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Whole core critical calculations have been performed for a series of cold criticality experiments in the initial core 

of ABWR by using a continuous energy Monte Carlo code MCNP5. Three-dimensional geometrical models were 
precisely created to represent individual fuel rod inside fuel assemblies and absorber pin and plate inside control 
blades. The variance of calculated effective multiplication factor effk from MCNP5 was within experimental errors. 
The observed bias of effk  from 1.0 was consistent with the known trend. Neutron history of 108 was taken, the 
convergence of effk  and source distribution were checked by the sandwich method and the Shannon Entropy, re-
spectively. Power distributions were evaluated at various levels of resolutions as fuel assembly, fuel rod and inside 
fuel rod, and the variances in those results were investigated. The results of effk  calculated for the cold criticality 
experiment were 1.0035 (+/- 0.1 %k) with standard deviation less than 0.01 %k, where the each computation time 
was approximately 12 hours on PC Linux server with duel Xeon quad 3.0 GHz for 8 processors OpenMPI. 

KEYWORDS: continuous energy Monte Carlo, MCNP5, commercial BWR, cold criticality experiments, effk , 
fuel node power, pin power, power within Gd-rod 

 
 

I. Introduction 

Continuous energy Monte Carlo codes are capable of si-
mulating neutron transport phenomena inside a reactor core 
with explicit representations in geometry and material densi-
ties. Recent advances in PC based high performance 
computation technologies enable us to apply the Monte Car-
lo codes to large scale problems, such as detailed 
three-dimensional whole-core calculations for commercial 
power reactors within acceptable computation time at low 
cost, letting us to calculate the effective multiplication factor 

effk  along with the power distributions and the various de-
sign parameters by taking localized tallies by taking 
sufficient number of histories.1) 

In this study, we applied MCNP5 to ABWR whole-core 
analyses to calculate effk  and the power distributions at 
multiple levels of geometrical scales, such as assembly av-
eraged, fuel rod averaged and inner fuel rod power 
distributions. The calculation cases were chosen from a se-
ries of the measured cold criticality experiments, 
corresponding to various control rod patterns in the initial 
core loaded with 872 fresh UO2 fuel assemblies of 9×9 de-
signs.  

A difficulty in performing large scale Monte Carlo calcu-
lations is characterized as high in the dominance ratio (i.e., 
DR ~1.0) of the problems, causing slower rate of conver-
gence in the power iteration used for solving criticality 
calculations. A deterministic code AETNA,2) a three-energy 
group core simulator based on the analytic polynomial nodal 
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method, was used to predetermine the value of DR for the 
initial cores of interest by calculating the eigenvalues of both 
the fundamental and the first higher mode. In the framework 
of Monte Carlo calculations, the fission matrix method and 
the coarse-mesh projection method are known for calculating 
the values of DR,3) but they have not been incorporated into 
MCNP5 yet. To access the convergence of MCNP5 calcula-
tions, both effk  and the Shannon entropy srcH  of source 
distributions4) were checked by taking the values of prede-
termined DR as a guiding parameter of the convergence. 

Apart from the variance in the Monte Carlo calculation 
being proportional to T-0.5, where T is the total neutron histo-
ries, the bias in effk  was investigated by varying the 
number of the iterations under the constraint of keeping the 
total neutron histories constant. In addition, the behavior of 
convergence of effk  and srcH  was evaluated based on the 
sandwich method5) by assuming the two types of initial 
source distributions which were uniform over the reactor 
core and localized at important region of the reactor cores. 

Through the investigations mentioned in the above, it was 
concluded that the power iterations were converged without 
falling on fault convergences, when the order of 100 million 
histories with M=20,000 times N=5,000 are taken, where M 
is the numbers of particles per cycle and N is the number of 
the active cycles, respectively. The calculated effk  with 
their variances were compared with the results of the cold 
criticality experiments. The average power distributions for 
the fuel assembly and the average fuel rod quantities were 
compared with those from AETNA to evaluate the degree of 
the uncertainties in the power distributions which were cal-
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culated from the localized tallies. It was found that the cal-
culated effk values and the power distributions are 
satisfactory. Furthermore, the variances in the results of the 
inner fuel rod power distribution were investigated. Factor of 
five or more in M is recommended to reduce the degrees of 
the uncertainties in the radial power distributions inside the 
fuel rods, especially for the Gd bearing rods. 

To expand the realm of applications of MCNP5 from ini-
tial cores to those loaded with depleted fuel assemblies, 
MCNP5 needs to be enhanced to remove the upper limits on 
the numbers of surfaces and materials. In this study, the 
maximum numbers of the surface and the material cards 
specified are 86,000 and 8,900, respectively, against the 
common maximum of 99,999 for the both. In addition, there 
are upper limits on the numbers of the cards specifying cells, 
universes and tallies. 

By overcoming the limitations encountered when apply-
ing Monte Carlo codes to the problems having spatially large 
and complex geometry and as well as making efforts on 
porting these codes on high performance computation plat-
forms, Monte Carlo codes will have a potential to become 
tools for obtaining the reference solutions in a commercial 
LWR core design analyses within acceptable computation 
time. 

In this paper, the convergence of the power iterations is 
mainly discussed by paying attention on future applications 
of MCNP5 to depletion calculations. 

II. Calculation Method 

1. Geometry 
The initial loading core of commercial ABWR, Shika-2,6) 

which consists of 872 fuel assemblies (9×9, step3A) and 205 
control rods, was evaluated. Both Boron Carbide control 
rods and Hafnium control rods were loaded. The enrichment 
of assembly type I is 1.5 wt% and that of assembly type II is 
4.1 wt%. The core average enrichment is 3.5 wt%. The core 
height was approximately 3.7 m and the equivalent core di-
ameter was 5.2 m, respectively. The fuel loading pattern of 
1st cycle for Shika-2 is shown in Fig. 1. 

In calculations, fuel and moderator temperature were 
293.15 K and the nuclear data used was ENDF/B-VII.0. Ap-
proximately 30 cm thick of water was added to upper and 
lower end of core. And also, the core was surrounded with 
approximately 1.5 m thick water. Outside of water, void 
surrounded the core. In the axial direction, the whole core 
was divided into 24 nodes correspond to enrichment and 
Gd2O3 distribution. The geometry was precisely modeled to 
represent the individual fuel pin and absorber pin and plate, 
except for the top position of control rod which was partially 
withdrawn. To simplify, we could only calculate the case in 
which the top position of control rod corresponded to axial 
node boundary. Therefore, when we compared node power 
distribution, we interpolated from two results. In other eval-
uation, we only calculated the case in which the top poison 
of control rod was the nearest to actual. 

Fig. 1 Fuel loading pattern of 1st cycle for Shika-2 
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The cold criticality experiments had different control rod 
insertion patterns, in which the control rods were withdrawn 
uniformly (first criticality test, called FCT) or some of the 
control rods were withdrawn locally (cold criticality test, 
called CCT). The sketch of FCT geometry and the control 
rod pattern of CCT are shown in Figs. 2 and 3, respectively. 
The specific Gd-rod was annularly divided into 10 spatial 
regions. In the CCT, the locations of withdrawn control rods 
were different in each case except that CCT 1 - 4 were rota-
tional symmetry. The cold criticality experiments were 
carried out with different temperature and period. 

2. Calculation Conditions 
Open MPI-based executable of MCNP5 was built to per-

form parallel computation on a PC Linux platform equipped 
with the dual Xeon quad core processors (3.00 GHz) to real-
ize OpenMPI parallel computation with eight processors at 
maximum on a single machine. A point-wise cross section 
library of MCNP5 (ACE library) is based on ENDF/B-VII.0. 

Generally, a variance in a Monte Carlo result is propor-
tional to T-0.5 where T is number of total neutron particles. 
Furthermore, in order to achieve required accuracy, above a 
certain number of cycles was needed because of the differ-
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ence between initial source distribution and converged 
source distribution. The relation between the effective mul-
tiplication factor effk  and the number of cycles under 
conditions that total neutron particles was maintained con-
stant (108 particles) and initial source was uniform 
distribution is shown in Fig. 4. This figure shows that over a 
few thousand cycles is required to attain effk  convergence. 
So we set the number of neutron particles per cycle to 
20,000 and the number of active cycles to 5,000. According 
to our sensitivity study to the number of inactive cycle, the 
final effk  remain almost unchanged by taking it more than 
100. effk  where inactive cycle was 100 agreed with effk  
where inactive cycle was 1,000 within 0.01 %k. Since over 
100 inactive cycles did not affect the result, we set inactive 
cycle to 100. 

To take the case of FCT, the variance of effk  was less 
than 0.007 %k by tracking 108 particles where the compu-
tation time was about 12 hours. By tallying the fuel node 
power and/or pin power, the computation time increased, 
e.g., it took about 1 day to tally all fuel node power. 
 

III. Result 

1. The Effective Multiplication Factor effk  
The effective multiplication factor effk  of cold criticali-

ty experiments were calculated. The results were shown in 
Fig. 5. These values were corrected for temperature and pe-
riod reactivity individually by AETNA. The variances (1) 
of effk  from MCNP5 were less than 0.01 %k and the dif-
ference between maximum and minimum was about 
0.13 %k. The difference was larger than the variances from 
MCNP5. And also, there was difference among CCT 1 - 4 in 
which the locations of withdrawn control rods were rotation-
al symmetry. The difference among CCT 1 - 4 corresponded 
approximately to experimental errors. It would appear that 
the experimental errors caused mainly the difference of 

effk . In other words, the effk  of cold criticality experi-
ments obtained by MCNP5 agreed with each other within 
experimental errors. The observed bias of effk  from 1.0 
was considered mainly arising from the uncertainty in the 
nuclear data, and consistent with the known trend of 
ENDF/B-VII.0, when employed to analyze cold, clean, UO2 

critical experiments under LWR conditions.7) 
 

2. Convergence of The Effective Multiplication Factor 

effk  

The DR of cold criticality experiments were analyzed by 
3 dimensional calculation code AETNA that is based on 3 
group analytic-polynomial nodal expansion method. The DR 
of the FCT was largest among cold criticality experiments. 
So, we focused on FCT. 

The variance in the estimate of effk  usually decreases as 
the total neutron particles increases. Even then, it is difficult 
to determine the final converged effk . In order to evaluate 
the convergence of effk , the sandwich method was applied 
to the FCT. The calculations were performed with two types 
of initial source, i.e., a uniform source and an important re-
gion source. Because the control rods were withdrawn 
uniformly, the important region is middle of core. We see 
from Fig. 6 that there is no significant difference between 
the results of effk  obtained from the uniform source and 
important region source. The result of the final effk  for the 
FCT was 1.0052 (without correction of temperature and pe-
riod reactivity). 

 

3. Convergence of Source Distribution 

To evaluate the convergence of the fission source spatial 
distribution, MCNP5 computes a quantity called the Shan-
non entropy of fission source distribution, srcH . The 
Shannon entropy of the discretized source distribution is 
expressed by 

 ,ln
s

1
2




N

j
jjsrc PPH  (1) 

where Ns is the number of grid boxes, and Pj is the ratio of 
the number of source sites in j-th grid boxes to total number 
of source sites. The srcH  varies between 0 for a point 
source distribution to ln2(Ns) for a uniform source distribu-
tion. Figure 7 shows the result of the Shannon entropy with 
grid boxes corresponds to fuel nodes. The calculations were 
performed with a uniform source and an important region 
source. If the final source distribution is uniform, srcH  
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would be 14.8 (= ln2(34 × 34 × 24)). We see from Fig. 7 that 
there is no significant difference between the source distri-
bution obtained from the uniform source and important 
region source. Accordingly, tracking 108 neutron particles is 
enough to achieve the convergence of source distribution. 

 

4. Fuel Node Power 

The fuel node power distribution appeared in Fig. 8. 
These values were shown for radial x-direction from left 
boundary to the center. The radial y-coordinate is 17th row 
and axial z-coordinate is 12th node, that is, half the height of 
core. And then, these values were normalized by the average 
power of upper-left core region, where z-coordinate is 12th 
node. Compared the node power distribution calculated by 
MCNP5 with that by AETNA, the difference was 2.3 on 
average, where  is variance in MCNP5. Although the larg-
est difference was 5.0 except for lower power nodes, there 
was no specific tendency. Therefore, it is reasonable to con-
clude that MCNP5 was able to evaluate core characteristic 

with satisfactory accuracy. 
 

IV. Accuracy in Fuel Pin 

In this chapter, we focused on the fuel node of which rel-
ative power was one of the largest, i.e., x, y, z-coordinate is 
16th, 17th, 12th node in the FCT. The control rod adjacent to 
the node given above was withdrawn. 

To verify the pin power distribution, the infinite lattice 
calculation was performed. We set the number of neutron 
particles per cycle to 50,000, the number of active cycles to 
200 and the number of inactive cycles to 20. The variances 
of the infinite lattice calculation are significantly small. 

 
1. Pin Power Distribution 

The fuel assembly consisted of UO2-rods, Gd-rods and 
water-rods. We evaluated the pin power distribution in the 
diagonal direction of lattice as shown in Fig. 9. The fuel pins 
were labeled from 1st to 9th. The location 3rd and 5th indi-
cated Gd-rod and water-rod, respectively. 
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The pin power distribution in the diagonal direction of 
lattice is shown in Fig. 10. Compared the result obtained 
from 100,000 neutron particles per cycle with that of the 
default calculation (20,000 particles per cycle), the differ-
ence is 0.9 on average. The largest difference is 2.8 in 
location 7th, where the 1was about 0.03, and the difference 
is less than 2 in higher power pin. The default calculation 
seemed to be sufficient to achieve satisfactory accuracy. 
Moreover, the relative pin power distribution calculated by 
AETNA is quite similar to that by MCNP5. In the middle 
region, the pin power distribution by infinite lattice calcula-
tion with MCNP5 is also quite similar. On the contrary, there 
was difference that was not due to statistical uncertainty in 
the peripheral region. In the infinite lattice calculation, con-
trol rod was withdrawn. Because some control rods were 
inserted and others were withdrawn in the whole core calcu-
lation, the relative power was larger in the fuel pin closed to 
withdrawn control rod. In addition, the boundary condition 
of infinite lattice calculation was mirror reflection. There-
fore, the pin power distribution by infinite lattice calculation 
did not correspond to the other results in peripheral region. 

 
2. Relative Power within Gd-Rod 

Within Gd-rod, Gd number density decreases from the 
surface to center region with exposure. In assembly calcula-
tion, it is the typical discretization method that Gd-rod is 
annularly divided into about 8 or 10 spatial regions due to 
the “onion-skin” effect.1) 

The relative power distribution within the Gd-rod (loca-
tion 3rd) was shown in Fig. 11. The Gd-rod was annularly 
divided into 10 spatial regions whose volume was equal to 
each other. The difference between the result obtained from 
100,000 neutron particles per cycle and that of the default 
calculation (20,000 particles per cycle) is 0.5 on average. 
The largest difference is 1.1 in 9th ring from the center, 
where 1 is about 0.05. The relative power at the surface 
neighbor region in the Gd-rod was larger than that at the 
center region. Although this tendency appeared in the result 

by default calculation (20,000 particles per cycle) on the 
whole, it was not necessary. The relative power in 4th ring 
from the center is smaller than that in 3rd ring. The result 
obtained from 100,000 neutron particles per cycle was more 
similar to the result of infinite lattice calculation. 

 
3. Matter to Calculate Fuel Pin Power 

As mentioned above, the default calculation (20,000 par-
ticles per cycle) seemed to be sufficient to achieve 
satisfactory accuracy in terms of pin power distribution. At 
least, we could also see that reasonable tendency appeared in 
the result of relative power distribution within Gd-rod by 
default calculation. But due to restriction of MCNP5 on total 
number of surfaces and so on, we could not evaluate power 
distribution within all Gd-rods under the present conditions. 
It was essential to improve MCNP5. 

By assuming 3 items, we evaluated the computation time 
to apply MCNP5 to burn-up calculation. First, there was no 
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restriction on the number of surfaces, materials and so on. 
Second, the result obtained from 100,000 neutron particles 
per cycle in whole core calculations was enough in terms of 
relative power within Gd-rod. Finally, the void iterations 
were ignored. At the moment, it took about a few days to 
tally the fuel pin power. The node peaking factor where rela-
tive node power was one of the largest was approximately 5. 
Therefore, the computation time needed to run burn-up cal-
culation may be over 1 month. 
 

V. Summary 

Whole core calculations have been performed for a com-
mercial ABWR, Shika-2 by using MCNP5 with 20,000 
neutron particles per cycle and 5,000 active cycles. The 
geometry of whole core was precisely modeled to represent 
the individual fuel pin and absorber pin and plate. The cal-
culated effk  of cold criticality experiments agreed with 
each other within experimental errors. The observed bias of 

effk  from 1.0 was consistent with the known trend of 
ENDF/B-VII.0. Moreover, we confirmed the convergence of 

effk  and source distribution by means of the sandwich me-
thod and the Shannon Entropy, respectively. Node power 
distribution was in agreement with the result of AETNA 
based on deterministic theories. These results show that we 
are now able to evaluate core characteristics of commercial 
ABWR using MCNP5 with satisfactory accuracy. 

The pin power distribution and the relative power distri-
bution within Gd-rod were also evaluated by MCNP5. The 
pin power distribution was in good agreement with that of 
AENTA. We could also see reasonable relative power dis-

tribution within Gd-rod. Assuming that there is no restriction 
of MCNP5 on total number of surfaces and materials, we 
can evaluate power distribution within all Gd-rods and apply 
MCNP5 to burn-up calculations. 
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