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ABSTRACT. A software package comprising computer codes and fuel monitoring tools is 

under development in Russia in support of WWER fuel operation. The software package 

includes an expert computer system designed for failure diagnosis in course of reactor 

operation, prediction of activity evolution in primary coolant and express analysis of 

pellet-to-cladding mechanical interaction (PCMI) on rod-by-rod basis under normal and 

transient modes of operation. Coupled with the expert system, the first version of a 

graphical interface computer program is developed for NPP operating bodies. One of the 

features of this program is to launch automatically a fuel performance code for a series of 

detailed calculations for fuel rods with severe PCMI. The particular rods for calculations 

are determined by the expert system during the express core analysis. 

        A greater attention is paid to recent results in prediction of fuel behavior after a 

primary failure has occurred. One of the major risks to further operation of leaking fuel 

comes from secondary fuel degradation due to massive cladding hydriding. Threshold 

conditions for initiation of secondary hydriding have been found on the basis of physical 

modeling. Final criteria of secondary failure occurrence were deduced by applying the 

model to analysis of post-irradiation examinations of leaking WWER fuel. 
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INTRODUCTION 

Further progress in nuclear industry is focused on achievement of higher operation safety and 

better fuel performance in nuclear power plants (NPPs). Innovations in fuel design and new fuel cycles 

are introduced to attain these objectives. Advanced computer codes and software are under 

development to promote implementation of new fuel types and new operation regimes. More 

sophisticated tools to control fuel behavior during operation of power units are also being elaborated. 

One of the main goals for computer tools is to provide excellent fuel performance while meeting 

strict requirements for safety margins during fuel operation. Current trends in fuel operation control lie 

in development of comprehensive computer systems integrated with in-core data acquisition equipment 

which provide online information on fuel behavior on rod-by-rod basis. By detailed fuel 

characterization it is possible to avoid excessively conservative limits during fuel operation and thus 

enhance the unit power output. The state-of-the-art fuel monitoring systems should provide complete 

solutions to the following tasks: 

 express analysis/prediction of thermal and mechanical behavior of fuel rods in the entire core 

under the scheduled power load regimes (in course of a fuel cycle and when configuring the core 

between the two consecutive fuel cycles); 

 best-estimate predictions of pellet-to-cladding mechanical interaction (PCMI) for the most 
uprated fuel rods under normal operation conditions and load follow modes. 

Another important area for fuel monitoring covers issues of radiation safety during operation of NPPs. 

For cases of fuel failure computer tools being elaborated should be capable to give the following 

information: 

 estimation of failure parameters (burnup, number of leaking fuel rods, defect size) basing on 

activity of reference radionuclides in primary coolant; 

 prediction of activity evolution in primary coolant if operation of the unit with leaking fuel in the 

core is continued; 

 giving recommendations on operation regimes to mitigate secondary degradation of leaking fuel. 

At present, a series of computer tools is under development in Russia in support of fuel operation in 

WWERs. This software includes an expert system [1] for comprehensive solution to the above tasks. A 

separate graphical user interface (GUI) is developed in combination with the expert system. The GUI is 

designed to be used by personnel without special computer skills (such as in authority or NPP operating 

bodies). It is a simple tool for detailed PCMI calculations for the most uprated fuel rods in the core. 

The heart of the GUI is the mechanistic code RTOP [2]. Optionally, it may be replaced by another fuel 

performance code (e.g., to compare different predictions). 

The paper reviews the current status of computer codes and software packages being developed 

for WWER fuel. The focus is strengthened on recent results in modeling of fuel behavior after a 

primary failure. Major risks for fuel operation come from secondary hydriding of fuel claddings. As a 

rule, secondary failures lead to reescalation of activity release into coolant. 

Threshold conditions for initiation of secondary hydriding have been found on the basis of 

physical modeling. Derived parametric dependencies relate the critical hydrogen-to-steam ratio in the 

gas phase inside leaking fuel rod with cladding temperature, thickness of the oxide layer on the inner 

cladding surface and the fission rate. Numerical factors in the model were found by comparing 

calculation results with experimental data on post-reactor examination of leaking fuel assemblies 

(FAs). Finally, a “time vs. power” curve has been established which governs the possibility and the rate 

of secondary degradation after a primary failure. It is similar to Locke diagram for BWR fuel [3]. 

The derived criteria relate the time to develop a secondary failure with FA operation conditions. 

It gives a possibility to analyze the probable causes of high activity levels when such cases occur in 
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WWERs. The criteria of secondary hydriding may be also used to find and apply remedies against 

negative consequences of fuel degradation after a failure has been detected. 

 

1. PCMI ANALYSIS ON ROD-BY-ROD BASIS 

1.1. Approaches to rod-by-rod fuel monitoring 

Load follow modes are widely applied in PWRs and BWRs. At present time, potential 

opportunities of introducing these regimes into WWER operation practice are being discussed. Some 

current WWER projects for foreign countries involve licensing of fuel operation under cyclic power 

load. Possible scenarios of power maneuvering in WWERs vary in a wide range. Relatively soft 

scenario includes cycles of 100-75-100% power variations (with regard to the nominal level, P0) with 

the rate of up to 1% P0/min. More demanding regime adopts load cycles 100-40-100% with the rate of 

3% P0/min. A WWER project “AES-2006” is designed for possible maneuvers of 100-20-100% with 

the rate of up to 5% P0/min, [4]. 

Unsafe level of mechanical stress in fuel claddings in transient regimes may be estimated by 

results of ring-tests with specimens cut from claddings of spent WWER fuel rods, [5]. The tests at 

380 
о
С for fuel burnup ~ 30 MWd/kgU (when PCMI becomes possible at transients) showed that 

cladding tensile strength is about 350 MPa. Taking into account that for lower temperatures the tensile 

strength is higher (increasing 55-70 MPa per 100 
о
С, [5]) it may be estimated that for typical cladding 

temperatures 300-330 
о
С the tensile strength is above ~ 380 MPa. 

To assure radiation safety in load follow modes it is necessary to control continuously a 

compliance of peak stress levels in claddings with safety margins. The most appropriate tool for this 

would be a detailed fuel performance code. But online calculations for ~ 50,000 fuel rods in the core 

with taking into account axial power and burnup profiles would need enormous computer resources. 

Any online system built on this basis would have a very high cost. Another way to provide an adequate 

PCMI analysis for online applications is by means of simplified mechanical models. Grasping the most 

important features of PCI mechanics and after being benchmarked with a detailed mechanical code, the 

simplified models offer a solution of suitable accuracy and reasonable computational speed. A good 

example of successful online application of the simplified approach is given for BWRs by the reduced 

order model XEDOR [6]. The XEDOR model was certified in the US authority bodies. Now it is 

applied in commercial power units of American NPPs. 

A model of similar conception was developed for PCMI monitoring in WWERs [1]. The model is 

based on the following assumptions which provide sufficient accuracy in characterizing fuel behavior 

under nominal and transient conditions: 

– the fuel pellet is absolutely hard (its Young modulus is far beyond that of cladding), 

– pellet thermal creep is negligible, 

– cladding thermal creep may be represented by a simplified law in isotropic approximation. 

With these assumptions the model gives a conservative evaluation of mechanical stress in cladding. In 

the simplified formulation the PCMI calculations are performed independently in each axial cell of a 

fuel rod. 

The above method of express PCMI analysis was integrated into the expert system to support 

WWER fuel operation [1]. The in-core instrumentation systems (ICIS) in WWERs are capable to 

provide comprehensive information on evolution of power and burnup distributions in each fuel rod in 

the core. The expert system may use these data to perform the rod-by-rod PCMI analysis online. 

Some demonstration of PCMI analysis by the expert system is shown in Figs.1,
 
2. A tentative 

scenario of load follow mode was prepared. It consisted of several power ramps and drops in course of 

5 days. A typical time-scale of power variations was about 3-5 hours (see Fig. 1). All PCMI parameters 
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for each axial cell of a fuel rod are displayed in graphs by the expert system software. An example is 

shown in Fig.2 (see [1] for more details). 

 

 

Fig. 1. WWER-1000 core map in the expert system [1] with a tentative scenario of a load follow. Power is 

given as a linear heat rate (LHR), kW/m 

 

 

 

Fig. 2. FA map with rod-by-rod calculation of hoop stress (MPa) in cladding for the load follow in Fig.1 
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The above PCMI analysis method is not demanding to computer performance. Calculations for the 

entire core are carried out in a split second. It makes it possible to use this method as the online fuel 

monitoring tool. 

The next step in software development will be implementation of the express PCMI analysis into 

the expert system. The system will perform simplified PCMI calculations automatically indicating the 

fuel rods with enhanced level of hoop stress in cladding. More accurate calculations of PCMI in these 

rods will be carried out then with the help of a fuel performance code incorporated into an additional 

module of the expert system with graphical user interface (see section 1.3). 

 

1.2. Fuel performance code RTOP 

The RTOP code is designed for prediction of fuel behavior under normal and transient operation 

conditions, including load follow modes. Modelling takes into account changes in fuel and cladding 

properties due to irradiation. Some specific features of high burnup fuel are also taken into account. 

These features are as follows: 

 a great amount of fission product atoms are accumulated in UO2 matrix (in inter- and intra-

granular porosity) at high burnups; 

 rim-layer or high burnup structure (HBS) is formed at pellet periphery; 

 noticeable pellet swelling, cladding creep and acceleration of irradiation growth take place; 

 there is profound degradation of UO2 thermal conductivity and cladding mechanical properties. 

Analysis of experimental data on fuel behavior under power transients evidenced that fuel and 

cladding thermal mechanics, release of fission products and evolution of pellet microstructure should 

be calculated in a self-consistent manner. The matter is that tensile stress in fuel pellets can lead to 

micro-cracking of UO2 matrix, opening of intergranular boundaries and accelerated release of fission 

products. On the other hand, compressive stress in fuel pellets leads to reduction of gas bubble size and 

hampers formation of percolation channels. Moreover, severe PCMI during power ramps and 

compressive stress in pellets may block the release of fission products into fuel rod plenum due to 

isolation of gas voids inside fuel stack. These processes lead to slowdown of pressure growth inside 

fuel rod which was observed in numerous ramp tests. Rapid power drop makes the captured gas to 

release into plenum. At the same time, elevation of pressure in intergranular bubbles, pores and cracks 

may substantially aggravate PCMI. The higher is fuel burnup, the greater amount of fission products is 

accumulated and, consequently, the higher is a feedback of fission gas release to mechanical stress in 

pellets and cladding. 

Verification of the RTOP code for transient conditions was carried out, in particular, on the basis 

of INTERRAMP, SUPERRAMP and Risø3 experimental programs [7]. A good agreement between 

measurements and calculations was achieved [2,8]. 

A combination of 1.5-D and 3-D modelling is applied to calculate the fields of mechanical stress 

and strain in pellets and cladding. The low-order modelling is good to calculate evolution of fuel rod 

dimensions during steady state irradiation and average hoop stress in cladding when PCMI occurs. 3-D 

effects such as stress concentrators are modeled for transient regimes. 3-D analysis is extremely 

important for high burnup fuel. 

Recently, some new models and additional options were implemented into the RTOP code. First, a 

new model of cladding oxidation was included. It covers both PWR and WWER water chemistry. 

Second, some modifications were introduced for better modelling of fuel rod dimensional changes in 

course of steady state operation. New models are based on dedicated experimental test programs. 
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1.3. RTOP-WWER graphical user interface 

The first version of a computer program for detailed analysis of fuel behavior was adopted for the 

RTOP code and irradiation conditions in WWERs and PWRs. The software includes a module for 

prompt handling and visualization of all the input and output parameters. Its graphical user interface 

(GUI) is focused on users without special programming skills (such as personnel of NPP or regulating 

bodies). 

In the frame of the expert system, input files to make calculations for fuel with the most severe 

PCMI are generated automatically. The input is generated basing on current ICIS data or predictive 

neutronics calculations for the given operation conditions and fuel specifications. 

The GUI gives an opportunity to look through fuel parameters including pellet microstructure and 

cladding material properties, see irradiation conditions, make a series of calculations, visualize and 

compare results. Fuel specifications may be varied as an option. It may be of interest, e.g. to analyze 

advantages of innovative fuel design offered by a fuel vendor. A window with graphical representation 

of fuel rod specifications is shown in Fig.3. 

 

 

Fig.3. A window for looking through (and modification of) fuel specifications: 

fuel pellet dimensions 

 

When a calculation is finished the GUI displays 1-D and 2-D graphs showing the evolution of major 

fuel characteristics during the operation period. At present time the output includes: 

 temperature distribution in the fuel rod, 

 fields of mechanical stress and strain, 

 release of fission products and gas pressure in the fuel rod plenum, 

 cladding oxidation and hydriding, 

 changes in fuel rod length and outer diameter. 

This list may be extended. A graph with calculation results on pressure kinetics in the fuel rod is shown 

in Fig.4. A set of tools for analysis of temperature distribution is presented in Fig.5. A moment of time 

to see temperature profiles may be chosen in the upper graph with the irradiation history. A 2-D 

thermal map at this moment of time is located below in the left part of the window. Radial and axial 
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cross-sections to see the corresponding 1-D temperature profiles may be indicated with mouse in the 

bottom left graph. These temperature profiles are displayed in the right part of the window. 

Interaction between the GUI for the RTOP code and the expert system for express PCMI analysis 

(section 1.1) will proceed as follows. The expert system will indicate the fuel rods with enhanced 

PCMI in the core map. Then the user may choose either the particular group of fuel rods or all the rods 

together to launch the RTOP calculations. When calculations are finished the core map and separate FA 

maps (if this option is chosen) will display PCMI data corrected by the fuel performance code. Alert 

warnings will be shown if cladding stress or strain comes close to safety margins. Detailed 

characteristics for each fuel rod may be looked through thereafter using the RTOP GUI including 

evolution of temperature and stress fields, fission product release, fuel rod dimensions, etc.  

 

 
 

Fig.4. Visualization of gas pressure kinetics 

 

 

Fig.5. A window for analysis of temperature distributions in fuel stack and cladding 
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2. ANALYSIS OF PRIMARY COOLANT ACTIVITY AND PREDICTION OF                             

LEAKING FUEL BEHAVIOR 

The expert system [1] is consisted of two subsystems to support operation of power units in case of 

fuel failures. The first subsystem is designed for estimation of failure parameters by activity of 

reference fission products in primary coolant during reactor operation. The second subsystem is to 

predict evolution of primary coolant activity when the leaking fuel is present in the core. 

 

2.1. Diagnosis of failure parameters 

Failure analysis techniques applied in the expert system were described in detail elsewhere [1,9]. 

While monitoring coolant activity during reactor operation, contamination of the core with tramp 

uranium is estimated. When a failure occurs it is revealed by detecting spikes in activity of long-lived 

radionuclides and by increase in ratio of 
131

I to 
134

I specific activities. In case of severe failures the rate 

of fuel washout into coolant is determined. Burnup of leaking fuel is evaluated by correlation on the 

ratio of 
134

Cs and 
137

Cs activities in spikes. In addition, burnup is evaluated by ratios between activities 

of noble gases Kr and Xe. Time intervals of a steady power level are selected for Kr & Xe activity 

analysis. Final estimations cover the number of leaking fuel rods in the core and defect size. The ICIS 

data are taken into account to narrow the range of uncertainties for evaluated parameters. 

Basing on calculations, several suspect FAs are chosen by the program which may be failed with 

high probability. Positions of these FAs in the core are displayed in the core map. During leakage 

testing after reactor shutdown the suspect FAs must be checked most carefully. 

These preliminary estimations during reactor operation are aimed to reduce the risk of missing the 

defective FA at subsequent procedures of leakage testing. They also give the opportunity, beforehand, 

to find a suitable substitution for the failed FA, so saving the outage time. 

 

2.2. Predictions of activity evolution 

One of the modules of the expert system [1] provides a tool to estimate the consequences of reactor 

operation with a failed FA in the core. Two possibilities are considered. First, in the current WWER 

practice, the leaking FAs still may be reloaded into the core for the next campaign if certain limits are 

not exceeded in the leakage tests during reactor outage. For such cases, the RTOP-CA code integrated 

in the expert system is capable of calculating the anticipated activity level in primary coolant. 

Predictions are carried out with taking into account the effective defect size estimated in leakage tests 

with a pressure cycling technique [10]. To run predictive calculations in the expert system the user 

must do the following: 

– load the neutronics data for the upcoming fuel cycle into the system, 

– select the cell in the core map into which the leaking FA is intended for reload, 

– specify several parameters in a dialog box such as defect size, time of the failure and coolant flow 
rate through the cleaning filters. 

Axial defect position in fuel rod may be varied in order to get the most conservative estimation in view 

of activity level. One calculation takes about 5-10 min in standard PC. Activity predictions of this kind 

are performed to support NPP personnel in making the decision whether unload or reload the leaking 

FA into the specified cell in the core. An example of predictive calculations is shown in Fig.6. 

The second important situation demanding activity predictions is when a drastic increase in coolant 

activity occurs in course of the campaign long before the end of the fuel cycle. In such a case there is a 

need to estimate the risks of activity reescalation. Questions emerge on possible mitigating measures in 

order to avoid violation of safety margins for coolant activity with ensuing unscheduled reactor 

shutdown. This would lead to considerable financial losses due to underproduction of electricity. 
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Fig.6. Prediction of activity level in primary coolant 

in case of reloading a leaking FA into the core for the next fuel cycle 

 
 

A dramatic increase in coolant activity after the primary failure may be due to severe secondary 

hydriding of Zr-based cladding. In the current version of the expert system the processes of secondary 

degradation are not taken into account in activity predictions. Nevertheless, this option is essential for 

robust forecasting of radiation situation at an NPP. To solve this task, a research program was launched 

in 2011-2012. Its objective was to find the threshold criteria for initiation of secondary hydriding. A 

concurrent aim was to estimate a time scale for formation of a through-wall defect in severely hydrided 

area of cladding. 

Besides predictions of activity evolution, criteria of secondary hydriding are important for 

successful withdrawal of a defective fuel rod from the leaking FA. This operation is expected to be 

performed in a facility for FA inspection and repair which is introduced in WWERs nowadays. The 

problem is that severe hydriding leads to substantial cladding embrittlement and may cause cladding 

fracture when fuel rod is forced out the FA skeleton. 

 

3. CRITERIA OF SECONDARY HYDRIDING 

LWR fuel experience shows that time to form a secondary defect may vary considerably 

depending on operation conditions, [3]. At low power, a leaking FA may stay in the core for 2-3 years 

after a primary failure giving a moderate release of fission products into primary circuit. At high power, 

time to secondary failure and activity escalation may be a question of days or even hours. 

Advantages and shortcomings of different approaches to build the threshold criteria for initiation 

of massive hydriding were discussed in detail elsewhere [11,12]. It was shown that the most 

appropriate way to obtain secondary hydriding criteria is by deriving a parametric dependency on the 

hydrogen-to-steam ratio, the irradiation dose rate and the temperature. Numerical coefficients in the 

general dependency may be found from dissimilar experiments including small scale out-of-pile tests 

(e.g., [13,14]), in-pile tests in research reactors (e.g., [15,16]) and data on operation of leaking fuel in 

commercial power units. Criteria derived in such a way are rather versatile and keep validity for 

evolving fuel design. 

Below, the threshold conditions for initiation of massive hydriding are derived by modelling the 

physical processes in a failed fuel rod. These criteria in combination with the RTOP-CA code provide a 

tool for relating time to secondary failure to fuel operation conditions. 
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3.1. The threshold conditions for sever hydriding of zirconium-based alloys 

It was found in the out-of-pile tests [13,14] that massive hydriding occurs if some critical ratio of 

hydrogen-to-steam partial pressure 
2 2H H OP P   in the gas mixture is exceeded 

  166 10 exp 26670cr T    (1) 

According to Eq.(1), the threshold hydrogen-to-steam ratio is about 10
5
 at 300 

о
С, and about 10

2
 at 

400 
о
С. 

Analysis of in-pile data for fuel with a simulated primary failure showed that under irradiation 

conditions massive hydriding can be initiated with much lower hydrogen-to-steam ratios. The reason is 

due to the irradiation damage of the oxide film on cladding inner surface by fission fragments leaving 

the periphery of fuel pellets. This effect is described by Eq.(2) 

 
 1 exp

rad cr

F T


 

  
 (2) 

Here F  is the fission rate per unit volume. Since free path of fission fragments in ZrO2 is limited to 

rf ~ 10-15 m their irradiation damage at the oxide/metal interface diminishes as the oxide film 

thickness lox at cladding inner surface increases. Correspondingly, the parameter  in Eq.(2) is 

proportional to  exp ox fl r . Estimations [12] and handling of experimental data [15,16] showed that 

under irradiation and temperature of 300-400 
о
С protective properties of ZrO2 may break down if 

hydrogen-to-steam ratio lies in the approximate range of 0.1-10. 

Eq.(2) represents conditions of massive hydriding for cladding areas being in opposite to the fuel 

stack. That is because free path of fission fragments in the gas phase inside a leaking fuel rod (pressure 

~ 100 bar) doesn’t exceed 2-3 mm. So, fission fragments cannot damage the oxide film on cladding 

inner surface well above the top end of the fuel column. In this area the threshold for initiation of 

massive hydriding should be governed by a relation similar to Eq.(1). It is worth noting that in the 

plenum area of a fuel rod conditions for massive hydriding may depend on residual mechanical stress 

in the vicinity of the upper end plug weld. Additional effect may be produced by mechanical stress due 

to contact between cladding and spring plunger. It is known that stress-induced diffusion of hydrogen 

in zirconium-based alloys drives it to areas of higher tensile stress. This may lead to earlier 

precipitation of the hydride phase at the oxide/metal interface with subsequent cracking of the oxide 

layer. As a result, rapid hydrogen uptake in such areas may initiate at lower hydrogen concentrations in 

comparison with that given by Eq.(1). 

 

3.2. Processes governing the timescale for secondary failure 

Several major stages between primary and secondary failure occurrence may be defined basing on 

the common phenomenology of massive hydriding [17]: 

 accumulation of a sufficient amount of hydrogen inside the fuel rod; 

 break down of protective properties of the oxide film on the inner cladding surface; 

 growth of a massive hydride up to a size of about cladding wall thickness. 

These stages make a different contribution to overall duration of the process. 

 

3.2.1. Growth of massive hydrides 

Growth of massive hydrides of the “sunburst” (or blister) type in Zr-based alloys is governed by 

diffusion transport of hydrogen in the hydride phase and in the metal. Micro-cracking of the brittle 

hydride phase has a considerable effect on growth kinetics as well. Cracking takes place because 

specific volume of the hydride is about 17% in excess of that of the metal. Calculations on growth of 
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the “sunburst” hydrides were carried out elsewhere [Ошибка! Источник ссылки не найден.]. The 

shape of the simulated hydride blisters was in accordance with observations [19]. Calculations showed 

that the “sunburst” hydriding proceeds relatively fast. For linear heat rates (LHRs) in the range of 10-

30 kW/m the through-wall hydriding may take several days or even hours. Similar time scales were 

recorded in experimental studies [20,21]. 

Fuel operation experience [3] shows that time between primary and secondary failures may last for 

dozens or hundreds of days at moderate LHRs. This means that growth of massive hydride itself makes 

a small contribution to overall duration of the process leading to a secondary failure. 

 

3.2.2. Timescales for breakdown of protective properties of the oxide film on the inner cladding 

surface 

In the out-of-pile tests [13,14] massive hydriding of zirconium specimens initiated when hydrogen 

concentration was above the threshold values. But the onset of severe hydriding was preceded by an 

incubation stage. At this stage a slow hydrogen uptake took place. The rate of hydriding increased 

rapidly at the end of the incubation period. For the preoxidized specimens the incubation stage was 

longer if the oxide film thickness was ~ 2-5 m. For thicker oxide films the incubation period became 

shorter. The incubation stage was actually absent when the prefilming was about 8 m. At temperature 

of 400 
о
С the incubation period varied in the range of 10-30 hours depending on the level of 

preoxidation, [13,14]. At temperature of 350 
о
С the incubation stage was approximately twice as long, 

[14]. 

Zircaloy-2 standard claddings and Zircaloy-2 claddings with inner Zr-liner were tested in 

experiments [20,21]. No peroxidation was performed prior to testing. Severe hydriding started for 

hydrogen-to-steam ratios above the threshold given by Eq.(1). Standard claddings demonstrated the 

incubation stage of about several hours at 300-320 
о
С. For higher temperatures the incubation stage 

was too short to be registered. Claddings with Zr-liner had noticeably longer incubation stage. It was 

about 5 hours at 385 
о
С, about 30 hours at 375 

о
С and ~ 45 hours at 340 

о
С. Claddings with Zr-liner of 

a modified composition showed the incubation period of ~ 25 hours at 315 
о
С. 

Experimental data [13,14,20,21] may be summarized as follows. For temperatures above 300 
о
С 

(typical values for inner cladding surface in operating WWER-1000 fuel) the incubation stage is 

relatively short. It may last several hours or 1-2 days depending on cladding chemical composition. 

Thus it may be assumed that severe hydriding is initiated almost immediately after the threshold 

hydrogen-to-steam ratio is exceeded locally in the gas phase. This is a conservative approximation 

from the viewpoint of evaluation of time between primary and secondary failure occurrence. 

It is worth to note that duration of the incubation stage may be noticeable for WWER-440 fuel at 

low LHRs. Inlet coolant temperature in WWER-440 is ~ 25 degrees lower than that in WWER-1000. 

So, temperature of inner cladding surface may be below 300 
о
С. In the tests [20] massive hydriding 

was not initiated in course of 490 hours at 230 
о
С and in course of 170 hours at 260 

о
С. At 290 

о
С the 

incubation period was about 80 hours, [20]. 

 

3.2.3. Hydrogen accumulation inside a failed fuel rod 

The above analysis shows that a major time before a secondary failure occurs is spent for 

accumulation of a sufficient amount of hydrogen in a leaking fuel rod (this conclusion is valid for 

moderate or low LHRs). Hydrogen is generated by several processes including: 

 radiolysis of steam-hydrogen mixture, 

 oxidation of fuel pellets, 

 oxidation of inner cladding surface, 

 hydrogen release in chemical reaction between steam and fission products (mainly, cesium). 
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Radiolysis of steam-hydrogen mixture induced by fission fragments has a noticeable effect on 

hydrogen generation rate only at an initial stage after occurrence of a primary failure. Contribution of 

radiolysis becomes negligible when hydrogen content in gas mixture comes to as little as 1%, [11,22]. 

According to estimations, release of cesium and its interaction with water or steam make no more 

than 1-2% of total hydrogen generation rate inside a leaking fuel rod. Influence of cesium reaction with 

steam diminishes for lower LHRs since less cesium is released out of fuel pellets. 

Oxidation of fuel pellets is a significant hydrogen source until hydrogen-to-steam ratio is below 

0.1-1 (depending on fuel temperature). Higher hydrogen concentrations may lead to some reduction of 

oxidized areas of the fuel stack. This process is accompanied by partial absorption of hydrogen from 

the gas phase. 

Cladding oxidation rate is a weak function of hydrogen content in steam-hydrogen mixture up to 

the threshold concentrations given by Eq.(1), [13,14]. Thus, oxidation of inner cladding surface is the 

major source of hydrogen inside a failed fuel rod – typically at a timescale of dozens of days and more. 

Hydrogen content in the gas phase inside a leaking fuel rod diminishes due to hydrogen uptake by 

cladding (hydrogen permeates through the oxide layer on inner cladding surface). Also some hydrogen 

is released into coolant through the primary defect. 

Balance between positive and negative sources governs the mode of hydrogen accumulation inside 

a failed fuel rod. A quasi steady state regime is settled if a primary defect is coarse. The rates of 

hydrogen generation and loss are counterbalanced in the steady state. In this case hydrogen-to-steam 

ratio appears to be limited and cannot reach high values. In case of a small primary defect hydrogen 

release into coolant is unable to compensate for hydrogen production rate. So, hydrogen concentration 

will increase up to the threshold levels. Calculations with the RTOP-CA code showed that switching 

between the two modes takes place at equivalent hydraulic defect size d0 ~ 10 m. 

 

3.3. The role of steam condensation on “cold” areas of inner cladding surface 

A water film may partially cover the inner cladding surface at lower LHRs. While fuel pellets and 

cladding oxidize steam is transformed into hydrogen. Decrease of partial steam pressure in the gas 

phase causes evaporation of the water film. Since densities of liquid water and steam are 10 times 

different under WWER conditions, evaporation of a thin water layer produces a considerable amount of 

steam. As a result, presence of the water film may essentially affect the kinetics of steam pressure 

inside a leaking fuel rod. 

If LHR is low enough and liquid water is present inside the fuel rod steam pressure definitely 

cannot go below the saturation line. E.g., for 290 
о
С (the inlet temperature in WWER-1000) the 

saturation steam pressure is about 74 bar. Consequently, hydrogen-to-steam ratio should be below ~ 1 

while liquid water remains inside a leaking fuel rod. This means that the threshold relations between 

hydrogen and steam leading to massive hydriding according to Eq.(1) will never be reached at low 

LHRs. 

An additional factor affecting behavior of a failed fuel rod if liquid water is condensed inside it is 

as follows. 

When cladding is in a direct contact to the gas phase the threshold for initiation of massive 

hydriding is formulated in regard to hydrogen-to-steam ratio, [11,12]. It is 
2 2H H OP P  ratio which 

governs the rate of interchange between the ZrO2 oxide film and the environment. If the oxide surface 

is covered by water the threshold must be governed by concentrations of hydrogen and water molecules 

in the liquid phase. 

Concentration of dissolved hydrogen is proportional to its partial pressure in the gas mixture. The 

factor of proportionality (the Henry’s constant) for hydrogen is ~ 0.2 at 300 
о
С and ~ 0.4 at 350 

o
C, 

[23]. Taking this into account we may write 
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The following conclusion may be withdrawn from Eq.(3). Let the threshold hydrogen-to-steam ratio to 

initiate massive hydriding is 
cr  when no water covers the cladding. If cladding is covered by a water 

film the threshold condition will turn to be 
2 2H H O crc c  . The corresponding hydrogen-to-steam ratio 

in the gas phase will be 
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(for temperatures 300-350 
o
C). Thus, condensation of a water film on inner cladding surface leads to 

much higher threshold hydrogen concentrations in the gas mixture. On the whole, the above analysis 

shows that decrease of LHR to levels of steam condensation inside a leaking fuel rod is a means to 

considerably reduce the risks of severe cladding hydriding. 

 

3.4. A study on timescales for development of a secondary failure 

A series of calculations was performed with the RTOP-CA code to establish the qualitative 

characteristics for hydrogen accumulation inside fuel rods with the primary failure. Typical cases were 

considered when the primary failure is in the lower part of the fuel rod – at a distance of up to 50 cm 

from the lower end of the fuel stack. It is a typical location of primary defects in WWER fuel revealed 

in post-irradiation examinations (PIEs) [24]. The main cause of WWER failures is still considered to be 

a debris fretting. 

LHR values in calculations for WWER-1000 fuel varied in the range of 7-35 kW/m. Defect size 

varied in the range of 0.1-100 m. Failures for both fresh and high burnup fuel (when pellet-to-

cladding gap shrinks) were analyzed. 

The main objective of serial calculations was to define a time necessary to accumulate the 

threshold hydrogen content inside a fuel rod. Two criteria were considered. The first one was the out-

of-pile criterion for initiation of massive hydriding, Eq.(1). The second one took into account the effect 

of irradiation, Eq.(2). Steam condensation was also taken into account at low LHRs according to  

Eq.(4). 

Calculations showed that small primary defects (equivalent size below ~ 10 m) bear higher risks 

of severe hydriding. If the primary defect becomes coarse in a short time the out-of-pile criteria of 

massive hydriding are not achieved in course of further fuel operation. Nevertheless, massive hydriding 

still may occur at relatively high LHRs – above 16-19 kW/m. It is possible in cladding areas which are 

opposite to fuel stack. Hydriding here can take place due to irradiation damage of ZrO2 by fission 

fragments. 

For small primary failures hydrogen is steadily accumulated inside fuel rod and severe hydriding is 

just a question of time. That is why data for small defects define a conservative estimation of operation 

conditions and timescales for development of a secondary failure. 

Results of calculations are summarized in Fig.7. It is a diagram which shows a time needed for 

accumulation of the critical hydrogen inventory as a function of average fuel rod LHR. The diagram 

was built using both the out-of-pile and in-pile criteria of secondary hydriding – Eq.(1) and Eq.(2). 

Fig.7 in its structure is similar to the well-known Locke diagram [3]. 

The upper curve in Fig.7 corresponds to the out-of-pile threshold, Eq.(1). Severe hydriding is 

inevitable in the area above this upper curve. The lower curve in Fig.7 corresponds to the conservative 

in-pile criterion, Eq.(2). The curve was plotted in assumption that massive hydriding under irradiation 
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initiates when hydrogen-to-steam ratio is independent on temperature and is equal to ~ 0.1. Secondary 

hydriding is of low risk below the lower curve in Fig.7. 

 
Time (days) to accumulate the critical hydrogen content 

Inside a failed fuel rod 
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Fig.7. Risks to achieve the threshold conditions of massive cladding hydriding: ▬▬ – the out-of-pile 

criterion, Eq.(1), is satisfied; ▬▬ – conservative estimation of time needed to achieve the in-pile 

criterion, Eq.(2) (for small primary defects). The red area – severe secondary hydriding is inevitable, The 

green area – massive hydriding is of low risk, the yellow area – enhanced risks of secondary failures 

 

 

Available experimental data (see [12] for discussion) indicate that the threshold hydrogen-to-steam 

ratio under irradiation may vary in the range of about 0.1-10. On this basis the lower curve in Fig.7 

may be moved a bit upwards. 

The yellow area between the two curves in Fig.7 defines the range of parameters which potentially 

make severe hydriding possible. The PIE results for leaking WWER FAs were analyzed to specify the 

actual position of the boundary curves in Fig.7 corresponding to initiation of secondary hydriding. 

 

3.5. Analysis of post-irradiation examinations of leaking WWER fuel 

About 20 leaking WWER FAs were examined in hot cells of RIAR until the present time. Spots of 

massive hydriding and through-wall cracks were revealed in all fuel rods operated in WWER-1000 

units. The only exception was a FA operated at lower LHR. It had spots of sunburst hydriding but a 

secondary failure (a through-wall defect) didn’t occur during operation. Primary and secondary defects 

were clearly identified for all the examined FAs. Primary defects were located in the lower part of fuel 

rods. Secondary defects were observed in opposite to the upper part of the fuel stack and in the level of 

the plenum (see [24]). 

The moments of time when primary and secondary failures occurred were estimated by data on 

primary coolant activity during operation of the examined FAs. Results of leakage tests after reactor 

shutdown were also analyzed. All fuel cycles were considered when the examined FAs were loaded 

into the core. It was found that in the most cases other leaking FAs were present in the core together 

with the examined FAs. It led to ambiguous determination of time when primary and secondary failures 

occurred. The uncertainty ranges for each FA were found on the basis of operation data analysis. 

Analysis for several FAs included neutronics calculations for irradiation history. Data on LHR 

evolution in a particular defective rod was helpful in avoiding additional uncertainties related to radial 

power profile in a FA. Calculations with the RTOP-CA code were performed for all defective fuel rods 

with a detailed power history. Parameters of primary defects were chosen in accordance with the PIE 

data. Calculations were made for activity release into coolant and hydrogen accumulation inside 
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defective fuel rods. In some cases uncertainties in time of a secondary failure occurrence were 

diminished by comparing calculations with data on primary coolant activity. 

Estimated time spans for secondary failure occurrence as well as LHR ranges for defective fuel 

rods were plotted in the diagram for the threshold conditions of massive hydriding, Fig.7. The resulting 

graph for WWER-1000 fuel is shown in Fig.8. It is clearly seen that some FAs have a wide range of 

parameters due to uncertainties of operation data. Curve (I) plotted in assumption rad  
= 0.1 is in a 

good agreement with experimental data for LHRs above 16-17 kW/m. It predicts fast development of 

massive hydrides in cladding. However, curve (I) is too conservative for lower LHRs. It means that the 

value of rad  increases for lower LHRs (lower cladding temperatures). Position of curve (I) being in 

better agreement with experimental data corresponds to curve (III) in Fig.8. 

It is worth to note that the “lower boundary” of experimental data on leaking WWER fuel is 

represented by the threshold hydriding conditions under irradiation (related to irradiation damage of 

ZrO2 by fission fragments). Free path of fission fragments in the gas phase inside a leaking fuel rod is 

about several millimeters. Thus, massive cladding hydriding according to Eq.(2) may take place only in 

opposite to fuel stack. Indeed, the PIE revealed the areas of severe hydriding near the upper end of the 

fuel column. When protective properties of the oxide layer are broken down in this area severe 

hydriding may be also initiated in the neighboring areas including the plenum region. 
 

Time (days) to accumulate the critical hydrogen content 

inside a failed fuel rod 

 

LHR, kW/m 

Fig.8. Summary of the PIE data for leaking FAs in WWER-1000: ▬▬ – the out-of-pile criterion, Eq.(1), is 

satisfied, ▬▬ – conservative estimation basing on Eq.(2). Rectangles represent the ranges of experimental 

data, ▬  ▬ – «approximation» of analysis results 

 

3.6. Final criteria of secondary hydriding 

Curve (III) in Fig.8 may be reproduced if the value of rad  increases up to ~ 0.4 at cladding 

temperature of 330 
о
С (LHR of about 10 kW/m in WWER-1000). To find the numerical factors of the 

model we rewrite Eq.(2) in the following form  
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Calculations with the RTOP-CA code showed that the oxide film in the hot spot of cladding had nearly 

the same thickness at the moment of coming to the threshold hydriding conditions. It is due to the fact 

that hydrogen in a long term is generated mainly by the oxidizing cladding. So, hydrogen inventory in 
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the leaking fuel rod is correlated to the oxide film thickness. With this fact taken into account for 

applications it is convenient to rewrite Eq.(2) in the simplified form 

 

1

0

1 exprad

cr

LP

LP T
 



  
     

  
 (6) 

Here LP0 is the LHR for normalization. For WWER-1000 fuel the LP0 value was set to be 16.6 kW/m. 

It is the core average power in the nominal mode of operation. 

The factors  and  in Eq.(6) were found from the following conditions. Temperature in a hot spot 

of cladding is about 370 
о
С for LHR of 20 kW/m. The respective value of rad  must be equal to 0.1. 

For LHR of 10 kW/m and corresponding temperature of ~ 330 
о
С we demand that  rad  

= 0.4. It gives 

 = 1.710
–10

 and  = 19951. 

 

CONCLUSION 

Software packages are under development in Russia at present time. The software is designed to 

provide a convenient tool for application of fuel performance codes and prompt handling of calculation 

and experimental data. One of the objectives of the project is to facilitate safety assurance programs for 

fuel of innovative design in new fuel cycles under different modes of operation including load follow 

regimes in WWERs and PWRs. The software is developed on the basis of the RTOP and RTOP-CA 

codes. 

The RTOP code was developed to model the behavior of intact LWR fuel rods under a wide range 

of linear heat rates and fuel burnups. The first version of graphical user interface (GUI) for a fuel 

performance code was elaborated to manage calculations and visualization of both the input and the 

output parameters. The GUI is focused on users without specific computer and programming skills. It 

is an easy tool for setting irradiation conditions for fuel with different specifications, for making a 

series of calculations and analyzing the calculation results. The current version of the GUI was adapted 

to the RTOP code and operation conditions in WWERs and PWRs. 

The expert or fuel monitoring system was developed in support on fuel operation in WWERs. The 

expert system is integrated with the in-core instrumentation system. At present time the expert system 

is installed in several WWER-1000 units in Russia. 

The recent activities are aimed on PCMI analysis in the frame of the expert system. In the simplest 

mode, the system notifies the user about occurrence of PCMI in certain fuel assemblies in the core. The 

express PCMI analysis tool was also included in the expert system for prompt evaluations of stress 

levels in fuel claddings at reactor startup or in load-follow modes. This approach is used to provide the 

online solution for rod-by-rod analysis with acceptable computational cost and sufficient accuracy. 

Further efforts in development of PCMI modules will include benchmarking of the express analysis 

technique with a detailed fuel performance code supporting 3-D PCMI calculations. After verification, 

the PCMI modules may be used by NPP personnel in the ‘advisor mode’, e.g., for scheduling the rates 

of power changes depending on the actual fuel condition in the core. 

The expert system also supports failure diagnosis during reactor operation and predictions of 

activity evolution when leaking fuel is present in the core. Analysis is performed on the basis of the 

RTOP-CA code. 

Secondary hydriding criteria were developed to provide robust predictions of activity evolution. 

Physical modelling was used to relate the threshold for initiation of massive hydriding to the 

composition of steam-hydrogen mixture inside a fuel rod, the cladding temperature and the irradiation 

dose rate. The derived criteria relate the time to develop a secondary failure with FA operation 

conditions. Numerical factors in the model were found by comparing calculations with PIE data on 

leaking WWER fuel. 
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Data on operation of leaking fuel in power units lead to considerable uncertainties for the 

secondary hydriding criteria in WWERs. Mainly, it comes from the fact that the examined FAs were 

not the only leaking FAs in the core during their operation. The remaining uncertainties may vanish if 

several experiments are performed in a research reactor. Each test should be carried out for one fuel rod 

with a simulated primary failure. Thorough monitoring of all the experimental parameters in a research 

reactor would make it possible to determine time for occurrence of a secondary failure without 

unnecessary ambiguities. 

The criteria of secondary hydriding may be used to find and apply remedies against negative 

consequences of fuel degradation after a failure has been detected. They are also helpful for ensuring 

safe withdrawal of defective fuel rods during repair of leaking FAs in the inspection and repair facility.  

The present research was carried out with a partial financial support of JSC “TVEL” as a fuel 

vendor and JSC “Concern Rosenergoatom” as an NPP operating body in Russia. 
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