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Abstract. Based on academic research and industrial applications over more than 20 years, the Reactor
Monte Carlo code (RMC) developed by the REAL (Reactor Engineering Analysis Laboratory) team at
Tsinghua University since 2000 has become a powerful, innovative, and versatile simulation platform for
nuclear reactor analysis, shielding simulations, criticality safety calculations, fusion neutronics analysis
and beyond. Utilizing collaborative and agile development technology, advanced methods and the most
cutting-edge algorithms can be tested and implemented in RMC quickly and efficiently. RMC has been
deployed on many world-class supercomputers in China and played an irreplaceable role in the design
and analysis of commercial nuclear power plants and newly designed types of advanced nuclear reactors.
This paper reviews the state-of-the-art technologies developed in RMC in recent years, such as stochastic
and continuous-varying media modeling, advanced transient simulation capability, more accurate energy
deposition model, etc. Parallel acceleration on heterogeneous architecture supercomputers and machine

learning algorithms would be incorporated in ongoing research and future development plans.

1 Introduction

High-fidelity simulations are essential and irreplaceable in
the accurate and reliable analysis of nuclear energy sys-
tems, especially in the design and analysis of new types
of nuclear reactors in the recent decade. In advanced
and innovative types of nuclear systems, such as the
small modular reactors, mobile micro-reactors, and nano-
reactors, traditional reactor physics calculation methods
and codes based on spatial and spectral approximations
and homogenization are being challenged due to “irregu-
lar” geometry, unconventional energy spectrum and strong
anisotropy in new designs [1-3]. In this circumstance, the
Monte Carlo method plays a more vital role in both neu-
tronics and multi-physics coupling simulations. Accom-
panied by the development of supercomputer technology
and parallel acceleration and optimization methods, the
Monte Carlo method has become the prevailing approach
for high-fidelity nuclear reactor analysis [4-6].

As a self-developed Monte Carlo code since 2000 by the
REAL (Reactor Engineering Analysis Laboratory) team
in the Department of Engineering Physics at Tsinghua
University, the Reactor Monte Carlo code (RMC) [7] has
become a powerful and innovative simulation platform for
nuclear reactor analysis and beyond. Based on the com-
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prehensive introduction in the last SNA4+MC conference
in 2013 [8], more advanced features and powerful func-
tions have been developed and added to RMC, such as
the stochastic and continuous-varying media modeling,
advanced transient simulation capability, more accurate
energy deposition model and many others. Beyond basic
neutronics calculation for nuclear reactors, RMC has also
been applied in shielding analysis, criticality safety anal-
ysis, and numerical simulation for fusion systems [9,10].
Equipped with coupling simulation capabilities among
neutronics, thermal-hydraulic, and mechanics, RMC is
being developed into a powerful simulation platform that
can facilitate the design and analysis of innovative nuclear
systems.

This paper reviews the main features developed in the
RMC code in recent years and introduces ongoing research
projects and future development plans. Section 2 intro-
duces the new geometry modeling capabilities in RMC.
Sections 3 and 4 are on the advances of RMC in advanced
reactor physics calculations, including transient simula-
tions and new algorithms, etc. Section 5 contains the
multi-physics coupling research and applications in prac-
tice, including examples of the comprehensive RMC and
multi-physics coupling platform in new types of reactor
design and analysis. Lastly, Section 6 concludes the tech-
nical advances and application cases in RMC and discusses
future research plans.
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2 Modeling capabilities

As the vital feature for high-fidelity numerical simulations,
the modeling capability, especially concerning the geome-
try, is at the very heart of advanced Monte Carlo methods.

2.1 Stochastic media

Stochastic media like random fuel pebbles and TRISOs are
widely used in new types of nuclear reactors [11]. Various
capabilities have been developed in RMC for the simula-
tion of neutron transport in stochastic media [12,13], of
which there are six primary stochastic geometry modeling
methods: (1) Chord Length Sampling (CLS), (2) Random
Lattice Method, (3) Random Sequential Addition (RSA)
[14], (4) Distinct Element Method (DEM), (5) Iterative
RSA-DEM Method [14,15] and (6) Optimized Drop and
Roll — Virtual Surface (ODR-VS) Method [16]. Of par-
ticular note are the innovations made in the latter four
stochastic geometry modeling methods.

The CLS Method is the only implicit method for
stochastic media in RMC; it approximates neutron trans-
port through stochastic media without the explicit gener-
alization of the media itself. The Random Lattice Method
involves generating particles within the boundaries of the
cells of a lattice whilst exacting random translations on
the particles to develop a stochastic geometry [12]. In
the RSA Method, particles are added to the stochastic
media randomly without overlap until the desired particle
packing fraction is achieved; an improved RSA algorithm
was developed by employing octree-based acceleration, as
shown in the left part of Figure 1 [13]. The improved
algorithm can produce highly accurate results with sig-
nificantly reduced simulation time, with the capability
to be easily adapted for different nuclear fuel configu-
rations. The Iterative RSA-DEM Method developed in
RMC couples the improved RSA and DEM methods to
solve the high computational requirements of the DEM
method, and the main steps are illustrated in the right

Iterate until desired particle packing fraction is achieved

Step 2: Simulation of Particle
Free-Fall and Particle-
Particle Contact via DEM

Step 1: Particle
Addition via RSA

Particles placed via iterative RSA

Step 3: lterative RSA used
to place remaining particles

Fig. 1. Octree-Based Acceleration in RSA (left) and simplified algorithm illustration of the Iterative RSA-DEM Method (right).

Step 4: Free-Fall upwards
to evenly distribute particles

part of Figure 1. The ODR-VS method is an explicit
modeling method that combines the Optimized Dropping
and Rolling (ODR) method and the Virtual Surface (VS)
method for simulating no-contact dispersed particle mod-
els with packing fractions above the RSA infinite-time sat-
uration limit of 38%.

2.2 Continuously varying media

In the advanced and novel concept reactors such as liquid-
fuel reactors and supercritical water-cooled reactors, the
capability of modeling continuous material properties is
important to accurately take into account the physical
parameters of the fuel solution in the Monte Carlo trans-
port. In RMC the Continuously Varying Material Trans-
port (CVMT) method is proposed using an improved
direct sampling method [17-19] based on a new numer-
ical integration method for three-dimensional space [20].
The Direct Sampling and the RayTracking methods are
combined in our implementation depending on the mate-
rial property as illustrated in Figure 2.

A 3-D fuel rod model with finely layered uniform mate-
rial is tested as shown in Figure 3. The mixed-transport
method of CVMT and direct sampling can make the Ray-
Tracking process in RMC more general as well as improve
computational efficiency. Numerical results show that the
CVMT method in RMC can directly simulate the con-
tinuous material problem with higher accuracy than the
layered uniform material model.

2.3 CAD-based neutron transport

Computer-aided design (CAD) is a powerful tool for geom-
etry construction and modeling. RMC is capable of pro-
cessing CAD models and support the definition of weight
window and cell importance parameters. The implementa-
tion scheme of CAD capability in RMC adopts three lay-
ers, including the RMC main module, an interface layer,
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Fig. 2. Illustration of the mixed-transport method in uniform and continuously-varying materials.
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Fig. 3. Radial diagram and simulation results of continuous material distribution of test fuel rod.

and the open-source software package DAGMC mod-
ule [21], which consists of the Mesh-Oriented datABase
(MOAB) and Common Geometry Module (CGM). An
extensive validation of various problems has been con-
ducted using the CAD-based transport in RMC [22].

Figure 4 shows two CAD models used in RMC simula-
tions, including the simplified Heat Pipe Reactor (HPR)
[3] and the fusion tokamak model SUNIST-2 (Sino-UNIted
Spherical Tokamak) designed and built by the fusion team
in Tsinghua University [23].

3 Advancements in basic neutronics analysis

3.1 An Innovative Structure (AIS) database

The nuclear database in RMC is shifting from traditional
ACE to An Innovative Structure (AIS) database based
on the HDF5-format file system [24]. To improve the
readability and extensibility of the nuclear database used
by RMC and save disk space occupation, a hierarchical
structure nuclear database was designed in AIS. Addi-
tionally, a Python code package was developed to parse
ACE databases and generate AIS based on the hierarchical
structure. The resulting AIS nuclear database offers sig-
nificantly enhanced readability and extensibility. By elim-

inating redundant data in the ACE nuclear database and
leveraging the compression characteristics of HDF5 files, a
significant reduction in disk space usage is achieved com-
pared to ACE databases. The thermal neutron nuclear
database exhibits a 60% reduction, while the continuous
energy neutron nuclear database achieves an 80% reduc-
tion in disk space consumption compared to the LANL’s
decimal ACE database based on ENDF/B-VIIL.O. The
application of the HDF5-format neutron nuclear database
was achieved under the RMC criticality calculation mode.
Furthermore, criticality calculations of VERA benchmark
problem 2B were conducted using both the HDF5-format
nuclear database and the ACE nuclear database. The cal-
culation results demonstrate that both the k.g and cell
neutron flux counts obtained from the two approaches
were in perfect agreement, providing evidence for the cor-
rectness of the HDF5-format nuclear database and the
correctness of the application development of RMC. Fur-
thermore, the computational results indicate that the crit-
icality calculations based on the HDF5-format neutron
nuclear database exhibit a 46.5% reduction in memory
usage and a 5.1% improvement in computational effi-
ciency compared to those based on the ACE neutron
nuclear database. The ongoing research is underway to
further achieve compatibility with other functions of RMC
code.
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(a)

Fig. 4. CAD-based models for neutron transport simulations
Spherical Tokamak (SUNIST-2).

3.2 Homogenization and multi-group constants
generation

Full capabilities of generating multi-group constants have
been built in RMC, which can be used for lattices or
assembly homogenization calculation, and provide the
homogeneous few group constants for core simulations.
At present, the RMC homogenization function includes
a few-group macroscopic cross-section generation module,
a few-group microscopic cross-section generation module,
B; approximation for leakage correction module, SPH
equivalent correction module, and core coupling interface
module [25]. In the homogenization module, the super
homogenization method directly adjusts the group con-
stants to ensure the conservation of the reaction rate
before and after homogenization.

The homogenization function can be mod-
eled according to the user defined fuel element to
achieve the wuser specified area of the homogeniza-
tion process. The geometry processing can cover the
rod/grid/hexagonal /rectangle/sector and other common
geometric shapes. The homogenization methods cover
common homogenization methods such as global, lattice,
and designated area homogenization.

3.3 Depletion and burnup calculation

The depletion module embedded in the RMC code,
DEPTH, employs ORIGEN-2 and ORIGEN-S-based
data libraries enables users to assign problem-dependent
libraries for each depletion step [26-28]. Algorithms for
handling stiff depletion systems are developed in RMC, such
as Transmutation Trajectory Analysis (TTA), Chebyshev
Rational Approximation Method (CRAM), Quadrature-
based Rational Approximation Method (QRAM), and
Laguerre Polynomial Approximation Method (LPAM).
Through the neutronic transport module and point-
depletion module, various neutronic-depletion coupling
schemes can be implemented by transferring neutronics
parameters and nuclear density parameters between mod-
ules in different ways. To enhance the performance of
burnup calculation, RMC has developed several neutronic-
depletion coupling schemes. These schemes aim to achieve

(b)
using RMC. (a) Heat Pipe Reactor (HPR), (b) Sino-UNIted

better performances while considering factors such as
accuracy, efficiency, and numerical stability, including (a)
beginning of step approximation, (b) predictor-corrector
on nuclides densities, (c) predictor-corrector on micro one-
group reaction rates, (d) high order predictor-corrector,
(e) sub-step method, (f) extended predictor-corrector, (g)
explicit linear sub-step method, and (h) implicit linear
sub-step method.

These coupling schemes cater to different problem-
solving needs, with each having its benefits. For instance,
method (g) excels in Gd-bearing problem scenarios,
demonstrating superior performance. Conversely, method
(h) based on the implicit Euler method enhances numeri-
cal stability and accuracy. The potent combination of the
embedded depletion module DEPTH, along with domain
decomposition, a parallel depletion solver, and coupling
schemes, empowers RMC with powerful capabilities for
burnup calculations.

3.4 Sensitivity and uncertainty analysis

Sensitivity and uncertainty analyses constitute integral
components of high-fidelity nuclear reactor simulations.
RMC is capable of calculating the sensitivities of different
responses to nuclear data and geometry parameters. The
responses include kg [29], reaction rate ratios [30], reaction
rates [31] and kinetic parameters. RMC uses Iterated Fis-
sion Probability (IFP) and the general perturbation method
to calculate sensitivities and then calculates the uncertain-
ties using the “sandwich rules” [32]. A noteworthy feature of
RMC involves the integration of the super history method
into both IFP and general perturbation methodologies, a
measure implemented to optimize memory usage. A super
history comprises an ancestral particle and its subsequent
progeny, categorized into distinct generations, with the gen-
eral adjoint flux computed across all descendant histories.
Furthermore, RMC exhibits versatility in addressing vari-
ous forms of geometry perturbations, encompassing homo-
geneous expansion, unidirectional expansion, and fixed-axis
rotation, among others, thereby enhancing its applicability
in geometry sensitivity analyses [33].

The numerical tests use the SF96 lattice model derived
from the Takahama-3 pressurized water reactor (PWR)
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Fig. 5. The SF96 lattice benchmark model (left) and power distribution and uncertainty computed using RMC (right).
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Fig. 6. Comparison of the predicted fuel temperature reactivities using perturbation coefficients and the directly calculated

results. (a) PWR fuel (T at 900K), (b) HPR fuel (T at 1000 K).

in Japan as depicted in the left in Figure 5 [34]. As
an extension to the right part of the figure showing the
analysis of power uncertainties, there is a concurrence in
the estimations of power distribution uncertainties derived
through the first-order uncertainty quantification method
and those obtained via the stochastic sampling method.
The relative differences between the two methodologies
are within 8% [31].

3.5 Material perturbation

The second-order material density and temperature per-
turbation have been implemented in the RMC code [35].
The implementation is based on the differential operator
method, and its main task is to perform cross-sectional
online derivation during the neutron transport process.
The material density perturbation considers the effect
of the material density on the macroscopic cross-section,
while the material temperature perturbation considers the
effect of the material temperature on the microscopic
cross-section, that is, the Doppler effect.

Currently, the material perturbation function in RMC
supports response quantities of k.g and power. The effec-
tiveness of the material density perturbation function is
demonstrated in the reactivity-density coefficients prob-
lems of PWR moderator and HPR reflectors. Figure 6
shows that the calculated perturbation coefficients can be
used to accurately predict the reactivity accurately over a

wide range of boron concentrations of the PWR modera-
tor and a wide range of temperatures of HPR reflectors.

4 Advanced physics features

4.1 Transient simulations

Both the Direct Kinetics Simulation (DKS) and Predictor-
Corrector Quasi-Static (PCQS) methods are implemented
in RMC [36,37], and the connection method which com-
bines both of them is tested and proven to improve the
calculation efficiency while maintaining high accuracy.

The probability of survival (POS) is a quantity com-
puted in stochastic kinetics and is also a simple index
to test the correctness of the method of describing weak
source systems. Simulation results are compared in the left
part of Figure 7, including the RMC calculation results
based on the single neutron tracking method and the neu-
tron bank tracking method, and the MCATK calculation
results.

During the startup process of the reactor without an
external neutron source, the reactor initially contains a
weak neutron field composed of spontaneous fission in the
fuel, which can only be simulated by the DKS method.
When the number of neutrons increases to a strong neu-
tron field, it can be simulated with the faster PCQS
method. It is initially calculated by the DKS method and
then calculated by the PCQS method.
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Fig. 7. Comparison of transient simulation results in weak (left) and strong (right) neutron fields.

Currently, international research has only conducted
coupling calculations between the two theories (stochastic
neutron kinetics and the Boltzmann transport method)
for point reactor models. There is a lack of published
research on addressing three-dimensional complex geo-
metrical systems. We investigate the connection compu-
tation of Monte Carlo DKS method and PCQS method
based on RMC code. It achieves the three-dimensional
simulation of the connection calculation between the DKS
method in a weak neutron field based on stochastic neu-
tron transport equation and the PCQS method in a strong
neutron field based on a time-dependent Boltzmann neu-
tron transport equation. The comparison of the calcula-
tion results of the three methods in the whole process is
shown in the right part of Figure 7, including the pure
DKS method, the pure PCQS method, and the DKS
method connected with the PCQS method, which are in
good agreement.

4.2 Energy deposition

A new energy deposition treatment was recently devel-

oped in RMC [38] which features a most accurate mode

with coupled neutron and photon transport. In this mode,

neutrons and photons are independently transported and

their energy is deposited far away from the reaction site.
In this case, the neutron KERMA is calculated as:

ki,j = (ki,j - k;,f) + (eragments + Qﬁ,d)o—i,f(E) (1)

where k;J and k; ¢ are the total KERMA and fis-
sion KERMA which are directly generated by NJOY.
Qragments and Qg 4 are the energy of fission fragments
and delayed . It is noted that the delayed § energy gen-
erated in a fission reaction is included which is artificially
neglected in NJOY [39].

Different from neutron, the photon energy deposition
is calculated using the collision estimation method instead
of the photon KERMA , which is expressed as:

Hdeposition = Ein - Eout - Z Es (2)

where Ei, and Fg, are the energy of the incoming and
outgoing photons, respectively. F, is the energy of the
secondary particles including the photons, electrons, and
positrons. Benefit from a new photon transport capacity
implemented in RMC [40], all these secondary particles
are transported physically and their energy deposition is
also calculated using equation (2).

The most accurate model with coupled neutron and
photon transport is verified using three typical PWR prob-
lems from the VERA benchmark against the references
from MCNP [41], Serpent [42], and OpenMC. High-level
comparisons of the energy deposition in different mate-
rials and fission components are performed, demonstrat-
ing excellent agreement with minor differences observed
(See Tab. 1).

Figure 8 further compares the normalized energy
release (mode 1), energy deposition (mode 4), and gamma
deposition for VERA2G and VERA2P cases. The energy
deposition generally follows the distributions of the energy
release in the fuel regions. In the guide tubes, the energy
deposition is much higher than the capture energy release,
primarily due to the deposited energy of gammas pro-
duced in fission. However, notable differences are observed
in the Ag-In-Cd control rods and Gd burnable poison rods.
In these regions, the energy deposition is lower than the
energy release. This is because the capture gammas pro-
duced in (n,~y) reactions tend to deposit their energy away
from the site of origin.

4.3 Shielding calculation

Deep-penetration problems are technically challenging to
simulate and optimize in shielding calculations. Optimiza-
tions and newly developed mathematical and computa-
tional techniques to perform shielding calculations for the
deep-penetration problem have been implemented in both
published and underway research in RMC [43,44].

Two types of mesh-based weight windows are imple-
mented in RMC to perform variance reduction (VR). One
is designed as the foundation of RMC VR ability and is
compatible with the most widely used mesh-based weight
window. The other one is upgraded for the penetration cal-
culation with fine mesh and short particle average free-fly
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Table 1. Energy deposition in different materials for VERA2G in MeVs.

MCNP
(ENDF/B-VIL1)

Serpent

(ENDF/B-VIIL0)

RMC
(ENDF/B-VIIL0)

OpenMC
(ENDF /B-VIIIL.0)

Fuel 94.10 £ 0.01% 94.087 £0.001%  94.7280 + 0.008%  94.7234 + 0.008%
Cladding 0.97 £ 0.00% 0.9755 £ 0.0002%  1.1102 £ 0.0002%  1.1121 £ 0.0002%
Coolant 2.68 £ 0.00% 2.6876 £ 0.0003%  2.3518 £ 0.0002%  2.3533 £ 0.0002%
Poison 2.09 £ 0.00% 2.0890 £ 0.0005%  1.8099 £ 0.0003%  1.8112 + 0.0003%
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Fig. 8. Comparison of the normalized energy release energy deposition, and gamma deposition for VERA2G, VERA2P. The
color of each cell is determined by the amount of the gamma energy deposition. (a) 2G, (b) 2P.

distance. With these two types of weight windows, we can
perform shielding calculation in more diversified condi-
tions thus elevating the capability of shielding calculation
in RMC.

We also developed a weight window optimizer in RMC
to make an effective variance reduction process. In this
program we re-invented the weight window generator and
expanded its usage to optimization of parameters. In RMC,
we can perform weight window parameter updates along
with particle transportation and after certain batches of
source simulation, we can optimize the parameters to an
acceptable level for deep-penetration problems.

Besides, in computational construction we have opti-
mized data structures and algorithms to perform particle
splitting and mesh-based weight window generation based
on Monte Carlo. Adaptive MPI and OpenMP parallelism
for acceleration is applied in RMC to balance time and
memory cost.

4.4 Neutron multiplicity simulation

Two methods for the simulation of neutron multiplicity
counting have been developed in RMC. The first method
involves utilizing the capture output feature in particle
output events to obtain the neutron capture time in a

specified cell for a specified nuclide. Neutron multiplic-
ity counting is then obtained through processing using
a multiplicity shift register. The second method involves
conducting a temporal analysis of neutrons captured in a
specified cell for a specified nuclide at the end of each neu-
tron history. This method also yields neutron multiplic-
ity counting and commonly referred to as the “PTRAC”
method.

HLNC2, the new upgraded version of the High-Level
Neutron Coincidence Counter (HLNCC) developed by Los
Alamos National Laboratory (LANL) [45], was used for
verification in RMC. The detector contains 18 3He tubes
in a cylindrical polyethylene body. The schematic diagram
of RMC modeling is shown in Figure 9.

Pu with the same mass as in the literature was selected
for calculation. PuOs; is a cylinder with a height of 20 cm
and a radius of 5cm, and its density is 2.5g/cm?3. The
calculated mass of 24°Pu that can be obtained is 695.04 g.
The chosen pre-delay time is 450 shakes, and the gate
width is 6400 shakes. From Table 2, it can be observed
that the relative deviations between the results calculated
by RMC and MCNP are all within 5%, demonstrating the
accuracy of the RMC calculations. The term “RMC-cap”
in the Table 2 represents results calculated using a tem-
poral analysis of neutrons captured in a specified cell for
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Fig. 9. Layout of the HLNC2

model in RMC simulation.

Table 2. Neutron Multiplicity Countings Results (with the mass of 695.04 g of 249Pu).

Multiplicity counting (counts/s) MCNP RMC-cap Relative error RMC-ptrac  Relative_error
Singles 180800 179839 0.53% 179752 0.58%
Doubles 26130 25678 1.73% 26315 —0.71%
Triples 4284 4181 2.41% 4268 0.38%

a specified nuclide at the end of each neutron history and
“RMC-ptrac” denotes results obtained using particle cap-
ture events output and processed through a multiplicity
shift register.

4.5 Functional Expansion Tallies (FET)

The Functional Expansion Tallies (FET) method is advan-
tageous for computing the continuous distribution of
parameters in the solution space and can solve the problem
of the coexistence of computational efficiency and preci-
sion [46-49]. An innovative FET method based on track-
length estimation is proposed and implemented in RMC
[50]. In addition, the Legendre polynomials and Zernike
polynomials are combined to calculate a continuous dis-
tribution of the parameters in a three-dimensional cylin-
drical space. Moreover, to solve the numerical instability
of the FET method on the boundary of the tally region,
we propose a track-length cutting method. The new FET
method in RMC can obtain a continuous distribution of
the parameters in cases of a 10%-80% reduction in com-
puting time compared with the finely divided mesh tally
method. The method can also solve the problem where the
traditional mesh tally method occupies too much simula-
tion memory. Therefore, the new FET method can obtain
more accurate results with less simulation memory (less
than 10%). For example, Figure 10 shows a fuel rod cylin-
drical two-dimensional model. The radial flux distribu-
tion of the fuel rod model is calculated by 6 x 6 meshes
tally and FET method, the flux distribution is shown in
Figure 11.

Low enrichment
of U0,

High enrichment
of U0,

Fig. 10. Two-dimensional cylinder model.

Besides, we also use the new FET method in the
source convergence diagnosis method and nuclear thermal-
physics coupling.

In order to acquire no-mesh distribution of fission
source [51,52], we proposed the FET source convergence
diagnosis method in RMC [53]. Due to the randomness in
Monte Carlo calculations and the difficulty in determin-
ing the precise source convergence, a reliable and stable
convergence judge method is presented as a solution. The
FET method is able to decrease the number of inactive
cycles, which greatly decreases the calculation time by
40%. For example, Figure 12 shows a three-dimensional
source convergence benchmark proposed by OECD/NEA.
The initial source distribution and convergent source dis-
tribution are also shown in this figure. It can be seen that
the FET method can obtain a no-mesh distribution of fis-
sion sources.
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Fig. 12. The schematic diagram and initial source distribution and convergent source distribution of the three dimensional

source convergence benchmark.

Concerning thermal-physics coupling, precise and
effective transfer of data between different meshes is a
difficult challenge. Converting two separate meshes and
transferring the data is an exceptionally difficult and com-
plex task within the conventional nuclear thermal-physics
coupling approach [54,55]. By applying FET method to
nuclear thermal-physics coupling, the no-mesh continuous
fission energy distribution can be obtained, which is suit-
able for more complex meshes. Additionally, the computa-
tional memory can be minimized by substituting the data
from numerous mesh power distribution data points with
the coefficients of the function. In this work, RMC is cou-
pled to SUBCHAN using the new FET coupling frame-
work with an in-house Python script developed for the
coupling of a neutronic code and a thermal-hydraulic one,
as shown in Figure 13 and described below.

4.6 Source convergence diagnosis

Previous studies have shown that random error term in the
power iteration process significantly influences the source

convergence diagnosis and variance underestimation phe-
nomenon [56,57]. In RMC the Sliced Wasserstein (SW)
distance of the fission source distributions (FSDs) is used
to estimate the error terms in the power iteration process.
Three mesh-free SW-based methods are proposed to cap-
ture the random error term’s 1/+/m feature for the OECD
source convergence fissile slab model, sphere array model,
and the BEAVRS model, based on which a mesh-free
source convergence auto-diagnosis algorithm is developed
and tested [58]. Numerical calculation results show that
the auto-diagnosis algorithm is practical and efficient for
source convergence diagnosis and acceleration, which can
automatically save 58%—-81% of the computational time
to reach a converged fission source in models with a dom-
inance ratio of around 0.99. Figure 14 illustrates the evo-
lution of FSD SW distances with the increasing neutron
histories in the BEAVRS core model. The fission source
converges after simulating around 270 million neutron his-
tories using the conventional Power Iteration method. By
contrast, the 5-stage auto-diagnosis method uses only 60
million neutron histories to realize automatic convergence
diagnosis, reducing 81% of the computational time.
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RMC
Calculation

Function coefficient transmission
or
Function coefficient + mesh transmission

Externally coupled interface

Power reconstruction according to
thermal meshes

Mesh based

power transmission

FETally
Method

Function coefficient transmission
or
Function coefficient + mesh transmission

Externally coupled interface
Function coefficient

calculation

Mesh based

CTF. SUBCHAN
Calculation temperature and density transmission

Fig. 13. FET nuclear thermal-physics coupling flow chart.
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neutron history / 1 million
Fig. 14. The FSD SW distance evolution with neutron history
[58].

5 Multi-physics coupling and applications
5.1 RMC + SUBCHAN

RMC is coupled with the sub-channel code SUBCHAN
developed in the Department of Engineering Physics
at Tsinghua University [59,60] using the loose coupling
scheme and validated on the BEAVRS benchmark. Unlike
previous RMC/CTF coupling methods, a new loose cou-
pling framework is developed based on the Picard iteration
scheme and pin-wise data transfer technique.

As depicted in Figure 15, this process involves call-
ing RMC and SUBCHAN one after and generating four
external files. Two interface functions, RMC2SUBCHAN and
SUBCHAN2RMC, are developed to facilitate data transfer
between RMC and SUBCHAN. In the iteration loop, the
loose coupling scheme starts by invoking RMC, which gen-
erates a 3-D power distribution in the MeshTally.h5 file.
This power distribution is either obtained from the previ-

line-power density of
each fuel rod

A
4 ]
> POWRSR 9
SUBCHAN CCPL@
RMC2SUBCHAN
T/H
properties SUBCHA MeshTall 3-D power
of fuel and N.CPL(3) yh5 (1) distribution
channel ...
SUBCHAN2RMC
RMC
SUBCHA
~ 7
NS ()
. J
B 4

fuel temperature
channel liquid temperature
channel liquid density
Fig. 15. Workflow of the file-based coupling in each Picard
iteration.

ous iteration or consists of initial guess values in the first
iteration.

The calculation of Criticality Boron Concentrations
(CBCQC) values is performed at hot full power (HFP) and
All Rods Out (ARO) conditions. The CBC results for two
cycles are presented in Figure 16.

5.2 RMC + Fluent

More multi-physics coupling work of neutronics and T/H
has been explored and tested using RMC and other T/H
codes such as CTF, ANSYS CFX and Fluent. Presented
here is recent research on gas-cooled micro reactors and
plate fuel reactors using the coupling of RMC and Fluent.

Gas-cooled micro reactors using prismatic fuel assem-
blies have got wide attention as one of the fourth-
generation reactor types. In previous research, ANSYS
Fluent was selected as the T/H solver and the coupling
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Fig. 17. RMC and Fluent models of the micro gas-cooled reactor. (a) RMC model for the core, (b) RMC model for the fuel

assembly, (c¢) 1/8 model using Fluent.

framework of RMC-Fluent was developed, as illustrated
in Figure 17. This coupling framework can carry out high-
precision, multi-scale coupling calculations of steady-state
physics and T/H calculations on the micro gas-cooled
reactor core, and is an important tool for core design and
safety analysis.

5.3 RMC + OpenFOAM

Traditional reactor analysis design tools are challenged
when modeling solid-core reactors, such as the Heat
Pipe-cooled Reactors (HPR) which use a metallic sub-
strate and enclosed high-temperature heat pipes for heat
conduction. To solve this challenge, the neutronics-heat
transfer-mechanics coupling framework based on RMC
and OpenFOAM is developed and tested in applications
of the HPR simulation [61-63]. In this method, sub-
region mapping based on spatial location is adopted to
transform parameters between RMC and OpenFOAM.
To achieve multiphysics coupling, a user-defined solver

named thermalMechanicsFoam is built based on a built-in
transient solver named solidDisplacementFoam in Open-
FOAM. This method considers power changes, thermal
expansion, heat pipe operation, thermal contact conduc-
tion, and gap thermal resistance. It also takes into account
the reactivity feedback caused by the redistribution of the
working fluid in the alkali metal heat pipes.

A typical HPR model, KRUSTY, was used in the cou-
pling research of RMC and OpenFOAM as illustrated
in Figure 18 [64,65]. The calculation results are in good
agreement with the load-following test results, demon-
strating the effectiveness of the proposed method. Further-
more, the self-regulating capability of such reactor systems
was investigated, and a hypothetical accident was simu-
lated. Assuming that the radiator experiences a loss at the
beginning of the accident, the reactor system returns to
normal after 1500 seconds of transient. In this hypotheti-
cal accident, the control rods remain outside the core, and
the reactor solely relies on reactivity feedback to adjust the
fission power. According to the simulation results shown
in Figure 19, the peak temperature is only about 1112 K,
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far below the safety limit. In terms of system recovery,
the reactor takes about 2500 seconds to return to steady
state and can effectively adjust the power through reactiv-
ity feedback. This study confirms the effectiveness of the
coupling method, which can be used as an effective tool
for simulating heat pipe-cooled reactors.

6 Conclusions and future plan

Based on academic research and industrial applications
over more than 20 years in China, RMC has become
a powerful, innovative and versatile simulation platform
for nuclear reactor analysis, criticality safety calculations,
fusion neutronics simulations and beyond. Deployed in
many world-class supercomputers in China, RMC played
an important role in the design and analysis of com-
mercial nuclear power plants and newly designed types
of advanced nuclear reactors. The neutronics-thermal
hydraulics-mechanics coupling capability enables RMC to
simulate high-fidelity multi-physics problems and tran-
sient scenarios. In this paper the main advancements and
features of RMC are introduced with applications on the
simulation of advanced reactors. The state-of-the-art tech-
nologies developed in RMC in recent years are reviewed,
such as stochastic and continuous-varying media model-
ing, advanced transient simulation capability, more accu-
rate energy deposition model, etc.

With the rapid development of heterogeneous-
architecture supercomputers such as the GPUs by Intel
and NVIDIA and SW in China, ongoing and future work
based on RMC will put more effort in the acceleration
and optimization of heterogeneous parallel architectures.
Machine learning algorithms will also be incorporated in
ongoing research and future development plans.
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