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Abstract. The problem of finding an effective temperature is highly 
important. This characteristic provides calculation of the power effect 
reactivity (PER), which defines safe and stable operation of nuclear reactor. 
The numerical experiment, which is considered on average and maximum 
heat load conditions, is put to find out changing of the effective temperature 
in the high burnup fuel of WWER-1000. In the course of the experiment 
mathematical statement of the problem is made, numerical solution of which 
is found with using the finite differences approximation of both control 
equations and border conditions. Also, the method of simple iteration is used 
for calculating temperature distributions, according to determination of the 
effective temperature. The linear approximation was obtained basing on 
effective and maximum temperatures depending on the burnup. 

1 Introduction 
One of the most important characteristics of a nuclear reactor is the power effect of reactivity 

(PER), which is defined with the effective temperature and actual amount of 
235U in fuel. 

The effective temperature is an average temperature of a fuel pellet; it can be determined 
with the exact integral formula [1]: 
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where  
 T rT  temperature distributions over the fuel pellet; 

maxT maximum  temperatures on the axis of the fuel block;  

cT   temperatures on the surface of the fuel block. 
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Due to the Doppler effect, rising temperature leads to broadening of resonance levels of 
238U , which increases neutron absorption, thereby it reduces reactivity. PER has to be 
negative during the reactor company for providing safe and stable operation. 

The rim-effect is a process of forming a thin layer around a periphery of the fuel pellet, it 
has high porosity and has increased heat release. The rim-layer is always associated with the 
high burnup fuel    ( 40 /B MWd kgU ). According WWER-1000 design, maximum burnup, 

that can be reached, is 70 /MWd kgU . It means that calculations of the effective temperature 

must be provided with considering of the rim-effect. 

2 Mathematical formulation of the problem 

Calculation of the effective temperature requires the known temperature distribution, which 
can be found from following equations: 
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where     

0 1( )T is the thermal conductivity of the inner area, / ( )W m С ; 

1( )T r is the temperature distribution in the inner area, С ;  

( )vq r is radial distribution of heat release in the fuel pellet, 3/W m ; 

2 ( )T r is the temperature distribution in the rim-layer, С ; 

( )rim rimT is the thermal conductivity of the rim-layer, / ( )W m С . 

Boundary conditions: 
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where 
1R  is the radius of inner area, mm ; 

сT  is temperature on a the surface of the fuel pellet, С . 

Due to a non-linearity of (2) and (3), the analytical solution cannot be found, therefore 
the numerical method of finite differences and method of the simple iteration was used. 

 



3

MATEC Web of Conferences 194, 01031 (2018) https://doi.org/10.1051/matecconf/201819401031
HMTTSC-2018

Matec Web of Conferences 

Due to the Doppler effect, rising temperature leads to broadening of resonance levels of 
238U , which increases neutron absorption, thereby it reduces reactivity. PER has to be 
negative during the reactor company for providing safe and stable operation. 

The rim-effect is a process of forming a thin layer around a periphery of the fuel pellet, it 
has high porosity and has increased heat release. The rim-layer is always associated with the 
high burnup fuel    ( 40 /B MWd kgU ). According WWER-1000 design, maximum burnup, 

that can be reached, is 70 /MWd kgU . It means that calculations of the effective temperature 

must be provided with considering of the rim-effect. 

2 Mathematical formulation of the problem 

Calculation of the effective temperature requires the known temperature distribution, which 
can be found from following equations: 

 1
0 1

( )1
( ) ( ) 0,v

dT rd
T r q r

r dr dr
    
 

                                     (2) 

2
2

( )1
( ) ( ) 0,rim v

dT rd
T r q r

r dr dr
    
 

                                   (3) 

where     

0 1( )T is the thermal conductivity of the inner area, / ( )W m С ; 

1( )T r is the temperature distribution in the inner area, С ;  

( )vq r is radial distribution of heat release in the fuel pellet, 3/W m ; 

2 ( )T r is the temperature distribution in the rim-layer, С ; 

( )rim rimT is the thermal conductivity of the rim-layer, / ( )W m С . 

Boundary conditions: 

1

0

( )
0, 0;

r

dT r
r

dr 

                                                  (4) 

1 1 1 2 1, ( ) ( );r R T r R T r R                                              (5) 

1 1

1 2
1 1 1 2 2, ( ) ( ) ;

r R r R

dT dT
r R T T

dr dr
 

 

                                    (6) 

2, ( ) ,p p сr r T r r T                                                   (7) 

where 
1R  is the radius of inner area, mm ; 

сT  is temperature on a the surface of the fuel pellet, С . 

Due to a non-linearity of (2) and (3), the analytical solution cannot be found, therefore 
the numerical method of finite differences and method of the simple iteration was used. 

 

Heat and mass transfer in the thermal control system of technical and technological energy 
equipment 

3 Influence of radiation on properties of the fuel rod 
Degradation of thermal conductivity may be expressed with following formulas [2]: 
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where 
B  is an average burnup in the fuel pellet, /MWd kgU ; 

T  is temperature, С . 

3
0 95 / [1 (2.58 0.58 10 ) 0.05];T                                            (9) 
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where  
3 / 6P N d  is porosity of the rim region ( d – diameter of the pore, N – volume density 

of pores, 3m ); 

Xe  is thermal conductivity of gas in the pores, / ( )W m С . 

The expression (8) describes degradation of the thermal conductivity due to 
microstructural changes caused by the radiation effect, (9) takes account of accumulation of 
solid fission products; (10) is thermal conductivity of rim region. 

The high burnup fuel rod experiences swelling, which causes absence of a central hole in 
pellet and gas gap between the pellet and the fuel cladding. Thickness of the rim-layer can 
be calculated with the following formula [2]. 

32.5 2.34 .RIM B                                                    (11) 

The radial distribution of the heat release is represented on figure 1 [3]. It has the same 

form as the radial distribution of 239Pu  in the fuel pellet [4,5], and does not depend on burnup. 

 

Fig. 1. Radial distribution of relative heat release. 

 

Fig. 2. Dependence of thermal conductivity on temperature. 
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4 Results of calculations 

Temperature distributions were found in interval of burnups from 40 /MWd kgU  to 

100 /MWd kgU . Dependence of maximum and effective temperatures is represented in the 

Table 1.  

Table 1. Maximum and effective temperatures on different burnup levels. 

 

Fig. 3. Temperature distributions in the fuel pellet on different burnup levels. 

Dependence of effective and maximum temperatures from burnup was approximated by 
linear functions. For average heat load those functions look like: 

3.7889 681.9;effT B                                           (11) 

max 6.8767 1109.9.T B                                          (12) 

These expressions have error less than 1%. 
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Average heat load 

Burnup, /MWd kgU   40 50 60 70 80 90 100 

Tmax, °С 1379.5 1455.0 1527.1 1595.6 1660.6 1722.2 1798.7 

Teff, °С 833.6 872.4 910.2 946.9 982.7 1017.4 1066.4 


