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Abstract 
The paper considers the main physical processes that take place in fuel kernels under real 

operation conditions of VVER-type reactors. Main attention is given to the effects induced by 
combinations of layers with different physical properties inside of fuel kernels on these physical 
processes.  

Basic neutron-physical characteristics were calculated for some combined fuel kernels in 
fuel rods of VVER-type reactors. There are many goals in development of the combined fuel 
kernels, and these goals define selecting the combinations and compositions of radial layers 
inside of the kernels. For example, the slower formation of the rim-layer on outer surface of the 
kernels made of enriched uranium dioxide can be achieved by introduction of inner layer made 
of natural or depleted uranium dioxide. Other potential goals (lower temperature in the kernel’s 
center, better conditions for burn-up of neutron poisons, better retention of toxic materials) could 
be reached by other combinations of fuel compositions in central and peripheral zones of the fuel 
kernels. 

Also, the paper presents the results obtained in experimental manufacturing of the 
combined fuel pellets. 

 



Introduction 
 
One of the main directions in current scientific and technological studies on fuel cycle of 

power nuclear reactors is related with achievement of higher fuel burn-up in spent fuel 
assemblies and better reliability of fuel assemblies under severe operation conditions. These 
goals are mainly achieved by increasing initial uranium enrichment and by using burnable 
neutron absorbers (poisons). However, the higher fuel burn-up can results in initiation of some 
physical processes with negative effects on integral parameters of fuel rods. For example, the 
higher fuel burn-up can be accompanied by formation of a zone with well-visible changes in fuel 
microstructure on periphery of fuel pellets (so-called “rim-layer” where “rim” is an abbreviation 
for “radial irradiation microstructure”). The rim-layer is characterized by the presence of small 
gaseous bubbles, disappearance of initial grain structure and formation of new sub-grains with 
substantially smaller size (below 1 μm) [1, 2]. In publications [3, 4] the caused of these effects 
were analyzed, and physical models of the rim-layer formation were put forward. Paper [5] 
proposed a combined fuel pellet with thin peripheral layer (about 200 μm) made of natural 
uranium for slowing down of the processes that can result in formation of the rim-layer under 
conditions of high fuel burn-up. 

Lately, one else direction for improving physical properties of the fuel kernels has been 
proposed, namely introduction of some non-fissionable materials into fuel composition. For 
example, these materials may be burnable neutron absorbers which can change neutron-physical 
properties of fresh fuel in the required sense and disappear completely by the end of fuel 
campaign. Gadolinia (Gd2O3)-containing uranium fuel is currently used in power VVER-1000 
reactors [6]. As a rule, only 6 or 12 of 312 fuel rods in a fuel assembly contain gadolinium while 
the remaining rods are gadolinia-free rods. In Russian, traditional fuel rods are called as “tvel” 
while gadolinia-containing fuel rods are called as “tveg”. Correct analysis of fuel composition in 
the course of fuel burn-up for gadolinia-containing rods requires conducting the rod-wise 
calculations per each fuel assembly. Further increase of fuel burn-up can promote involvement 
of erbium as a burnable poison into VVER-1000 fuel composition because erbium, in contrast to 
gadolinium, may be introduced into all fuel rods [7]. Some other elements may be also 
introduced into fuel compositions for purposeful changing their physical properties Aluminum 
and tin can enlarge the fuel grains and, thus, promote retention of gaseous fission products (GFP) 
in the fuel kernel without their intense release into fuel-cladding gap [8]. Some scientific studies 
are carried out in the State Research Center – Leypunsky Institute on Physics and Power 
Engineering with the aim to improve heat conductivity, plasticity and heat resistance of uranium 
dioxide pellets. Insignificant technological variations of the fuel fabrication process and 
introduction of nano-particles into composition of fuel pellets were able to produce non-
traditional fuel microstructure with upgraded heat conductivity. Tin and titanium dioxides (SnO2, 
TiO2) can be used as admixtures. When fuel pellet contains several layers with different 
properties, an opportunity arises to introduce different admixtures into different layers. For 
example, numerical studies have demonstrated that heterogeneous distribution of a burnable 
poison in peripheral layer of a fuel kernel could change substantially the dependency of neutron 
multiplication factor in infinite lattice of gadolinia-containing fuel rods on fuel burn-up [10]. 

The present paper demonstrates the results obtained in numerical and experimental studies 
that were carried out to found effectiveness and feasibility of technology for manufacturing of 
the combined fuel pellets made of uranium and plutonium dioxides. The combined fuel pellet is 
a single pellet which may be conditionally divided into N radial layers, each of them is 
characterized by its own parameters (enrichment, presence of admixtures, size, properties and so 
on) or consists of different materials. Here we considered the combined fuel pellets containing 
only two (N = 2) radial layers, namely central and peripheral ones. Peripheral layer can be 
manufactured with different thickness, depending on the applied technology. So, the layers with 
thickness from 100 μm to 1500 μm were considered here. 
 
Computer codes and test problems 



The well-known and widely used computer codes SCALE (TRITON) [11], 
MONTEBURNS [12] and UNKCELL [13] were applied for neutron-physical computations. All 
these codes have their own advantages and shortcomings. Basic characterization of the computer 
codes is presented in Table 1.  

Table 1 
Basic parameters of the computer codes 

Code Main modules Developer Specific features 
SCALE 

(TRITON) 
NEWT 

ORIGEN-S 
Oak Ridge 
National 

Laboratory, USA 

Method of discrete ordinates 
(deterministic approach), 

two-dimensional geometry,  
238-group library of neutron data 

MONTEBURNS MCNP 
ORIGEN 

Los Alamos 
National 

Laboratory, USA 
 

Monte Carlo method  
(stochastic approach), 

three-dimensional geometry, 
continuous dependency of nuclear 

data on neutron energy 
UNKCELL CELLHI, 

UNKBURN 
Russian 

Research Center 
“Kurchatov 

Institute”, Russia 

Method of the first collision 
probability 

(deterministic approach), 
two-dimensional geometry,  

89-group library of neutron data 
and 7000 multi-groups in 

resonance region 
 

It can be seen from Table 1 that neutron spectrum can be determined by the computer code 
MONTEBURNS within the frames of stochastic approach as well as by the computer codes 
SCALE and UNKCELL within the frames of deterministic approach. Also, it is noteworthy that 
all the computer codes listed above are well-known and widely used in different nuclear research 
centers for high-precision neutron-physical computations and for high-precision analysis of time-
dependent evolution of nuclide fuel compositions in the course of fuel burn-up. The use of 
different computer codes for mathematical simulation of the processes leading to the rim-layer 
formation allowed us to improve reliability of results and opened an opportunity for comparative 
analysis of output data obtained with application of different methodological approaches. 

A standard model of infinite fuel rod lattice in a standard VVER-type reactor was used in 
the computations. The model is characterized by the following geometrical parameters: pitch of 
triangular mesh – 1,25 cm; inner and outer diameters of zirconium cladding – 0,772 cm and 
0,9164 cm, respectively; outer diameter of fuel pellet – 0,755 cm; diameter of central hole – 0,15 
cm. Five layers (thickness of each - 100 μm) were chosen for correct modeling of time-
dependent evolution of isotope composition with proper accounting for different properties of 
each layer and with proper accounting for neutron resonance absorption in peripheral part of the 
fuel pellet. 

Time-dependent evolution of isotope composition in each layer was simulated up to the 
mean fuel burn-up of 70 MWd/kg U at specific heat generation rate of 388.6 W/cm3. 
Dependency of neutron multiplication factor, energy generation rate and isotope composition on 
fuel burn-up were calculated for each radial layer of the fuel pellet.  
 
Results of computations 

 
The computations were carried out for the following variants of the combined fuel pellets: 

the fuel pellet made of enriched uranium dioxide with peripheral layer of natural uranium 
dioxide for suppression of the rim-layer formation; the fuel pellet made of enriched uranium 
dioxide with peripheral layer containing natural uranium dioxide and small admixture of 
burnable poison; the fuel pellet made of natural uranium and reactor-grade plutonium dioxides 
(MOX-fuel) with peripheral layer of enriched or natural uranium dioxide. 



The first series of computations was carried out for infinite lattice of fuel rods containing 
the fuel pellets made of enriched (5% 235U) uranium dioxide with outer layer made of natural 
uranium dioxide for suppression of the rim-layer formation. Isotope compositions and fuel burn-
up were determined in central zone and in four peripheral layers with thickness of 100, 100, 100 
and 200 μm, respectively. Three computer codes (UNKCELL, MONTEBURNS and SCALE) 
were used as basic computational tools. The results obtained with application of the computer 
code MONTEBURNS were regarded as reference values because only this code is able to 
analyze resonance absorption of neutrons basing on continuous energy dependencies of neutron 
cross-sections. Radial dependency of fuel burn-up for homogeneous fuel pellets made of 
enriched (5% 235U) uranium dioxide (variant U50) is presented in Table 2. 

Table 2 
Fuel burn-up in radial layers for variant U50 

(mean fuel burn-up - 70 MWd/kg НМ) 
 UNKCELL MONTEBURNS SCALE 

1 (central zone) 65 65 68 
2 (200 μm) 72 72 72 
3 (100 μm) 77 77 75 
4 (100 μm) 86 86 78 

5 (outer layer - 100 μm) 112 113 86 
 

As it can be seen from Table 2, the values of fuel burn-up determined by the computer 
codes UNKCELL and MONTEBURNS are in a good agreement with each other while the same 
values determined by the computer code SCALE differ substantially from them. This difference 
can be explained by the following fact: the computer code SCALE applies 238-group library of 
nuclear data and, as a consequence, resonance neutron absorption is modeled with insufficient 
correctness. However, all the results show substantially higher values of fuel burn-up in outer 
layer as compared with mean fuel burn-up. The higher fuel burn-up in outer radial layer can be 
explained by the effect of resonance neutron absorption in 238U leading to production of fissile 
plutonium isotope 239Pu. 

High fuel burn-up in outer layer can be decreased by the following structure of the 
combined fuel pellet: central zone contains enriched uranium dioxide while outer layer contains 
natural uranium dioxide. It should be noted, however, that neutron multiplication factor in the 
VVER cell composed of the combined fuel pellets is lower than that in the VVER cell composed 
of homogeneous fuel pellets with uranium enrichment of central zone and is equal to neutron 
multiplication factor in the VVER cell composed of homogeneous fuel pellets with the same 
total mass of 235U that contained in the combined fuel pellets. Table 3 demonstrates radial 
dependency of fuel burn-up for the following structure of the combined fuel pellets: central zone 
contains enriched (5% 235U) uranium dioxide while peripheral layers of different thickness 
contain natural uranium dioxide. As it can be seen from Table 3, the thicker outer layer of natural 
uranium dioxide results in the higher fuel burn-up in central zone and in the lower mean fuel 
burn-up in outer layer with thickness of 500 μm. So, it may be expected that GFP release into 
fuel-cladding gap will be lower than that in the case of homogeneous fuel pellets. 

Table 3 
Fuel burn-up in of the combined fuel pellets 

(mean fuel burn-up - 70 MWd/kg НМ) 
Thickness of outer layer containing natural uranium dioxide, μm 

 
0 200 300 500 

1 (central zone) 65 68 70 73 
2 (200 μm) 72 75 77 49 
3 (100 μm) 77 80 52 55 
4 (100 μm) 86 59 61 64 

5 (outer layer - 100 μm) 113 86 89 93 
 



Numerical analyses of neutron-physical processes showed that formation of the rim-layer 
was caused by resonance neutron absorption in 238U [5]. Therefore, if fuel pellet contains 
isotopes with strong resonances of neutron absorption, then burn-up process of these isotopes 
will be more intense in outer layer. Such isotopes are 240Pu and 166Er, for instance. 

Energy dependencies of radiative capture cross-sections within resonance range are 
presented in Fig. 1 for the following three isotopes: 1 - 238U; 2 - 240Pu; 3 - 167Er. One can see that 
the resonance structures of 240Pu and 167Er are similar to the resonance structure of 238U. So, it 
may be expected that heterogeneous disposition of these isotopes in outer layer of the combined 
fuel pellet will result in more intense burn-up of these isotopes than in the case of their 
homogeneous distribution. In order to demonstrate this effect, the following two variants were 
computed for the fuel pellets containing enriched (5% 235U) uranium dioxide and erbium oxide 
as a burnable poison: small amount (0,5%) of erbium oxide is homogeneously distributed in the 
fuel pellet; total mass of erbium oxide is placed in outer layer (200 μm thick). One can see that 
heterogeneous disposition of erbium results in more intense erbium burn-up. It should be noted, 
however, that introduction of erbium into uranium dioxide worsens its thermal-physical 
properties. So, heterogeneous disposition of erbium can decrease temperature in center of the 
fuel kernel as compared with homogeneous disposition of erbium. 

The combined fuel pellets can represent a promising option for the case of MOX-fuel 
involvement into fuel cycles of VVER-type reactors. As is known, MOX-fuel is a mixture of 
uranium and plutonium dioxides. Plutonium isotope 240Pu has several isolated resonances in 
energy dependency of radiative capture cross-sections (see Fig. 1). So, it may be expected that 
formation of the rim-layer in traditional fuel pellets made of natural uranium dioxide and reactor-
grade plutonium dioxide will be more intense than that in the case of the fuel pellets made of 
enriched uranium dioxide. This conclusion was confirmed by appropriate computations. 

The following two variants of MOX-fuel pellets were considered: 1 – homogeneous 
mixture of enriched (2,6% 235U) uranium dioxide with 5% of plutonium dioxide; 2 – the 
combined fuel pellet; central zone contains mixture of depleted (0,2% 235U) uranium dioxide 
with 10% of plutonium dioxide; outer layer contains enriched (5% 235U) uranium dioxide. 
Isotope composition of reactor-grade plutonium was taken as follows: 1,2% 238Pu, 62,4% 239Pu, 
19,6% 240Pu, 13,2% 241Pu and 3,6% 242Pu. The same quantity of fissile isotopes is contained in 
both variants of MOX-fuel pellets. No substantial difference was observed in dependencies of 
neutron multiplication factor on fuel burn-up for both variants. However, radial distributions of 
fuel burn-up were rather different. When outer layer contained uranium dioxide only, radial 
distribution of fuel burn-up was more uniform. One else advantage of the combined fuel pellets 
consists in isolation of plutonium in central zone because plutonium is a toxic material which can 
impede mechanical treatment of the fuel pellets or make the treatment more dangerous.  
  
Manufacturing of the combined fuel pellets 

 
Special experimental studies were carried out to demonstrate feasibility of the combined 

fuel pellets fabrication and to investigate some properties of the fabricated pellets. The combined 
fuel pellets (enriched uranium dioxide in central zone and depleted uranium dioxide in outer 
layer) were manufactured with application of two press-forms: the press-form of small diameter 
(8,5 mm) for pressing of enriched (10% 235U) uranium dioxide powder and the press-form of 
large diameter (10 mm) for joint pressing of enriched uranium dioxide together with outer layer 
of depleted uranium dioxide). At first, powder of enriched uranium dioxide was pre-compressed 
by the press-form of small diameter, and afterwards the press-form of large diameter was used 
for ultimate joint compression of enriched uranium dioxide with outer layer containing depleted 
uranium dioxide [14]. 

The combined fuel pellets were sintered at 1750°С in hydrogen atmosphere during three 
hours. After the sintering process the fuel pellets had smooth faces without any visible defects. 
X-ray analyses of the fuel pellets identified UO2–phase on surface and at the depth of 0,5-0,7 
mm with lattice parameter of 5,46920,0001Å. The border of transition from one uranium 
enrichment to another is absent on the non-etched micro-sections that confirms a good bond of 



two zones. The border appears on micro-section of the combined fuel pellet after its etching. 
Photo-pictures of microstructures in the etched micro-sections taken from the sintered fuel 
pellets are presented in Fig. 3. These photo-pictures were obtained with application of optical 
microscope. The grain sizes in central zone and in outer layer of the fuel pellet were equal to 15-
40 μm and 6-12 μm, respectively. So, the grain sizes in central zone and in outer layer are 
significantly different. The values of UO2 micro-hardness in outer layer are lower than in central 
zone of the sintered fuel pellets. This is an indirect confirmation for higher plasticity of UO2 in 
outer layer. 
 
Conclusions 
 

The following conclusions may be derived from the presentation: 
 The concept of the combined fuel pellets was put forward to upgrade efficiency in 

utilization of nuclear fuel. 
 Mathematical models were developed and numerical studies were carried out to 

investigate radial distributions of fuel burn-up in different layers of the combined fuel 
pellets. 

 Numerical studies demonstrated a possibility to decrease fuel burn-up in outer layer of 
the combined fuel pellet in comparison with homogeneous variant. 

 Different compositional variants of the combined fuel pellets were proposed and 
analyzed. 

 Practical feasibility of the combined fuel pellets manufacturing was demonstrated.  
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Fig. 1. Energy dependencies of radiative capture cross-sections in resonance range for the 
following isotopes: 1 - 238U; 2 - 240Pu; 3 - 167Er. 
 
 



 
 

Fig. 2. Photo-pictures (х100) of the etched micro-section taken from the fuel pellet made of 
enriched (10% 235U) uranium dioxide in central zone and depleted uranium dioxide in outer layer 
(a, b – pictures from different sides of the fuel pellet). 


