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Abstract. In the Monte Carlo thermal-physical calculations for nuclear reac-
tors, the precise and effective transfer of data between different meshes is a dif-
ficult issue of thermal and physical coupling. Converting two separate meshes
and transferring the data is an exceptionally difficult and complex task within
the conventional nuclear thermal-physics coupling approach. The newly de-
veloped Functional Expansion Tallies (FET) method can obtain the continuous
distribution of parameters in the solution space.

By applying FET method to nuclear thermal-physics coupling, the no-mesh
continuous fission energy distribution can be obtained, which is suitable for
more complex meshes. Additionally, the computational memory can be min-
imized by substituting the data from numerous mesh power distribution data
points with the coefficients of the function.

1 Introduction

The Monte Carlo computing method has become more significant in the industry as the com-
puter technology has improved [1].

In the process of nuclear reactor design and analysis, it is necessary to analyze a variety
of mutually coupled physical processes in nuclear reactors. Among these processes, the cou-
pling between particle transport and thermal-hydraulics, known as nuclear thermal-physics
coupling, plays a vital role in reactor multi-physics analysis. Considering the influence of
the time step, studying, evaluating, and advancing state-of-the-art nuclear thermal coupling
techniques is of utmost importance for achieving high-fidelity analysis of reactors.

The precise and effective transfer of data between different meshes is a difficult issue of
thermal and physical coupling. Converting two separate meshes and transferring the data is
an exceptionally difficult and complex task within the conventional nuclear thermal-physics
coupling approach.

The newly developed Functional Expansion Tallies (FET) method [2] expands the un-
known quantity to a certain order by multiple sets of orthogonal functions and estimates the
corresponding expansion coefficients by Monte Carlo simulation or other simulation meth-
ods. The continuous distribution of parameters in the solution space can be obtained by the
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FET method. Therefore, employing the FET method can address the issue of data transfer
between different meshes in thermal-physics coupling.

In 2015, Ellis and Gaston [5] used the Moose multi-physical coupling platform, based on
Monte Carlo code OpenMC [6] coupled with Cerberus, to calculate two-dimensional PWR
fuel assemblies with FET. In 2018, Novak [7] used the Moose platform to perform two-
dimensional single-rod coupling calculations with OpenMC, Nek5000 and Buffalo by using
FET. And the FET method was also developed in the Monte Carlo program Serpent 2 [8],
which was later used to simplify the mesh transformation of Serpent and BISON coupling [9]
and reduce the error problem of bin boundary.

The Reactor Monte Carlo code, RMC [3], is an Self-developed developed stochas-
tic simulation code maintained by REAL laboratory of Tsinghua University. After many
years of continuous development, RMC has been a general-purpose, reactor-oriented, multi-
physics platform with functionalities of criticality analysis, burnup calculation, critical-
ity search, shielding simulation, group constants generation, kinetics calculation, neutron-
ics and thermal-hydraulics simulations, and so on. And it encapsulates several new algo-
rithms [10, 11, 14] we proposed in recent years.

The sub-channel thermal-hydraulic analysis code, SUBCHAN [4], features four partial
differential equations and can simulate a single-component two-phase mixture. The code
uses the Industrial Formulation 1997 as the water property package which is commonly
recommended for industrial use. SUBCHAN is originally designed for the simulation of a
Supercritical-Water-Cooled Reactor (SCWR) and applied for the thermal-hydraulic analysis
of a Pressurized Water Reactor (PWR) in this work.

In this paper, by employing the FET method in nuclear thermal-physics coupling, it be-
comes possible to obtain a continuous fission energy distribution without the need for mesh
discretization. This approach is particularly advantageous for handling more intricate meshes.
Additionally, the computational memory can be minimized by substituting the data from nu-
merous mesh power distribution data points with the coefficients of the function.

Based on the feature of FET in RMC, in section 2, we apply FET method to nuclear
thermal-physics coupling. The method for FET thermal-physics coupling is verified and
validated in Section 3. Finally comes the conclusions in Section 4.

2 Thermal-Physics Coupling Method Based on Functional
Expansion Tallies

This section will introduce the functional expansion tallies-based Monte Carlo thermal-
physics coupling method. Firstly, we need to go through the FET method to understand
how to how to get no-mesh power distribution in solution space.

2.1 Brief Introduction of FET Method

The Functional Expansion Tallies (FET) method is a method to expand an unknown quantity
to a certain order with several orthogonal functions and estimate the corresponding expansion
coefficients by Monte Carlo calculation.

The function of the FET method can be any function of any form F(£), where F(£) is the
unknown function to be solved as Eq. (1).
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In Eq. (1), ¢,(&) is the orthogonal basis function, it can be Legendre polynomials as Eq.
(2) or Zernike polynomials as Eq. (3), (4), and (5).
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Based on track-length estimation, the flux can be calculated by the FET method, and the
estimation of a, is calculated through Eq. (6).
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In Eq. (6), T, is the length of a track of a particle, ¢(&;) is the flux function, p, is the
weight function of ¢,, &; is the position of particle i.
Different solution parameters can be produced by multiplying flux by the corresponding
calculation coeflicients based on Eq. (6). For instance, the coefficient of fission power is
represented by Eq. (7).
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In Eq. (7), w; is the particle weight, o7, is the microscopic fission cross-section, m is the
cell mass, p, is the atomic density, and Q is the average fission energy of neutrons.

2.2 FET Thermal-Physics Coupling Method

Previous work reported the coupling of RMC and COBRA-TF (CTF) [12] for the analysis of
a PWR assembly and a physical reactor with different coupling scheme including the loose-
coupling scheme, i.e., the external scheme or the file-based coupling scheme, the internal-
coupling scheme, and also the hybrid coupling scheme. Although loose-coupling scheme
has certain defects in computational accuracy, efficiency and versatility compared with the
internal scheme, its greatest advantage lies in its avoidance of complicated code modifications
and the file-based coupling significantly reduces the difficulty of the coupling of the two
codes.

In this work, RMC is coupled to SUBCHAN using the new FET coupling framework
with an in-house Python script developed for the coupling of a neutronic code and a thermal-
hydraulic one, as shown in Fig. 1 and described below.

The coupling input processing is performed using the input parser in RMC Python module
where the input is actually a normal RMC physics model with some necessary coupling
parameters, especially the convergence criteria.

After the initialization of the RMC and SUBCHAN model, a Picard iteration is performed
to converge the N-TH solutions. In the first coupling cycle, a typical radial uniform dis-
tribution and axial sinusoidal distribution is predicted and transformed in power tally files,
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Mesh based power transmission

Figure 1. FET nuclear thermal-physics coupling flow chart.

MeshTally.h5 and FETally.hS. The built-in RMC2Subchan.py script will subsequently calcu-
late the absolute line power distributions according to the MC tallied power and output them
in a power input file of SUBCHAN, POWERSRC.CPL. The SUBCHAN code then solves
the thermal hydraulics equations and outputs the fuel rod volume-averaged temperatures, the
subchannel temperatures and densities in a coupling file, SUBCHAN.CPL. These three ther-
mal hydraulic parameters will be collected by another built-in Subchan2RMC.py script and
translated to the proper mesh regions. The thermal hydraulics parameters in the mesh file,
SUBCHAN.hS, is imported in the following execution of RMC. A problem-dependent 3-D
power distribution is tallied from the particle transport calculation and output in the initial
power tally files, MeshTally.hS and FETally.h5, which are the input of next Picard iteration.
The Picard iteration in the loose-coupling scheme is repeated until the convergence criteria is
achieved.

Applying FET method to nuclear thermal-physics coupling, the no-mesh continuous fis-
sion energy distribution can be obtained, which is suitable for more complex meshes. Addi-
tionally, the computational memory can be minimized by substituting the data from numerous
mesh power distribution data points with the coefficients of the function.

For traditional PWR assembly or full-core cases, FET and mesh-tally method can be
combined for coupling data transmission. For a PWR assembly, we can use 17x17 radial
meshes and 6th order Legendre FETally for the axial direction method in the active core
region.

The FET thermal-physics coupling method will be tested and compared with the tradi-
tional mesh-tally method with RMC/SUBCHAN coupling system in Section 3.

3 Verification and Validation for the FET Thermal-Physics Coupling

In this section, the method for the FET thermal-physics coupling will be verified and vali-
dated. We tests the thermal-physics coupling method based on FET with RMC/SUBCHAN
coupling system using a criticality assembly case and a burn-up full-core case.

3.1 Criticality Calculation of Nuclear Thermal-Physics Coupling of Assembly

The VERA Problem #6 is a single Westinghouse 17x17 type PWR fuel assembly at the BOC
and HFP conditions, whose material compositions and geometry information can be referred
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to in the official specifications [13]. There are 264 fuel rods, 24 guide tubes and 1 instrument
tube, and 324 coolant subchannels, without burnable poison rods and control rod clusters.
All the fuel pins, guide tubes and moderator subchannels are explicitly modeled in RMC and
SUBCHAN.

The FET method employs 17x17 radial meshes and 6th order Legendre polynomials for
the axial direction in the active core region of 365.76 cm within the RMC and Subchan mod-
els. The FET results are then compared with results obtained using different axial meshes.
RMC uses neutron ACE cross sections data from ENDF/B-VILO evaluation library and the
on-the-fly doppler broadening (OTFDB) is utilized to consider the doppler broadening effect
from the temperature changes from the thermal-hydraulic feedback. For Monte Carlo (MC)
calculations, 100,000 particles are tracked in 50 inactive cycles and 400 active cycles with 25
MPI processes.

The results of FET coupling method including the convergent eigenvalue k-effective, the
spatial power distributions of rods (radial and axial) and the calculation time, memory and av-
erage standard deviation, are compared with the mesh-tally based RMC/SUBCHAN results.

The radial, axial and spatial power distribution of the assembly results are shown in Fig.
2 and 3.
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Figure 2. rods radial and axial power distribution of the assembly.

In Fig. 2, the radial rods power distributions obtained from the two methods exhibit com-
plete consistency. The axial assembly power distribution obtained from the FET method is
compared with the results obtained using 100 meshes. The green line represents the FET
method, while the black line represents the mesh-tally method. These two lines demonstrate
good agreement, indicating a high level of agreement between the FET method and the finely
mesh-tally method.

Based on Fig. 3, we can observe that the average error between the two methods is 2.20%,
with a maximum error of 19.24%. Out of the total 28,900 meshes analyzed, only nine meshes
exhibit a result error greater than 5%. Notably, these meshes are located at the corners of the
assembly. This analysis provides evidence supporting the consistency of the results and the
validity of the FET method.

Moreover, the calculation time, memory and average standard deviation of the two meth-
ods are compared. The results are shown in Table 1.

Table 1 clearly demonstrates that the FET coupling method, when compared with the
traditional mesh-tally coupling data transmission method, offers partial acceleration and sig-
nificantly reduces the memory footprint required for data transmission.

https://doi.org/10.1051/epjcont/202430205002
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First maximum: 19.24% Index: (11, 1, 1)
Second maximum: 10.23% Index: (5, 1, 1)
Third maximum: 10.15% Index: (16, 1, 1)
fourth maximum: 9.79% Index: (15, 1, 1)
Fifth maximum: 9.01% Index: (10, 1, 1)
Sixth maximum: 8.77% Index: (12, 1, 1)

Seventh maximum: 7.14% Index: (3, 1, 1)
Eighth maximum: 7.10% Index: (1, 1, 1)
Ninth maximum: 6.35% Index: (14, 1, 1)
Tenth maximum: 3.94% Index: (7, 1, 1)

Figure 3. spatial power distribution of the assembly (17x17x100 meshes).

Table 1. Comparison of calculation time, memory and average standard deviation of the two
calculation methods.

Using method Simulation time(minutes) Data storage std

FET method: 6th order Legendre and 3.26 0(7+289) 0.8%
17x17 meshes

mesh method: 1x17x17 meshes 3.13 0(289) 0.3%

mesh method: 100x17x17 meshes 4.44 0(28900) 2.4%

Furthermore, under the same conditions of particle histories and calculation cycles, the
FET coupling method exhibits a reduction of more than half in terms of standard deviation
compared to the mesh-tally coupling method. This reduction in standard deviation signifies
that the FET method yields more precise tally results for the MC method, enhancing the
accuracy of the calculations.

3.2 Burn-up Calculation of Nuclear Thermal-Physics Coupling of Full-Core

The VERA Core Physics Benchmark Problem #7 represents an operating reactor in full ge-
ometry detail at beginning-of-cycle (BOC), hot-full-power (HFP), nominal flow conditions,
and equilibrium xenon isotopic which has 193 assemblies. In this section, we use a PWR
case based on VERA}7, with the only difference that the number of assemblies is 157. Fig. 4
displays the PWR case’s schematic diagram.

The FET method employs 255x255 radial meshes and 6th order Legendre polynomials
for the axial direction in the active core region of 365.76 cm within the RMC and Sub-
chan models. The FET results are then compared with results obtained using different axial
meshes. The mesh number of 255 here comes as 17 X 15 = 255, by noting that each assembly
has 17x17 rods, and the 157 assemblies of the full-core are distributed in 15%x15 meshes. So
the whole core is divided into 255X255 meshes.

RMC uses neutron ACE cross sections data from ENDF/B-VIIL.0 evaluation library and
the on-the-fly doppler broadening (OTFDB) is utilized to consider the doppler broadening
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Figure 4. PWR case model.

effect from the temperature changes from the thermal-hydraulic feedback. For MC calcula-
tions, 1,000,000 particles are tracked in 50 inactive cycles and 300 active cycles. For large
problems like the whole core problem, OpenMP is used with 14 threads for each process and
200 MPI processes is applied.

The results of FET coupling method including the convergent eigenvalue k-effective, the
spatial power distributions (radial and axial) and the calculation time, memory and average
standard deviation, are compared with the mesh-tally based RMC/SUBCHAN results.

The radial, axial and spatial power distribution of the assembly results are shown in Fig. 5
and 6. What’s more, the boron-drop curve of the PWR core is also shown in Fig. 6.
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Figure 5. radial and axial power distribution of the PWR core.

In Fig. 5, the radial assemblies power distributions obtained from the two methods exhibit
complete consistency. The axial assembly power distribution obtained from the FET method
is compared with the results obtained using 100 meshes. The green line represents the FET
method, while the black line represents the mesh-tally method. These two lines demonstrate
good agreement, indicating a high level of agreement between the FET method and the finely
mesh-tally method.

From Fig. 6 we can know that, the average error of the two methods is 0.33%. It can
prove the consistency of the results and the correctness of the FET method. And in Figure
6, the boron-drop curve of concentrations is depicted, showcasing a comparison between
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Figure 6. spatial power distribution and boron-drop curve of the PWR core (255x255x100 meshes).

Table 2. Comparison of calculation time, memory and average standard deviation of the two
calculation methods.

Simulation time

Using method (per burn-up point, minutes)

Data storage  std

FET method: 6th order Legendre and

2555255 meshes 7.24 O(7+65025) 0.1%
mesh method: 1X255X255 meshes 5.71 0(65025) 0.8%
mesh method: 100x255%255 meshes  10.86 0(6502500) 7.6%

the two coupling methods. The agreement between the two methods is within 10 parts per
million (ppm), indicating excellent statistical consistency in terms of eigenvalues and critical
boron concentrations. This agreement reinforces the reliability and consistency of the results
obtained from the FET coupling method.

Moreover, the calculation time, memory and average standard deviation of the two meth-
ods are compared. The results are shown in Table 2.

Table 2 clearly demonstrates that the FET coupling method, when compared with the
traditional mesh-tally coupling data transmission method, offers partial acceleration and sig-
nificantly reduces the memory footprint required for data transmission.

Moreover, under identical conditions of particle histories and calculation cycles, the FET
coupling method exhibits a reduction in standard deviation by one order of magnitude com-
pared to the mesh-tally coupling method. This significant decrease in standard deviation
indicates that the FET method provides much more precise tally results. The improved ac-
curacy offered by the FET coupling method enhances the reliability of the calculations and
contributes to more accurate analysis and predictions.

4 CONCLUSIONS

In this paper, we apply the FET method to achieve nuclear thermal-physics coupling in both
RMC and SUBCHAN, showcasing its ability to produce highly accurate and efficient numer-
ical results.

The following conclusions can be taken from the calculation results in section 3:

1. A no-mesh continuous fission energy distribution can be obtained by the FET thermal-
physics coupling method.

2. Comparing with traditional mesh-tally coupling method is to prove the correctness
of FET coupling method. The FET method excels in obtaining a continuous fission
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energy distribution without the need for mesh discretization, making it well-suited for
handling complex meshes such as hexagonal and unstructured meshes. Additionally,
the FET method yields more accurate tally results, further highlighting its superiority
over the traditional method.

3. Additionally, the computational memory can be minimized by substituting the data
from numerous mesh power distribution data points with the coefficients of the func-
tion.

In conclusion, the FET method provides a notable advantage over the traditional mesh
tally method by producing more accurate source distribution and fission energy distribution.
This enhanced accuracy is particularly beneficial in nuclear thermal-physics coupling, where
it leads to improved results.
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