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1. Introduction 

The last decade was marked by permanent in-
crease in the burnup of the fuel in industrial nu-
clear reactors. One of the essential supports of this 
motion was a considerable progress in under-
standing of specific features in behaviour of the 
high burnup fuel that allows to describe its state 
under irradiation reliably and to substantiate the 
safe work of the reactor.  

The most attention of recent experimental and 
theoretical investigations of high burnup fuel was 
pointed at degradation of physical properties of 
fuel core and cladding, their restructuring, physi-
cal-chemical and mechanical pellet-cladding inter-
action. In parallel, the important stage of the inves-
tigations was generalisation of theoretical and ex-
perimental results and their adaptation for models 
of the particular physical processes suitable for 
application in frame of integral mechanistic codes. 
Note, that currently the latter are the main instru-
ment of the safety justification. 

In this talk, we present some models of proc-
esses in high burnup fuel developed in SRC of 
Russia Troitsk Institute for Innovation and Fusion 
Research. The emphasis is on the description of 
the degradation of the fuel heat conductivity, radial 
profiles of the burnup and the plutonium accumula-
tion, restructuring of the pellet rim, mechanical pel-
let-cladding interaction. 

 
 

2. Fuel Heat Conductivity Degradation 
with Burnup 

The most important parameter, which controls the 
proper work of the fuel element, is its temperature. 
Heat resistance of the fuel pellets constitutes sig-
nificant (at moderate) and the major (at high bur-
nups) contribution to the overall radial heat resis-
tance of the fuel element. For this reason, the 
problem of the degradation of the fuel heat con-
ductivity with burnup has attracted considerable 
interest. 

In course of the burnup, the 
accumulation of structural de-
fects, soluble and insoluble fis-
sion products occurs, solid 
inclusions and gaseous 
bubbles are formed, the overall 
change of the microstructure 
takes place. At high burnups 
the so-called rim-layer is 
developed at the pellet 
periphery. This zone is 
characterised by increased po-
rosity and submicron grains, 
which arise as a result of re-
crystallization. The higher is 
burnup, to the greater extend 
all these processes affect the 
fuel heat conductivity (Fig-
ure 1).  The first generation of fuel 
performance codes was ob-
jected to the modelling of the 
fuel at low burnups and did not 
take into account the effect of 
the heat conductivity degrada-
tion. This deficiency was clearly 
displayed in course of the 
FUMEX project [1], which was 
intended to the codes assess-
ment on the base of the de-
tailed experimental data ob-

 
Figure 1. Central temperature of the rod in the HUHB experiment [2,3]. 

Solid line – measurement data reduced to the constant heat 
generation rate 25 kW/m; dotted line – calculation by the 
FRAPCON-3 code without account for the heat conductivity 
degradation; dashed line – calculated by the FRAPCON-3 code 
outer temperature of the fuel core. The effect of the heat 
conductivity decreasing with burnup is clearly seen and leads 
to the increase of the central temperature on about 200 K at 
burnups about 50 MWd/kgUO2. (Reproduced from [4]) 
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tained from instrumented rods. Codes containing 
at that time empirical corrections for decreasing of 
the heat conductivity with burnup had shown much 
better accuracy in prediction of the fuel tempera-
ture, and as a consequence in prediction of the 
fission gas release and inner rod pressure.  

By now, some kind of the dependency of the 
heat conductivity on burnup is included in all lead-
ing fuel performance codes. For the most part, 
these relations have empirical or semiempirical 
origin. In this section we describe the results of 
development and validation of the model describ-
ing the heat conductivity of the WWER fuel up to 
the highest currently achieved burnups. 

Experimental data on the fuel heat conductiv-
ity degradation available in the literature could be 
subdivided onto four classes. First, the data re-
duced from the measurements of the rod central 
temperature should be mentioned. The major 
body of such data was obtained on the HWBR 
experimental reactor in Halden [2,3]. The advan-
tage of this type of data is their one-to-one corre-
spondence to the nominal conditions in the fuel 
elements, as the data are obtained in pile. The 
second class of the data is constituted by the 
measurements of the heat conductivity of the 
SIMFUEL – the fuel with additions of the rear 
earth oxides to simulate fission products formed 
under burnup [5-8]. The advantage of these data 
is high controllability and repeatability. On the 
other hand, these experiments can not to repro-
duce the real defective structure of the fuel lattice 
under irradiation and changes in the microstruc-
ture caused particularly by the formation of gase-
ous bubbles. In the last time, many evidences 
appeared of systematic underprediction of effect 
of the degradation by this type of data. The third 
and the most recent direction of the investigations 
consists in measurements of the heat conductiv-
ity (more precisely the thermal diffusivity) of spe-
cial specimens irradiated under almost uniform 
temperature up to almost uniform burnup [9,10]. 
The burnup uniformity is achieved due to high 
enrichment of the specimens. As a result the 
nonuniform plutonium production provides only 
slight burnup variation. To decrease the tempera-
ture drop across the specimen, they are manu-
factured in form of thin disks (∼1 mm) and are 
irradiated between thick molybdenum disks pro-
viding good heat removal. In course of the meas-
urements of the thermal diffusivity of the speci-
mens was revealed an interesting effect of its 
partial recovery with heating [9]. For this reason, 
thermal diffusivities measured at the same tem-
perature during stepwise heating of the specimen 
and its stepwise cooling are not equal to each 
other. Currently it is thought to be correct to use 
the results of the very first measurement (before 
the recovery) at the temperature equals to the 
irradiation temperature. Yet this approach at once 

needs graduate increase the number of irradiated 
specimens required to obtained data in the par-
ticular temperature interval. It means the corre-
spondent increase in expenses for such an inves-
tigation. At the same time it should be noted, that 
the irradiation conditions in the experiments 
[9,10] do not correspond to that in industrial reac-
tors. Particularly the fission rate is much higher, 
that causes much higher levels of radiation-
induced defects. The forth class of data consists 
of out of pile measurements of the thermal diffu-
sivity of the specimens cut from the irradiated 
pellets. [11-13]. This approach is also attended 
by some difficulties. First, the specimen prepara-
tion can cause additional mechanical restructur-
ing (cracking). Second, a separate problem is 
provision of the specimen with surface quality 
required for the reliable laser flash measure-
ments. Third, the problem of the difference be-
tween defective state of the fuel in- and out-pile 
still exists.  

Summarising the discussion of the experimen-
tal data one can conclude, that all available  
approaches have some deficiencies and any  
of them in separate is not sufficient to reconstruct 
the dependency of the fuel heat conductivity  
on burnup. It should be pointed also that the most 
of the data deal with the low temperatures.  
That makes impossible to check any model of  
the electron (polaron) heat conductivity degrada-
tion.  

Up to now, the following correlations are avail-
able to estimate the fuel heat conductivity as a 
function of temperature and burnup: 
• Halden correlation [2];  
• Two correlations by Lukuta et al. [5,14]; 
• Siemens correlation [15]; 
• NFI correlation [12,16]; 
• Correlation by Hirai-Ishimoto [8,17]. 
Comparative analysis of these correlations show 
that only the Halden correlation does not contain 
features contradicting to the available observa-
tions. The correlation of SIERRA code [15], 
though having a distinct form, almost reproduces 
the predictions of the Halden correlation. It is in-
teresting that all mentioned correlations disagree 
in the region of low and moderate temperatures 
well covered by the data and give close results at 
high temperatures (∼2000 K), where only few ex-
perimental points are available. It could be ex-
plained in part by the systematic dependence of 
parameters of the correlation for the fuel heat 
conductivity on a particular choice of other code 
models, which are used also in the course of the 
correlation validation (e.g. models of the gap heat 
resistance, fuel relocation, radial profiles of bur-
nup, porosity, heat generation rate etc.). The 
agreement of the models at high temperatures 
reflects existing consensus how to describe the 
heat conductivity in this region rather than the 
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real reliability of the predictions. As the fonon 
heat conductivity decreases, the role of the pola-
ron heat conductivity becomes important for 
lower and lower temperatures. Consequently the 
uncertainty spreads caused by the absence of 
the reliable model for this mechanism of the heat 
conductivity. 

According to modern views, the heat in solid 
bodies can be transmitted by fonons – quasi-
particles of the lattice vibrations, and free elec-

trons. In full measure, the latter of these mecha-
nisms takes place in metals. In oxide fuel, being 
the semiconductor, the mechanism of heat trans-
fer of the second kind is provided by collective 
excitations of the ionic crystal – polarons, repre-
senting electrons with coat of polarisation [18,19]. 
Thus this mechanism can be called polaron-
conductivity. The fonon-conductivity prevails at 
low and moderate temperatures, whereas the 
polaron-conductivity is significant at high tem-

peratures. 
The simplest theory of the 

fonon-conductivity proceeds 
from possibility to take into ac-
count different mechanisms of 
the fonon scattering (fonon-
fonon, on structure defects and 
impurities) independently [20]. 
These arguments were used as 
the basis for development of 
several correlations for the heat 
conductivity of the burned fuel 
[14,15]. As a support of this 
approach was considered data 
argued in favour of saturation of 
the degradation with increase 
of the impurity concentration 
[17]. However neither of these 
attempts has reached the aim. 
In all cases, at the stage of the 
correlation assessment, some 
correction factors depending on 
the temperature were intro-
duced, which almost totally ex-
cluded the effect of the satura-
tion. 

Available experimental data 
also do not confirm the 
Klemens theory. They demon-
strate non-saturated linear 
growth of the heat resistance 
with burnup [19] (Figure 2). The 
slope of lines is the same for 
the pure fuel and the fuel with 
addition of gadolinium. That 
contradicts to the theory predic-
tion on the slower degradation 
of the fuel with gadolinium. 
Thus in the frame of the 
Klemens theory it is impossible 
to interpret observed trends of 
the fuel heat conductivity with 
temperature and burnup. 

With account for mentioned 
problems, the model of the fuel 
heat conductivity degradation 
for the RTOP code was con-
structed by means of the step-
by-step approach. The first 
step represents the major 

 
Figure 2. Heat resistance of UO2 (squares) and UO2+Gd2O3 (triangles) 

fuel at different burnups. (Reproduced from [9]) Open symbols 
correspond to the measurements after the conductivity 
recovery; full – data of 'first' measurements (before the defect 
annealing). Linear dependency of the heat resistance on 
burnup is clearly seen. Results of 'first' measurements also 
can be described by the linear function with shift at the very 
small burnups caused by production of defects by irradiation 
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Figure 3. Central temperature of the rod 3 in the experiment IFA-432 at 
different heights. Lines are results of calculations by the RTOP 
code, dotes – measurement data [22]. Triangles correspond to 
the lower thermocouple, circles – to the upper thermocouple. 
At the end of the irradiation the rod average burnup was 44 
MWd/kgU 
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conductivity decrease caused by the defect and 
fission product production. It is based on safely 
established empirical facts, particularly on the 
linear growth of the heat resistance with burnup. 
Using this approximation as a representation of 
the real burned lattice heat conductivity, addi-
tional effects are taking into account, e.g. poros-
ity, recrystallization, formation of the dislocation 
structure, etc. 

As a basis in the model development was used 
the correlation for the heat conductivity of the fresh 
oxide fuel [21]. It was modified by inclusion of the 
term proportional to the burnup. The proportionality 
coefficient was chosen on the base of the experi-
mental data of Halden Project. The resulting corre-
lation is the following (1): 
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The correlation is close to the Halden correla-
tion despite the region of high temperatures. That 
reflects the usage of the same experimental data 
for validation of the correlations. The discrepancy 
is the consequence of the difference in the de-
scription of the polaron-conductivity. To confirm or 
reject the lower heat conductivity at T > 1500 K, as 
follows from works [18,21], one needs in additional 
experiments in this temperature range. 
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Figure 4. Axially average central temperature of the rods in the experiment IFA-503: dashed line – 

measurement data [23]; solid line – calculation by the RTOP code; a) the WWER rod IFA 503-2; 
b) the PWR rod IFA 503-4 
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The developed model for the heat conductivity 
of the burned fuel was assessed in frame of the 
RTOP fuel performance code. To check the model 
accuracy, the data on the central temperature of a 
fuel rod with a negligible gaseous gap are the most 
appropriate. An example of such kind of data was 
obtained in Halden experiment IFA-432 [22] – the 
rod IFA-432-3 had and initial gaseous gap equal to 
38 µ. Figure 3 shows an agreement between mea-
sured central temperatures at different heights of 
IFA-432-3 with RTOP predictions. Another exam-
ple of the assessment of the RTOP temperature 
predictions on the base of the data from [23] is 
demonstrated in Figure 4. 

 
 

3. Modelling by the RTOP Code  
the Radial Inhomogeneity  
of Fuel Burnup and Plutonium 
Production 

To use the dependency of the fuel heat conductiv-
ity on the local burnup one needs in information on 
the burnup distribution on radius. In the frame of 
the fuel performance code the description of the 
burnup distribution is possible in the simplified 
semiempirical manner only. 

In SRC of Russia "TRINITI" the module was 
developed, which is based on the simplified ana-
lytical description of the neutron spectrum [24]. It 
uses the concept of the spectrum hardness pa-
rameter γ and gives a possibility to improve the 
accuracy of the prediction of main characteristics 
of the burned fuel [25]. The plutonium production 
and the radial distribution of burnup for PWR and 
BWR fuel calculated by the module are shown in 
Figure 5. As a consequence of the inhomogeneity 
of neutron field and spectrum across the active 
zone, one can expect an appreciable dispersion in 
radial profiles of burnup for rods at periphery and 
in the centre of the zone. That could explain the 
deficiencies of the most popular module TUBNP 
[26] in course of its assessment in frame of the 
FRAPCON-3 code [4]. Explicit account for the 
spectrum hardness in our model allows describing 
the mentioned dispersion. In Figure 6 the burnup 
distributions used for the assessment of the 
FRAPCON-3 model are compared with the RTOP 
predictions with variation of the parameter γ. Is 
obvious that the account for the differences in the 
spectrum hardness significantly improve the 
agreement between the calculations and meas-
urements. Figure 7 shows an example of the mod-
ule assessment for the WWER fuel on the base of 
the data from [24].  

The reliable description of the radial distribution 
of the burnup and the heat generation rate allows 
exploring the contribution of the separate effects 
into the growth of the rod central temperature with 
burnup (Figure 8). 
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Figure 5. Dependence of the radial average of the 
plutonium isotopes accumulation on 
burnup: ο and + – calculation by the 
KORIGEN code for PWR and BWR fuel, 
respectively [26]; dashed line – calculation 
by the TUBRNP module [26]; solid line – 
calculation by the RTOP code 
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Figure 6. Burnup radial distribution: dotes – 
measurement data for fuel with average 
burnup 25 (PWR), 55 (BWR) and 83 
MWd/kgU (PWR) [4]; dashed line: 
calculation by the TUBRNP module [4]; 
solid line: calculation by the RTOP code 
(γ25=0.18, γ55,83=0.05) 
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Figure 7. Dependence of the cross-section average 
accumulation of the plutonium isotopes 
on the cross-section average burnup for 
WWER fuel: dots: measurement data [24]; 
lines: calculation by the RTOP code (γ=0.2) 
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4. Modelling by the RTOP Code the 
Mechanical Pellet-Cladding 
Interaction in High Burnup Rods 
under Transient Conditions 

With increasing burnup, the initial gaseous gap 
between fuel core and cladding collapses result-
ing in the mechanical interaction between the 
core and cladding at elevated heat generation 
rates. That can lead to the plastic deformation of 
the cladding or its creep. The deformation directly 
depends on the thermal expansion of the fuel, 
that is on its temperature. It means that the accu-
rate modelling of the thermal behaviour of the fuel 
is a key point in an analysis of the pellet-cladding 
interaction. 

Recently a detailed experimental investigation 
of the geometrical characteristics of the WWER 
rods irradiated in nominal and transient regimes 
was performed in SRC of Russia RIIAR [27,28]. 
With the aim of the theoretical analysis of the pel-
let-cladding interaction at high burnups, the model-
ling of the same characteristics was done by the 
RTOP code. First, the basic irradiation was simu-
lated under the appropriate reactor conditions. 
Then, the irradiation of the lower part of the rods in 
the MIR reactor was considered. The axial profile 
of the heat generation rate under basic irradiation 
is not available from original works [27,28]. For this 
reason we used the permanent profile in form of 
truncated cosine. The axial profile in the MIR reac-
tor was chosen in accordance with [27]. The re-
sults of the calculations are shown in Figures 9 
and 10. 

As follows from Figure 9, the geometrical 
characteristics of the highly burned rods are well 
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Figure 9. Axial distribution (cold) of outer fuel 
radius ( ), inner ( ) and outer ( ) cladding 
radius in WWER-1000 (a) and WWER-440 
(b) fuel rods after nominal irradiation. Rod 
average burnup of the WWER-1000 rod is 
44 MWd/kgU, of the WWER-440 rod – 45 
MWd/kgU. Dotes: data by [27], lines: 
calculation by the RTOP code. Outer 
radius of the cladding is shifted on  0.6 
mm. Dashed line show the parts of the 
rods re-irradiated in the MIR reactor 
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Figure 8. Contribution of separate effects into the change of the fuel temperature with burnup. Dots – data 
by [33] for the BWR fuel with average burnup 59 MWd/kgUO2; lines: calculation by the RTOP code;  
a) dependency of the central temperature of the burned fuel on the linear rate; b) temperature radial 
distribution at linear rate 25 kW/m; 1. The fresh fuel with account for the final value of the gaseous 
gap; 2. Taking into account the radial distribution of the heat generation; 3. Taking into account the 
radial distribution of the burnup and is influence according to (1) on the heat conductivity;  
4. Taking into account the additional porosity in the rim-layer; 5. Calculation neglecting all radial 
profiles 
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reproduced by calculations for both types of reac-
tors (WWER-440 and WWER-1000). In accor-
dance with observations, modelling gives the dis-
appearing of the hot gap in WWER-440 rods at 
burnups in the range of 40-45 MWd/kgU. How-
ever the cold gap predicted by the code slightly 
overpredicts the measured one. The difference is 
inside of the measurement accuracy (±10 µ 
[27,28]) and can be a consequence of the ex-
perimental methodology which gives the lower 
estimate of the gap. On the other hand, it can be 
explained by the physical-chemical interaction of 
the fuel with cladding, which is not taking into ac-
count by the code. In any case this discrepancy 
does not affect the predicted deformation of the 
cladding in the transient regime. 

In Figure 10 the measured and calculated de-
formations of the cladding are compared as func-
tions of the local linear heat generation rate. The 
maximum linear rate was 400 W/cm for the 
WWER-1000 rod and 350 W/cm for the WWER-
440 rod. The presence of two slightly shifted wings 
of the dependencies is a consequence of the un-
symmetrical distribution of the gap in the irradiated 
rods with respect to the active zone of the MIR re-
actor. As follows from the figure, the calculations 
well fit the initial parts of the dependency of the 
deformation on the linear rate and overpredict the 
measurements for linear rates higher than 300 
W/cm. 

The observed reduction of the cladding  
deformation in comparison with expected one on 
the base of the thermal expansion of the fuel  
core could be caused by several reasons. The 
most probable is the decreasing of the intensity  
of the interaction due to collapse of the central 
hole of the rods. The latter can be induced by  
the compressing stresses from the cladding  
either in the form of the densification of the 
cracked fuel or by the plastification of the central 
part of the core. Expected in the first case to  
be the densification beginning at some critical 
level of the compressing stresses, and respec-
tively at some level of the cladding deformation. 
In the second case the critical central tempera-
ture (linear rate) should exist. According to Fig-
ure 10 the overprediction of the cladding defor-
mation for two types of the rods takes place at 
linear heat rates higher than 300 W/cm and at 
significantly different levels of the deformation. 
This result argues in favour of the fuel plastifica-
tion as a reason of the central hole collapse. It 
should be noted, that the plastification is accom-
panied by the development of the intergranular 
gaseous porosity and noticeable swelling of the 
fuel. As a result the deficiency in the radial ex-
pansion is smaller than can be expected from the 
central hole collapse. Up to now these processes 
are not taking into account in the existing fuel 
performance codes. 
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Figure 10.Cladding deformation of the WWER-1000 
(a) and WWER-440 (b) fuel rods after the 
re-irradiation in the MIR reactor at 
enhanced linear rates as a function of the 
linear rate: (o) data by [27], ( ) calculation 
results without accounts for the collapse 
of the central hole. The underprediction of 
the data by the calculations is evident for 
linear rates higher than 300 W/cm 

 
 

 
Figure 11.Comparison of the calculated dependence 

of the uranium vacancy concentration on 
the dose of the irradiation (solid line) with 
experimental data by [29,30] (dotes)  
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5. Models of Physical Processes 
Leading to the Formation of Rim-
Layer 

Despite of the existence of detailed experimental 
investigations of the rim-layer in the high burnup 
fuel and well elaborated phenomenology of the 
physical processes involved, there are a lot of 
questions related with the consistent physical 
model of the rim-layer formation. Particularly, the 
existing models can not explain a set of well-
established experimental facts. First, the models 
are based on the concept of the threshold bur-
nup and can not reproduce the wide spread of 
the experimental data in this respect. Second, 
the models can not explain the delay of the po-
rosity formation with respect to the start of re-
finement of the lattice from the fission gases. 
Third, there is no clear explanation of the influ-
ence of the grain size on the recrystallization 
process. Fourth, any model can not reproduce 
the observed gas release in the region of the 
rim-layer without introduction of some additional 
non-physical mechanisms, the same is true for 
the description of the gaseous release from the 
rim layer to inner volumes of the rod.  

In all mentioned processes, the kinetics of 
structural defects induced by the irradiation plays 
the significant role. The concentration and distribu-
tion of point defects are affected by temperature, 
fission rate, grain size, concentration of large-scale 
defects like bubbles and dislocations, etc. At the 
same time the characteristics of the large-scale 
defects depend on concentrations and fluxes of 
point defects and fission products. To calculate the 
transport of the point defects and fission products 
in the low temperature range one should ade-
quately take into account irradiation-induced proc-
esses. To analyse these consistent processes we 
developed the physical model and investigate the 

dynamics of the point defects under conditions of 
the rim-layer formation. 

The model was validated on the base of the 
experimental data on the dynamics of the lattice 
constant in course of the low temperature 
(Т = 150˚C) irradiation [29,30] (Figure 11). 

One of the results of the analysis is the dis-
covery of some peculiarities in the distribution of 
the point defects near the grain surfaces and 
dislocations. An example of the calculated distri-
butions of vacancies and interstitials near the 
core of the edge dislocation is shown in Fig-
ure 12. The concentration of the uranium intersti-
tials drops monotonically to the dislocation core. 
On the contrary, the vacancy distribution is non-
monotonic demonstrating the maximum in the 
vicinity of the dislocation and the minimum at the 
core. The minimum has a scale about the lattice 
constant ~3⋅10-8 сm, whereas the half-width of 
the maximum is much higher ~10-6 cm. The ratio 
of the maximum to the plateau value growth with 
decreasing of the dislocation density. The en-
hanced concentration of vacancies in the dislo-
cation vicinity can be responsible steep growth 
of large gaseous bubbles on the dislocation lines 
observed experimentally [31,32]. 

 
 

6. Conclusions 

The results presented in this talk demonstrate the 
possibility of rather accurate description of the be-
haviour of the fuel of high burnup on the base of 
simplified models in frame of the fuel performance 
code if the models are physically ground. The de-
velopment of such models requires the perform-
ance of the detailed physical analysis and elabora-
tion of more complex, which serve as a test for 
correct choice of allowable simplifications. This 
approach was applied in the SRC of Russia 
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Figure 12. Distribution of the interstitials and vacancies in the vicinity of the edge dislocation 
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TRINITI to develop a set of models for the WWER 
fuel resulting in high reliability of predictions in 
simulation of the high burnup fuel.  
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