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ARTICLE INFO ABSTRACT

Keywords: The feasibility of using the Monte Carlo code MCS to generate multigroup cross sections for nodal diffusion
MCS simulations RAST-F of liquid metal fast reactors is investigated in this paper. The performance of the MCS/RAST-
RAST-F X F code system is assessed using steady-state simulations of the ANTS-100e core. The results show good agreement
E;;ss'semon between MCS/RAST-F and MCS reference solutions, with a ke difference of less than 77 pcm and root-mean-
ANTS-100e square differences in radial and axial power of less than 0.5% and 0.25%, respectively. Furthermore, the

MCS/RAST-F reactivity feedback coefficients are within three standard deviations of the MCS coefficients. To
validate the internal thermal-hydraulic (TH) feedback capability in RAST-F code, the coupled neutronic/TH1D
simulation of ANTS-100e is performed using the case matrix obtained from MCS branch calculations. The results
are compared to those obtained using the MARS-LBE system code and show good agreement with relative
temperature differences in fuel and coolant of less than 0.8%. This study demonstrates that the MCS/RAST-F
code system can produce accurate results for core steady-state neutronic calculations and for coupled

Thermal-hydraulic

neutronic/TH simulations.

1. Introduction

Liquid metal-cooled fast reactors (LMFRs) have been a promising
candidate for meeting future energy demands because of their high
thermal efficiency and the potential for using nuclear waste as fuel.
Their design and optimization, however, require a thorough under-
standing of the complex interplay between neutronics and thermal hy-
draulics (TH). Neutronic simulation coupled with TH feedback is a
powerful tool to investigate the behavior of these reactors. This can aid
in reactor design and optimization, which are essential for the
advancement of safe and efficient nuclear power technologies. Several
research studies have been conducted to develop simulation capabilities
for LMFRs using various codes and methodologies. A study by Fridman
et al. has presented the extension of the simulation capabilities of
DYN3D from the sodium fast reactor (SFR) core to the system level by
coupling DYN3D with a TH system code, ATHLET, that could perform
sodium flow modeling [1]. Another research by Dawn and Palmtag has
developed a multiphysics simulation suite for LMFRs, LUPINE, to model
the Advanced Burner Reactor (ABR) MET-1000 benchmark with
coupled neutronics, TH, and thermal expansion models [2]. Lindley
et al. have investigated the coupling effect on the power distribution of
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SFRs using several state-of-the-art reactor physics and multiphysics
codes to improve confidence in the methodologies and validity of the
results [3]. In addition, Vazquez et al. have outlined the establishment of
a coupled neutronics/TH code system using the Monte Carlo (MC) code
MCNPX and the sub-channel code COBRA-IV, which is applied to an SFR
concept at both the assembly and full core scales [4]. Fang et al. have
introduced the neutronics/TH coupling analysis for a small lead-based
FR using the discrete ordinate nodal and parallel channel method [5].

Motivated by the previous research, this paper presents a new two-
step code system for neutronic simulation coupled with TH feedback
from LMFRs. The MCS/RAST-F code system is based on the MC code
MCS for generating multigroup cross-section (MG XS) data [6,7] and the
nodal diffusion code RAST-F (RF) with an internal TH solver, TH1D [8,
9]. The MCS/RF code system is validated first against the standalone
MCS calculation for the lead-bismuth-cooled FR designs, ANST-100e, in
a variety of neutronic parameters of interest, including core multipli-
cation, power profiles, and reactivity coefficients. Second, a neutronic
simulation with TH1D feedback is performed and compared to the
MARS-LBE solution using the ANTS-100e as a reference core
configuration.

This paper is structured as follows: Section 2 describes the ANTS-
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100e cores. Section 3 briefly introduces the MCS approach for tallying
the MG XSs and the RF nodal diffusion code. Section 4 demonstrates a
code-to-code comparison of the two-step code MCS/RF and the stand-
alone MCS code against the steady-state simulation. Section 4 also dis-
cusses the verification of the neutronic simulation coupled with TH1D.
Section 5 finally discusses the conclusions and future prospects.

2. Reactor core description

The ANTS-100e is a promising nuclear reactor design that can
generate clean and sustainable energy over a 10-year first cycle. Fig. 1
[10] depicts the design layouts of the ANTS-100e core, which includes
several unique features that make it a highly efficient and safe design.
The active core is composed of 138 fuel assemblies (FAs), which are
divided into two enrichment zones of 10.0% and 13.0% uranium nitride.
The ANTS-100e core adopts onion core zoning, which results in axial
enrichment zoning in the inner core: 13.0% enrichment at the top and
bottom 10-cm and 10.0% enrichment in the middle. The use of uranium
nitride as the fuel material results in higher thermal conductivity and
uranium density, resulting in a higher fuel burnup and a more efficient
use of fuel. The FAs are arranged in a hexagonal lattice configuration, as
shown in Fig. 2, which allows for more uniform power distribution and
better utilization of the available space. Lead-bismuth eutectic (LBE) is
selected as coolant, and 15-15Ti stabilized steel is selected as cladding
and duct materials for ANTS-100e. LBE is filled as a bond material be-
tween fuel pellets and cladding to reduce fuel centerline temperature.

Each fuel assembly consists of four axial components: the lower
reflector, fuel, gas plenum, and upper reflector. The axial reflectors are
made of stainless steel and are 75 cm long, providing an additional
source of neutron moderation and reducing neutron leakage from the
core. The gas plenum is also 75 cm long, which could be beneficial to
compensate for the fission gas release in ANTS-100e. The use of a gas
plenum also aids in the removal of the fission gases, reducing the
buildup of pressure in the fuel rods and extending their lifespan.

The ANTS-100e core design includes two independent control rod
systems: a primary system and a secondary system with three and nine
control assemblies, respectively. The layout of each control rod assem-
bly (CRA) is the same for both systems, with boron carbide as the pri-
mary absorber material (B4C). The CRAs are designed to provide rapid
and reliable control of the reactor power and to mitigate the conse-
quences of any abnormal events. The flow rates are regulated by orifices
attached at the bottom of the core.

The active core has an equivalent size of 235 cm in diameter and 100
cm in height, resulting in a height-to-diameter ratio of 0.43. This design
feature ensures a low core power density and high reactor stability,
preventing any critical accidents from occurring. The core design of the
ANTS-100e can provide high fuel burnup, low core power density, and
high reactor stability. This design is highly suitable for long-term, sus-
tainable nuclear energy production with increased efficiency and
reduced waste production.

3. MCS/RF two-step code system
3.1. Computer codes

MCS is a 3D continuous-energy neutron physics code for particle
transport that has been in development since 2013 by the Ulsan National
Institute of Science and Technology (UNIST) [11]. MCS can perform
criticality and fixed source-runs for reactivity calculations and shielding
problems, respectively. The neutron transport capability of MCS has
been validated and verified using a variety of benchmark problems
[12-15].

UNIST has also engaged in RAST-K code development for the diffu-
sion core simulator [8,16]. It solves steady-state and transient problems
with assembly-level nodes using the 3D nodal method and the MG coarse
mesh finite difference acceleration technique. The triangular
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Table 1

Summary of branch conditions for ANTS-100e.

Branch  Fuel temperature Coolant temperature Coolant density (g/
X) x) cm®)
1 500 500 10.434
2 500 648 10.238
3 500 800 10.037
4 750 500 10.434
5 750 648 10.238
6 750 800 10.037
7 1,000 500 10.434
8 1,000 648 10.238
9 1,000 800 10.037
THI1D RAST-F
tlet .
e Signals to THID
o3
D ety }

1 2 N
Signals to RAST-F
F==1=-T* = Fuel temperature
F==1--1* = Coolanttemperature
it el s N

Coolant density

Inlet

Fig. 6. RAST-F/THID internal coupling scheme.

polynomial expansion nodal method for FR analysis was recently
implemented in RAST-K, and its version is known as RAST-F (RF) [9].

3.2. MCS/RF two-step code approach

Fig. 3 depicts a typical computation procedure for nodal FR whole-
core analysis. The first step is to use MCS to generate a homogenized
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XS data library, which offers more modeling flexibility than traditional
deterministic lattice transport codes. The homogenized XS data library is
generated by simulating neutron transport processes in the representa-
tive unit cell of core components. The generated MG XS is then used to
run RF nodal diffusion simulations, in which RF divides the core into
several control volumes (nodal regions) and calculates the neutron flux
and power distribution within each control volume using the nodal
diffusion equations. If necessary, RF considers feedback effects such as
TH and fuel depletion. The TH feedback scheme is described in the
following section.

The 24-group energy structure was used in this work, which is a
subset of the ECCO 33-group structure [17,18]. Because the MC method
produces significant statistical uncertainties in neutron flux for the last
ten groups of the ECCO-33, the 24-group structure is formed by
combining the last ten thermal energy groups into a group. A standard
approach for obtaining the 24-group XSs for each fast reactor compo-
nent is outlined [7,17,18]. First, the FA XSs are calculated using a single
2D FA model with reflective boundary conditions (BCs). Second, the 2D
supercell models are used to score the homogenized XS for
non-multiplying zones such as CRA and axial components located far
away from the active core, as shown in Fig. 4. To properly account for
neutron leakage, the XS for the radial reflector assembly and its nearby
FA is generated using the radial reflector model (RRM), as shown in
Fig. 5, with the vacuum BC applied on the model’s right side. A detailed
analysis of the spectrum comparison of the radial reflector correspond-
ing to the use of supercell and RRM is provided in ref. [7]. Finally, the 3D
FA is used to generate the XS for axial components adjacent to the active
core (i.e., lower reflector and gas plenum) to account for axial leakage.
More detailed analysis on the XS generation can be found in ref. [7]
including the XS models for correctly treating the axial and radial
leakage, i.e., gas plenum and axial reflector regions. Furthermore, the
super homogenization (SPH) method [19] is employed to modify the
flux-volume-weighted XS of the prominently absorbing zone and its
surroundings, i.e., the CRA and its six neighboring FAs.

3.3. MCS branch calculation

The MC code, MCS, offers an automated burnup sequence for
executing branch variations. These variations in the TH state can be
attributed to changes in material temperatures and densities, and if
required, the burnup card for each branch can be enabled to generate the
burnup dependent XSs. The MG XS library is parametrized in this study
taking into account the fuel and coolant temperatures. However, it
should be noted that axial fuel rod expansion and radial diagrid
expansion are not taken into account in this work. These effects can also
have an impact on the TH state of the reactor and should be considered
in future studies.

The range of state parameters is selected to cover the entire range of
reactor conditions. The variation in coolant temperature implicitly
accounted for the variation in coolant density. Table 1 summarizes the
variations in the branch cases for ANTS-100e. A total of 9 branch cal-
culations are performed for each FA type. Notably, MCS can use the two
nearest temperature points to perform XS interpolation for a tempera-
ture point that is not available in ENDF ACE files.

3.4. RAST-F internal thermal-hydraulic feedback TH1D

For TH feedback, the TH1D solver is implemented in RF, and the
brief procedure is shown in Fig. 6. The neutronics code and the TH solver
are independent in this framework, but they exchange variables that are
input parameters for each code. The nodal power distribution is
computed by the RF nodal diffusion code and passed to the TH1D solver.
The data transferred from TH1D to RF includes node-wise distributions
of TH properties such as fuel temperature, coolant temperature, and
density. RAST-F uses these TH distributions to update the node-wise MG
XSs, accounting for TH reactivity feedback. The process is iteratively
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Table 2
ANTS-100e core parameters, MCS/RF vs. MCS.

Parameter MCS (+30) MCS/RF Diff. (+30, %)
Kest 1.00861 + 0.00007 1.00940 0.077 + 0.007
FTC (pem/K) —1.338 + 0.069 -1.334 -0.2+5.2
CTC (pcm/K) —0.186 + 0.048 —0.180 -3.7 £ 25.7

repeated until certain convergence criteria are satisfied. The following is
the program algorithm:

i. Executes the RF nodal diffusion calculation.
ii. Forwards power distribution to the TH1D solver.
iii. Solve TH equation with given RF power distribution.
iv. Fuel temperature-based convergence check.
v. Updates the TH conditions, including fuel temperature, coolant
temperature, and coolant density, unless converged.
vi. Repeat steps i-iv until convergence is achieved.

It is important to note that in this coupling system, each FA is treated
as a single TH channel, with RF coarse meshes determining the axial
mesh size in TH1D. Because most fast reactor assemblies are enclosed by
ducts, 1D flow is an acceptable presumption with no channel crossflow
and ideal fluid mixing within each channel. TH1D solves two 1D equa-
tions radially and axially as shown in Fig. 7. To estimate coolant tem-
peratures throughout each flow channel, a 1D axial heat convection
model is established based on solving steady state mass and energy
conservation equations, from which the channel-wise flow rate distri-
bution can be fed into the RF by following the cooling groups or zones
that are set up to flatten the outlet fuel and coolant temperatures. To
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obtain fuel temperatures in each hexagonal assembly and at each axial
mesh, a 1D radial heat conduction model is established. For evaluating
the fuel centerline temperature, the fuel zone is divided into ten rings.
The convergence criterion is checked by comparing the temperature of
current iteration i to the temperature of previous iteration i — 1 as in Eq.

(€5}

T

——1 1
T, <¢, @

where ¢ is the convergence criterion, which can be set by users and is
1072 in this study. In general, the temperature will be converged after a
few iterations. Detailed description of the TH1D solver can be found in
ref. [20].

All the thermophysical properties of materials for TH1D are collected
inref. [21]. The equations for the TH properties of LBE used in RF can be
found [22,23], in which many different models for LBE flow in rod
bundles are listed. In this work, the Calamai et al. model [24] is selected,
in which the Nusselt (Nu) correlation in Eq. (2) is valid with a
pitch-to-diameter (P/D) ratio ranging from 1.1 to 1.4 and a Peclet
number (Pe) ranging from 10 to 5,000. This correlation can be feasible
for ANTS-100e because the P/D ratio is 1.15.

Nu=4+0.16(P/D)’ + 0.33(P/D)**(Pe/100)"*. o)

Another significant variable for the THI1D solver is the energy
deposition in the LBE coolant, which was found to be approximately 4%
of the total deposited energy [25]. In RF, the TH1D solver employs a
constant gap conductance determined by gap width and gap material,
which in this case is an LBE bond. Users can enter these two variables
into RF based on the given reactor coolant and design gap or bond
material.

4. Results and discussions
4.1. Steady-state simulation results

In this study, the two-step code MCS/RF is verified against the
reference solution, the MC code MCS, for several parameters of interest,
including the core multiplication factor, fuel temperature coefficient
(FTC), coolant temperature coefficient (CTC), and power profiled with
all rods out (ARO). The reactivity coefficients FTC and CTC are calcu-
lated by subtracting the reactivity from two calculations and dividing by
the change in the system parameter, which in this work is temperature
and LBE density, respectively [26].

The ENDF/B-VILO library is used in all MCS simulations. As a
reference, the MCS whole-core calculation is performed with 5 inactive
batches, 40 active batches, and 8,000,000 particles per batch, with the
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Fig. 8. Normalized radial assembly-wise power distribution by MCS/RF (left) and its difference to MCS (right).
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Table 3
Summary of relative power differences, MCS/R2 vs. MCS.
Rel. diff. (%) |Max. | RMS
Radial 0.77 0.39
Axial 1.14 0.23
Table 4
Summary of CRWs, MCS/RF vs. MCS.
Code CRW (pcm) Rel. diff. (%)
MCS (+30) 9,183 £ 21 -
MCS/RF Without SPH 9,716 5.8
With SPH (only CRA) 9,362 2.0
With SPH (CRA + FAs) 9,158 —-0.2

MCS relative standard deviation (SD) in radial and axial power being
less than 0.25% and 0.1%, respectively. Because of the nature of the MC
method, even with a large number of histories, the radial power cannot
be completely symmetric.

The following equations are useful when conducting a code-to-code
comparison. The reactivity difference is shown in Eq. (3). The power
comparison is generally expressed in terms of relative difference, as
shown in Eq. (4). The relative root-mean-square (RMS) disparity can
then be determined using the local power differences, as shown in Eq.

5,

1 1
Ap(pem) = (— 77) x 10°, 3
keff keff sreference
Power
(%) = (7— 1) x 100%, )
Powerrcfcrcncc
RMS(%) = % x 100%, (5)

where i represents the assembly or mesh index and n represents the total
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Fig. 10. Flow zones in ANTS-100e.

Table 5
Summary of core TH parameters for different flow rate distributions.

Parameter No TH1D uniform TH1D zone-wise
TH1D flow rate flow rate

Kefe 1.00940 1.00983 1.00982

Average fuel temperature 750 714.4 714.8
)

Max. fuel centerline - 837.9 816.7
temperature (K)

Average coolant 648.15 648.2 648.6
temperature (K)

Max. coolant temperature - 761.9 752.5

)

number of assemblies or meshes in a given problem. The error propa-
gation method, in particular, is used to determine the uncertainty of the
reactivity difference when calculating the FTC and CTC.

Table 2 summarizes the kegr from 3D whole-core ANTS-100e calcu-
lations using MCS/RF and MCS at the beginning of the cycle at ARO. The
eigenvalue discrepancy was found to be less than 77 pcm, indicating that
the results obtained from the MCS/RF code agree with those obtained
from the reference MCS code. In addition, Fig. 8 depicts the MCS/RF
radial power distribution and its local relative difference to the reference
MCS results, whereas Fig. 9 depicts the MCS/RF and MCS axial power
profiles. Table 3 summarizes the maximum and RMS relative differences
in radial and axial power. The results demonstrate that the RMS and
maximum relative differences in radial power are less than 0.39% and
0.77%, respectively, which also indicates a good agreement between the
two codes. The considerable axial power differences can be seen at the
core top and bottom, where the local powers are low. A further analysis
of the reactivity coefficients (the FTC and CTC in Table 2) obtained by
MCS/RF reveals excellent agreement with MCS, with relative differences
falling within three SDs. Notably, the CTC relative SDs are quite sig-
nificant. This can be attributed to the small change in LBE density even
when the temperature changes significantly, resulting in a small reac-
tivity difference.

Table 4 displays the control rod worths (CRWs) computed by MCS
and MCS/RF. Because no correction is applied, RF overestimates the
impact of the CRAs at all rods in (ARI) by approximately 5.8% for ANTS-
100e. When the SPH factor is used only in the control rod region, the
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Fig. 11. Fuel centerline temperature distribution, uniform flow rate (left) vs. zone-wise flow rate (right).
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results improve, but the CRW difference remains significant, nearly
2.0%. Once the SPH-corrected XSs are used for both the CRA and its
surrounding FAs, the RF solutions appear to yield to the MCS rod worth
when the difference is approximately 0.2%. The control rod XS is pri-
marily responsible for the difference, and further improvement is ach-
ieved once the adjustment is applied to its surroundings. Because the
assembly pitch is quite large, which is almost identical to the neutron
mean free path in fast reactors, the SPH factor is only applied to six-
surrounding FAs. Furthermore, RF has the capability of automatically
adjusting the XS of the CRA and its surrounding FAs by the corre-
sponding SPH factors when rodded at a specific point. This function is
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useful when inserting or removing the CRA in stages for transient
analysis.

4.2. Neutronic simulation with TH1D feedback

Several parameters are introduced to provide a summary of the TH
simulation. The average linear heat generation over the core is 12.86
kW/m, and the local peak linear heat generation in the hottest assembly
is approximately 16.33 kW/m. Each channel has 20 axial meshes (5 cm
per mesh). The coolant is assumed to have an inlet temperature of
573.15 K and a pressure of 0.1 MPa. The flow orifices have been installed
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to regulate the channel flow rate, and three distinct flow zones (as shown
in Fig. 10, suggested by Kim et al. [27]) are used to flatten the outlet
coolant and fuel temperatures. To achieve an outlet coolant temperature
of 723.15 K and a full output power of 100 MW, the total flow rate is
approximately 13,854 kg/s. The electric power output can be regulated
by adjusting the core flow rate with the maximum electric power of
100MW_ as specified. The average and maximum velocity of the coolant
are 0.97 m/s and 1.12 m/s, respectively.

Two simulations are conducted: the first one uses a uniform flow rate
of 100.39 kg/s per FA throughout the reactor, whereas the second one
uses a zone-wise flow rate distribution that was suggested based on the
results of prior analyses. Notably, the total flow rate in both cases re-
mains the same. Table 5 summarizes several parameters of interest
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including the kg, maximum fuel centerline and average temperature,
and average coolant temperature. The reactivity increases with the use
of the TH1D feedback because the steady-state calculation uses the
estimated average fuel temperature of 750 K. Because of the similar
average fuel temperature, there is no significant difference in reactivity
when using uniform or zone-wise flow rate. However, using the zone-
wise flow rate results in a 20 K reduction in fuel centerline temperature.

Figs. 11-13 depict the 3D distribution of the fuel centerline, average
temperature, and coolant temperature for the two simulations. It can be
observed that the zone-wise flow rate approach leads to a more flattened
temperature distribution compared to the uniform flow rate approach.
As mentioned, the zone-wise flow rate approach results in a reduction in
the peak fuel temperature, which can improve the safety and reliability
of the reactor. This analysis confirms the importance of considering a
channel-wise flow rate approach in the design and operation of LMFRs.
By optimizing the flow rate distribution, it is possible to achieve a more
uniform temperature distribution and improve the performance of the
reactor.

To verify the accuracy of the MCS/RF simulation with TH1D feed-
back, an additional TH analysis is performed for the ANTS-100e core
based on the MCS radial and axial power using the MARS-LBE code
system [27]. MARS-LBE is a 1D system TH code that has been developed
from the MARS 3.1 release and specializes in applications on LMFR
systems [28]. In this analysis, the core is considered to have three main
domains (in addition to three hottest assemblies for each domain) cor-
responding to the zone-wise flow rate. In total, there are 6 zones, and the
core average axial power spectrum is applied to all specified zones. On
the other hand, each FA is treated as a single TH channel and the local
mesh-dependent power is employed in RF. Fig. 14 shows the axial power
used in the hottest assembly in MCS/RF and MARS-LBE.

Figs. 15 and 16 compare the axial fuel centerline temperature,
cladding temperature, and coolant temperature of MCS/RF and MARS-
LBE, in which the relative difference in temperature is defined in Eq. (6).

Tyics/rr

(6)

Tviars-LBE

Rel. Diff. (%):( - 1) x 100%.

It can be seen that the difference in fuel centerline temperature at the
hottest assembly follows the difference in axial power in Fig. 14, with
the MCS/RF predicting a lower fuel temperature at the top and bottom
of the core and a higher fuel temperature at the core center. Neverthe-
less, a code-to-code comparison shows good agreement, with relative
differences of less than 0.8%, despite differences in simulation param-
eters and the use of different approaches to calculate the linear heat
applied by each channel. This demonstrates the accuracy and reliability
of the MCS/RF simulation with TH1D feedback in capturing the TH
behavior of the ANTS-100e core.

It is worth noting that the comparison between MCS/RF and MARS-
LBE serves as a benchmark test for the validation of the two-step code
system. In fact, the consistent verification of RF against MARS-LBE re-
quires the use of the converged RF power profiles from the coupled RF/
TH1D iterations instead of MCS power profiles. However, it should be
noted that the RF power profiles agree accurately with the MCS stand-
alone simulations. Secondly, the RF/TH1D power profiles do not deviate
significantly from the steady-state simulation. As a result, despite
several differences in approach mentioned in the manuscript, there is
good agreement between those results. Nevertheless, the results of this
test provide confidence in the ability of the MCS/RF simulation to
accurately model the TH feedback in LMFRs. The excellent agreement
between the two code systems also indicates that the approach used in
MCS/RF coupled with TH1D is a valid approximation that can provide
accurate results. More studies should be conducted for SFRs to further
verify the MCS/RF capability in simulation with TH feedback.
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5. Conclusions

In this study, the use of the MCS MC code for MG XS generation in
nodal diffusion simulator-based FR simulations was investigated, and
the procedure was validated through core steady-state neutronic
calculation and neutronic coupled with TH1D simulation. The results
demonstrate that the MCS/RF code system is capable of generating ac-
curate MG XSs for the FR whole-core study. The k. difference between
MCS/RF and MCS is less than 77 pcm, and the RMS differences in radial
and axial power are less than 0.5% and 0.25%, respectively. Further-
more, the reactivity feedback coefficients (the FTC and CTC) determined
by MCS/RF agree with those obtained by MCS. The verification of the
MCS/RF coupled with TH1D simulation for ANTS-100e using the case
matrix obtained by MCS branch calculations revealed significant
agreement with the relative differences in fuel and coolant temperature
of less than 0.8%. In summary, this study demonstrates that the MCS/RF
code system with TH1D feedback is a viable approach for LMFR
simulations.

This study has several limitations that necessitate additional research
and development, which could lead to improved accuracy and efficiency
in FR analysis and, eventually, contribute to the design and operation of
more sustainable nuclear reactors. The research only considers steady-
state simulations and feedback from fuel and coolant temperatures.
Future research ought to investigate the depletion calculation with TH
feedback in addition to axial and radial expansion. Furthermore, the
effect of XS uncertainties from the selected library on simulation accu-
racy is not addressed in this study. Another limitation is the inconsis-
tency in the TH modeling between RF/TH1D and MARS-LBE. More
references, such as the implementation of coupling scheme MCS/TH1D
for FRs, should be produced to verify the RE/TH1D. A comprehensive
uncertainty analysis, including sensitivity and uncertainty quantifica-
tion studies, might strengthen our understanding of the key factors
influencing reactor behavior and aid in reactor design. It would also be
worthwhile to investigate the potential of artificial intelligence and
machine learning techniques for improving the accuracy and efficiency
of LMFR simulations.
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