

 – defective fuel rods of the first year operation,  
 – second year operation,   – third year operation,  

  – fourth year operation.  
Marked regions – intervals of spreading level of the 
experimental data for fuel campaign in Fig.5:   

 – region corresponding to confidence level of 80%;   
 – region corresponding to confidence level of 70%. 

 
 Processing results of the data on gaseous FP activities 
on operational unit of WWER-1000 are presented as an 

example in Figs.5-7 and in Table I. Operational parameters 
of the unit D and measured data on gaseous FP activities in 
primary coolant during 19-th campaign are shown in Fig.5 
(Table 1). 
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 The processing of the experimental data, Figs.6-7, 
leads to conclusion that depressurization took place for a 
fuel assembly of the forth year operation. During reactor 
outage 42 assemblies were analyzed in leakage tests and 
only one assembly after 4-year operation was identified as 
failed assembly. It is significant that no caesium spikes 
were detected during this operational cycle. Therefore the 
activity of gaseous FPs was only one source of information 
to receive estimation of the defective fuel burnup. 

 
 It is interesting to compare a result for burnup 
evaluation by means of the analysis of activities on 
caesium spiking and gaseous activities (85mKr, 88Kr and 
135Xe). As an example the data for 12 campaign of unit A 
(Table I) was considered. The operational parameters of 
the unit and measured data on gaseous FP activities in 
primary coolant are shown in Fig.8. The results of 
processing of the data are presented in Figs.9-10. The 
analysis of the defective fuel burnup based on activity of 
gaseous nuclides has shown that defective fuel assembly 
after the first year operation may be found with a maximal 
probability. However the presence of defective rod with 
higher burnup cannot be excluded. Spike-effect on caesium 
nuclides was measured at reactor start-up of the twelfth 
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Fig.7. Results of probability analysis (%) to find defective 
assembly of different operational period for the fuel cycle in 
Fig.5:  

 – evaluation, corresponding to confidence level of the 
experimental data 80%;   

 – evaluation, corresponding to confidence level of the 
experimental data 70%. 



campaign. The burnup of the defective fuel was evaluated 
on the activity relation of 134Cs and 137Cs at the spike and 
was equal to 38-42 MW⋅days/kgU. The distinction in the 
burnup evaluation of the defective fuel on the base of these 
two methods is a consequence of existence a few leakage 
assemblies with different operational periods. (Two fuel 
assemblies of the first and the third operational years were 
found in leakage tests during reactor outage). 
 Fission gas release from the fresh fuel has more 
intensive rate due to higher generating power for the first 
year assemblies operation. For this reason fuel rods with 
similar failures will contribute essentially different activity 
on gaseous FPs in the primary coolant if depressurization 
of the rods occurs during different operation years. And 
vice versa, when activity in caesium spiking is supplied by 
two fuel rods with equivalent failures but with different 
operational periods then a dominant contribution in Cs 
spiking activity will supply the defective rod of higher 
burnup. Point is that the long-lived isotopes of 134Cs and 
137Cs are monotonously accumulated in the fuel during 
operation. As a result an amount of 134Cs and 137Cs 
accumulated in first year fuel is low.   
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Fig.8. a – Operational parameters of unit A of 
WWER-1000 during 12 fuel campaign (Table I), 
▬▬ – heat power of the reactor (MW),  
▬▬ – coolant flow through cleaning filters,  
(10–2 T/hour).  
b – Activity kinetics of gaseous FPs in primary 
coolant (Bq). The hatched region – interval of the 
data used for evaluation of defective fuel burnup. 
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Fig.9. Average activity relations of 85mKr/135Xe and 
88Kr/135Xe – results of RTOP-CA calculations:  

 – defective fuel rods of the first year operation,  
 – second year operation,  – third year operation,  
 – fourth year operation.  

Marked regions – intervals of spreading level of the 
experimental data for fuel campaign in Fig.8:   

 – region corresponding to confidence level of 80%;   
 – region corresponding to confidence level of 70% 
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Fig.10. Results of probability analysis (%) to find defective 
assembly of different operational period for the fuel cycle in 
Fig.8:  

 – evaluation, corresponding to confidence level of the 
experimental data 80%;   

 – evaluation, corresponding to confidence level of the 
experimental data 70%. 
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TABLE I  
 

Evaluation of Defective Fuel Burnup on Activity of Gaseous FPs. 
 

Unit 
WWER-1000 

Campaign 
number 

Mass of tramp 
uranium, g 

Evaluation by Cs “spikes”, 
Bu, MW⋅d/kgU 

Evaluation by 
gaseous FPs*

Results of leakage 
tests**

7 7 – 2-3 2(1)**, 3(3) 
9 11 35-38 2 2(4), 3(5) 

10 11 – 2-3 3(2) 
A 

12 9 38-42 1-2 1(1), 3(1) 
B 8 12     22-25*** 2-3 3(3), 2(1) 
C 6 21 – 2-3 3(7), 2(2) 

18 4 – 3-4 4(1) 
19 3.5 – 4 4(1) D 
20 1.5 – 4 4(1) 

*    The burnup is shown in fuel operational period (years). 
**   Burnup and number of defective fuel assemblies (indicated in brackets), found in leakage tests. 
*** Burnup evaluation on Cs “spike” at initial period of the campaign, at the end of the campaign the burnup corresponds to defective    
assembly of 2-3 year operation period. 

 Therefore if the defective assemblies of different 
operation periods are simultaneously present in reactor, 
then the activity analysis on gaseous nuclides has lead the 
burnup evaluation closer to low bound of the values, and 
the activity analysis based on caesium spiking has evaluate 
the fuel burnup closer to upper bound of values. 
 These sharp distinctions let additional possibility to 
evaluate the defective fuel parameters. If burnup estimation 
by caesium spiking leads to higher value than evaluation 
by use of the fission gas activity, then it is possible the 
existence of several defective assemblies with different 
operation periods.    
 Summary results on defective fuel burnup analysis for 
some units of WWER-1000 and for various campaigns are 
demonstrated in Table 1. 

V. CONCLUSIONS 
 

The expert system for WWER failure diagnosis is 
being developed on the basis of the RTOP-CA computer 
code. The RTOP-CA code is verified on a wide 
experimental database, at present time it is prepared for 
certification in regulatory authorities. The expert system 
provides on-line data describing operation condition of the 
reactor core: mass of tramp uranium, the number, burnup 
and leak size (small or large) of failed fuel rods and rate of 
fuel washout from rods with large defect. 

Two complementary methods for estimation a 
defective fuel burnup are applied in the evaluations. These 

methods are based on measurements of activity of gaseous 
FPs under condition of steady-state reactor operation and 
on caesium spiking activity. Analysis for various 
campaigns of some units of WWER-1000 was carried out. 
The analysis results demonstrated that the expert system 
allows us to evaluate adequately the defective fuel 
parameters. The predictions of the computer system agree 
with results of the leakage tests after reactor shutdown. 
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