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ABSTRACT 

In this modern age of powerful computers and availability of large computer clusters it 
is common to use a Monte Carlo method as a neutronic solver of reasonably large reactor 
systems, like research reactors. It is the only approach capable of giving detail insight of 
neutron transport phenomena in complex geometries. Due to its high demand of computer 
power and memory, the method has been mainly used in criticality calculations. One of the 
possible ways of using Monte Carlo method is for the generation of neutron homogenized 
multigroup cross sections, which are later used in deterministic codes to provide neutron 
solution on a coarse mesh. These types of applications are implemented in the Monte Carlo 
code SERPENT. One is based on a simple homogenization method with volume and flux 
weighting (FVH) of cross sections and the other is based on the B1 method. While the first 
method suffers in the presence of the strong absorbers the second method is applicable only 
for the cases with fissile materials. Therefore in this paper the implementation of a more 
sophisticated homogenization method is presented that utilizes an external code to process the 
SERPENT output. The method is called Effective Diffusion Homogenized (EDH). The EDH 
method is currently used in a similar way on the WIMSD code output within the CORD-2 
package. With the use of the SERPENT code and the EDH method coarse group cross 
sections are calculated and the results are tested against the determinist results obtained with 
the WIMSD code and against the B1 method within the SERPENT code. Efficiency of the 
calculated cross sections is tested by calculating multiplication factors using diffusion 
approximation in GNOMER code and the results are compared to the reference results 
obtained with the MCNP code. 

1 INTRODUCTION 

Effective diffusion homogenization of cross sections for pressurized water reactor core 
calculations was elaborated by Trkov and Ravnik in ref [1]. A nice overview of similar 
homogenization methods addressed by several authors is presented in the same article. The 
EDH method is a special case of the SET method, developed by Koebke [2]. It is used to 
obtain homogenized cell-averaged and assembly averaged cross sections by conserving not 
only the reaction rates but also the partial currents on the cell boundary from detailed energy 
and spatial multi-cell calculations. The EDH method is currently the default method in the 
CORD-2 package [3], which is a reactor physics tool for modelling the advanced features of 
fuel assemblies of light water reactors; it uses the deterministic lattice code WIMSD-5B for 
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cell calculations and the neutron diffusion code GNOMER for fuel assembly homogenisation 
and whole core calculations with thermohydraulic feedbacks. It is believed that in the future 
with advanced fuel assembly design, increased burnup and MOX fuel, the use of Monte Carlo 
and other advanced methods will become more widespread in order to eliminate some 
approximations in the modelling fuel assembly heterogeneities. However, to take full 
advantage of the more sophisticated and lengthy calculations, comparably accurate 
homogenisation methods must be applied. In this paper the use of the Monte Carlo code 
SERPENT [4] is presented to obtain homogenized cell averaged cross sections in combination 
with the EDH method. 

2 EFFECTIVE DIFFUSION HOMOGENIZATION METHOD 

Only a brief and simplified description of the effective diffusion homogenization (EDH) 
method performed with the SERPENT code used for a unit cell homogenization will be 
presented here since the method is described in ref [1]. EDH method was used for a unit cell 
homogenization. For a demonstration of an EDH method a simple geometry was considered. 
Model characteristics, material and geometry data are given in Table 1 and Fig. 1. An array of 
3×3 cells with reflective boundary conditions representing PWR lattice was constructed. EDH 
method was used to calculate homogenized cross sections only for the central cell. In this 
model the outer cells always contain fuel rods while the central cell may contain a fuel rod, 
water channel or a control rod so the efficiency of the EDH method was tested on three cases.  

Table 1: Material composition in WIMSD code; Monte Carlo codes use equivalent isotopic 
composition calculated with the MATSSF [6] 

Material  Isotopic structure Temp. [K] 
Fuel [4.75%] U-234, U-235, U-238, O 300 
Clad1 Natural isotopes: Si, Cr, Zr, Sn, Hf, W, Pb, Fe, C 300 
Clad2 Al-27, Natural isotopes: Ti, Cr, Ni, Nb, Mo, Fe 300 
Water H-1, O and boron concentration  300 
Gap He-4 300 

 
Figure 1: PWR lattice model with a central cell (C) and fuel cells (F)  

Validation of an EDH method was performed by calculating the group constant cross 
section and comparing the results to a reference MCNP [5] and WIMSD results. MCNP can 
not directly generate the group cross sections therefore the MCNP was only used for 
calculating multiplication factor. MCNP, version 1.4 was used as a reference code since it is 
considered as one of the best validated transport Monte Carlo code. WIMSD is a deterministic 
lattice code currently employed in CORD-2 package as a default lattice transport model. For 



310.3 

this analysis 69 group ENDF/B V.II library was used in a full 69 - group transport model 
using DSN transport routine.  

New procedure using EDH method was developed with the FORTRAN code and with 
the use of SERPENT results. The method is based on original FORTRAN code with the use 
of WIMSD results in CORD-2 package. The goal of an EDH method is to obtain 
homogenized cell-averaged cross sections by conserving not only the reaction rates but also 
the partial currents on the cell boundary. Homogenized effective cross sections and flux are 
defined as: 

xg g xgµΣ = Σ  and 1
g g

g

φ φ
µ

= ,            (1) 

• Σxg = flux and volume weighting cross sections (x: diffusion, absorption, 
n*fission, scattering) in group g computed with Monte Carlo code SERPENT, 

•  Φg = average flux, 

• μg = scaling parameter, 

• xgΣ , gφ = effective cross sections and flux. 

Scaling parameter μg is defined such that the partial currents on the boundary of the 
homogenized region are conserved on average. The procedure to calculate μg is presented in 
the following. Since the geometry of the unit cell is simple (Figure 1), this can be performed 
analytically and with the use of iterations with the following steps: 

• STEP 1: define the equivalent homogeneous region, unit cell in the middle of 
the geometry (Figure 1) 

• STEP 2: calculate the initial cross sections (Σxg), initial average flux (Φg) and a 
group flux for the outermost region (Φbg), presented on Figure 1. Outermost flux 
is used as a boundary condition in the following steps, 

• STEP 3: based on a cross sections and average flux from the previous step the 
current for a unit cell is calculated. The current is calculated using multigroup 
neutron diffusion equation in 1-D circular geometry, 

• STEP 4: From 1-D diffusion equation in circular geometry the average flux is 
calculated ( gφ )applying boundary condition Φbg for the unit cell (flux for the 
outermost region calculated in step 2), 

• STEP 5: define the scaling factor μg as the ration of the initial flux (STEP 2) and 
the calculated volume average flux (STEP 4) in group g, 

• STEP 6: scale the cross sections according to equation (1) to conserve the 
reaction rates, 

• STEP 7: reiterate from STEP 4 until the difference between the reference and 
the calculated leakage is negligible compared with the total neutron source in 
each group. 

Analytical solution of the above steps is discussed in [1]. The only step that needs some 
further discussion is the use of a SERPENT code to calculate volume and flux averaged initial 
cross sections. 
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2.1 CELL AVERAGED CROSS SECTIONS IN SERPENT 

While the majority of cell average cross sections can be calculated using the standard 
tally features of the Monte Carlo codes there is the problem of diffusion parameter where 
those techniques can not be applied. The latest related topic concerning the diffusion 
parameter is discussed in Ref. [8] while the issue of the diffusion coefficient calculation with 
Monte Carlo codes is presented in Ref. [9].  

While the group constants can be directly derived from continuous-energy reaction 
cross sections, the diffusion coefficient is based on an approximation. Using Fick’s law it can 
be assumed that the diffusion coefficient can be calculated as: 

,

1
3g

tr g

D =
Σ

,          (2) 

where Σtr,g is the transport cross section, defined as: 

, , , 1 g(1 _ MUBAR )tr g a g s g PΣ = Σ +Σ ⋅ − .       (3) 

Σa,g and Σs,g are the absorption and scattering group cross sections and P1_MUBARg is the 
cosine of the average scattering angle. One of the capabilities of the Monte Carlo code 
SEPRENT is the calculation of group transfer cross sections Σs,g→g’. This is not a common 
feature of the Monte Carlo codes. SERPENT calculates group transfer cross sections using 
group transfer probability Pg→g’. This probability is easily calculated using analog Monte 
Carlo estimator (the fraction of neutrons scattering from group g to g’). Group transfer cross 
sections are then calculated as: 

, ' ' ,s g g g g s gP→ →Σ = Σ ,         (4) 

where Σs,g is the total scattering cross section [9].  

Using homogenized cross sections to obtain the final solution and to account the 
leakage is considered as one of the highest priorities in SERPENT development. One of the 
possible leakage solution which is currently implemented in the SERPENT code is the 
fundamental B1 method, that is briefly presented in the next sections. 

3 B1 HOMOGENIZATION METHOD 

B1 method is currently implemented in SERPENT code. It is considered as an 
intermediate solution until a valid Monte Carlo leakage model will be developed. It uses a 
similar procedure as and EDH method. In the first part the cross sections for a homogeneous 
region are calculated using volume and flux averaging method. In this case the homogeneous 
region is a central unit cell. This step is common with the EDH method. The only difference 
in this step is the treatment of the diffusion coefficient. As it can be seen the diffusion 
coefficient in EDH method is calculated using transport cross section (equation 2), while in 
B1 approximation another method is used. This method is based on the diffusion area. 
Diffusion coefficient is than calculated as:  

DIFFCOEF = DIFFAREA · REMXS,       (5) 

where REMXS is the removal cross section, i.e. absorption + scattering out of the energy 
group. Diffusion area is calculated using an analog estimator of the mean square distance (r) 
of neutron migration: 

DIFFAREA = 1/6 · r2.          (6) 
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After the first step is completed the actual B1 calculations starts. The final solution is 
obtained by solving B1 equations. B1 equations have been derived by Stamm’ler and Abbate 
[7] and this kind of procedures is implemented in SERPENT code. The final solution, critical 
flux and current spectra, are obtained by iteratively searching the material buckling which 
yields keff=1. The iteration stops when the required convergence is obtained. Finally the micro 
group cross sections are obtained using critical flux and current spectra. The theoretical 
background and the verification analysis for the B1 method are presented in Ref [8]. Due to 
the positive outcome of this study it was considered to test the use of SEPRENT code 
capabilities for computing cell averaged cross sections for EDH method and compare the 
results against the ones computed with deterministic code WIMSD. 

4 HOMOGENIZED CROSS SECTION RESULTS 

Table 2 shows two-group homogenized cross sections results using EDH method with a 
SERPENT code and WIMSD transport model. All calculations were performed using WIMS 
69-group energy structure, however the group condensation was performed to a two group 
structure using a thermal cutoff energy of 0.625 eV. Three cases were analyzed. An array of 
3×3 cells with central cell containing fuel rod, water channel and control rod. It should be 
stated that the scattering matrix in SERPENT code are modified according to the original 
FORTRAN code using WIMSD output. Diagonal elements of the scattering matrix are 
modified so that the row-sum of the matrix and the absorption cross section reproduce the 
transport cross sections [10]. 

Table 2: Homogenized group cross sections with a fuel rod, water channel and the 
control rod in the central unit cell (Figure 1). Additional the multiplication factors using two 

group diffusion equations are presented calculated with GNOMER 

 Dg Σa,g νΣf,g Σs,g’→g μg k∞ 

WIMSD 1.53580 0.00867 0.00543 0.25135 0.01598 1.00668 1.00179 0.37076 0.09896 0.11941 0.00073 0.86838 0.96132 

SERPENT 1.62135 0.00879 0.00550 0.26033 0.01627 1.01039 0.99897 0.36142 0.09898 0.11892 0.00052 0.87182 0.94877 
Difference 

[%] 
-5.3 -1.3 -1.2 -3.4 -1.8 -0.4 -282 pcm 2.6 0.0 0.4 39.6 -0.4 1.3 

WIMSD 1.57551 0.00142 0.00000 0.24323 0.02793 0.994119 0.96104 0.29157 0.05851 0.00000 0.00059 1.37702 1.022344 

SERPENT 1.77895 0.00146 0.00000 0.25455 0.02827 0.997438 0.95809 0.28254 0.05835 0.00000 0.00053 1.37035 1.002621 
Difference 

[%] 
-11.4 -2.4 0.00000 -4.4 -1.2 -0.3 -295 pcm 3.2 0.3 0.00000 11.5 0.5 2.0 

WIMSD 1.30131 0.04598 0.00000 0.27338 0.00929 0.97437 0.59597 0.14973 0.54635 0.00000 0.00089 0.71277 0.717517 

SERPENT 1.32395 0.04579 0.00000 0.28534 0.00964 0.97779 0.59300 0.15218 0.56631 0.00000 0.00078 0.74752 0.738048 
Difference 

[%] 
-1.7 0.4 0.00000 -4.2 -3.7 -0.3 -297 pcm -1.6 -3.5 0.00000 14.4 -4.6 -2.8 

In general it was expected that some differences would occur since the transport neutron 
methods are different. The cross sections libraries used in both codes originate from the same 
evaluated nuclear data ENDFB/VII.0. In the case of the fuel rod in the central cell it can be 
seen that the difference between SERPENT and WIMSD is around 1% in reaction cross 
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sections like Σa and νΣf. Since the diffusion coefficient is calculated indirectly from individual 
cross sections higher discrepancies can be expected. It can be seen that the absorption cross 
section are lower in the thermal group in the WIMSD calculation. This can be possible due to 
self shielding effect in the WIMSD model. It is known that the effect of self shielding model 
in WIMSD under estimates the self shielding effect in the fuel [11]. This could also have an 
effect on diffusion coefficient. In the case of the water channel in the middle the ration fuel to 
moderator is lower. The absorption cross section discrepancy for fast group is larger than in 
the case of fuel therefore the diffusion coefficient discrepancy has increased for almost the 
same factor. In the case of the strong absorber in the middle it can be seen that the results of 
diffusion coefficient are the closest. These results can be questionable since the diffusion 
approximation is not valid near strong absorbers. Additional the multiplication factor 
comparison in two group diffusion approximation shows that the differences between 
SERPENT and WIMSD results are constant ~ 300 pcm for all three cases. 

Additional analysis was performed to compare the homogenization performed with 
EDH method using WIMSD and fundamental mode using B1 methodology implemented in 
the SERPENT code. The calculation was performed using single processor and with the k-
eigenvalue criticality source mode. Since there is no fission materials in the water and control 
cells the iteration in keff is not possible therefore B1 method was only tested for the where the 
central cell contains a fuel rod. The results are resented in table 3.  

Table 3: Homogenized group cross sections obtained with B1 method. Homogenization 
was performed only for the central fuel cell (Figure 1) 

 Dg Σa,g νΣf,g 

EDH-WIMSD 1.53580 0.00867 0.00543 
0.37076 0.09896 0.11941 

B1-SERPENT 1.46606 0.00870 0.00539 
0.42239 0.10442 0.12517 

Difference [%] -4.541 0.346 -0.737 
13.925 5.517 4.824 

It can be seen from that the discrepancies in diffusion coefficient are underestimated in 
the fast group range and over estimated in the thermal group range for B1 homogenization. 
The same is true for the absorption and ν·fission cross sections. One of the possible reasons 
why this method does not work well with this geometry model is the fact that the 
homogenization is not carried over the whole geometry, since the DIFCOEF is well defined 
only for cases where the homogenization is carried over the whole geometry [9]. Since there 
is no fission materials in the water and control cells the iteration in keff is not possible. 

4.1 MULTIPLICATION FACTOR RESULTS 

In order to test the efficiency of the EDH method and evaluate the effect of the 
homogenized cross sections, the multiplication factor was calculated using ten-group 
diffusion approximation with reflective boundary conditions. The calculations were 
performed with the GNOMER code using 3×3 cell model. The multiplication factor values 
were compared with the MCNP values for all three cases. In addition the results of the 
multiplication factor using SERPENT Monte Carlo calculation of the whole geometry are 
presented. The results are presented in tables 4 and 5. The cross section ACE libraries used in 
the MCNP and SERPENT calculations are based on ENDF/B VII.0 data. Since the MCNP 
cross sections are tabulated at temperatures 294 and 600 K we used a MAKXSF utility to 
interpolate the required cross sections. The comparison was also performed using 
homogenization method with flux and volume weighting of the cross sections, referred as a 
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FVH method. In general FVH method is simple but it is quite inaccurate when the 
homogenization is carried over the area with strong absorbers.  

Table 4: Multiplication factors (keff) for three cases: fuel (f), water (w), control (c) and 
differences in regards to fuel when using water (f-w) and control (f-c) using Monte Carlo 

calculations (MCNP, SERPENT-MC) and multigroup diffusion approximation  

 Multiplication factor ∆k [pcm] 
 f w c f-w f-c 

MCNP 1.00058 0.96140 0.58516 -3918 -41542 
SERPENT-MC 1.00054 0.96116 0.585051 -3938 -41548 
WIMSD-EDH 1.00034 0.96253 0.57011 -3781 -43023 
WIMSD-FVH 1.00034 0.96551 0.52199 -3483 -47835 
SERPENT-EDH 0.99861 0.96047 0.56770 -3814 -43091 
SERPENT-FVH 0.99862 0.96302 0.52541 -3560 -47321 
SERPENT-B1 0.982533     

Table 5: Multiplication factor discrepancies to a reference case MCNP in regards to a 
table 4  

 ∆k [pcm] 
 f w c f-w f-c 

SERPENT-MC -4 -24 -11 -20 -7 
WIMSD-EDH -24 113 -1505 137 -1481 
WIMSD-FVH -24 411 -6317 435 -6293 
SERPENT-EDH -197 -93 -1746 104 -1549 
SERPENT-FVH -196 162 -5975 358 -5779 

It can be seen from table 5 that the performance of EDH method in WIMSD works very 
well compared to reference results obtained with MCNP transport model. Similar results and 
observations were already obtained by Trkov and Ravnik in [1]. Considering the 
homogenized cross sections obtained with Monte Carlo code SERPENT the results of 
multiplication factor shows very good agreement. In the case of heterogeneities the effect of 
water (f-w) and control rod (f-c) on multiplication factor is very good. In the case of the water 
the discrepancy to the reference result is ~ 100 pcm. It can be seen that EDH method works 
really good even when a strong absorber is inserted in a homogeneous region.  

5 CONCLUSION 

In this paper determination of the neutron homogenization with the Monte Carlo 
method has been examined. These kinds of calculations are usually performed using 
deterministic codes. However for this kind of calculations Monte Carlo code SERPENT has 
been used. New procedure has been developed that utilizes an external code to process the 
SERPENT output and performs the effective homogenization on a few group cross sections 
using EDH method. EDH method is currently implemented in CORD-2 package where the 
unit cell calculations are performed using determinist code WIMSD. 

The analysis has been performed to test the efficiency of EDH method using SERPENT 
by comparing the results of multiplication factor with the other homogenization methods and 
codes. Reference results have been obtained with a Monte Carlo code MCNP. The 
calculations were performed in a simple 3×3 pin array configuration. The cross sections are, 
however homogenised only over the unit cell. The multiplication factors were obtained using 
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GNOMER code with reflective boundary conditions considering ten-group diffusion 
calculation.  

The results of EDH method compared to a FVH method shows that the performance of 
EDH method is really good especially in the presence of a strong absorber. It was 
demonstrated that using Monte Carlo code with the EDH method has very similar results that 
the one using determinist code WIMSD. The discrepancies between them are around 33 and 
70 pcm in the case of a water or control rod. The performance of EDH method in the case is 
remarkable.  The discrepancy using simple homogenization method with flux and volume 
weighting of the cross sections gives the ∆k= -5779 pcm compared to the reference MCNP 
results while in the case of the SERPENT-EDH the homogenization error is reduced by a 
factor of four. It was demonstrated that the use of SERPENT code together with the EDH 
method can be used in the future for computing homogenized cross sections. In the case of 
testing the implemented homogenization method B1 the results in the case of the fuel rod in 
the central unit cell shows larger discrepancy. 
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