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Validation of Low-Cycle and Low-Particle OpenMC Simulation Codes for
Neutronics Calculations has been conducted. This study validates OpenMC, an
evolving open-source neutron analysis code. Validation of Low-Cycle and Low-
Particle Codes is crucial as it allows for effective calculations with minimal
computational resources. Determining the convergence point of cycles and
minimum particles in low-cycle and low-particle calculations enables
maintaining calculation accuracy, thus providing sufficiently accurate results.
This study demonstrates that a minimum of 15,000 particles, 100 cycles (30
inactive, 70 active), is required for low-cycle simulations. A comparison of k-
eff calculation results with the SRAC code for MSR FUJI-12 at 7 burnup points
(0-27 MWad/ton) yields a maximum error of 0.7%. These results validate the
effectiveness of OpenMC in achieving accurate neutronic calculations with
limited computational resources.
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1. INTRODUCTION

The Molten Salt Reactor (MSR) is a nuclear reactor with both its fuel and coolant in the form
of a molten salt solution. The fuel for an MSR can be uranium, plutonium, or thorium dissolved in
molten salt (Yamaguchi et al., 2017).The liquid phase of the fuel solution is maintained by ensuring the
solution is at the eutectic mixing point, operating at low pressure and high temperature (Yamaguchi et
al., 2017; Soucek et al., 2018). The MSR FUJI-12 is a design of MSR developed by Japan, which is
relatively small compared to similar reactors. The MSR FUJI-12 is designed with a single homogeneous
core, as shown in Figure 1, and commonly utilizes a mixture of molten salts such as LiF-BeF,-ThF.-
UF, as fuel (Waris et al., 2012).

The use of nuclear technology as a nuclear power plant must go through a very comprehensive
analysis. Neutronic analysis is a critical analysis related to the interaction of neutrons in the reactor core.
Neutrons are the primary atomic particles in reactors that can cause fission reactions, so it is essential to
know the behavior of neutrons in order to obtain a safe and neutronically optimal reactor design
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(Syarifah et al., 2021; Karomah et al., 2023). Neutronic analysis can be simulated with several
compatible analysis codes such as SRAC, MCNP, SERPENT, and ORIGENT. Each code has a different
calculation method and accuracy, so more than one code is needed to conclude an optimal reactor design.
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Figure 1. FUJI-12 MSR Design (IAEA, 2016)

OpenMC is a neutronic analysis code developed by Computational Reactor Physics Group
members from the Massachusetts Institute of Technology in 2011. This code is open source and
continues to be developed by many researchers around the world. OpenMC is a code based on Monte
Carlo simulation with geometry modeling based on the Constructive Solid Geometry method. OpenMC
is capable of calculating fixed-source neutron and photon transport, k-eigen calculations, reactor
criticality, and CAD calculations. In addition, OpenMC is also able to support multigroup or continuous
transportation of energy and particles (Romano et al., 2015; OpenMC, 2023). This code is counted as a
new code in neutronic analysis, so it needs to be validated with other codes so that it can become a
reference in the use of nuclear technology.

Convergence of neutron source distribution is crucial to validate Monte Carlo-based neutron
transport calculations such as OpenMC. The neutron source distribution is related to the behavior of
neutron interactions; thus, ensuring a converged neutron distribution is essential to obtain neutron
interaction histories representative of the entire modeled reactor core. A simple way to achieve this state
is by increasing the number of cycles and neutron histories during calculations. However, this method
could be more efficient as it requires high computational resources and can lead to lengthy simulation
durations.

Shanon entropy is a calculation method used to determine the convergence of neutron
distribution within a specific mesh. The geometry is divided into several meshes, and the number of
neutrons distributed in each mesh is identified to determine the value of Shanon entropy. This method
has been utilized, among others, in determining the convergence of neutron sources in the MCNP code
by Farkas et al. (2017). The results of this study indicate that the neutron distribution becomes more
convergent with a larger number of neutron histories. The number of cycles also determines how
converged the neutron distribution is. However, it is observed that there is a minimum cycle required to
reach a stationary state in the neutron distribution for each cycle (Farkas et al., 2017).

The stationary point distribution of the neutron source needs to be determined to minimize the
error value in Monte Carlo calculations. The stationary point is marked as the starting point of the active
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cycle, and the inactive neutron distribution point marks the part of the neutron distribution that has not
yet converged. Determining the number of inactive cycles is important to perform effective calculations
using Monte Carlo (Brown, 2006). Research conducted by Hursin et al., 2024, shows that the distribution
of neutrons in each cycle can be different, so the results of the analysis of the neutron distribution in
each cycle can be different. Based on this, apart from influencing the criticality parameter (k-eff), the
distribution of neutrons can directly influence the flux parameters, fission rate, and other physical
parameters.

This research validates the results of neutronic analysis of OpenMC calculations for calculations
with a small number of particles and cycles. Validation is carried out by calculating the entropy value
of the neutron source distribution in order to obtain the minimum number of cycles for converging
source simulations. The number of particles is varied and then used to estimate calculations that have
been carried out on the k-eff data reference source from SRAC calculations for MSR FUJI-12. The
SRAC code was chosen because it uses a deterministic calculation system with a diffusion equation
approach different from the OpenMC system. In addition, SRAC has been validated and used for
neutronic analysis of nuclear reactors for a long time (Kumala Sari et al., n.d.; Syarifah et al., 2017a,
2017b, 2018, 2020, 2022). Validation is carried out by comparing the k-eff value of fuel burn-up results
from the two codes. The k-eff value is an important parameter to indicate neutron production activity in
the reactor (Syarifah et al., 2024). Controlling k-eff is important in neutronic safety, so the code must be
able to calculate the correct k-eff.

2. METHOD

2.1 Calculation of eigenvalues (k)

Reactor criticality calculations by OpenMC cannot be separated from the neutron transport equation.
The neutron transport equation shows that the change in the rate of neutron density is proportional to
the number of absorbed and leaked neutrons.
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By formulating equation 1 in a steady state and adding the eigenvalue (k) from dividing v(r, E') with
k, Equation (2) is obtained (Mickus, 2021; Mabruri et al., 2022).
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The Monte Carlo method is a method of solving deterministic problems with a stochastic
approach using random numbers. A number of n independent observations (e.g. neutron history) are
collected to solve a difficult deterministic problem by obtaining the average of the observations. The
advantage of the Monte Carlo method is that it can solve complex problems without simplification. Very
complex problems can be solved with very accurate solutions by doing more repetitions (more
observations) and by increasing the number of n samples. This is guaranteed by the central limit theorem
(Vaz, 2009; Kunlun, 2016). The use of the Monte Carlo method in the neutron transport simplifies
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Equation (2) into a Monte Carlo iteration form by creating an operator S which is a source of fission and
F which is the fission operator (Carney et al., 2014; Mickus, 2021), so that it is obtained:

_ 1 _
SHl:—.FSI 3
% ®)

S0 denotes a sample of the neutrons at their current state, whereas St% show the next generation of
neutrons. lteration starts from the initial state S© with eigenvalues k(©.

2.2 Entropy convergence

The entropy value of the source distribution can be determined by determining the 3D-mesh
that divides the geometry of the reactor core. The total mesh must cover the entire fission zone area to
limit source leakage. The fraction of the fission site in each mesh can be determined by the following
equation:

_ Source sites in i —th mesh element
Total number of source sites

(4)

withi = 1,2,3,,,, N denotes the i-th mesh. The entropy value can be calculated by discretizing the
problem space into N regions. In each region i, the fraction of fission source neutrons (S;) in that region
is calculated, so the estimation of Shannon entropy can be determined by Equation (5) (Kiedrowski &
Beyer, 2017; Omar, 2021; OpenMC, 2023):

N
H=->log, S, 5)
i=1

where N is the number of meshes.

In this study, the FUJI-12 MSR core shown in Figures 2 and 3 will be divided into an 8x8x8 3D
mesh. The number of scattered neutron sources in each mesh is identified and then calculated using
equation 5 to obtain the entropy value. The active cycle point is then evaluated based on the initial point
of the stationary state that can be achieved by all variations of neutron history from 15,000 to 1,000,000.
The stationary point is evaluated based on the initial point of fluctuation with a uniform state.
Meanwhile, the minimum number of particles is determined based on calculating the k-eff value from
all variations in the number of particles. The point where k-eff begins to converge on variations in the
number of particles simulated used as a reference for low-particle calculations.
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Figure 2. Reactor core model (a) shape of the reactor core and (b) the configuration of the core material.
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2.3 Design and Parameters

MSR FUJI-12 has a cylindrical core shape with one core, and is covered by reflector and
absorber layers on the axial and radial sections. In addition, there is a fuel duct to the cooler called the
fuel duct between the core and reflector in the axial direction. The MSR FUJI-12 model in this study
refers to the design shown in Figure 2. The specifications of the components making up the reactor core
and the fuel used are described in Table 1.

Table 1. Core material specifications (Waris et al., 2012, 2015)

Parameter Value
71.78% LiF
Fuel 16.00% BeF
12.00% ThF4
0.32% UF4
Density 2.9 gricm®
Thermal output 840 Kelvin
Moderator Graphite (C)
Density 1.84 g/cm®
Reflector Graphite (C)
Density 1.76 g/cm?
Absorber Boron Carbide (CBy)
Density 2.52 glcm®

Figure 3 is the hexagonal lattice configuration of the graphite and fuel moderator on the MSR
FUJI-12. According to (Suzuki & Shimazu, 2008), the volume fraction of graphite moderators in the
core is 70%, so the number of hexagonal lattices required is 271. Figure 3 is a lattice size specification
commonly used on the MSR FUJI-12. It requires ten hexagonal lattice rings to model the MSR FUJI-
12 according to the moderator fraction value.

Operation MSR FUJI-12 is operated according to the operating parameters shown in Table 2.
The reactor was operated for five years with a maximum total fuel burn-up of 27 MWd/Ton. Operating
power is set to work at 350MW1 for all burn-up points. Other operating parameters can be seen in Table
2.
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Figure 3. Hexagonal lattice configuration.
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Table 2. Operating parameters of the MSR FUJI-12 reactor (Waris et al., 2012)

Parameter

Specification

Thermal Power
Electric Power
Inlet Temperature
Outlet Temperature
Refueling Period
Avg. Power Density
Burn-up Point

350 MWt
150 Mwe
840 Kelvin
980 Kelvin

5 years

7 Seclliter

(2.7,5.4,8.1, 13.5, 18.9, 24.3, 27.0) MWd/Ton

Criticality simulation of the reactor is carried out by dividing the maximum burn-up of 27
MWd/Ton into seven burn-up points. This setup determines the characteristics of changes in the value
of k-eff from the beginning to the end of the burn-up. These are also reference points for validating the
k-eff value according to the calculation of the SRAC code simulation.
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Figure 4. Convergence of k-eff and entropy.
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3. RESULTS AND DISCUSSION

The results of calculating k-eff and entropy with 500 active cycles have been carried out with
the results shown in Figure 4. The results show that the convergence characteristic of k-eff and entropy
values starts at cycle 30 and above (cycle > 30) for all variations in the number of particles used. It can
be seen that fluctuations in entropy and k-eff values occur at the 30 — 500 cycle point. The higher the
number of simulated particles, the more minor the fluctuations in k-eff and entropy values (Brown, 2006;
Carney et al., 2014; Kunlun, 2016). Entropy indicates the level of neutron source distribution in the
reactor core geometry. It is crucial to obtain the correct particle behavior data to obtain k-eff. The larger
the simulated particles, the more evenly distributed the neutron sources in the reactor design are,
resulting in a more accurate k-eff (Farkas et al., 2017).

The final value of the k-eff calculation for all variations in the number of particles is shown in
Table 3. Based on Figure 4, the results of the simulation calculations can be grouped into low, medium,
and high. The final result of the k-eff value for each variation is close to k-eff ~1.1500. The difference
between the variations is the level of accuracy. The high group has inaccuracies (accuracy errors) below
10 pcm, while the medium and low groups are above 10 pcm. The number of cycles also affects the k-
eff value error; the larger the cycle used, the smaller the calculation error obtained.

Table 3. Calculation value of k-eff

Particles (N) Keft + error Group Particle
Sk 11495+ 00001 Low (4 < 50K)
;ggi Ejg;i ggggﬁ Medium (50K < N < 500K)
000K 1 1459% 0.00006 High (¥ > 5008

The results of the entropy validation in Figure 4 show that active cycles can start at cycle 31 or
more. Based on these results, a k-eff calculation is simulated with a lower number of cycles (low-cycle).
Figure 5 is the simulation result of variations in the number of particles from 100 — 1,000,000, with 100
cycles consisting of 30 inactive and 70 active cycles. The 31%t cycle point was chosen as the start of the
active cycle calculation based on the entropy convergence data in Figure 4. The calculation results in
Figure 5 show that the fluctuations in the k-eff value decrease in the particle range of 10,000 — 1,000,000.
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Figure 5. K-eff value for the number of particles.
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Based on the results in Figure 5, 15,000 particles are used as a reference for calculating low
particles. Figure 6 is the result of a comparison of the simulation results of OpenMC and SRAC k-eff
calculations. The comparison results are intended to show the level of precision of OpenMC calculations
against SRAC calculations. The low cycle uses 15,000 particles with 100 cycles, while the high cycle
uses 200,000 particles with 500 cycles. Comparisons were made for seven fuel burn-up points in the 0
— 27 MWid/ton range.
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Figure 6. Validation of SRAC and OpenMC.

Based on the results in Figure 6, compared with the results of research by Waris et al. (2012),
the largest error value for the comparison of low cycle and high cycle with SRAC after a burn-up process
of 0—27 MW(d/ton is 0.7%. It shows that the level of precision of the two codes for the SRAC calculation
is 99.3%. This value can be precise and can be used to state that the k-eff calculation by OpenMC has
been validated based on SRAC data references. In addition, these results also show that the low-cycle
OpenMC simulation is sufficient to obtain a precise k-eff value.

Table 4. Physical parameter analysis value.

|[HC — LC|
— X

Physical Parameter Low-Cycle (LC) High-Cycle (HC) He 100
Fission Rate 0.461129 * 0.000721947 0.460334 * 5.92E-05 0.17%
Nu-Fission Rate 1.15186 * 0.00180282 1.14987 * 0.000148 0.17%
Flux 251,502 * 0.129979 251.484 * 0.014017 0.01%
Total Reaction Rate 101.043 * 0.0550079 101.034 * 0.005936 0.01%
Heating 8.18E+07 * 125336 8.16E+07 T 10265.3 0.17%
Heating-Local 9.07E+07 * 136628 9.05E+07 * 11203.7 0.17%

In addition to the k-eff calculation, there is output for calculating physical parameters that can be
issued by OpenMC according to the tallies and score settings used. The physical parameter values can be
seen in Table 4, which shows the average reaction value of the 1-energy group (0-200 MeV). The
difference between the Low-Cycle and High-Cycle calculation st.dev error values for each physical
parameter is evident. High-Cycle calculations have st.dev error values ten times smaller than Low-Cycle
calculations. This condition shows that the High-cycle is ten times more accurate than the Low-cycle.
Meanwhile, the difference in the results of calculating the physical parameters is 0.01% for the flux and
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total reaction values and 0.17% for the other parameters. Based on these results, the precision level of
the Low-cycle calculation to the High-Cycle calculation is 99.83% - 99.99%.
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Figure 7. Validation of SRAC and OpenMC.

Figure 7 compares the flux spectra from the High-cycle and Low-cycle calculations. The
neutron flux is related to neutrons' behavior while in the nucleus. Flux shows the total distribution of
reactions that cause an increase or decrease in neutrons in the reactor core during reactor operation.
Figure 7 shows the distribution of neutron flux values based on 500 energy groups 0 — 200 MeV. This
reactor is a type of thermal reactor based on its peak spectrum. The comparison results between High-
cycle and Low-cycle simulations have similar spectral characteristics. The difference in values
representing accuracy is shown in Table 4.
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Figure 8. XY flux distribution for (a) High-Cycle and (b) Low-Cycle.

Figure 8 shows the XY section flux distribution for High-cycle and Low-cycle calculations.
The neutron flux in the graphite moderator is higher than the fuel's. The pattern can be seen quite clearly
in the two calculation results. The pattern on the Low-Cycle calculation fades more than the High-Cycle
calculation. It follows the number of particles and repetitions used. Based on Table 4, the difference in
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the level of accuracy is 1:10, so the results in Figure 8 are an interpretation of the difference in the level
of accuracy of the two calculations.

4. CONCLUSION

The Low-cycle and Low-particle OpenMC code requires a minimum of 15,000 particles with
100 cycles, comprising 70 active and 30 inactive cycles. A 0.7% error against reference data indicates
that the Low-cycle and Low-particle code can maintain accurate calculations, proving beneficial for
computations with minimal computational resources. However, the limitation of this research lies in the
restricted geometry utilized, specifically the official design of the MSR FUJI-12. In the future, it is
essential to investigate whether the findings of this study can be extrapolated to more complex reactor
geometry designs.
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