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Abstract
The purpose of neutron-physical calculations is typically isotopic composition of the
fuel elements. However, in solving materials science problems related to nuclear
fuel, researchers are usually interested in elemental composition of the fuel pellets,
because the chemical and thermal physic properties are the same for different
isotopes of one chemical element. Nevertheless, for modeling of the elemental
composition one should perform calculation of the isotopic composition and carry out
the summation over all isotopes of a given chemical element. The development of
computational tools allows the use of improved methods and codes, which held the
consequent solution of tasks of heat conduction, neutron transport, and kinetics of
nuclides transformation. Thus the calculations take into account the dependence of
the thermal conductivity from the changing isotopic composition and fuel burnup. This
allows to perform neutron-physical and thermal-physical calculations of the reactor
with detailed temperature distribution, taking into account temperature dependence
of thermal conductivity and other characteristics. This approach was applied to
calculations of the fuel pellet of the VVER type reactor and calculation of its elemental
composition.
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1. INTRODUCTION

Fission products and actinides are accumulated in nuclear fuel during the process of
burning. The number of isotopes that can occur in spent nuclear fuel, is a few hundred.
Most of them are radioactive. The yield of a particular isotope of the fission product
depends on the fissile nucleus. The mass of fission product in the fuel depends on its
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nuclear properties and burnup. Actinides appear in spent nuclear fuel from initial heavy
nuclei by the reaction of radiative capture of neutrons and radioactive decays.

Material studies of spent fuel pellets do not require isotopic composition, but require
elemental composition, obtained by summation of all the accumulated isotopes of a
given chemical element. This is due to the fact that the chemical and thermal properties
are the same for different isotopes of one element. Therefore, to obtain the elemental
composition of the fuel pellet it is necessary to calculate the isotopic composition.

Modern computing tools and developed methods and software complexes allow to
perform combined neutron-physical and thermal calculations taking into account the
dependence of the thermal conductivity of the material of fuel pellet from changing
isotopic composition and burnup. This increases the accuracy of the calculation of
isotopic composition of the pellet and thus the accuracy of the elemental composition.

Simulators of fuel pellets are used for experimental research instead of real fuel pel-
lets having high radioactivity. Simulators of fuel pellets are made by the following way.
According calculated elemental composition, elements-fission products accumulated in
significant quantities are selected. These elements will be included into simulator of
fuel pellet. For each of these elements, stable isotope should be taken in the amount
obtained in calculated elemental composition. Chemical elements - actinides for the
fabrication of the simulator are replaced by stable elements from the lanthanides group
with similar chemical and thermal properties. The experts in materials science have
already solved problems of such replacement. Therefore, the task of experts on reactor
calculation is to perform calculations of isotopic composition of fission products and
actinides of spent fuel pellets.

2. ALGORITHMS AND METHODS

The combined use of neutron-physical and thermal calculation begins with prelimi-
nary calculation of the temperature distribution along the radius of the cylindrical fuel
rod. In simple calculations, the coefficient of thermal conductivity is taken constant.
In combined calculations we must take into account that the coefficient of thermal
conductivity of oxide nuclear fuel depends on the temperature and burnup (Fig. 1, 2).
In addition, the energy and burnup unevenly changes along the radius of the fuel rod
in the process of fuel burning. The swelling of the fuel pellet with deep burnup leads
to a reduction of the gap between the fuel pellet and cladding.
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Figure 1: Coefficient of thermal conductivity of oxide nuclear fuel depending from temperature. 1 – data
from [1], 2 – from [12], 3 – from [3].
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Figure 2: Coefficient of thermal conductivity of oxide nuclear fuel depending from temperature for
different burnups: 1 – fresh fuel, 2 – burnup 30, 3 – 60, 4 – 90 MWd/kgU.

Because of this dependence, the heat conduction equation is nonlinear. In the cylin-
drical geometry it is:

1
𝑟 ⋅

𝜕
𝜕𝑟𝜆(𝑇 (𝑟), 𝐵) ⋅ 𝑟 ⋅

𝜕
𝜕𝑟𝑇 (𝑟) + 𝑞𝑉 (𝑟) = 0,

DOI 10.18502/kms.v4i1.2125 Page 34



 

KnE Materials Science MIE-2017

where 𝜆(T(r),B) – coefficient of thermal conductivity of fuel depending from tempera-
ture, q𝑣(r) – thermal source, T(r) – temperature.

Several methods can be used for solutions of this nonlinear equation. One of them
[4] proposes to replace the coefficient of thermal conductivity by approximate depen-
dence

𝜆(𝑇 ) = 1
𝐴 + 𝐵 ⋅ 𝑇

where A and B are constants depending on the fuel properties and its mode of oper-
ation, and T is the temperature. The values of the constants A and B can be obtained
by approximation of experimental data. Another method requires dividing the fuel
pellet into annular zones. In each zone the coefficients of thermal conductivity remain
constant, i.e.

𝜆(𝑇 (𝑟)) = {𝜆(𝑇𝑖)} = {𝜆𝑖}

Then the thermal conductivity equation becomes linear within each zone. However,
in this case we need to use iterative procedure. Each iteration specifies the value
of thermal conductivity factor in each layer. This allows to consider the dependence
of thermal conductivity factor on temperature. Similarly, we can proceed with the
dependence of thermal conductivity factor on fuel burnup : in each step of burnup
to take from the table the new value of the factor of thermal conductivity and insert
it into the equation to find the temperature.

System of equations of isotope kinetics is formulated for vector of isotope concen-
trations of nuclides ̄𝜌𝑖(𝑡). Isotope concentrations in each spatial zone with number i are
assumed to be the same in all points of spatial sone.

𝑑𝜌𝑖𝑙(𝑡)
𝑑𝑡 = ∑

𝑘
𝜆𝑘→𝑙 ⋅ 𝜌𝑖𝑙(𝑡) − 𝜆𝑙 ⋅ 𝜌𝑖𝑙(𝑡) +∑

𝑚
𝜌𝑖𝑚(𝑡) ⋅ 𝜎𝑖𝑚→𝑙 ⋅ 𝜑𝑖 − 𝜌𝑖𝑙(𝑡) ⋅ 𝜎𝑖𝑙 ⋅ 𝜑𝑖

Each equation of the system of equations of isotope kinetics include the following
values in addition to concentrations.

𝜎𝑖𝑙 - one-group cross section of incineration of isotope with number l in spatial zone
with number i due to nuclear reactions on l-th isotope.

𝜎𝑖𝑚→𝑙 - one-group cross section of appearance of isotope with number l in spatial
zone with number i due to nuclear reactions on m-th isotope.

𝜑𝑖 - one-group neutron flux in i-th spatial zone.

𝜆𝑙 - decay constant of l-th isotope
𝜆𝑘→𝑙 - decay constant of k-th isotope resulting in appearance of l-th isotope.

Vector of concentrations changes in process of burning of nuclear fuel. Concentra-
tions of isotopes may vary in different spatial locations of the fuel core. For example,
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area with modified microstructure, so-called rim-zone appears in the outer layer of
the fuel rod of thermal-neutron reactors. Its formation is associated with high concen-
tration of fission products [5-7]. Therefore, application of constant concentrations over
the whole fuel rod can lead to distortion of the simulation results. Along with isotope
concentrations, other properties of fuel composition can vary with radius within fuel
rod in the process of burnup and can influence on space distribution of the temperature.
These variation of temperature don’t take into account in the ”classic” approach, and
the process of formation of rim-zone can’t be calculated.

In order to solve a system of equations of isotope kinetics, one must firstly calculate
one-group fluxes 𝜑𝑖 and the cross section of the reactions 𝜎𝑖𝑙 and 𝜎𝑖𝑚→𝑙. It is also neces-
sary to know the decay constants 𝜆𝑙 and 𝜆𝑘→𝑙 for each nuclide and initial concentrations
of isotopes 𝜌𝑖𝑙. After the solution of the equations of isotope kinetics, the new value of
the concentration vector ̄𝜌𝑖(𝑡) is obtained, which corresponds to a certain moment of
time.

Developed method of combined neutron-physical and thermal calculation involves
an iterative procedure in which calculations of isotope kinetics and thermal conductiv-
ity are performed step by step. This method is described in detail in [8].

3. ALGORITHMS AND CODES USED IN CALCULATIONS

In the thermal calculation codes HEATING7, UNK_teplo, TempR_5 were used.

HEATING7 is multipurpose code for the solution of tasks of heat conduction [9, 10].
The code is included in the complex SCALE [11]. HEATING can solve stationary and/or
nonstationary task of heat conduction in one-, two- or three-dimensional rectangular,
cylindrical, or spherical coordinates. Calculation model may include various materials.
Thermal conductivity, density and energy of each material may depend on time and
temperature. The conductivitymay also be anisotropic. Thermal properties ofmaterials
can be entered by the user or can be retrieved from the library of material properties.

UNK_teplo – software for the solution of task of heat conduction. The code is
included in the complex UNK [9]. This code can solve a stationary task of heat
conduction in one-dimensional cylindrical coordinates. Calculation model may include
various materials. Thermal conductivity, the density of each material is specified
separately for each layer. Thermal properties of materials can be entered by the user.
The calculation of temperatures in the complex UNK is made simultaneously with the
calculation of burnup.

TempR_5 allows to calculate temperature in cylindrical fuel element with piece-
wise constant thermal conductivity factor. The temperature distribution in each layer
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obtained from the analytical solution of the heat equation with assigned values of
radius, thermal conductivity factor and temperature. The results of the calculation are
the average values of temperature in layers, the temperature at points between the
layers and in the center of the fuel element.

4. RESULTS OF CALCULATIONS OF TEST TASKS

The use of an integrated method using joint calculation of neutron-physical and
thermal characteristics is illustrated by calculations of the temperature distribution
along the radius of the fuel rod of the VVER-1000 reactor. Tasks were solved in one-
dimensional cylindrical geometry.

Model of the elementary cell of the VVER-1000 is taken as basemodel. The diameter
of the central hole of the fuel pellet was taken as 1.5 mm, the external diameter of the
pellet 7.55 mm; internal and external diameters of the cladding 7.72 and 9.17 mm; the
pitch of the triangular lattice of rods 12.75 mm, temperature of coolant 575.7 K. For
calculations, fuel rod was divided on 11 radial layers.

The temperature of the outer surface of the cladding was the same for all calcula-
tions. It was equal to the temperature of the coolant 575.7 K. The thermal conductivity
factor was taken as 0.35 W/mK for the center hole and the gas gap between the fuel
rod and cladding, and as 20.42 W/mK for cladding. These values were the same for all
calculations.

The advantage of the developed technique, which allows take into account the
dependence of thermal conductivity factor on temperature and fuel burnup is demon-
strated by the results presented in Fig. 3. Curve 1 corresponded to the traditional
approach when 𝜆 was taken to be constant throughout the fuel rod. It was evaluated
for the average temperature in the rod 1000 K. Curve 2 corresponded to the application
of the developed technique, but in this case only the dependence 𝜆(T) is taken into
account at burnup B = 0. The dependence 𝜆(T, B) was taken into account for curves 3

and 4. Calculations were performed at B = 60 (curve 3) and 120 MW ⋅ day/KGU (curve
4). It was assumed for all four cases that no gas gap was there between fuel rod and
cladding, and energy release density q𝑣 = 388 W/cm3 was constant over the fuel rod.

The results presented in Fig.3 can be easily interpreted using data on 𝜆(T, B) from
Fig.2. For the curve 1 the temperature decreases from the center to the periphery of
the fuel rod. Peripheral temperature is determined by the coolant temperature of 575
K.

For the curve 2 when we consider 𝜆(T) at B = 0 (the upper curve 1 in Fig.2), the 𝜆
increases sharply due to temperature decrease in going from the center of the fuel rod
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Figure 3: 𝜆 = const (1), 𝜆(T) is considered (2), 𝜆(T, B) for B = 60 MWd/kg is considered (3), 𝜆(T, B) for B =
120 MWd/kg is considered (4).

to its periphery. Since the peripheral temperature is specified, the temperature at the
center is lower than in case 1. The curve 2 lies below the curve 1.

For the curve 3 corresponding to the curve 3 in Fig.2 the 𝜆 values are much less than
for curves 1 and 2. The increase of 𝜆 in going from the center to the periphery of fuel
rod is slower. Since the energy release density is the same in all cases and peripheral
temperature is specified, the temperature in the center of the rod is higher than for
curve 1. The curve 3 in Fig.3 lies above the curve 1.

For the curve 4 (curve 𝜆 (T, B) is more flatter than curve 4 in Fig.2) similar arguments
show that the temperature in the center of the rod is higher than for curve 3. The curve
4 in Fig.3 lies above the curve 3.

Table 1: Fission products with maximum accumulation in spent fuel of VVER.

1 2 3 4 5 6 7 8 9 10

Xe Nd Zr Mo Cs Ru Ce Pd Ba La
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Table 2: Masses of elements in spent fuel of VVER at different burnups, g/kg U.

Chemical element Burnup, MWd/kgU

60 80 120

Fission products

Ba 2,64 3,65 5,91

Ce 4,79 6,11 8,72

Cs 5,18 6,69 9,41

La 2,19 2,85 4,12

Mo 5,91 7,80 11,45

Nd 6,74 8,98 13,35

Pd 2,56 4,10 7,69

Ru 4,60 6,41 10,21

Xe 9,63 12,92 19,53

Zr 6,28 7,96 11,03

Sum over 30 FP 61,94 82,2 122,40

Actinides

U 920,30 897,01 852,56

Np 1,14 1,43 1,63

Pu 15,75 17,88 20,49

Am 0,43 0,76 1,38

Cm 0,22 0,58 1,76

5. CALCULATIONS OF ELEMENTAL COMPOSITION OF
FUEL PELLET OF VVER-1000

Algorithms and results [12-14] were used to calculate the elemental composition of
the VVER-1000 fuel core for a detailed spatial analysis of the burnup, considering
temperature dependencies. Studies of the yields of fission products in fissions of 235U,
238U, 239Pu and 241Pu allowed us to choose 30 chemical elements whose mass in spent
fuel with burnup of 50 to 120 MWd/kgU makes not less than 98%. 10 elements with
maximum masses were selected from these 30 ones. These elements are listed in
table 1 in descending order of mass.

The table 2 presents values of the masses of these ten fission products and the main
actinides in spent nuclear fuel with burnup of 60, 80 and 120 MWd/kg. Fuel pellet with
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Table 3: Masses of elements at burnup of 60 MWd/kg with division in radial layers, g/kg U.

Element 1 (internal layer) 2 (200 mkm) 3 (100 mkm) 4 (100 mkm) 5 (100 mkm)

Fission products

Ba 2,53 2,79 2,97 3,30 4,14

Ce 4,47 4,92 5,23 5,80 7,27

Cs 4,91 5,42 5,79 6,48 8,27

La 2,05 2,26 2,40 2,67 3,34

Mo 5,56 6,11 6,50 7,20 9,02

Nd 6,41 7,00 7,40 8,14 10,03

Pd 2,32 2,78 3,11 3,73 5,32

Ru 4,17 4,74 5,15 5,90 7,82

Xe 8,89 9,90 10,60 11,89 15,21

Zr 5,95 6,41 6,72 7,29 8,75

Sum over 30 FP 58,08 64,24 68,49 76,46 96,86

Actinides

U 925,3 916,0 909,2 896,5 864,0

Np 1,05 1,17 1,22 1,30 1,42

Pu 15,00 17,79 20,12 24,67 36,14

Am 0,369 0,492 0,575 0,729 1,127

Cm 0,189 0,258 0,302 0,385 0,601

5% 235U was considered as the initial fuel. For comparison, the sum in the last line of
the fission products table was taken for 30 main fission products

Tables 3, 4 present masses of ten main fission products and main actinides for bur-
nup of 60 and 120 MWd/kg with division of fuel pellet in radial layers. Four peripheral
layers with thickness of 100, 100, 100, 200mkm, and the rest of the pellet was the inner
layer. Note that the peripheral layers were a small part of the radius of fuel pellet. This
allowed to show in detail the change in the accumulation of nuclides in the peripheral
part of the fuel pellet

Fig. 4 presents the average over volume of the fuel pellet masses of main ten fission
products for different burnup.
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Table 4: Masses of elements at burnup of 120 MWd/kg with division in radial layers, g/kg U.

Element 1 (internal layer) 2 (200 mkm) 3 (100 mkm) 4 (100 mkm) 5 (100 mkm)

Fission products

Ba 5.58 6.35 6.89 7.91 10.45

Ce 7.99 9.07 9.86 11.34 14.99

Cs 8.72 9.95 10.88 12.62 16.95

La 3.79 4.31 4.69 5.39 7.15

Mo 10.53 11.94 12.97 14.90 19.68

Nd 12.35 13.92 15.06 17.18 22.45

Pd 6.79 8.25 9.29 11.24 16.10

Ru 9.02 10.55 11.65 13.68 18.72

Xe 17.58 20.21 22.10 25.64 34.42

Zr 10.29 11.40 12.20 13.71 17.44

Sum over 30 FP 112.10 128.05 139.65 161.33 215.18

Actinides

U 863.3 843.4 828.7 800.8 732.4

Np 1.56 1.67 1.72 1.79 1.89

Pu 20.70 23.69 26.41 31.62 43.73

Am 1.14 1.50 1.74 2.19 3.31

Cm 1.41 1.93 2.26 2.88 4.44

6. CONCLUSION

The results of calculation of the elemental composition of fuel pellet of VVER show
that masses of fission products and actinides in the fuel can be obtained with high
accuracy andwith division into the required spatial layers. High accuracy of calculations
was due to the application of the developed method, combining neutron-physical and
thermal calculation, which took into account the dependence of heat conductivity on
the isotopic composition of the fuel and burnup. The obtained results were used for
modeling of simulators of fission products and actinides for experiments to study the
thermal physics properties of the fuel pellets in NRNU MEPhI.

Authors acknowledge support of MEPhI Academic Excellence Project (contract No.
02.a03.21.0005, 27.08.2013).
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Figure 4: Masses of ten fission products for three burnups: 1 – 60, 2 – 80, 3 – 120 MWd/kgU.
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