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5.2 Calculation modelling thermophysical characteristics of fuel rods 

 

Operating conditions were analyzed, thermophysical characteristics were 

calculated as applied to VVER-1000 fuel rods in four-year cycle for unified core. 

Models for calculating gas release, pressure of gases within fuel rod cladding, fuel 

swelling and thermal conductivity, fuel-cladding gap conductance are briefly 

described. The thermophysical condition of fuels in a reactor core is one of the main 

factors that determine their serviceability. The stress-strained condition of fuel 

claddings under design operating conditions is closely related to fuel rod temperature, 

swelling, gas release from fuel pellets and the mode in which they change during the 

cycle and transients. Aside from this, those parameters are an independent goal of 

studies since their ultimate values are governed by the system of design criteria.  

Key words: reactor, calculation, thermophysical properties, thermal conductivity, 

gas release, fuel rod, VVER-1000. 

Introduction 

Determination of fuel rod thermophysical condition is an important aspect of 

modelling behaviour and predicting fuel rod serviceability. Since most of the inter-fuel 

rod processes are substantially interrelated, the parameters of the thermophysical 

condition can be only calculated in the framework on the common code that integrally 

takes into account all main aspects of fuel rod behaviour, its mechanical condition 

included. 

The thermophysical condition of fuels in a reactor core is one of the main factors 

that determine their serviceability. The stress-strained condition of fuel claddings under 

design operating conditions is closely related to fuel rod temperature, swelling, gas 

release from fuel pellets and the mode in which they change during the cycle and 

transients. Aside from this, those parameters are an independent goal of studies since 

their ultimate values are governed by the system of design criteria. 

The design has to take into consideration all the main processes proceeding in fuel 

rods and demonstrate that they are unable to upset its serviceability. To corroborate the 
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fulfillment of those requirements, four groups of design criteria are applied, namely, 

strength, strain, thermal physics and corrosion. 

Material and Methods 

Prediction of thermophysical parameters of a fuel rod is primarily based on the 

adequately determined temperature fields of fuel. In the START-3 code the 

temperature fields are found via solving the unsteady-state equation of thermal 

conductivity for a cylinder having internal heat sources. The solution of the problem in 

this statement is not technically complicated in itself; the important factors for the 

results to be credible are heat transfer via fuel-cladding gap, fuel pellet properties and 

their changes under irradiation. The highly important process is also a fission gas 

product release from fuel. The boundary conditions (temperature of cladding outer 

surface) are either specified as initial data or determined using a built-in block of a 

thermal hydraulics calculation of a channel. 

The START-3 code participated in the international programme FUMEX [198] and 

showed itself one of the most credible code among the 19 participated codes. 

Nonetheless, the code development goes on, also as applied to thermophysical models. 

The fuel rod thermophysical characteristics were computer modelled based on 

neutron-physics characteristics of 4-year fuel cycle with  extra-charged 48 fuel 

assemblies (FAs) of which 30 FAs are in 3 year and 18 FAs are in 4 year operating 

cycles [199-202]. 

In this fuel cycle of operation at the power effect of reactivity the following burn-up 

values are reached : 

- discharged fuel assembly averaged one – 43.3 MW.day/kgU; 

- maximal for FA – 45.8 MW.day/kgU; 

- maximal for fuel rod – 54.0 MW.day/kgU; 

- for fuel rod pellet – 59.4 MW.day/kgU. 

With the account for the on power operation, the cycle time is 297…301 effective 

days. 

The above initial data were used with the needed conditions of conservatism. 

The specific loads were assumed with the account for the margin factor: 
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Q0 = q1 ∙keng ∙kN, 

where q1 is LHGR from neutron physics characteristics (NPC); 

keng is engineering margin factor, 1.16;  

kN is coefficient of error in determining and maintaining the power, 1.04. 

Burn-ups were established via extra-multiplying design values of NPC by margin 

factors that take into account the uncertainty of their calculations (table 1) [199]. 

Table 1   

Margin Factors for Burn-up 

Element 
Fuel burn-up from 

NPC, MW.day/kgU 

Margin factors (1st 

periphery row/2nd 

periphery row/the rest 

array of fuel rods) 

Calculated burn-up 

of fuel, 

MW.day/kgU 

FA 45.8 1.05 48.0 

Fuel rod 54.0 1.12/1.08/1.07 60.0/58.0/58.0 

Fuel pellets 59.4 1.15/1.11/1.08 68.0/66.0/64.0 

 

Thus, with the aim of fuel rod validation at design burn-up, the calculations were 

implemented for higher values corresponding to the assumed margin factors . 

The basic specific features of setting up the chart of the steady charge are: 

- 30 of 48 fresh fuel assemblies are loaded into the core centre, the other 18 are at 

its periphery; 

- the remaining vacant locations at the periphery are taken by fuel assemblies after 

four and two years of operation; 

- 30 of 48 discharged fuel assemblies have operated for 3 cycles and 18 – for 4 

cycles. 

The thermophysical characteristics were predicted using as an example fuel rods of 

the highest burn-up fuel assembly four year irradiated under steady operating 

conditions. 

To have the full range of the thermophysical parameters of fuel rods within fuel 

assemblies, consideration was given to fuel rods №№ 312 and 255 that are in the 

nearest position  to the core center and have basic and profiled enrichment as well as 

to fuel rods №№ 282 and 226 most distant from the core center and to fuel rod № 6 

located in the fuel assembly center (figure 1). 
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The thermophysical characteristics of fuels were predicted using the START-3 code 

[203]. 

 

Fig. 1 Schematic of FA component arrangement. 
 

Results and Discussion 

Acceptance critaria 

The following acceptance criteria are applied for the validation of the 

thermophysical reliability of fuel rods: 

TC1 Ultimate temperature of fuel 

The value of the fuel temperature is limited by the temperature of UO2 melting: 

[T] = Tmelt 

The temperature of pellet melting (Tmelt) lowers down with fuel burn-up. 

Tmelt = 3113 – 3.2∙B,K 

B is burn-up, MW.day/kgU. 

The standard margin factor for this criterion is established to be [KTC1] = 1.1 in 

view of the conservatism of the applied calculation approaches. 

TC2 Ultimate gas pressure within a fuel rod 
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The pressure of gases within a fuel rod must not exceed the operating pressure of 

the coolant under normal operating conditions (NOC) and off-normal operating 

conditions (ONOC): 

[Pg = Pc 

Pc – pressure of coolant. 

The standard margin factor for this criterion is established to be [KTC2] = 1.1. 

Provision of calculation conservatism 

The calculations are implemented using some conservative assumptions [199]: 

- initial data on specific loads of fuels are given with account for uncertainty of 

their calculation; 

- conservatively low properties of heat transport in a fuel rod (coefficient of heat 

transfer in a gap, thermal conductivity of fuel); 

- conservative choice of fuel rod parameters to calculate temperatures (maximal 

fuel-cladding gap within tolerances, minimal fuel density, maximal fuel re-sintering); 

- conservative choice of fuel rod parameters to calculate gas release (minimal fuel 

density, maximal fuel re-sintering, minimal grain size of fuel within tolerances); 

- conservatism of fuel burn-up. 

The input data for calculation that provide the necessary conservatism are listed in 

table 2 [199]. 

Table 2        

Input Data for Calculation 

Data 
Range in conformity to 

specs 
Assumed value Notes 

Fuel density, g/cm3 10.4-10.7 10.4 
Minimal value in 

tolerance range 

Grain size of fuel, 

m 
8-20 8 

Minimal value in 

tolerance range 

Re-sintering,% 0.4 0.4 Maximally provided 

Inner diameter of 

cladding, mm 
7.73+0.06 7.79* 

Maximal value in 

tolerance range 

Inner diameter of 

fuel, mm 
1.5+0.3 1.5 

Minimal value in 

tolerance range 

Outer diameter of 

fuel pellet, mm 
7.57-0.03 7.54* 

Minimal value in 

tolerance range 

* The averaged value of this parameter is used to calculate gas release and internal pressure 

of fuel rods. 
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Calculation of maximal temperatures of fuel 

The maximal temperature of fuel was calculated to check the fulfillment of the 

design criterion TC1. 

Figure 2 gives the values of calculated LHGR in fuel rods with account for margin 

factors. 

Figure 3 shows variations in temperatures of the fuel center for all the studied fuel 

rods of FA vs burn-up. 

The plot presents the temperatures in the fuel center of the calculated fuel rods 

along the height and in the process of burn-up. 

The calculation demonstrated that the maximal fuel temperature is reached in fuel 

rod No. 282 of the 4-year FA when relocated from the periphery  to the core center and 

is equal to 15670C.  

 

Fig. 2. Linear heat generation rate 

vs burn-up. 

 

Fig. 3. Temperature in the center of 

fuel vs burn-up. 

 

 

 

 

Calculation of fission gas release and pressure within fuel rod 

The conservative calculations of FGR by fuel under the cladding evidenced the 

maximal gas release at the end of the cycle in the highest burn-up fuel rod No. 312 of 

the 4-year cycle fuel assembly that is 7.62% [199]. Figure 4 shows the calculated gas 

release in fuel rods against their average burn-up. 
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The pressure within the fuel rods of the symmetry sector fuel assemblies at the end 

of the cycle in “cold” and “hot” states is presented in figure 5. The maximal pressure 

in the “hot” state is demonstrated by fuel rod No. 312 and is 8.5 MPa. The minimal 

margin factor is KTC2 = 1.84. 

Figures 6, 7 and 8 are plots illustrating the dynamics of variations in gas pressure 

and relative gas release in fuel rods №№ 312, 6 and 282 of the 4-year cycle fuel 

assembly [199]. 

 

Fig. 6. Gas release and pressure in fuel rod No. 312 of 4-year cycle fuel assembly 

per cycle. 
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Fig. 4. Gas release in fuel rods of 4 

year cycle fuel assembly. 

Fig. 5. Gas pressure in fuel rods of 4-

year cycle fuel assembly. 
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Fig. 7. Gas release and pressure in fuel rod No.6 of 4-year cycle fuel assembly per 

cycle. 

 

Fig. 8. Gas release and pressure in fuel rod No.282 of 4-year cycle fuel assembly per 

cycle. 

Calculation of gap thermal conductivity in VVER-1000 fuel rods 

The coefficient of heat transfer from fuel to cladding was calculated for the highest 

load fuel rod of the 4-year cycle fuel assembly. 

Figure 9 illustrates variations in the conductance of the fuel-cladding gap vs LHGR 

early in the cycle at the moment of the maximal irradiation effected resintering of fuel. 
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1 – Mean initial fuel-cladding gap 

2 - Maximal initial fuel-cladding gap 

Fig. 9. Conductance of gap vs LHGR early in cycle. 

 

Figure 10 shows variations in the gap conductance for the highest heat density 

section of a fuel rod per cycle.  

 

Fig. 10. Variation in gap conductance per cycle. 

 

The calculations were implemented for the maximal tolerable initial gap between 

fuel and cladding. A decrease in the gap conductance early in the cycle is explained by 

fuel resintering. After that, the dynamics of changes in the heat transfer from fuel to 

cladding is governed by varying levels of thermal loads, gap filling with the resultant 

contact between fuel and cladding, and dilution of the filler gas with fission gases. 
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Conclusion 

The paper presents the basic principles of the analysis of the operating 

thermophysical characteristics of VVER-1000 fuel rods using the START-3 code. 

The presented results of computer modelling thermophysical characteristics of 

VVER-1000 4-year cycle fuel rods demonstrate that: 

1. the maximal fuel temperature in fuel rods does not exceed 15670C which is 

below the melting temperature of UO2 at the margin factor KTC1=1.66; 

2. the maximal gas release in fuel rods  is 7.62%; 

3. the maximal  pressure within fuel rods at the cycle end in “hot” state  is 8.5 MPa 

at the margin factor for TC2 criterion KTC2 = 1.84. 

  


