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Abstract 
Various mathematical algorithms and computer codes may be used to study time 

dependencies of isotopic compositions and maximal temperatures in fuel rods of nuclear 
reactors. In connection with designing of new-generation fuel assemblies (FA) and upgrading of 
computer engineering techniques, the problem related with achieving better accuracy in 
mathematical simulation of these FA parameters becomes more actual one. Development of new 
mathematical algorithms and computer codes for modeling time-dependent behavior of isotopic 
compositions of maximal temperatures in all fuel rod components requires availability of some 
benchmark tasks for verification of the algorithms and codes. The presentation describes a set of 
the benchmark tasks needed to verify the algorithms for determination of maximal temperatures 
in fuel rods of VVER-type reactors at various phases of fuel burn-up. If the benchmark tasks are 
resolved with application of different high-precision computer codes, then systematization of 
these solutions makes it possible to evaluate the uncertainty range of maximal temperatures 
obtained with application of different modeling approaches. 

 
Introduction 
As a rule, traditional approaches to modeling of FA neutron-physical parameters and isotopic 

compositions in the process of nuclear fuel burn-up apply some simplified mathematical models. 
For example, in many cases some neutron-physical fuel parameters, which depend on fuel 
temperature, are defined for a mean temperature of fuel kernel following from conservative 
considerations, and the existing temperature dependencies of neutron cross-sections are 
neglected. In the process of fuel burn-up, radial distributions of fuel properties can change 
radically but some simplified models consider only a single averaged isotopic composition of a 
fuel kernel. Some traditional thermo-physical calculations of radial fuel temperature distribution 
used a constant value of thermal conductivity while this coefficient is a function of fuel 
temperature and fuel burn-up. 

A correct accounting for radial distributions of fuel temperature and isotopic composition in a 
fuel kernel requires solving a set of non-linear equations and complicates determining high-
precision solutions significantly. However, even evaluation of the uncertainty range for maximal 
fuel temperature is needed to apply some simplified mathematical models correctly and 
eliminate an excessive conservatism in selection of safe operation modes. 

Joint efforts of the specialists from National Research Nuclear University “Moscow 
Engineering Physics Institute” (NRNU MEPhI) and National Research Center “Kurchatov 
Institute” (NRC-KI) resulted in development of new and revision of old computer codes, which 
can calculate radial temperature distribution in a fuel pellet. To verify the computer codes and 
evaluate the uncertainty range for maximal fuel temperature in fuel kernels of VVER-type 
reactors, a set of the benchmarks tasks was worked out. These benchmarks problems and the 
mathematical algorithms the authors used to obtain the reference solutions are described below. 

 
1. Algorithms and methods 
Determination of radial temperature distribution in a cylindrical fuel rod requires solving a 

heat conduction equation for a given set of boundary conditions. In the case of uniform 
distribution of heat generation rate and space-independent thermal conductivity in a fuel kernel, 
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a certain analytical solution exists for the equation. However, the following aspects should be 
taken into consideration: 

• Thermal conductivity of oxide fuel depends on fuel temperature (see Fig. 1) and fuel 
burn-up (see Fig. 2). 

• Radial distributions of heat generation rate and fuel isotopic composition undergo 
non-uniform changes in the process of fuel burn-up.   

• Swelling of fuel pellets under high values of fuel burn-up decreases width of fuel-
cladding gap.   

To evaluate contributions of these effects into total variation of maximal fuel temperature, it is 
necessary to simulate the process of fuel burn-up with consequent changes of fuel isotope 
composition along radius of a fuel kernel, i.e. it is necessary to solve multi-group neutron 
transport or diffusion equations and equations of isotope kinetics. Traditionally, these equations 
are being solved in a successive manner. The first step consists in solving the neutron transport 
equations with the macroscopic cross-sections defined by the known isotopic composition. Then, 
one-group microscopic cross-sections are calculated for all isotopes with application of integral 
neutron flux as a weighing function and used to integrate the isotope kinetics equations under 
time-independent distribution of neutron flux. So, new isotopic composition at the end of a given 
time interval is determined and used in a similar manner to determine new macroscopic cross-
sections. The algorithm returns to the first step and repeats the same calculations.  

Mathematical definitions of these problems are considered below.  
 
Equation of neutron diffusion 
To calculate space-integrated neutron flux and one-group microscopic cross-sections, it is 

necessary to solve neutron transport or diffusion equation. Within the frames of traditional multi-
group approach the system of multi-group diffusion equations is often used and solved. 
Diffusion equation of neutrons belonging to the energy group g in a conditionally critical reactor 
is presented below. Solution of this homogeneous equation for a real geometrical model, under 
given boundary conditions, determines neutron spectrum needed for further calculation of one-
group microscopic cross-sections. In order to determine one-group neutron flux, it is necessary to 
derive some additional information about spatial distribution of heat generation rate and total 
heat generation in the reactor under analysis here.  
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Diffusion coefficients )(rD r
  and  macroscopic  cross‐sections  )(rg r

∑  depend on spatial 
variables as well as on material temperatures in spatial zones of the reactor. Therefore, correct 
preparation of multi-group equations for further determination of one-group microscopic cross-
sections and one-group neutron flux requires preliminary definition or calculations of 
temperature distributions in all spatial zones. 

To solve the neutron transport equation (1), it is necessary to know macroscopic cross- 
sections (total neutron-material interaction and fission reaction). To calculate any macroscopic 
cross-section, it is necessary to know nuclear concentrations ρ of all isotopes and their 
microscopic cross-sections σ. For an initial time moment (fresh fuel) it is necessary to specify 
microscopic cross-sections, initial nuclear concentrations of isotopes, geometrical parameters of 
the reactor cell and names of those materials which constitute the reactor cell. Group-wise 
neutron fluxes in all spatial zones φig can be derived from solution of equation (1).These neutron 
fluxes in different spatial zones are used to determine one-group microscopic cross-sections for 
all neutron reactions, which can produce or eliminate fuel nuclides, and heat generation rates Vq  
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in all spatial zones. 
Equation of isotope kinetics 
System of isotope kinetics equations is defined for a vector of nuclear isotopic concentrations 

)(tiρ  which is a time-dependent function in spatial zone i . In each spatial zone the isotopic 
concentrations are considered as the same ones in all spatial points. 
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In addition to the isotopic concentrations, each equation of isotope kinetics includes the 
following parameters: 

i
lσ  - one-group microscopic cross-section of neutron reactions with isotope l  in spatial zone 

i , which can eliminate isotope l ; 
i

lm→σ  - one-group microscopic cross-section of nuclear reactions with isotope m  in spatial 
zone i , which can produce isotope l ; 

iφ  - one-group neutron flux in spatial zone i ; 

lλ  - decay constant of isotope l ; 

lk→λ  - decay constant of isotope k  which can produce isotope l . 
In the process of fuel burn-up nuclear concentrations can change, and these concentrations in 

different spatial zones of fuel kernels can differ substantially. For example, so-called “rim-layer” 
can appear in peripheral region of fuel kernels used in thermal nuclear reactor. The “rim-layer” is 
characterized by the well-visible microstructure changed by higher content of fission products 
[1-3]. Hence, the use of the space-independent single vector of nuclear concentrations to 
determine key physical parameters of irradiated fuel rods can lead to a remarkable distortion of 
numerical results. It is noteworthy that the process of fuel burn-up can be accompanied not only 
by variations in spatial distribution of nuclear concentrations but some thermo-physical 
properties of fuel composition can change also, and this effect can change radial distribution of 
fuel temperature. Traditional approaches don’t take into consideration such significant processes 
as formation of the “rim-layer” and time-dependent variations of radial fuel temperature 
distribution.

 To solve the system of equations (2), it is necessary firstly to derive one-group neutron fluxes 
iφ  and microscopic cross-sections of relevant neutron reactions i

lσ  and i
lm→σ  from solution of 

equation (1). Also, it is necessary to know decay constants lλ  and lk→λ  for all isotopes and their 
initial concentrations i

lρ . New vector of nuclear concentrations at a certain time moment )(tiρ  
can be obtained from solution of equations (2). 

 
Equation of heat conduction 
Radial distribution of fuel kernel temperature at any given time moment can be determined by 

solving the stationary heat conduction equation in cylindrical geometry. 
According to the “classical” approach, thermal conductivity is regarded as a space-

independent coefficient within the fuel kernel. Under this assumption, the heat conduction 
equation may be solved analytically for any known spatial distribution of specific heat 
generation rate qv(r). 

However, thermal conductivity of oxide fuel is a function of fuel temperature (Fig. 1) and fuel 
burn-up B (Fig. 2), and these dependencies should be taken into account. That is why the heat 
conduction equation is a non-linear differential equation. In cylindrical geometry the equation 
may be written in the following form: 
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where λ(T(r),В) – thermal conductivity of nuclear fuel as a function of fuel temperature and 
fuel burn-up;  

qv(r) – thermal source;  
T(r) – fuel temperature. 
The equation can be solved with application of an iterative algorithm. At first, an initial radial 

distribution of fuel temperature must be calculated for a given constant, space-independent 
thermal conductivity. Afterwards, the equation must be solved with space-dependent thermal 
conductivity defined by spatial distribution of fuel temperature which was calculated at previous 
step of the iterative algorithm.  

Since equation (3) is a non-linear one, several methods can be used to solve it. For example, 
the following approximate formula for temperature dependency of thermal conductivity is 
proposed in Ref. 4: 

TBA
T

⋅+
=

1)(λ  

where А and В are the constants depending on fuel properties and its operation modes; T –  
temperature of fuel. The constants А and В can be derived from approximation of experimental 
data. Analytical solution of equation (3) was obtained in Ref. 4 for such temperature dependency 
of fuel thermal conductivity. 

The following another method can be also used to solve equation (3). Fuel pellet is divided 
into a set of annular zones, and fuel thermal conductivity remains constant within each zone, i.e. 

( ( )) { ( )} { }i iT r Tλ λ λ= =  
The heat conduction equation becomes linear within each annular zone. Nevertheless, it is 

necessary to use a similar iterative algorithm with more precise definition of zone-wise thermal 
conductivities at each successive iteration. This way takes temperature dependency of fuel 
thermal conductivity into account. Analogous algorithm can be used to account for dependency 
of thermal conductivity on fuel burn-up: at each new step of the fuel burn-up process a new 
tabular value of thermal conductivity must be introduced into the heat conduction equation to 
define the fuel temperatures.  

 
2. Complex model for neutron-physical analysis of a fuel cell 
All the aforementioned relationships and their descriptions may be presented in the following 

model of mutually concerted neutron-physical and thermo-physical calculations (see Fig. 3). The 
following designations are used in this figure: U.1, U.2, U.3 – equation of neutron transport, 
equation of isotope kinetics and equation of heat conduction, respectively; B1 – dependencies of 
microscopic cross-sections on neutron energy with accounting for self-shielding effect and fuel 
temperature; B2 – libraries of decay constants; Σ, σ – macroscopic and microscopic cross-
sections of neutron-nuclei interactions; Φ, φ – neutron fluxes: the absolute value defined by the 
reactor power and one-group microscopic cross-sections; multi-group neutron flux, i.e. solution 
of neutron transport equation; ρ – vector of nuclear concentrations, i.e. solution of isotope 
kinetics equation; qv – heat generation rate; B – fuel burn-up; T – temperature, i.e. solution of 
heat conduction equation; NP – neutron-physical part of the model consisting of the algorithms 
needed to determine neutron flux, neutron cross-sections, neutron multiplication factor and fuel 
breeding ratio; А.1, А.2, А.3, А.4, А.5 – the algorithms which define the relationships between 
the required values and based on experimental data:  

A1. )(),()),(),(,,( ttTtTtEr tottottot ρσσρ ⋅=∑
r  

A2. ϕ⋅=Φ С , Ф – neutron flux, C – constant, φ – eigenvalues. 
)),(),(,,( tTtEr tottot σρr

∑  - total macroscopic cross-section of neutron-nuclei interactions 
(neutron energy – E) in spatial point r

r  at time moment t. This cross-section also depends on 
nuclear concentrations )t(ρ  and microscopic cross-sections )t(totσ . 
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A3. Φ⋅⋅Σ+Φ⋅⋅Σ= ccffV EEq - thermal source. 

A4. ∫= dttqB )(  - fuel burn-up. 
A5. Accounting for dependency of thermal conductivity on fuel temperature and fuel burn-up: 

λ = λ(T,B). 
 
The step-wise sequence of mutually concerted neutron-physical and thermo-physical 

calculations can be described as follows: 
1. Setting an initial value of heat generation rate qv and thermal conductivity λ. 
2. Solving the heat conduction equation U.3. Determination of temperature in a fuel cell or 

in all annular zones of a fuel cell, if the cell was divided previously into a set of annular zones. 
3. Introduction of the calculated temperatures as initial parameters into database on 

temperature dependencies of microscopic cross-sections. 
4. Microscopic cross-sections from step 3 and initial nuclear concentrations are used to 

calculate macroscopic cross-sections Σ. 
5. Macroscopic cross-sections from step 4 are used to solve neutron transport equation U1. 

Then, normalization factor A.2 is used to calculate group-wise neutron fluxes Φg.  If the fuel cell 
was already divided into a set of annular zones, then spatial distribution of neutron flux Φgi can 
be obtained. 

6. Neutron flux is used to calculate a new value of heat generation rate. If this value differs 
significantly from the value used at step 1, then five previous steps (from step 1 through step 5) 
must be repeated. 

7. Neutron flux, decay constants B.2 and new microscopic cross-sections from step 5 are 
used to solve equation of isotope kinetics U.2. So, nuclear concentrations at the next time 
moment are calculated. 

8. Microscopic cross-sections and nuclear concentrations from step 7 are used to calculate 
macroscopic cross-sections Σ. 

9. All the previous steps (from step 1 through step 8) must be repeated several times. The 
number of iterations is specified by user, 

Thus, the proposed complex approach takes into account the following aspects: 
1. Spatial distribution of heat generation rate for correct determination of neutron flux. 
2. Dependencies of diffusion coefficient )(rD r

 and macroscopic cross-sections )(rg r
∑  on 

spatial coordinate and fuel temperature in each annular zone. 
3. Presence of inhomogeneous fuel structure (“rim-layer”) in peripheral region of fuel 

kernel 
4. Dependencies of thermal conductivity of oxide fuel on the fuel temperature and fuel 

burn-up. 
In order to understand effectiveness of the proposed approach to determining radial 

distribution of fuel temperature, the following questions should be answered: 
1. What changes could occur in evaluations of maximal fuel temperatures if traditional 

approaches were replaced by new ones? 
2. What effects could be produced by accuracy in correct accounting for radial temperature 

distribution on accuracy in determination of neutron-physical parameters? 
3. Is it necessary to change traditional approaches to calculations of isotope kinetics in the 

process of fuel burn-up by introducing a dedicated code to determine spatial distribution of fuel 
temperature? 

4. What numerical algorithm should be used in the case when thermal conductivity depends 
on fuel temperature and fuel burn-up? 

Successful development of numerical algorithms and computer codes for determination of 
radial temperature distribution in fuel kernel requires creating a verification database for testing. 
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The present work is an attempt to prepare a set of benchmark problems for verification of 
such algorithms and computer codes. These benchmark problems can help us to answer the 
questions listed above and evaluate a reasonability of introducing some sophistications into 
mathematical models of fuel kernels. 

 
3. Description of the benchmark problems on determination 

of fuel temperature in center of fuel rod 
Five-zone cylindrical elementary cell of VVER-type reactor was taken as a base for 

geometrical model of fuel pellet. Main parameters of the geometrical model are presented in 
Table 1. 

Table 1  
Geometrical parameters of elementary VVER cell 

Parameter Value, cm 
Diameter of hole in fuel  pellet 0,15 
Outer diameter of fuel kernel 0,755 

Inner diameter of cladding 0,772 
Outer diameter of cladding 0,917 

Pitch of triangular fuel lattice 1,275 
 
Additional parameters of the mathematical model: 
Fuel - UO2 
Fuel density – 10.377 g/cm3 

Fuel enrichment, % – 5.0 
Coolant density – 0.722 g/cm3 

Composition of hole and fuel-cladding gap – Не - 10-4 (barn·cm)-1 

Coolant temperature – 575.7 К 
 
Solution of the benchmark problems must give information about mean fuel temperatures in 

annular zones of the geometrical model. Foundation for selecting thickness of annular zones is 
given below.  

To calculate a detailed radial temperature distribution in fuel rod, its geometrical model was 
divided into eleven annular zones. Fuel pellet was divided into eight layers (three peripheral 
layers – 100 µm each, the next layer to the pellet center – 200 µm, the remaining four layers had 
the same volumes). Such a detailed division of the pellet periphery was selected to study the 
“rim-effect” because fuel burn-up in peripheral layers is higher significantly than mean fuel 
burn-up in the fuel pellet. 

The benchmark problems were solved for one-dimensional cylindrical geometry. Each 
annular zone was characterized by the following properties:  

qi – heat generation rate,  
λi – thermal conductivity, 
Bi – fuel burn-up (this parameter is not an input information for the benchmark problems but 

it defines compliance of the remaining data with some real problems),  
i – number of annular zone, i = 1,2,..11.  
Tт/н – coolant temperature at outer boundary of fuel rod (cladding-coolant border).  
The tenth zone in the benchmark problems may be both fuel-cladding gap and the last fuel 

layer. This allowed to simulate the situation when fuel pellet, in the process of fuel burn-up and 
swelling, sits down on its cladding. The first zone in the benchmark problems is a hole in fuel 
kernel. Temperature in the fuel hole may be regarded as a temperature in the fuel rod center.  

The main results to be derived from solution of the benchmark problems are Ti – mean 
temperatures in each annular zone.  
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All the benchmark problems were divided into seven groups. Each group was formed 
according to some common attributes of the fuel state and input data on fuel burn-up, heat 
generation rate and thermal conductivity in annular zones. Some characteristics of the 
benchmark groups are presented in Table 2. 

Table 2 
Characteristics of the benchmark groups 

Benchmark group B, MWd/kg q (r) λ (T) The number 
of tests 

1 0 / 70 const const 8 
2 0  const λ (r) 2 
3 70 q (r) λ (r) 2 
4 0 / 70 const λ = 1 / (A+B*T) 4 
5 {Bi} q (r) λ i = 1 / (Ai+Bi*T) 3 
6 70 q (r) own 3 
7 {Bi} q (r) own 3 

 
4. Description of the computer codes  

The computer code TEMPR-31 
The computer code TEMPR-31 was created at Applied Mathematics Department of NRNU 

MEPhI [4]. The computer code can calculate temperature distributions in fuel rods with 
piecewise constant thermal conductivity. The calculations of radial temperature distributions 
may be carried out for fuel rods containing several hundreds of annular layers with their own 
values of heat generation rate and thermal conductivity. The main results of the calculations are 
mean temperatures in each annular layer and radial temperature distribution in a fuel rod. 

Thermo-physical properties of the materials used in fuel rods are specified independently, for 
each annular layer. The fuel layers are characterized with their thermal powers. Thermal 
conductivity may be specified by the following ways (independently, for each annular layer): 

1. Thermal conductivity is a constant within each annular layer. 
2. Temperature dependency of thermal conductivity is defined by the following formula: 

 , 
where A and B – constants within each annular layer. 
3. Thermal conductivity depends on mean temperature in each annular layer, and thermal 

conductivity is determined by using the formula given above. 
4. Thermal conductivity depends on mean temperature in each annular layer. The temperature 

dependency is presented in a tabular form containing experimental (or calculated) data. The 
values of thermal conductivity in intermediate points are calculated by interpolation of the 
nearest points with application of a polynomial spline. 

For the first and second cases the radial temperature distribution is calculated for one 
computation. For the third and fourth cases the radial temperature distribution is calculated with 
iterations on thermal conductivities. At first, thermal conductivities are calculated on 
preliminarily specified mean temperatures of annular layers. In further iterations these mean 
temperatures are computed again, and thermal conductivities are determined more precisely. The 
iterative procedure proceeds till the required accuracy is reached. 

 
The computer code HEATING 
HEATING (Heat Engineering And Transfer In Nine Geometries) is a multi-purpose computer 

code for solving heat conduction problems [5]. The computer code is introduced into the 
computer code package SCALE [6], but HEATING is not an integrated code of the SCALE 
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package because the HEATING code has no the unified input/output data format, and the 
HEATING code is not used in functional sequences of the SCALE package.  

The HEATING code is able to solve both stationary and non-stationary heat conduction 
problems in one-, two- and three-dimensional rectangular, cylindrical and spherical geometries. 
Mathematical model of the HEATING code can consider various materials whose thermal 
conductivity, density and heat generation rate can be time- and temperature-dependent functions 
including anisotropic behavior of thermal conductivity. Phase transitions of materials are 
acceptable options for the code. Thermo-physical characteristics of materials may be specified 
by users or taken from library of material properties.  

Heat generation rate can depend on time, disposition and boundary temperatures which, in 
their turn, can depend on time and spatial coordinates. The boundary conditions can be set on 
outer surface and on zone interface of the model. The boundary conditions can be defined by 
temperature or any combination of heat flux, natural convection, forced convection and radiant 
heat. Parameters of the boundary conditions can be time- and temperature-dependent functions. 
Mesh of spatial points can be arbitrary one for all spatial coordinates. The HEATING code 
applies the time sharing scheme during computation. This feature allowed us to avoid the 
repeated computations and meet the memory requirements for any problem to be solved.  

The HEATING code offers the following options for solving stationary problems: iterative 
point-successive-over-relaxation method with extrapolation; direct solution of one- and two-
dimensional problems; method of conjugate gradients. Non-stationary problems can be solved 
with application of the following finite-difference schemes: Crank-Nicolson Implicit Scheme, 
Classical Implicit Procedure (CIP), Classical Explicit Procedure (CEP) and Levy Explicit 
Method. If implicit methods are used to solve the equations set, solution is found by point-
successive-over-relaxation iterations including optimization of the acceleration parameters.  

Description of the HEATING code considers the mathematical modeling concept and presents 
some advices to users on more effective applications of the code. The authors emphasize that the 
HEATING code is not a “black-box” for automatic and correct solution of any physical problem.  
The users must define and model properly the physical problem to be solved and correctly 
interpret the results obtained. Input data are described in a separate chapter which can serve as a 
guide for the users. Appendices to the HEATING code manual present the following 
information: description of typical tasks and subroutines for output data processing; 
documentation on library of material properties; description of some service subroutines. 
Developers of the HEATING 7.2 version subjected this version to very strict verification and 
validation, and the results obtained in these studies are presented in the code description too. 

 
The computer code UNK_teplo 
UNK_teplo is a computer code for solving the heat conduction problems. The code is 

involved into the computer code package UNK [7], which was developed in NRC-KI and used 
longer than ten years.  

The UNK_teplo code is able to solve stationary heat conduction problems in one-dimensional 
cylindrical geometry. Mathematical model of the UNK_teplo code can consider various 
materials whose thermal conductivity and density are set separately for each spatial zone. 
Thermo-physical characteristics of materials must be specified by users. 

Numerical algorithms are used to determine temperatures in all annular zones with application 
of the sweep method for solving finite-difference equations. 

The computer code package UNK determines temperature distribution in calculations of fuel 
burn-up. At first, macroscopic cross-sections are formed and used to calculate temperature 
distributions in all spatial zones. Then, the standard UNK module starts operating, calculates 
effective neutron multiplication factor Кeff, new macroscopic cross-sections, heat generation 
rates, and re-calculates temperature distributions in all spatial zones. By using some auxiliary 



9 

 

files and subroutines, input data files of the UNK package are revised. So, mutually concerted 
scheme of neutron-physical and thermo-physical calculations is realized in current version of the 
computer code package UNK. 

 
The computer code TERM_A_CYL 
The computer code TERM_A_CYL (ThERMal Analytical Calculation in CYLindrical 

Geometry) was created at Theoretical and Experimental Reactor Physics Department of NRNU 
MEPhI. The computer code can calculate temperature distributions in cylindrical fuel rods with 
piecewise constant thermal conductivity. In each annular layer, temperature distribution is 
derived from analytical solution of the heat conduction equation under fixed sizes, thermal 
conductivities and coolant temperature (temperature at cladding-coolant interface). The 
calculations of radial temperature distributions may be carried out for fuel rods containing 
several hundreds of annular layers with their own values of heat generation rate, fuel burn-up 
and thermal conductivity. The main results of the calculations are mean temperatures in each 
annular layer, temperatures in boundary points between two adjacent annular zones, temperature 
in fuel rod center and mean values of thermal conductivity in each annular zone. 

Thermo-physical properties of the materials used in fuel rods are specified independently, for 
each annular layer. The fuel layers are characterized with values of their thermal power and fuel 
burn-up. Thermal conductivity may be specified by the following ways (independently, for each 
annular layer): 

1. Thermal conductivity is a constant within each annular layer. 
2. Temperature dependency of thermal conductivity is defined by the following formula: 

 , 
where A and B – constants within each annular layer. 
3. Thermal conductivity depends on mean temperature in each annular layer. The dependency 

is presented in a tabular form containing experimental (or calculated) data. The values of thermal 
conductivity in intermediate points are calculated by linear interpolation of the nearest points. 

4. Thermal conductivity depends on mean temperature and fuel burn-up in each annular layer. 
These dependencies are presented in a tabular form containing experimental (or calculated) data. 
The values of thermal conductivity in intermediate points are calculated by linear interpolation of 
the nearest points. 

For the first and second cases the radial temperature distribution is calculated for one 
computation. For the third and fourth cases the radial temperature distribution is calculated with 
iterations on thermal conductivities. At first, thermal conductivities are calculated on 
preliminarily specified mean temperatures of annular layers. In further iterations these mean 
temperatures are computed again, and thermal conductivities are determined more precisely. The 
iterative procedure proceeds till the required accuracy is reached. 

 
5. Examples of the results obtained in solving the benchmark problems 

The following main results were obtained when the benchmark problems were solved:  
• Mean fuel temperature.  
• Mean thermal conductivity of fuel.  
• Maximal fuel temperature.  
• Mean temperatures in all annular layers of fuel rods.  
• Mean thermal conductivities in all annular layers of fuel rods.  
For the results obtained in solving the sixth and seventh benchmark problems the source, 

where thermal conductivities were taken from, is shown additionally. 
Some supplementary results, suitable for graphical comparisons, are radial temperature 

distributions T(r) presented as pairs of figures {distance from fuel rod center – temperature}: { rj 
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, T(rj) }. More detailed presentation of temperature distributions is defined by the numerical 
algorithm used to solve the benchmark problem. Anyway, it is desirable to include determination 
of temperatures in twelve boundary points, i.e. at interfaces of annular zones.  

 
Conclusions 
The presentation describes a set of the benchmark problems developed to verify the computer 

codes capable to determine radial temperature distributions in cylindrical fuel rods. 
By using the benchmark problems, cross-verification was carried out for the following 

computer codes created to determine temperature distributions in cylindrical fuel rods: 
TEMPR_31, HEATING, UNK_teplo, TERM_A_CYL. 

The uncertainties introduced by approximate methodologies of evaluating maximal 
temperatures in fuel kernels were analyzed. 
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Fig. 1. Thermal conductivity of oxide fuel as a function of fuel temperature. 
1, 2, 3 – data from different publications. 

 
 

 
 
Fig. 2. Thermal conductivity of oxide fuel as a function of fuel temperature at various values 
of fuel burn-up: 1 - initial state; 2 - 30 MWd/kg U; 3 - 60 MWd/kg U; 4 - 90 MWd/kg U 

 

 



12 

 

 
 
Fig. 3. Scheme of mutually concerted neutron-physical and thermo-physical calculations 

 


