
Thorium Energy Conference 2015 - ThEC15 
October 12-15, 2015, Mumbai, India 

 

1 

COMPARISON STUDY OF AHWR-LEU EQUILIBRIUM CORE 

USING TWO DIFFERENT DIFFUSION THEORY CODES  

A. Thakur
 a,*

, A. K. Mallick
a
, B. Singh

a
, H. P. Gupta

b
, V. Bharti

a
, N. P. Pushpam

a
 and P. D. 

Krishnani
a
 

a
Reactor Physics Design Division, Bhabha Atomic Research Centre, Trombay, Mumbai–

400085,India 
b
Raja Ramanna Fellow, Bhabha Atomic Research Centre, Trombay, Mumbai–400085,India

  

*
Email of corresponding author: thakur@barc.gov.in 

ABSTRACT 

Advanced Heavy Water Reactor (AHWR) with Low Enriched Uranium (LEU) as an external 

feed to Thorium is termed as AHWR - LEU [1]. The LEU has been assumed to consist of 19.75% 

of 
235

U and 80.25% of 
238

U. It is being designed for discharge burn-up of about 60 GWd/Te. In 

our earlier studies [2], we have compared the various reactor physics parameters using different 

nuclear data libraries (ENDF/B VI.8 and ENDF/B VII). This paper presents the comparison of 

various reactor physics parameters estimated based on core simulations by using different 

diffusion theory codes based on different methods for solving diffusion equations namely 

FEMINA (Nodal expansion method) and 3D FAST (finite difference method). For this study, the 

lattice calculations were performed using ENDF/B VII.0 nuclear data library of 69 energy groups 

as well as 172 energy groups. The core calculations were performed using 2-groups and 4-groups 

condensed cross-sections. 

1. INTRODUCTION: 

Advanced Heavy Water Reactor with LEU as an external feed to Thorium is termed as AHWR-

LEU [1].The LEU has been assumed to consist of 19.75% of 
235

U and 80.25% of 
238

U. It is being 

designed for discharge burn-up of about 60 GWd/Te. The Physics design of this reactor is done 

primarily using deterministic reactor physics codes. The design calculations for AHWR-LEU 

lattice have been carried out using transport theory code ITRAN [3, 4]. The ITRAN simulates 

lattice cell to compute few groups condensed and homogenized cross-sections. Two nuclear data 

libraries ENDFB VII.0 in 69 group as well as 172 group formats have been considered for lattice 

calculations. The AHWR-LEU core was simulated using diffusion theory code FEMINA [5]. The 

FEMINA is based on nodal method and used for core simulations. The FEMPAR version of 

computer code FEMINA has been used for present core calculations. The FEMPAR duly 

accounts for the up-scattering of neutrons and it is also capable to use two energy group as well as 

four energy group condensed cross-sections as basic input. The calculations were performed at 

zero burn-up only. 

The AHWR-LEU core was also simulated with another diffusion theory code 3D FAST [6], 

which is based on finite difference method. In order to have better comparison, the same lattice 

cross-sections (fuel and non-fuel materials) have been used as input for both the computer codes 

[2]. The core calculations have been carried out using 2-groups as well as 4-groups condensed 

cross-sections. This paper describes about the comparative study of the core simulations using 

FEMPAR and 3D FAST with 2-groups as well as 4-groups condensed cross-sections obtained 

from 69 group and 172 group ENDFB-VII.0 nuclear data library. 

2. DESCRIPTION OF AHWR FUEL CLUSTER AND EQUILIBRIUM CORE: 
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AHWR Equilibrium Core fuel cluster consists of 54 fuel pins arranged in three rings with 12, 18 

and 24 pins.  Innermost and middle ring contain 30% LEU and 24% LEU in (Th,LEU) MOX 

respectively. The two diametrically 

opposite (Th, LEU) MOX fuel pins of 

the innermost ring are doped with 5% 

Gadolinium. Moreover, the 24 fuel pins 

of the outermost ring are designed to 

have axially graded fuel such that bottom 

half of the 24 fuel pins of the outermost 

ring contain 18% LEU in(Th, LEU) 

MOX and remaining top half contain 

14% LEU in (Th,LEU) MOX. 

At the center of the cluster, there is a 

zircaloy central support rod and it is 

termed as displacer rod which is 

surrounded by a perforated zircalloy 

tube termed as displacer tube. There is 

water between annular displacer tube 

and the displacer rod to directly spray water on the fuel pins in the event of LOCA. The pressure 

tube and calendria tube have inner and outer radius of 120mm /128mm and 163.8mm / 168mm 

respectively. The coolant and moderator used are light water and heavy water respectively. The 

Fig-1 gives the cross-sectional view of AHWR-LEU equilibrium core lattice cell. 

The AHWR-LEU equilibrium core consists of 513 lattice locations out of which 444 locations are 

occupied by fuel clusters and remaining 69 locations are occupied by various reactivity devices. 

The 69 reactivity device locations consist of 8 ARs, 8 RRs, 8 SRs and 45 shut-off rods (SORs). In 

normal operating state, the ARs are 100% IN, RRs are 67% IN and SRs are fully OUT. The shut-

off rods are also fully OUT. The core is designed for 920 MW power to coolant. The schematic 

diagram of the core with location of various reactivity devices is given as Fig -2.  

3. METHOD OF CALCULATION: 

The deterministic calculations were carried out in two steps. In first step, the transport theory 

code was used to obtain the lattice parameters of the fuel, reflector, guide tube, shutoff rods and 

the other structural material present in 

the reactor core in few condensed 

energy groups (2 groups and 4 

groups). Both 69 groups and 172 

groups ENDFB-VII.0 nuclear data 

library was used to get the condensed 

cross-sections in 2-group as well as 4-

group. The 2
nd

 step involves the use of 

2-group as well as 4-group condensed 

cross-sections as an input for the 

diffusion theory codes to simulate the 

full core to obtain the neutron flux 

distribution and power distribution in 

the core. 

The transport theory code ITRAN 

was used for lattice simulations 

using 69 groups and 172 groups 

Fig-1: Cross-section of the AHWR-LEU 

equilibrium core cluster 

 

Fig-2: Schematic Diagram of AHWR-LEU core  
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ENDFB-VII.0 nuclear data library. The cell averaged 2-groups and 4-groups condensed cross-

sections were obtained from 69 groups as well as 172 groups ENDFB-VII.0 nuclear data library. 

The computer codes FEMPAR and 3DFASTwere used for core calculations. A brief description 

of the above mentioned computer codes are given below. 

ITRAN: It is an indigenously developed transport theory code for calculation of cell averaged 

lattice parameters as a function of burn up. It solves multi-group integral transport equation by the 

method based on combination of small scale collision probability (CP) and large scale interface 

current (IC) in a cylindrical geometry. In our calculations, CP method was employed to simulate 

the AHWR-LEU lattice cell. 

FEMPAR: The FEMPAR is one of the versions of FEMINA and it is a diffusion theory code used 

for full core simulations. It is based on based on Nodal method for the solution of diffusion 

equation. The FEMINA uses flux expansion method in nodal analysis. This is a coarse mesh 

technique. The mesh size considered in FEMPAR calculations is 22.5 cm in X and Y direction 

while 14.58 cm in Z direction. 

3DFAST: The 3DFAST is a diffusion theory code based on finite difference method for full core 

simulations. The finite difference equations for each group are solved using successive line over-

relaxation (SLOR) scheme where fluxes along a line can be directly computed through forward 

elimination and backward substitution scheme. The optimum over-relaxation parameter can be 

computed. The eigen value is calculated by the standard fission source iteration scheme. The 

optimum over-relaxation parameter for outer iterations can be computed. However, Chebyshev 

iteration scheme can also be used for outer iterations. The FEMPAR uses flux expansion method 

in nodal analysis. However, the 3DFAST is based on finite difference method and may require a 

mesh size which is of order of thermal diffusion length of neutron (~8.5 cm). Therefore, the 3D 

FAST calculations were carried out for different mesh sizes (X*Y*Z:: 22.5*22.5*14.58 

/11.25*11.25*7.29 /7.25*7.25*7.29) to optimize the mesh size. 

4. DETAILS OF CALCULATIONS 

The AHWR-LEU equilibrium core was simulated by loading the full core with equilibrium core 

clusters. The calculations have assumed zero burn up without taking into account the saturating 

fission products like xenon etc. The calculations were aimed to compare the various reactivity 

feedbacks for the AHWR-LEU core at zero burn-up estimated by FEMPAR and 3D FAST. 

Therefore, five different cases corresponding to five different states of the equilibrium core were 

simulated. The five cases are summarized below in the Table-3. The 2-groups and 4-groups 

condensed cross-sections were obtained by ITRAN using the 69 energy group as well as 172 

energy group ENDFB VII.0 libraries. Therefore the calculations for the five cases were carried 

out using two sets of 2-groups as well as 4-groups condensed cross-sections and the results were 

compared.  

Table-3: Temperature and Density of Materials for Five Different Cases 

Cases 

Moderator 

Temperature 

(
0
C) 

Moderator 

Density 

(g/cc) 

Coolant 

Temperature 

(
0
C) 

Coolant 

density 

(g/cc) 

Fuel  

Temperature 

(
0
C) 

Case- I 27 1.103 27 0.996 27 

Case- II 77 1.08 277 0.74 327 

Case- III 77 1.08 277 0.45 327 

Case- IV 77 1.08 277 0.0014 327 

Case- V 77 1.08 277 0.45 627 



4 

5.  RESULTS AND DISCUSSION: 

All the simulation results are presented in the Table-4.The core eigen value i.e. K-effective was 

estimated for all the five cases at zero burn-up. The calculations were carried out with 2-groups 

and 4-groups condensed cross-sections obtained from 69 as well as 172 group nuclear data 

libraries and hence 8results are there for each case. As the calculations with 3D Fast were carried 

out for three different mesh sizes therefore there are three results obtained from 3D FAST 

corresponding to three mesh sizes. The first row corresponds to common mesh size used for 

FEMPAR as well as 3D FAST (i.e. X*Y*Z :: 22.5*22.5*14.58 cms). The second row 

corresponds to half the mesh size considered in FEMPAR calculations (i. e. X*Y*Z 

::11.25*11.25*7.29 cms). The third row corresponds to one third of the mesh size considered in 

FEMPAR calculations (i. e. X*Y*Z ::7.5*7.5*7.29 cms). 

The comparison of the core calculations with 69 Group and 172 Group ENDFB-VII.0 nuclear 

data library shows that the K-effective estimations with 172 Group ENDFB-VII.0 nuclear data 

library are over predicted by about 3mk to 7 mk for all the five cases. The calculations with both 

the codes FEMPAR and 3D FAST gives the similar variations irrespective of the 2 Group or 4 

Group condensed cross sections used. The 3DFAST is based on finite difference method 

therefore the 3D FAST calculations were carried out for three different mesh sizes. As the mesh 

size reduces, the 3D FAST estimated K-effective approaches to the FEMPAR estimated value. 

Therefore the 3D FAST estimations with half the mesh size as well as one third of the mesh size 

are comparable to the FEMPAR estimations.  

The calculations showed that the K-effective estimated by FEMPAR using 2-group as well as 4-

group condensed cross-sections is almost identical. However, the K-effective estimated by 3D 

FAST using 2-group and 4-group condensed cross-sections differs by about ~1 mk to ~2 mk.  

Table-4: K-effective of AHWR-LEU core simulations with FEMPAR & 3D FAST 

 

K-effective (at zero burn-up without saturating fission products) 

69 Group ENDFB-VII.0 172GroupENDFB-VII.0 

FEMPAR 3D FAST FEMPAR 3D FAST 

Mesh 

size cm 

(X*Y*

Z) 

22.5*22.5*14.58 

22.5*22.5*14.58/ 

11.25*11.25*7.29/ 

7.25*7.25*7.29 

22.5*22.5*14.58 

22.5*22.5*14.58/ 

11.25*11.25*7.29/ 

7.25*7.25*7.29 

 2 Group 4 Group 2 Group 4 Group 2 Group 4 Group 2 Group 4 Group 

Case I 1.24364 1.2434 

1.2403   1.2415  

1.24857 1.2485 

1.2459  1.24712  

1.2421 1.2435 1.2476 1.2491 

1.2430 1.2443 1.2487 1.2498 

Case 
II 

1.21672 1.2166 

1.2128 1.2139 

1.22325 1.2233 

1.2194 1.2207 

1.2155 1.2168 1.2219 1.2235 

1.2166 1.2179 1.2231 1.2244 

Case 
III 

1.20900 1.2091 

1.2040  1.2051  

1.21645 1.2166 

1.2115  1.2127  

1.2078 1.2092 1.2155 1.2167 

1.2093 1.2106 1.2166 1.2180 

Case 
IV 

1.19321 1.1938 

1.1828  1.1858  

1.20317 1.2038 

1.1929  1.1959  

1.1898 1.1934 1.1997 1.2031 

1.1924 1.1958 1.2022 1.2054 

Case 

V 
1.19931 1.1994 

1.1940  1.1951  

1.20721 1.2075 

1.2018 1.2032  

1.1980 1.1995 1.2057 1.2073 

1.1996 1.2009 1.2072 1.2087 
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The K-effective estimated by 3D FAST and FEMPAR as given in the Table-4 corresponds to the 

different states of the reactor as depicted in the Table-3.  They have been used to estimate the 

differential (feedback) reactivity like reactivity feedback due to moderator temperature, fuel 

temperature, coolant density, coolant temperature etc. The differential (feedback) reactivity is 

given in the Table-5. The comparison shows that the full core reactivity feedbacks estimated with 

69 group library are more negative compared to the estimations made with 172 group library. The 

differences are systematic in nature and it may be attributed to the fine energy group structure of 

the 172 group compared to 69 group library.  

It has also been observed that the difference in reactivity feedbacks estimated with 2-group and 4-

group condensed cross sections is very small (0.4 mk) for FEMPAR. The difference in reactivity 

feedback estimations with 3DFAST is also small except for the reactivity feedback due to coolant 

voiding is ~2mk. The reactivity worth of various reactivity devices for full power operating state 

at zero burn-up was also compared. The results have been tabulated in the Table-6. The 

calculations showed that reactivity worth of ARs, RRs, SRs and 45 SORs estimated with 

FEMPAR and 3D FAST are comparable for 2 group as well as for 4 group condensed cross-

Table-5 Reactivity feedbacks estimated by FEMPAR & 3D FAST 

 69 Group ENDFB-VII.0 172GroupENDFB-VII.0 

Mesh size cm 

(X*Y*Z) 
22.5*22.5*14.58 

22.5*22.5*14.58/ 

11.25*11.25*7.29

/7.25*7.25*7.29 

22.5*22.5*14.58 

22.5*22.5*14.58/ 

11.25*11.25*7.29/ 

7.25*7.25*7.29 

 

FEMPAR 3DFAST FEMPAR 3DFAST 

2Gro

up 

4Group 2 

Group 

4Grou

ps 

2Group 4Group 2 

Group 

4Group

s 

II – I 
Moderator 

Temp. 

Change  

-17.8 

 
-17.7 

-18.3 -18.3 
-16.6 

 
-16.5 

-17.4 -17.4 

-17.6 -17.6 -16.9 -16.8 

-17.5 -17.4 -16.8 -16.6 

III – II 

Coolant 

density 

change 

0.74-0.45 

g/cc 

-5.3 

 
-5.1 

-6.0 -6.0 
-4.6 

 
-4.5 

-5.3 -5.4 

-5.2 -5.2 -4.3 -4.6 

-5.0 -5.2 -4.4 -4.3 

IV – 

III 

Coolant 

void 

reactivity  
-11.0 -10.6 

-14.9 -13.5 

-9.1 -8.8 

-12.9 -11.6 

-12.5 -10.9 -10.8 -9.3 

-11.7 -10.0 -9.8 -8.6 

V – III Doppler -6.7 -6.7 

-7.0 -6.9 

-6.3 -6.2 

-6.7 -6.5 

-6.8 -6.7 -6.7 -6.4 

-6.7 -6.4 -6.4 -6.3 

Table-6 Reactivity worth of reactivity devices obtained from the five cases 

 ITRAN 69 group libreray ITRAN 172 group libreray 

 2groups 4group 2groups 4groups 

 FEMPAR 

 

3D 

FAST  

FEMPAR 3D 

FAST  

FEMPAR 

 

3D 

FAST  

FEMPAR  3D 

FAST  

Mesh Full 1/3rd Full 1/3rd Full 1/3rd Full 1/3rd 

AR 7.8 7.7 8.2 8.04 7.7 7.6 8.1 7.9 

RR 5.4 5.3 5.6 5.5 5.3 5.2 5.5 5.4 

SR 18.6 18.2 19.4 19.0 18.7 18.3 19.4 19.2 

45 

SOR 
56.5 56.5 59.6 59.0 55.9 55.8 59.0 58.4 
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sections generated using 69 groups ENDFB-VII.0 or 172 groups ENDFB-VII.0 nuclear data 

library. 

6. CONCLUSIONS: 

Various reactor physics parameters of AHWR-LEU were studied using two different diffusion 

theory codes, namely 3DFAST and FEMPAR for comparative analysis. It is observed from this 

study that K-effective estimates obtained using 172 group nuclear data library is always more 

than that using 69 group library. This is true for all the five cases simulated, for both the codes 

used, and irrespective of whether 2-groups or 4-groups condensed cross sections were used for 

core calculations. The estimates of K-effective obtained using 172 Group library are larger 

roughly by about 3 to 7 mk than that obtained using 69 group library. Both the codes show 

similar trend when using one library over other. However, while FEMPAR gives similar 

estimates of K-effective using either 2-groups or 4-groups condensed cross sections, the K-

effective estimates from 3DFAST using 2-groups and 4-groups condensed cross section differ by 

1 to 2 mk. The results of various reactivity feedbacks estimated using FEMPAR and 3D FAST 

are in very good agreement with each other. It is observed that the reactivity worth of ARs, RRs, 

SRs and 45 SORs estimated using FEMPAR and 3D FAST gives almost identical results 

irrespective of 69 groups or 172 groups library used and whether 2-groups or 4-groups condensed 

cross sections were used for core calculations. 

This comparative study supports the results of design calculations for AHWR-LEU.  
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