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1. Introduction  

Fuel rod failures at operating NPPs are repeatedly 
reported in literature. Cladding failures cause re-
lease of fission products into coolant and penetra-
tion of water inside the rod. Formation of primary 
defects in cladding is generally attributed to origi-
nal cladding defects, to process of fretting corro-
sion (in presence of rubbing areas on cladding), to 
nodular corrosion, to impact of extraneous parti-
cles on cladding (“debris” particles), to pellet-
cladding interactions [1,2]. Probability of primary 
defect formation in cladding also depends on in-
reactor water chemistry and hydrogen (water) con-
tent in fresh fuel. 

As a rule considerable fuel rod failures take 
place on the stage of secondary defect formation 
under fuel normal operation conditions. Secondary 
defects in most cases are axial or circumferential 
splits. Fairly long axial splits have been observed – 
more than ten centimetres in length. However, 
some data evidence the possibility of cladding fail-
ures, which are not related to primary defect but 
are caused by redundant moisture in originally in-
tact fuel rod. 

A transition to higher fuel burnups, which are 
achieved in the power reactor, makes new de-
mands to the reliability level of fuel assembly. The 
depressurization of high burnup fuel rod leads to 
the essential economic losses at the early stage of 
operation but at the late one creates additional 
problems in radiation safety because of accumula-
tion of the noticeable concentration of alpha-active 
products in the fuel. Such situation causes the ac-
tivities for the development of experimental and 
analytical means for reliable detection of defective 
fuel rod, prediction of the behaviour of this fuel rod 
during further operation and the activity level, 
which is caused by defect presence.  

Analysis of reactor fuel reliability during the re-
actor operation is based on measurements of the 
of the certain radionuclides activity in the primary 
coolant. As it is mentioned in [3-7] the most ade-
quate way to solve the problem is development of 
special numerical-analytical programs, which are 
connected with modified fuel rod codes [4-6]. 
Based on the comparison between measured and 
calculated activity levels of different nuclides these 

programs let us define [5]: 
• Value of surface uranium on fuel rod claddings; 
• Number of leaky fuel rods and the size of de-

fects; 
• Burnups of defective fuel rods; 
• Kind of used fuel (UO2, MOX). 
It is necessary to notice that results, determinate 
by correlations, differ from experimental data in 
many cases. Usually it is concerned with the dif-
ference between geometrical parameters, tem-
perature conditions, fuel rod burnups, parameters 
and conditions under which the correlations were 
obtained. It is possible to find more precise expert 
evaluation of the defective fuel rod condition and of 
the radionuclide release with the help of the 
mechanistic approach using physical models. 
There are some positive experiences of reorienta-
tion of integral fuel performance codes for using 
physical models instead of correlations [8,9]. The 
implementation of some physical models of her-
metic fuel rods in integral fuel codes showed itself 
quite well, especially for transient regimes and for 
high fuel burnups. 

In the lecture a brief review on computer codes 
for design of Russian nuclear fuels, for modeling of 
fuel rod behaviour under normal operation condi-
tions and under accidents are considered. Results 
are presented on modeling of primary and secon-
dary defect formation due to massive hydride 
growth in Zr-cladding. There are numerical predic-
tions of the possibility of fuel rod depressurization 
as a result of formation of through-cladding hydride 
growth under residual moisture in a fresh fuel.  

Recent approach to prediction of the core activ-
ity leakage level is based on analytic analysis of 
FP activity measurements in primary coolant. 
Computer codes are used for FP activity analysis 
in primary coolant. A comprehensive analysis of 
fuel assemblies leakage by means of a set of cou-
pled computer codes is discussed. The set con-
sists of codes which model the behaviour of intact 
and defective fuel rods under normal operation 
conditions, and code for calculation of activity re-
lease during the leakage tests after reactor shut-
down. Discussion of physical processes, which 
define behaviour of defective fuel rods, is carried 
out. FP release from fuel, mass transfer inside the 
fuel rod and mass exchange between rod and 
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coolant through defect are considered. Effect of 
fuel oxidation and geometry of defective rod on 
activity in primary coolant are taken into account. 
The models were included in the integral RTOP-
CA code for modelling of defective fuel rod behav-
iour and prediction of primary coolant activity under 
normal operation conditions. Physical processes 
governing the activity release from defective rod 
under leakage tests are discussed. The models for 
description of activity kinetics in leakage tests are 
implemented in RTOP-LT code. 

 
 

2. Russian Computer Codes for Design 
and Fuel Behaviour Analysis, Codes 
for Prediction of Leakage Level of 
Reactor Core 

Existing Russian computer codes are applied for 
various problems including analysis of operation 
efficiency of reactor fuels under normal, transient 
and accident conditions. Fuel performance codes 
for intact WWER fuel rod modelling under normal 
and transient conditions are:  
• START-3 code [10,11] is official code of JSC 

TVEL for WWER fuels. The code allows carry-
ing out calculation of thermo-mechanical fuel 
rod, analysis of fission gas release and fuel mi-
crostructure changes. The START-3 code in-
cludes model of high burnup and model for de-
scription of processes at transitional power.  
The code has been verified on numerous ex-
perimental data.   

• RTOP-2 code [12,13] is developed for investi-
gation of intact fuel rod behaviour under differ-
ent conditions. Peculiarity of the code is com-
pletely physical modelling of FG behaviour and 
release. The RTOP-2 code has physical mod-
els for description of microstructure changes 
(rim-layer formation), burnup and Pu spatial dis-
tributions with burnup increasing.  

• PULSAR-2 code [15,16] destination is to calcu-
late thermo-mechanical fuel rod behaviour, 
analysis of fission gas release and fuel micro-
structure changes. The code includes high bur-
nup correlations and model of unstable FP re-
lease. Detailed model of mechanical behaviour 
of cladding was developed for normal and acci-
dent conditions. The model takes into account 
changing of cladding mechanical properties 
during irradiation.  

• SPAN code [17] was developed for description 
of thermal, mechanical fuel rod behaviour and 
FGR under normal operation conditions. Mod-
els of MOX-fuel and high burnup are in devel-
opment. 

• TOPRA-1-2 code is a modification of PIN-mod2 
code [18,19]. It is intended for full-scale fuel rod 
analysis. The codes include high burnup option. 
TOPRA-s code serves for express-analysis of 

thermophysical parameters of WWER fuel rods. 
The TOPRA-s code has been included into 
KASKAD neutron code package to generate 
data on the fuel temperature.  

A set of Russian codes has been developed to 
predict fuel rods behaviour under design acci-
dents: 
• RAPTA code [20] is official code of JSC TVEL 

for analysis of WWER fuels behaviour under 
design accidents. The code was validated on 
various experimental data relating to RIA and 
LOCA accidents. 

• PULSAR+ code [21,22] was developed for 
modelling of single rod and assemblies of rods 
in accident conditions on the base of consistent 
solution of thermo-physical and thermo-
mechanical problems.  

•  Accident version of the RTOP code [14] allows 
carrying out the calculations of fuel behaviour 
under RIA conditions. The following additional 
models are included in this code version: the 
first one is the model for description of heat 
transfer from cladding into fuel, which calcu-
lates boiling crisis under rapid energy release in 
the fuel and the second one is the physical 
model of fuel microcracking and gaseous FP 
release under rapid temperature changes. 

•  The calculation module MFPR [25] describes 
the behaviour of gaseous FP and its release 
from the UO2 fuel grain. This module includes 
detail model to describe chemically active ele-
ments behaviour and FP release under high 
temperatures. 

Note two codes among Russian calculation ones, 
which are intended for modelling of defective fuel 
rods behaviour and activity release into coolant.  
• Code RELWWER-2.0 [3,26] is intended for es-

timation of defective fuel rods quantity and de-
fects characteristics based on measured iodine 
activities in primary coolant.  

• Mechanistic integral code RTOP-CA [27] de-
scribes thermomechanical behaviour of defec-
tive fuel rods, FP release from the fuel, transfer 
of FP inside the rod, mass exchange between 
fuel rod coolant and activity in the primary cool-
ant. The code contains a series of physical 
models, which take into account fuel rod and 
defect geometry, the changes of fuel physical 
properties as a result of its oxidation. This code 
is intended for estimation of the level of reactor 
core defectiveness according to the measure-
ments of FP activities in the primary coolant.  

• Code RTOP-LT is under development and in-
tended for modelling of activity release from de-
fective fuel rods under different variants of leak-
age tests carrying out during refuelling.    

It is noticeable that many physical processes in the 
intact fuel rods, such as thermomechanical fuel 
and cladding behaviour, stable gaseous FP re-
lease, have similar physical nature, and their mod-



 343 

elling can easily be transferred to the defective fuel 
rods. The main additions in the models, which de-
scribe these processes in defective fuel rods, con-
sist in the necessity of taking into account the 
changes of fuel properties and gas compositions 
inside the fuel rod. Furthermore, solving the prob-
lems of defective fuel modelling needs to develop 
new physical models, which describe unstable FP 
release from the fuel, their transport inside the de-
fective fuel rod, and removal of radionuclides 
through the defect into the primary coolant. The 
steam presence in defective fuel rod results in ap-
pearance of hydrogen source, and consequently to 
the possibility of secondary defect formation, which 
appearance can result in serious fuel rod destruc-
tion. Formation of secondary defect will be accom-
panied fuel escape into the coolant.  

 
 

3. Physical Processes Responsible for 
Defective Fuel Rod Behaviour and 
FP Release into Primary Coolant 

Usually two aspects under modelling of defective 
fuel rod behaviour are considered. First, the mod-
els for prediction of further degradation of nonher-
metic fuel rod, which is connected with hydrogen 
absorption by the cladding and formation of the 
secondary defect, are being developed. Second, 
analytical models and numerical codes for different 
short-lived radionuclides, which describe the kinet-
ics of activity in the coolant and reproduce accord-
ing to these data level of defectiveness of reactor 
core, are being developed.   

It is believed that the key processes governing 
the dynamics of secondary defect formation under 
normal operation conditions are as follows: 
• Mass exchange between coolant and gas mix-

ture inside a defective rod; 

• Transfer of gases inside defective fuel rod; 
• Fuel oxidation in steam atmosphere and hydro-

gen generation; 
• Oxidation of inner cladding surface with hydro-

gen production; 
• Hydrogen adsorption by cladding and formation 

of zirconium hydride phases; 
• Through-cladding growth of massive hydride; 
• Change of fuel specific volume due to oxidation 

and mechanical pellet-cladding interaction. 
The main processes, which determine coolant ac-
tivity in the primary coolant, are: 
• Radionuclides release from the fuel; 
• Radionuclides transport inside the fuel rod; 
• Radioactive fission product release from the 

fuel rod into the coolant. 
Each of these processes is controlled by many 
relative physical phenomena. For example, the 
rate of fuel oxidation depends on the temperature 
and parameter of fuel stoichiometry, pressure and 
the gas mixture composition, power density of 
heat-evolution and flux density of fission fragments 
in the gas mixture. Meanwhile, the fuel tempera-
ture is influenced by composition and pressure of 
the gas inside the fuel rod (fuel oxidation, rate of 
gas and volatile fission products release also take 
place because of the increase of the diffusion coef-
ficients in the fuel); fuel heat conductivity (it de-
pends on the parameter of stoichiometry, tempera-
ture and burnup); the size of gap between pellets 
and cladding. Gas composition is determined by 
the fuel and cladding oxidation rates, transport of 
steam and gas components inside the fuel rod, 
mass transfer through defect between fuel rod and 
primary coolant. During the fuel oxidation the 
changes of its microstructure are possible. This 
effect jointly with the thermal expansion can be-
come essential in the process of fuel-cladding in-
teraction. 

It is necessary to notice the 
non-local character of the prob-
lem. Many of key parameters 
are non-uniform by height and 
radius of the fuel rod. It leads to 
the necessity of consideration 
of spatially distributed problem.  

For this purpose a number 
of models, which describe the 
nonhermetic fuel rod, was in-
cluded in the integral fuel code 
RTOP-2 [12,13]. RTOP code 
was used for modelling of  
the behaviour of hermetic fuel 
rods. It uses physical models, 
which describe microstructure 
changes in the fuel and the be-
haviour of gas fission products. 
RTOP-2 code was validated on 
many experimental data for 
hermetic fuel rods including 
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Figure 1. The scheme of the RTOP-CA code 
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higher burnups data. Using this code it is also pos-
sible to model thermomechanical fuel rod behav-
iour. Thermomechanical calculations include geo-
metrical parameters of the fuel and cladding, spa-
tial distribution of temperature of fuel and cladding, 
the composition of gas mixture. The code de-
scribes release of stable gas fission products, 
change of fuel properties with burnup, stoichiome-
try and temperature. 

Modular code structure let us to adapt devel-
oped numerical modules and create new RTOP-
CA code, which are designed for modelling of the 
defective fuel rod behaviour. The scheme of the 
RTOP-CA code is shown in Figure 1.   

 
3.1. Mass Transfer in the Fuel Rod and Mass 

Exchange with the Primary Coolant 

In existent codes the least developed models are 
the models of gas components transport (including 
radionuclides) inside the fuel rod and a model of 
mass exchange through the defect between fuel 
rod and coolant. In some computation codes gas 
components transport inside the fuel rod is calcu-
lated by the diffusion principle, but the effective 
mass exchange factor is introduced for the de-
scription of mass exchange with the coolant [6,28].  
The mass exchange factor is being determined 
according to the experimental data. The experi-
ments showed, that factors, which are introduced 
in such way, vary in quite broad limits [29] (10-3- 
10-7 s-1). In that case the problems of physical 
mechanisms, which lead to such values, and about 
the dependences, which are led by the changes of 
geometric parameters of fuel rod and environment, 
for mass transfer inside the fuel rod and mass ex-
change with the coolant are passed over. Devel-
opment of the physical model is important because 
most of experiments were carried out with recon-
structed fuel rods and under conditions, which 
were not prototypal for specific reactor type. 

The model of the steam supply in the fuel rod 
had to describe the rate of water supply during the 
pressure excess of the coolant over the pressure 
inside the fuel rod. It has to take into account the 
dependences on the following parameters: 
• Size of the defect; 
• Pressure differential and the rate of its change; 
• Current gap between fuel and cladding; 
• Pressure under the cladding; 
• Free volumes in the fuel rod; 
• Temperature distribution.  
When the pressure inside the fuel rod exceeds the 
pressure of coolant, similar model has to describe 
the rate of gas-steam mixture release from the fuel 
rod into the coolant. 

The most adequate modelling is the one, which 
is based on consistent solution of the problem of 
fluid and steam flow in a channel of given geome-
try taking into account phase transitions. Mass ex-

change between fuel rod and coolant happens 
only in the presence of pressure differential 
through the cladding. Turbulent flow through the 
reactor core leads to complex and irregular pres-
sure pulsation in the coolant. Pressure variations 
inside the rod are concerned with the change of 
the fuel rod power, fission gas release, change of 
geometrical parameters of the fuel rod. The pres-
sure differentials between coolant and free vol-
umes inside the fuel rod, which arise as a result of 
these processes, will be depend on a broad spec-
trum of temporal and dynamic characteristics. At 
the point of view of using in the integral code it is 
not instant but averaged characteristics of mass 
exchange that are of interest. These characteris-
tics are obtained from the developed models taking 
into account the spectrum of pressure pulsations, 
which characterize the reactor type, and depend 
on the current fuel rod geometry. 

As an example, Figure 2 shows the calculated 
dependence of average exchange rate of gas-
steam mixture (normalized by the maximum value) 
from the diameter of circular defect in the case of 
the sinusoidal pressure pulsation with the fre-
quency 1 Hz. 

The minimum defect size (∼20 µm), at which 
the mass exchange still takes place, is determined 
by the amplitude of the pressure fluctuations. The 
size is the least one, at which overcoming of capil-
lary forces, which prevent from gas-steam mixture 
release and water entry, is still possible. The size, 
at which the average rate of mass exchange be-
comes practically independent on the defect di-
ameter, is determined by the pulsation frequency 
and the size of the fuel-cladding gap. It character-
izes the lower boundary region of defect diame-
ters, for which the hydrodynamic resistance of the 
defects can be neglected in comparison with gap 
resistance. 

It is necessary to notice, that even most devel-
oped analytical codes, like as DIADEME code 
[4,5], contain only simplified correlative description 
of mass exchange between fuel rod and coolant, 
which does not take into account the current fuel 
rod geometry. That fact led to analysis complexity 
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of nonhermetic high burnup fuel rods characteris-
tics [5]. 

Knowledge of average mass exchange coeffi-
cient makes possible to characterize the release of 
gas-steam mixture components and steam incom-
ing into the regions, which immediately adjoining 
with the defect. In particular, fission products re-
lease will be determined by their concentration in 
that region. In different parts of fuel rod the pre-
dominance of different transfer mechanisms such 
as diffusion, thermal convection, concentration 
convection, convection, caused by processes of 
evaporation and condensation, is possible. 

 
3.2. Fuel Oxidation 

One of dominant mechanisms of hydrogen genera-
tion (along the cladding oxidation) is the UO2 fuel 
oxidation. The importance of adequate modelling 
of this process is concerned with the following as-
pects. 
• First, hydrogen distribution inside the fuel rod is 

nonuniform due to mass transfer and nonuni-
form hydrogen generation in the fuel. Usually, 
the region inside the rod, where the conditions 
are realized for development of secondary de-
fect in the cladding, is concerned with a maxi-
mum ratio of hydrogen to steam concentrations. 

• Second, under increase of hyperstoichiometry a 
specific volume of the fuel is changed, and it 
can cause the change of the gap between fuel 
and cladding. Consequently, the rate of mass 
transfer between the fuel rod and coolant can 
be also changed. 

• Third, the change of fuel stoichiometry essen-
tially influence on diffusion coefficients of the 
fission products (usually, diffusion coefficients 
increase). Therefore radioactive elements re-
lease from the fuel into the cladding can in-
crease during the fuel oxidation. 

• Fourth, change of fuel stoichiometry leads to 
change of thermal conductivity of the fuel. Ac-
cording to [30] with oxygen increasing in fuel 
the fuel thermal conductivity noticeably de-
creases. This effect results in fuel temperature 

increasing. 
The fuel oxidation rate and equilibrium value of 
nonstoichiometry parameter depend on distribution 
of concentration of hydrogen and steam through 
the fuel rod and on fission rate in the fuel. Oxida-
tion model developed in [36] is based on the 
statements of [31,32], but essential supplements 
are included in the model of radiolysis of steam 
and hydrogen mixture corresponding to conditions 
in the fuel rods. Therefore on calculations of radi-
cal’s concentrations, which are formed as a result 
of water and hydrogen radiolysis, the following pa-
rameters are taken into account:  
• Gas mixture composition and pressure; 
• Gas mixture temperature; 
• Fuel rod and fuel geometry (central hole, size of 

gap between fuel and cladding, parameters of 
cracks and interpellet clearances). 

Database of chemical reactions [33] and constants 
for yields of chemical radicals [34,35], which are 
generated by fission fragments in gas-steam mix-
ture, were used. 

For defective fuel rod with the steam supply 
through the defect, the oxygen concentration in the 
fuel can be considerable and this fact will essen-
tially influence both on fuel properties and fission 
products release. Dynamics of hydrogen partial 
pressure is presented in Figure 3a for defective 
rod with mass exchange factor µ = 10-4 s-1 (large 
defect) and mean linear power of 20 kW/m. Figure 
3b shows the corresponding dynamics of fuel oxi-
dation. (In these calculations [36] fuel pellets had a 
central hole.) The peak hydrogen content inside 
the fuel rod and the fuel stoichiometry are greater 
for the radiolysis-assisted oxidation. The values of 
stoichiometry deviation are large enough to pro-
vide a noticeable change in fuel properties and 
substantial increase of activity release into  
coolant. 

 
3.3. Release of Radioactive Fission Products 

from the Fuel 

According to the data [7,28,29,37], predominant 
mechanism of radioactive gas and volatile fission 

products release from the fuel is 
diffusion. At low temperatures 
diffusion coefficient is athermic. 
Actually, athermanous diffusion 
for relatively long-lived isotopes 
also includes the processes like 
radiation knock-out. For short-
lived isotopes, under compari-
son of diffusion length: 
δ = (D/λ)1/2 
where: 

D – diffusion coefficient; 
λ – decay constant, 

with the size of the track more 
accurate differentiation of diffu-
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sion and knock-out processes is necessary [38], 
that leads to the change of the dependence of re-
lease rate on λ. For the fuel rods with central hole, 
which are used in Russian NPPs, the important 
release mechanism is also recoil of fission prod-
ucts especially under the conditions of depressuri-
zation and supply of a large amount of water inside 
the fuel rod [39]. Mechanistic 
approach to modelling of gas 
and volatile radioactive fission 
products release was applied in 
[27] taking into account all men-
tioned mechanisms. 

The releases from outside 
fuel surface of pellets, macro-
cracks surfaces, interpellet sur-
faces, surface of open techno-
logical porosity, from inter-
granular porosity, which is 
formed by stable gas fission 
products during irradiation of 
the fuel were considered sepa-
rately. The gas pressure and 
the gas composition in the re-
gion, which directly adjoins to 
the release surface, and also 
the geometry of gaps of the fuel 
rod, were taken into account in 
the calculation of immediate 
release. The influence of long-
lived precursors, the difference 
between track lengths of light 
and heavy fission fragments, 
the difference between fission 
yields for different fission nuclei 
in various fuel compositions 
(238U, 235U, 239Pu, 241Pu), and 
also available data of diffusion 
coefficients for bromine, kryp-
ton, iodine and xenon were 
taken into account, [28]. 

For the illustration of these 
factors Figures 3 and 4 show 
the ratio of the rate release un-
der the cladding to the fission 
rate of noble gases isotopes 
depending on decay constant. 
At the calculation of the release 
rate the decay of precursors, 
which released inside fuel rod 
in the assumption of equilibrium 
between release and decay, 
was taken into account. The 
release rate of a nuclide was 
determined according to cumu-
lative yield of this isotope for 
one fission. The results of the 
calculation were obtained for 
different compositions and 
pressures of gas inside the rod, 

and also for pellets with and without central hole. 
It is obvious that steam supply under the clad-

ding and the presence of central hole noticeably 
increase the release of short-lived fission products 
by the recoil mechanism. It is necessary to notice 
that in these calculations the change of fuel 
stoichiometry, which leads to the increase of diffu-
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sion coefficients, was not taken into account. 
Therefore the obtained value of diffusion release 
for nonhermetic fuel rod is the lowest estimated 
value. 

The existence of a precursor leads to the de-
pendence of rate of isotope accumulation inside 
the fuel rod on the outgoing rate of the precursor in 
the primary coolant. Maximum and minimum re-
lease rates of the isotope correspond to extreme 
cases of very fast and very slow precursor outgo-
ing. A large interval between these extreme values 
can exist for isotopes, which have long-lived pre-
cursor.  

Comparison of the calculations and experiment 
data [28] of fission gases release from the fuel 
fragment is shown in Figure 6, 
and comparison with FG re-
lease from ventilated fuel rod 
[7] is shown in Figure 7. 

 
 

4. Growth of the 
Massive Hydride in 
Zr-Cladding  

In presence of water inside the 
fuel rod the process of cladding 
failure can follow the below 
scenario. In regions of higher 
temperature steam dissociates 
with production of hydrogen 
and oxygen. Hydrogen pro-
duced due to dissociation and 
radiolysis of steam is efficiently 
taken up by the cladding. Gen-
erally an oxide film over the 
cladding inner surface hinders 
this process [40]. Pellet-
cladding interactions can result 
in cracking of the oxide. Be-
sides, dissolution of the oxide 
layer can take place on clad-
ding inner surface if hydrogen 
content in gas phase exceeds a 
certain threshold level [41]. Af-
ter the oxide layer is locally 
cracked, rapid penetration of 
gaseous hydrogen into metal 
starts in this location. Hydrogen 
concentration in near-surface 
region is increased and for high 
partial pressure of H2 can ex-
ceed the solubility limit in zirco-
nium at local temperature. In 
this case massive hydride will 
grow on cladding inner surface 
(so-called “blister”). Massive 
hydrides of similar type were 
observed experimentally [1,42]. 
Grown up to a size of order of 

cladding thickness “blisters” can cause fuel rod 
depressurization. 

For purposes of modelling the massive hydride 
growth in zirconium cladding the model has been 
developed which gives an account of intercon-
nected physical processes and comprises the fol-
lowing modules: 
• Thermomechanical behaviour of fuel element; 
• Fuel oxidation and dynamics of gas phase 

composition inside the rod; 
• Hydrogen penetration through the oxide layer 

on the cladding inner surface; 
• Hydrogen diffusive transport in cladding; 
• Growth of the massive hydride initiated on the 

cladding inner surface. 
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Figure 6. Comparison of calculations of RTOP-CA code with 
experimental data of [28] for Xe and Kr release: (ο) experiment, 
(+) calculations, T=1400°C 
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1. Fuel rod thermomechanical behaviour is calcu-
lated with the integral fuel code RTOP.  

2. Fuel oxidation and current gas composition are 
calculated with the fuel oxidation model dis-
cussed above and with using of radiolysis proc-
ess under irradiation.  

3. Modelling of hydrogen penetration through an 
oxide film on the cladding inner surface is 
based on correlation [43], which accounts for 
two mechanisms of hydrogen penetration into 
metal. The first mechanism is hydrogen diffu-
sion through the oxide film; the second one is 
hydrogen penetration along defects in the oxide 
film. 

4. Hydrogen transport in zirconium cladding is 
modelled in 2-D approximation taking into ac-
count the effect of thermo diffusion and de-
pendence of hydrogen diffusivity on tempera-
ture. 

5. Model of the massive hydride growth on the 
cladding inner surface in the 
location of the cracked oxide 
film is based on experimen-
tal data on hydriding of zir-
conium samples [44]. It is 
assumed that micro crack-
ing of the hydride layer oc-
curs when it have grown up 
to a certain thickness. Mi-
cro-cracking results in rapid 
hydrogen penetration 
through the cracks and in 
drastic increase of the hy-
dride growth rate.  

The massive hydride growth 
was calculated for different ini-
tial levels of residual moisture 
in intact fuel rods – in the range 
of 0.1 up to 10 ppm (by mass). 
Average linear power for the 
fuel rod was varied from 15 to 
30 kW/m with maximum to av-
erage ratio of ~1.25. The 
disoxidation process for the 
oxide film on the cladding inner 
surface in hydric atmosphere is 
not taken into account in the 
current code version. Calcula-
tions were performed for given 
initial sizes of cracks in the ox-
ide film. Parameters on tem-
perature dependencies were 
chosen according to the data 
from: [44] – for hydrogen diffu-
sivity in zirconium cladding, [45] 
– for hydrogen diffusivity in zir-
conium hydride, [46] – for the 
Sievert’s constant, hydrogen 
solubility limit in zirconium al-
loys and equilibrium hydride 

stoichiometry in hydric atmosphere. 
In the framework of modelling the kinetics of 

massive hydride growth, a critical size of a circular 
inoculating area (free from zirconium oxide) on the 
cladding inner surface was found. This critical size 
determines the possibility of massive hydride 
growth. If the area of direct contact between zirco-
nium metal and the gas phase is not large enough 
(below the critical value), hydrogen inflowing into 
metal is rapidly carried away from the surface by 
diffusion and growth of the massive hydride is in-
hibited. 

The change in shape of the growing hydride 
was calculated with 2-D computational module. 
This calculation included an effective diffusive 
withdrawal of hydrogen from the front of the hy-
dride phase both in the direction of hydride growth 
and in the transverse direction. Because of hydro-
gen lateral transport hydrogen concentration pro-
file near the hydride front remains relatively steep 
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Figure 8. Hydride shape calculated in intervals of 3000 s; moisture 

content in fuel is 0.7 ppm 

 

 
Figure 9. The sunburst shape of the massive hydride observed 

experimentally, [2] 
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till size of the hydride goes close to cladding thick-
ness. The model incorporates the change of hy-
drogen diffusivity in zirconium and in zirconium 
hydride due to temperature variation in course of 
hydride front progression. The thermodiffusion ef-
fect on hydrogen redistribution in cladding is also 
considered. 

The modelled growth of the 2-D massive hy-
dride is shown in Figures 8 and 10 as an example. 
Calculation was performed for the fuel rod at 20 
kW/m of linear power and initial steam content in 
fuel of 0.7 ppm (by mass) in Figure 6. Average 
cladding temperature is 330°C, temperature drop 
is 30°C and thickness of the oxide film is 1 µm. 
The calculated hydride shape is in a qualitative 
agreement with the shape of massive hydrides 
observed in experiments (Figure 9). 

Calculations for higher level of residual mois-
ture in fuel (7 ppm) of intact rod give the through-
cladding hydride. The hydride growth is accompa-
nied by an increase of the hydride-zirconium and 
hydride-gas interface areas. This leads to increase 
of the rate of hydrogen uptake from the gas phase. 

Figure 10 shows an effect of thermodiffusion on 
hydrogen concentration profiles (related to solubility 
limit) at different stages of hydride growth. The role 
of thermodiffusion at the initial 
stage of hydride growth is minor 
since gradients of hydrogen 
concentration are high. With 
increase of hydride size charac-
teristic concentration gradients 
decrease and the effect of ther-
modiffusion on hydrogen redis-
tribution becomes noticeable. 
Thermodiffusion leads to in-
crease of hydrogen content near 
cold outer surface of the clad-
ding. 

 
 

5. Significant 
Dependences and 
Parameters for 
Prediction of 
Defectness of  
Reactor Core 

Modern approach to the prob-
lem of NPP fuel maintenance 
during operation consists in 
complex application of accessi-
ble diagnostic methods and 
analysis of reactor core defec-
tiveness [5]. These methods 
contain the measurements of 
nuclides activity kinetics in the 
primary coolant under reactor 
operation, carrying out leakage 
tests at the shut-down reactor 

during refuelling, application of computer codes for 
the estimate of reactor core defectiveness under 
reactor operation and the determination of defects 
size. The scheme of such complex approach is 
shown in Figure 11.  

The amount of fuel (tramp uranium) on the out-
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Figure 10.Thermodiffusion influence on hydrogen 

concentration profiles in zirconium at 
different stages of hydride growth 
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Figure 11. Integrated approach to defective fuel detection problem 

 

 
Figure 12.Ratio of noble gas and iodine release rate to birth rate in 

dependence on decay constant calculated by RTOP-CA code 
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side surfaces of the reactor core, the number of 
defective fuel rods and the level of their defective-
ness are being predicted by nuclides activity kinet-
ics in the primary coolant and by current reactor 
parameters (power, purification rate, coolant veloc-
ity and pressure) using computer code. Certain 
relations between different FP activities in the pri-
mary coolant using computer code estimate the 
burnup of the fuel in defective fuel rods. The re-
sults of these estimates allow substantiating the 
possibility of further operation of the reactor under 
certain numbers of defects and their sizes. The 
usage of the analytical results will allow optimizing 
the process of defective assemblies detection and 
defects level determination. After leakage tests 
carrying out under refuelling the data of the num-
ber of fuel rods with “gaseous” defects and their 
burnups are used for the estimate of primary cool-
ant activity. The change of activity in the coolant 
gives an opportunity to detect appearance of new 
defects and further degradation of the present de-
fects. 

Now, serious efforts are directed on determina-
tion reliable and significant relations between FP 

activities in the coolant and parameters of defec-
tive fuel rods. It is important in order to increase 
the analysis rate the investigations, which could 
give an opportunity to characterize reactor core 
condition. Such investigations are being developed 
using detail modelling computer codes, which take 
into account geometric parameters of fuel rods, 
fuel composition, and operation condition of the 
reactor core. The examples of determination and 
usage of such ratios are presented in Figures  
12-14.    

Figure 12 shows the dependences calculated 
by RTOP-CA code of ratio of release rate into the 
coolant to the birth rate in the fuel rod for the iso-
topes of noble gases and for iodine isotopes as a 
function of decay constant. Plateau in these de-
pendences is realized for short-lived isotopes and 
using its value it is possible to estimate mass of 
the fuel, which is accumulated on the elements of 
the reactor core. Activity ratio 131I/ 133Xe in the pri-
mary coolant characterizes the defect size, Figure 
13 [5]. For the small defect diameters the gaseous 
FP release is sufficiently effective, but the iodine 
release by gas phase is embarrassed because of 
considerable adsorption on the cold surfaces in-
side the fuel rod.  

For large defects water penetrates into the fuel 
rod and it is possible to release iodine through the 
defect with water. 

Nowadays for the estimate of fuel burnup in the 
defective fuel rod it is used that 134Cs and 137Cs 
isotopes accumulation has different dependences 
on burnup. Two processes, such as heavy metal 
nuclear fission and caesium decay, are significant 
during 137Cs accumulation. Therefore 137Cs con-
centration increases proportionally to burnup at 
short times. The 134Cs isotopes form as a result of 
neutron capture by 133Cs nuclei, and 133Cs forms 
as a result of decay of heavy metal nuclei. There-
fore 134Cs accumulation is proportional to the sec-
ond power of burnup at short times. The model for 
the calculation of caesium isotopes maintenance is 
included to the RTOP-CA code. It takes into ac-
count the chains of nuclear transmutations and 
uses corresponding cross-sections of nuclear re-
actions. The calculation of 134Cs/ 137Cs ratio using 
the model is shown in Figure 14. 

 
 

6. RTOP-LT Code for Analysis of 
Activity Release from Defective Fuel 
Rod during Leakage Tests  

A stand-along version of RTOP-LT code is being 
developed for the improvement of out-of-pile meth-
ods of determination of defect parameters under 
leakage tests. It is clear that activity release 
depends on defective fuel rod condition at test 
process. The main parameters, which designate 
fuel rod condition, are FP distribution inside defec-
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Figure 13.Ratio of 131I/ 133Xe activities in primary 

water in dependence on defect diameter, 
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tive fuel rod, the volume of noncondensable gases 
inside the rod, defect location, gaps and cracks 
geometry. The physical processes, which deter-
mine the activity release, are: 
• Coolant transfer inside the fuel rod and its re-

moval through the defect; 
• Fuel digestion (diffusion FP transfer inside the 

rod); 
• Transfer of solvable FP; 
• Transfer and release of fuel fragments. 

The hydraulic scheme, which takes into 
account gaps geometric parameters, density and 
sizes of cracks, location and sizes of defect in the 
cladding, is used for modeling of coolant transfer in 
the fuel rod and removal rate through the defect.   

When external pressure exceeds the internal 
one, water comes in the fuel rod. The fuel diges-
tion is used for increase of FP registration effec-
tiveness. The diffusion transfer of unstable FP, 
which is solvable in water, from the regions of high 
concentration into the coolant region of lower con-
centration, occurs during digestion. Further when 
external pressure decreases, the release of FP 
soluted in the water, and little fuel fragments, occur 
through the defect. The activity release kinetics 
depends on the process of external pressure 
change, defect size and geometric parameters of 
gaps. 

The comparison of activity kinetics, released 
from the fuel rod, shown in Figure16, for two defect 
sizes indicate the possibility of measurement of 
effective defect diameter.   

 
 

7. Conclusion 

It is appropriate to use the dependences, based on 
physical models, in the design-analytical codes for 
improving of reliability of defective fuel rod detec-
tion and for determination of defect characteristics 
by activity measuring in the primary coolant. In pre-
sent paper the results on development of some 
physical models and integral mechanistic codes, 
assigned for prediction of defective fuel rod behav-
iour are presented. 

Analysis of mass transfer and mass exchange 
between fuel rod and coolant showed that the 
rates of these processes depends on many fac-
tors, such as coolant turbulent flow, pressure, ef-
fective hydraulic diameter of defect, fuel rod geo-
metric parameters. The models, which describe 
these dependences, have been created. 

A number of new physical models were in-
cluded in mechanistic fuel RTOP. The models of 
thermomechanical fuel behaviour, stable gaseous 
FP release were modified and new computer code 
RTOP-CA was created thereupon for description 
of defective fuel rod behaviour and activity release 
into the primary coolant. The model of fuel oxida-
tion in in-pile conditions, which includes radiolysis 

of gas mixture of hydrogen and steam and takes 
into account the composition, pressure and tem-
perature of gas mixture, geometry of fuel rod and 
fuel, was developed. The developed calculation 
complex was applied for prediction of formation 
conditions of initial and secondary defects in the 
fuel rod cladding. The analysis show, that there 
were critical values of steam maintenance in intact 
fuel rod, which allows through-cladding hydride to 
grow up.   

The computer code RTOP-LT is being created 
for analytical estimate of defect size during leak-
age tests and for improvement the leakage meth-
ods. The developed computer codes RTOP-CA 

  
Figure 15.Calculation hydraulic schime for coolant 

transport inside the defective rod 

 

 

 
Figure 16.Kinetics of activity release through small-

size defect 
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and RTOP-LT after validation of physical models 
are planned to use for prediction of defective fuel 
rods behaviour.  
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