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ABSTRACT 
AHWR Th-LEU of 4.3 weight % U-235 enrichment is a fuel design option for its trial irradiation in Indian PHWRs. The 

important component of this option is the large enhancement in the average discharge burn-up from the core. A 

parametric study of the 19-element fuel bundle, with natural uranium currently is being used in all operating 220 MWe 

PHWRs, has been carried out for AHWR Th-LEU fuel material by computer code FUDA MOD2. The important fuel 

parameters such as fuel temperature, fission gas release, fuel swelling and sheath strain have been analyzed for required 

fuel performance. With Th-LEU, average discharge burnups of about 25,000 MW-d/TeHE can be achieved. 

The FUDA code (Fuel Design Analysis code) MOD2 version has been used in the fuel element analysis. The code takes 

into account the inter-dependence of different parameters like fuel pellet temperatures, pellet expansions, fuel-sheath gap 

heat transfer, sheath strain & stresses, fission gas release and gas pressures, fuel densification etc. 

Thermo-mechanical analysis of fuel element having AHWR material is carried out for the bundle power histories reaching 

up to design burn-up 40000MWd/TeHE. The resultant parameters such as fuel temperature, sheath plastic strain and 

fission gas pressure for AHWR fuel element were compared with respective thermo-mechanical parameters for similar 

fuel bundle element with natural uranium as fuel material. 

1. INTRODUCTION  

Indian nuclear power programme is guided by the limited available natural uranium. Presently 19- element natural 

uranium fuel bundles are used in 220 MWe Indian PHWRs, The core average design discharge burnup for these bundles 

is 7000 MWD/TeU and maximum burnup for assembly goes up to of 15,000 MWD/TeU.  

There are limited resources of uranium in India where as thorium reserves are in abundance. The thorium, being a fertile 

fuel material, can not be directly used in the reactor core. It needs enrichment up to a certain threshold level for sustained 

fission chain reaction in the heavy water reactor. Advanced heavy water reactor is having many passive features and they 

can employ different fuel cycles. These reactors will be using Th-LEU MOX as fuel material as one of the options. It has 

an average discharge burnup of 60 GWd/teHE. A test- irradiation of AHWR Th-LEU fuel in Indian PHWRs was planned 

to study for its performance requirements.  

NPCIL has earlier successfully irradiated Slighly Enriched Uranium of 19-element fuel bundles with slight  modified 

bundle design, in MAPS-2 and the maximum burnup  achieved was about 25000 MWd/TeHE during 2009-2013.  Based 

on the experiance, it is proposed to irradiate, first hand, AHWR fuel material up to this level of burnup in one of our 

operating plants in the form of 19-element fuel bundles with pellets of Th-LEU fuel material. Due to higher fissile content 

these bundles will be capable of delivering higher burnup than the natural uranium bundles. Performance of these fuel 

bundles is analysed in the report.  

A parametric study of thermo-mechanical analysis of 19 -element bundles having Th - LEU fuel material is carried out for 

the bundle power histories reaching 40000 MWD/TeHE. The resultant thermo-mechanical parameters, such as fuel 

temperature, gas pressure etc, for these bundles were analysed. The high burnup Th - LEU fuel element development 

studies in place of Natural Uranium for the 19-element PHWR fuel bundles have been elaborated in this paper. 

2. Design Studies  

Increase in fuel burnup beyond 15000 MWD/TeHE using Th - LEU material in place of natural uranium in fuel element 

used in 220 MWe PHWRs is investigated.  Performance of the fuel bundles at high burnup is analysed in the report. Due 

to higher fissile content the bundles will be capable of delivering higher burnup than the natural uranium bundles.  
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In PHWR fuel elements no plenum space is available and the cladding is of collapsible type. The additional fission 

product swelling and gas release due to use of Th - LEU fuel in PHWRs, needs to be accommodated within the fuel 

elements taking into account these factors. Studies have been carried out for different fuel element target burnups with 

different alternative concepts. Modifications in pellet shape and pellet density are considered.  

The element power envelope up to the design burnup for different enrichments generated by reactor physics calculations 

are utilized for fuel design. The bundle power envelope for Th - LEU is shown in Figure-2. The peak LHR (linear Heat 

Rate) of the element is maintained same as current natural U elements to avoid any thermal hot spots. This has led to 

increase in residence period corresponding to higher burnups. Following design studies with respect to thermo-mechanical 

behavior of the element are carried out for these fuel bundles for 220 MWe PHWRs. 

  

Figure 1: 19-element Th - LEU Fuel Bundle 

THERMO MECHANICAL ANALYSIS 

FUDA CODE
[1]

 

The FUDA code (Fuel Design Analysis code) MOD2
[2] 

version has been used in the fuel element analysis. The code takes 

into account the inter-dependence of different parameters like fuel pellet temperatures, pellet expansions, fuel-sheath gap 

heat transfer, sheath strain & stresses, fission gas release and gas pressures, fuel densification etc. Due to this complexity, 

the code uses mix of empirical, physical and semi-empirical relationships. Finite difference method is used in the 

calculations to solve differential equation. 

The input data requires fuel element material and geometrical parameters and reactor neutronic and thermal hydraulic 

parameters and element linear heat rating in different burn up zones. The output data generated by program are radial 

temperature gradient across fuel and sheath, fuel –sheath heat transfer coefficient, fission gas generated and released, gas 

pressure, fuel sheath interfacial pressure, sheath stress and strains for different burn up zones
[3], [4]

. 

Thermo-mechanical analysis of the fuel element is carried out using fuel design analysis code FUDA for the power 

envelope up to burnup 40000 MWD/TeHE respectively. The resultant thermo-mechanical parameters, such as fuel 

temperature, gas pressure etc, for these high burnup bundles were compared with respect to bundle with current burnups.  

Typical analysis details are given in Table-1. The studies indicated that, present fuel design is suitable up to 40000 

MWD/TeHE with minor modifications in sintered density of fuel pellets.  
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METHODOLOGY 

FUDA runs were taken for present design dimensions data of 19-element fuel elements with the Th-LEU MOX fuel as 

fuel material. The Th-LEU proportions in the mixed material and their properties are used in the analysis. In these runs the 

bundle power –burnup envelope given in Figure 2 were utilized as input along with operating parameters of 220 MWe 

PHWR. These studies indicated that 19-element fuel bundle, needs some design changes for the intended burnup of 

around 40,000 MWD/TeHE. Density of the pellet was the parameter, which could be modified in order to limit the fission 

products at intended higher burnup without putting much difficulty in manufacturing. Hence a study was undertaken for 

these bundles of new design, while keeping the other geometric and operating condition same as that of 19-element  fuel 

bundle used in 220 MWe PHWR.  

 

 

Figure 2 Bundle power envelope for AHWR-L EU bundle 

TABLE 1  

Parametric Study of Thermo mechanical Analysis of 19- element Th - LEU Fuel Bundle vis-à-vis NU fuel Bundle for a 

bundle power envelope with a peak power of 508 kW 

Properties (Typical) NU Th - LEU 

Enrichment 0.7 % 4.3 %  

Sintered Density (% Theoretical density ) 97% 95% 

Peak bundle Power 508 469 

Peak LHR (kW) 60.8 60.8 

Burnup (MWd/TeHE) 15000 40000 

Fuel Centre Line Peak  Temperature  (ºC) 2077 1615 
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Sheath Inner Surface  Temperature (ºC) 335 332 

Sheath Outer Surface  Temperature (ºC) 296 296 

Fission Gas Release % (at End of Life ) 11 5 

Fission Gas Pressure (Peak)  (MPa) 9.20 7.77 

 

3. DESIGN REQUIREMENTS 

The design requirements of fuel bundles have been taken into consideration during thermo-mechanical analysis of the 

peak rated element of fuel bundle. The fuel bundle safety limits and limiting conditions for operation are derived based on 

the following factors:  

a) FUEL CENTRE LINE TEMPERATURE 

Fuel needs to be safe from failure due to excessive thermal expansion. The limiting value on fuel element centre line 

temperature is the melting point of UO2
[5]

 (2840 
0
C). The limiting condition for design is put based on the onset of centre 

line melting of fuel. This means a large margin is still available from the condition where damage due to fuel thermal 

expansion may actually take place. 

 

b) CLAD STRAIN 

Fuel cladding fails due to high hoop stress which depends upon internal pressure, temperature of cladding and ductility of 

cladding. The limiting cladding strain value of 1% is taken as guideline based on data on zircaloy irradiation strain 

capability. The 1% requirement has come from the ductility requirement of the irradiated fuel. 

c) FISSION GAS PRESSURE 

Fission gas pressure should be less than the coolant pressure during operation for better gap conductance and structural 

stability in the view of conservative design. 

Following changes in pellet design parameters have been investigated to meet the design requirements of the fuel element: 

PELLET DENSITY VARIATION 

Sintered density of mixed pellets is taken as 95% of its theoretical density. This percent density is 1% less than the one 

used for SEU fuel bundles. For NU the percent average density is 97%.  

 

4. OBSERVATIONS & DISCUSSION 

A maximum centre line fuel temperature was found to be 1577
0
C for studies involving present fuel configuration with 

Thorium-Enriched Uranium MOX. This temperature is much less as compared to the limiting condition of uranium oxide 

melting point.  

Decrease in density results in more porosity but less conductivity. More porosity accommodates more gas. However it 

also decreases the thermal conductivity, which is found to results in enhanced fuel temperature and consequent more gas 

release. But as the thermal conductivity of Thorium Oxide is better than that of Uranium oxide, the net thermo-mechanical 

performance is far better than natural UO2 fuel elements on the basis of present analysis. 

Fission gas pressure was found to be less than coolant pressure throughout the life of fuel bundle in the core up to the 

burnup of 40,000 MWd/TeHE. These values are under the design limit. 

5. FUEL POWER RAMP FAILURE PROBABILITY 

It is proposed to estimate the failure probability of the Th-LEU fuel. The fuel failure happens during power ramp mainly 

because of sudden increase of fission gas generation in fuel-sheath gap and cladding stress due to pellet thermal 

expansion.   The sheath stress, fission gas generation and release are dependent mainly on temperature of fuel material. 

Temperature of fuel is dependent on linear heat rating of the same. As the thorium material is having better thermal 

conductivity than natural uranium, the equivalent numbers are chosen for LHR in the fuel failure probability equation.  
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5.1 ESTIMATION OF THE EQUIVALENT LINEAR HEAT RATINGS FOR Th-LEU FUEL 

As the fuel failure happens mainly sudden increase of temperature (consequently fission gas release), the temperature of 

fuel becomes the key point for the estimation of the multiplier. The thermo-mechanical analysis was carried out for the 

463 kW envelope of Th - LEU fuel for 220 MWe PHWRs.  

The temperature vs Burnup profile thus obtained was shown in Figure 1. 

The similar equivalent temperature profile with Natural uranium PHWR fuel can be obtained at lower power ratings. By 

further analysing the thermo-mechanical behaviour of NU fuel it is found that the temperature profile shown in figure 1 

can be generated by the corresponding LHR envelope of Natural Uranium fuel material shown in Figure 2. 

It can be seen from the fig 2 that the LHR of Th-LEU fuel corresponds to lower LHR values of NU fuel to get similar 

temperature profile. The corresponding LHR values of NU can be obtained by using a multiplying factor of 0.82 to the 

LHR of AHWR fuel for the respective burnup. 

Taking into account the better thermal properties of Thorium, during operation, to analyse the power ramp failure 

probability, it is suggested that the value of LHR to be used in equation shall be multiplied by 0.82 with actual values. 

 

Fig 1: Temperature profile with burnup of Th - LEU fuel 

bundle operating with 10 % higher to LCO envelope (463 

kW) 

 

Figure 2: LHR for different fuel material corresponding to 

temperature profile shown in fig1. 

6. RESULTS 

As mentioned before, the19-element fuel bundle having LHR 60.8 kW/m and 469 kW peak bundle power, needed some 

design changes to accommodate the fission products for the intended burnup of 40000 MWD/TeHE. For the same, the 

sintered density has been changed to 95 of the theoretical density of MOX. 

The bundle power envelope has been checked for power ramp criterion by taking LHR at different burnups and it is 

found that the values are quite less than 1%. 

The comparisons among design parameters as well as performance parameters are listed in Table 1 with 19-element NU 

fuel bundles. 
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7. CONCLUSION 

A parametric study of AHWR-LEU bundle has been carried out in this technical note. It has been concluded that 

burnup of around 40000 MWD/TeHE can be achieved with reducing the density of the present fuel material by 2% of 

the 220 MWe NU fuel bundle design.  
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