KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Tom 23, Ne 2, 2026

UDC 621.039.51
IRSTI 58.33.29

https://doi.org/10.55452/1998-6688-2026-23-2-401-417

'Aryngazin A.,

MSec, ORCID ID: 0009-0007-7861-4917,
e-mail: ansar.aryngazin@nu.edu.kz
!Kurbanova B.,

MSc, ORCID ID: 0000-0003-0928-521X,
e-mail: bayan.kurbanova@nu.edu.kz
’Sizyuk Y.,

PhD, e-mail: yuriy.sizyuk@nu.edu.kz
3Temirbayeva A.

M.Sc., ORCID ID: 0000-0002-9526-3617,
e-mail: assem.zkgmu@gmail.com
'Alsar Zh.,

PhD, ORCID ID: 0000-0001-7287-7555,
e-mail: zhanna.alsar@nu.edu.kz
*Insepov Z.,

D.Sc. PhD, Adj. Professor, ORCID ID: 0000-0002-8079-6293,
*e-mail: zinsepov@nu.edu.kz

"Nazarbayev University Research Administration, Astana, Kazakhstan
’Depart. Mech. Nucl. Engin, Virginia Commonwealth University, VA USA
3Eurasian National University named after Gumilev, Astana, Kazakhstan
“School of Nuclear Engineering, Purdue University IN, USA

NEUTRONICS AND THERMAL-HYDRAULICS
OF PRESSURIZED WATER REACTOR WITH THORIUM-BASED FUEL

Abstract

In the present study, the coupled behavior of thermal-hydraulic processes and solid mechanics phenomena
was investigated using the finite element method implemented within the COMSOL Multiphysics environment.
Neutronic analyses were performed using the OpenMC code under the steady-state neutron transport approximation.
To optimize the core configuration of a thorium-fueled pressurized water reactor (PWR), high-pressure light water
was selected as the coolant and moderator. The reactor core was composed of 49 fuel rods containing thorium-based
fuel compounds arranged in a regular lattice configuration. Monte Carlo neutron transport simulations conducted
with OpenMC enabled the evaluation of the effective neutron multiplication factor (k_eff) and the spatial power
distribution within the reactor core. Thermal-hydraulic calculations yielded detailed temperature and coolant
velocity distributions, while solid mechanics analyses provided the corresponding spatial distributions of stresses
and deformations arising under operational conditions. The obtained results demonstrate the applicability and
effectiveness of a coupled multiphysics approach integrating steady-state neutronics with thermal-hydraulic and
structural analyses for the assessment and optimization of thorium-fueled pressurized water reactor systems.
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1. Introduction

The growing demand for sustainable and proliferation-resistant nuclear energy systems has
stimulated renewed interest in alternative fuel cycles capable of improving resource utilization and
reducing long-lived radioactive waste. Among such alternatives, thorium-based fuels have attracted
considerable attention due to their favorable neutronic characteristics, high natural abundance,
and potential for reduced production of minor actinides compared with conventional uranium fuel
cycles [1]. The thorium fuel cycle has been studied for several decades, beginning with early
experimental demonstrations such as the Molten Salt Reactor Experiment conducted at Oak Ridge
National Laboratory in the 1960s [2]. Since then, numerous investigations have explored the
feasibility of incorporating thorium into both existing and advanced reactor systems.

In light-water reactors, and particularly in pressurized water reactors (PWRs), partial or full
replacement of uranium fuel with thorium-based compositions has been proposed as a promising
pathway toward improved fuel utilization and waste reduction. Thorium dioxide exhibits several
advantageous thermophysical properties, including higher thermal conductivity and lower thermal
expansion compared with uranium dioxide [1]. These characteristics can contribute to reduced
temperature gradients, improved thermal margins, and enhanced structural stability of fuel elements
during operation. At the same time, incorporation of fissile isotopes such as U-233 or low-enriched
uranium enables thorium to sustain nuclear fission through neutron capture and subsequent
transmutation processes.

Previous studies have investigated neutronic performance, burnup characteristics, and safety
parameters of thorium-based fuels in thermal and fast reactor systems. Monte Carlo transport
simulations using codes such as MCNP [3, 4] and OpenMC [5], supported by evaluated nuclear data
libraries including ENDF [6] and JEFF [7], have demonstrated the feasibility of thorium utilization
in PWR assemblies with acceptable reactivity coefficients and fuel cycle performance [8—17]. In
parallel, thermal-hydraulic and thermo-mechanical analyses have shown that the superior thermal
conductivity of ThO -based fuels can reduce peak fuel temperatures and mitigate fuel-cladding
mechanical interaction [18-25]. However, most existing investigations treat neutronics, thermal-
hydraulics, and structural behavior either independently or within simplified coupling frameworks,
which may limit the accuracy of safety and performance assessments.

Accurate prediction of reactor behavior requires consistent coupling between neutronic power
generation and the resulting thermal-hydraulic and mechanical responses of the fuel system. While
time-dependent neutronic simulations provide detailed transient behavior, they are computationally
expensive when combined with high-fidelity multiphysics models [26-28]. An alternative approach
involves coupling steady-state neutronics with transient thermal-hydraulic and structural calculations
[29, 30]. This approach exploits the difference in characteristic timescales between neutron transport
and thermal-hydraulic processes: neutron populations typically reach equilibrium much faster than
temperature and flow fields evolve. As a result, steady-state neutronic solutions can be used to
provide spatial power distributions that drive time-dependent thermal and mechanical simulations
with significantly reduced computational cost.

Such multiphysics coupling has been applied in recent years to both conventional light-water
reactors and advanced reactor concepts [26, 29, 31]. Studies indicate that steady-state neutronics
combined with transient thermal-hydraulics can provide reliable predictions of temperature evolution,
stress development, and flow stability while maintaining acceptable computational efficiency.
Nevertheless, further investigation is required to assess the applicability of this approach to thorium-
based fuel assemblies in PWR configurations and to evaluate the resulting thermo-mechanical
behavior under transient heating conditions.

By combining steady-state neutronics with time-dependent thermal-hydraulic and structural
modeling, this study aims to provide a consistent multiphysics assessment of thorium-based fuel
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performance in a PWR assembly and to evaluate the suitability of this coupling strategy for future
high-fidelity reactor safety analyses.

In this paper a Design-Basis Core of a conventional PWR with Thorium/Uranium Oxide fuel,
Zircaloy-4 cladding and light water coolant was considered. The neutronics study was performed
using OpenMC v.0.15.3 with ENDF.B.VIII-0 nuclear cross-section library data. The thermal-
hydraulics, solid mechanics and fuel safety study were performed in COMSOL v.6.3. The paper is
organized as follows: Section II describes main methods and materials used for the study. In Section
IIT the results are obtained and discussed. In Section IV conclusions and future research goals are
presented.

2. Methods and models

2.1. OpenMC

OpenMC is an open-source community-developed Monte-Carlo neutron and photon transport
simulation software package. It uses constructive solid geometry or CAD representation to perform
various neutronics calculations with capabilities of computation parallelism via MPI, OpenMP or
hybrid programming model [5].

The model in consideration of neutronics calculations is an assembly of 7x7 pins arranged in
rectangular lattice with (Th/**U)O, fuel domain, enveloped by Zircaloy-4 alloy as a cladding domain.
These pillars are surrounded by light water coolant domain. Featured important specifications of a
reactor core are listed in Table 1. The top view slice at half-height of the assembly can be seen in
Figure 1.

Table 1 — Parameters of a PWR Design Core

Parameter Value
Core lattice geometry Rectangular
Number of pins 49 (7x7)
Fuel material (Th, 45 °U, 4,5 at%)0,
Fuel density 10.0 g/cm?
Fuel temperature 900 K
Fuel thickness 1 cm
Fuel element height 100 cm
Cladding material Zircaloy-4 (Zr, ,..Sn, , SFe .. Cr, .., at%)
Cladding density 6.55 g/em?
Cladding thickness 0.2 cm
Coolant material H,0
Coolant density 1.0 g/cm®
Boundaries X:-0.75-+21.75 cm
Y:-0.75-421.75 cm
Z: -50 —+50 cm
Active core volume 50 625 cm?®
Mesh dimensions 500x500x500

The calculations parameters have been chosen to optimize between the complexity and accuracy
and time of calculations that depends on computing power of processing units. According to execution
settings for the specific OpenMC mode called “k-eigenvalue”, a single run simulates a selected by the
user number of particles, that combine into fission generations that store resulting fission neutrons,
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the spatial coordinates of the fission site, the sampled outgoing energy and direction of the fission
neutron, and the weight of the neutron of the current generation. Then, the next successive generation
uses random sampling of stored generation to ensure that the neutron population won’t grow in a
rapid manner. Successive generations combine into batches for statistical significance. Some batches
are needed to be discarded in order for the source — not known a priori — to evolve closer to true
distribution at each iteration. After that the tallies that contain execution information are starting to
accumulate. In the simulations presented here, 96000 particles with 25 generations per batch, 240
batches and 100 inactive batches were used.
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Figure 1 — 2D slice of a PWR Design Core at half-height of the design core.
Designations: blue — coolant, yellow — cladding, olive — fuel

For the accurate calculations of neutron flux and heat distribution throughout the assembly
without heavy overstress of processing power the assembly space was divided into 3D mesh with
moderate resolution of 60 blocks per dimension. This value ensures enough accuracy for calculations
while providing easiness on post-processing of obtained raw results.

Additionally in the execution settings, a source of neutrons constrained inside the fuel only
domain with uniform spatial distribution, isotropic angular distribution, Watt energy distribution and
strength of source at 98% was included. To get the analogous perspective of neutron energy spectrum
from similar reactor cores, the closest to PWR cross-section data library available, called SHEM-
361, was used.

2.2. Thermal-hydraulics and solid mechanics with COMSOL

The radial power distribution from the neutronic analysis is used to perform thermal-hydraulic
and solid-mechanics simulations. The objective is to capture and analyze these conditions through
numerical simulations.

Based on the power distribution, the hottest fuel rod can be identified, representing the most
limiting and safety-critical operating conditions within the reactor core. The solution procedure
begins with discretizing the geometry into smaller elements, a process referred to as meshing.
Subsequently, the governing partial differential equations (PDEs) are applied to the generated mesh.
The heat transfer equation is:

aT
pcp(a+llmanslw)+?'q:Q+Qted (1)

where equation parameters are listed in Table 2.
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Table 2 — Heat transfer equation parameters

Parameter Unit Definition
p kg/m? Density
Co J/(kg- K) specific heat at constant pressure
T K Temperature
WUerons m/s velocity vector of translational motion
g =—kVT W/m? conduction heat flux
k W/(m-K) Thermal conductivity
Q W/m? additional heat sources
Qooqg = aT: g W/m? thermoelastic damping term
o 1/K thermal expansion coefficient
5 Pa Piola—Kirchhoff stress tensor
dfidt=48/8t+u-V 1/s Material derivative

and : stands for double-dot tensor product (double contraction).

A free triangular fine mesh was employed in the simulations and is illustrated in Figure 2.

o

Yol . x

Figure 2 — Mesh of the single pint, from inward:
1 — fuel rod, 2 — cladding and 3 — coolant

With the thermal power applied as a heat source over the cross-sectional surface of the core, the
equation (1) is solved using the finite element methods to determine the spatial temperature distribution
within the fuel, cladding, and coolant regions. Heat generation was applied only in the fuel domain,
while heat transfer through the fuel-cladding and cladding—coolant interfaces was solved by the
coupled heat-transfer and fluid-flow physics. All boundaries are assumed to be thermally insulated,
except for the top, bottom, and cross-sectional surfaces and are explicitly formulated as follows:

—n-q=0, (2)

where n is a vector normal to the surface.
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The adiabatic boundary condition was applied only to the external lateral boundaries of the
computational domain to avoid artificial heat losses from the selected fuel-rod/coolant subdomain.
This assumption represents a simplified local-domain approximation and does not suppress heat
transfer between the fuel, cladding, and coolant. Convective heat removal was modeled explicitly
through the coupled heat-transfer and turbulent-flow interfaces in the coolant region, with inlet and
outlet boundaries imposed at the bottom and top surfaces, respectively

Thermal properties of fuel [32] and clad materials [33] as temperature-dependent expressions
are listed in Table 3.

Table 3 — Thermodynamical properties of fuel and cladding as temperature-dependent polynomials

(Th, #**U)0, Zircaloy-4
2300 +8.512x 1075 T 7.1-1072
E, —5.754 x 107%. T2 $1.7-107%.T
+1.528 x 107 T2 [J/(mal - KJ] —0.89 1072 - T2 [cal/g- K]
14.242
0.11804
-0.022-T
4$0.00012 - T
k +1.764 x 10-5 . T2

—4.33441-107% - T*

—6.380 x 107% - T2 .
+5.00277 x 1071 . T# [W/(cm - °C)]

+8.038 x 1072 . T4[W/(m - K)]

9326
—0.0004 - T
+2.54 x 1077 - T?
—7.897 x 107 - T? [kg/m?]

10950
—0.35-T
—1.2-107* - T? [kg/m?]

The Navier—Stokes PDE governing momentum and mass conservation are solved to obtain
the coolant pressure along the axial (z) direction as well as the corresponding velocity field — see
Equation 3:

#*u
at_:E:F-G-l_FV’ (3)

where equation parameters are listed in Table 4.

Table 4 — Navier-Stokes equation parameters

Parameter Unit Definition
p kg/m® Mass density
u 1/ (kg - K) Displacement field
a Pa Cauchy stress tensor
F, N Body force

When the turbulent flow (k—®) model is coupled with the heat-transfer physics, two key
quantities are determined: (i) the convective heat-transfer coefficient h, which depends on the coolant
velocity, channel geometry, and temperature-dependent coolant properties, and (ii) the axial pressure
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drop resulting from the Navier—Stokes solution. The coolant flow was prescribed through the axial
direction of the fuel-rod channel. The bottom surface of the coolant domain was defined as the inlet,
where the inlet velocity and coolant temperature were specified. The top surface was defined as
the outlet, where pressure was fixed to the reference outlet pressure. No-slip wall conditions were
applied at the solid—fluid interfaces.

Coupled equation determines influence of thermal expansion on material’s strain:

g = a(TH(T = T,p) (4)

Within the solid mechanics interface, the governing elasticity equations are solved to evaluate
thermally induced deformation, displacement, and strain in the fuel and cladding, fully coupled
with the heat-transfer physics. The fuel and cladding domains were coupled to the temperature field
obtained from the heat-transfer calculation. Thermally induced expansion was included through the
temperature-dependent thermal expansion coefficient. The top and bottom boundaries of the solid
domain were mechanically constrained to represent axial support of the fuel rod, while the remaining
surfaces were allowed to deform freely unless otherwise specified. This setup allows evaluation of
thermally induced displacement, volumetric strain, and von Mises stress under constrained axial
conditions

For mechanical properties, the following thermal expansion expressions for fuel [34] and
clad [32], presented in Table 5, were used:

Table 5 — Mechanical properties of fuel and cladding as temperature-dependent polynomials

(Th, #2U)0, Zircaloy-4
5.416 - 1078
+3.47-107%-T
a +3.0107 - 107 . T2 (5.22 +1.82- 1072 - T) - 10~ *[1/K]

-1.2212 .10~ . T?
+4.181 - 107%% - T* [1/K]

E 259.87 -10° - (1 — P?) [Pa] 9.21 - 10*® — 4,05 - 107 - T [Pa]

where P is the porosity of material.

3. Results and Discussion
3.1. Effective neutron multiplication coefficient, heat power distribution and peak power density
The maximum normalized heating density value has been obtained:

w = 4109.2892 W/cm?.

In this work, the hottest fuel rod was selected based on the OpenMC volumetric power
distribution, and the maximum normalized heating volumetric density value was used in COMSOL
to represent the most limiting thermal-hydraulic and thermo-mechanical condition. The maximum
value was selected because it corresponds to the hottest fuel rod and it represents the most safety-
critical location in the core, where the highest temperature, thermal stress, strain, and displacement
are expected.

Effective multiplication coefficient kg = 1.01777 £ 0.00005. Normalized neutron spectrum
of the model in comparison with SHEM-361 is presented in Figure 3. The values of the flux are
significantly higher for the model than for the reference group. This is explained by a multitude of
factors, despite SHEM-361 being suitable for comparison of various LWR reactors: geometry or tally

407



Vol. 23, No. 2, 2026

HERALD OF THE KAZAKH-BRITISH
TECHNICAL UNIVERSITY

constraints — as tallies for the calculations were constrained only in the fuel domain, and energy-
group mismatch — since for the purposes of this paper the energy was divided into smaller bins,

getting 500-group energy spectrum.
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Figure 3 — Neutron spectrum of a Design-Basis Core (blue),
compared with SHEM-361 energy group (orange)

Neutron flux and heat distribution, normalized on a 900 kW reactor output, are presented in
Figure 4. The temperature distribution in Figure 4 (b) is concentrated on the fuel pins, with the
coldest ones in the center of the assembly, confirming that heat is generated only in the fuel zones.
The relatively colder pins are located in the center of the core and the heat increase is shown to have a
radially outward direction, where at the edges the hottest pins can be seen. This trend can be observed
in [35, 36], while other studies show exactly the inverse behavior [12, 16].

Mid-plane - Flux and Volumetric Heating, 7x7 PWR

Normalized Flux

Y bin index

10 20 30 40 50 (]
X bin index

0

leld

Y bin index

@
=

]

Normalized Heat

[T~ ®2In0s-g-  wd-A3] 185y PIZI|EWION

30 40 50
X bin index

Figure 4 — Normalized flux (a) and heat (b) distribution of the core assembly.
Scale is as follows: colder colors — lower flux/temperature

3.2. Thermal-hydraulics, solid mechanics and fuel safety

3.2.1. Temperature

Figures 5 (a) and (b) present the temperature contours in the yx plane at 0.2 s and 0.8 s, respectively,
following the application of the maximum volumetric heat source in the fuel. At 0.2 s, the highest
temperatures are confined to the fuel region, while a clear radial temperature gradient develops across
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the fuel-cladding interface and into the surrounding coolant. As time increases to 0.8 s, the heated
zone expands radially, and the temperature increases throughout the fuel and cladding and reaching
a maximum, indicating enhanced heat diffusion and thermal penetration into the adjacent materials.
Figure 4 (c) shows the temperature profiles along the fuel rod for different time periods (0—0.8 s). The
profiles reveal a relatively uniform temperature within the fuel at early times, followed by a gradual
decrease across the cladding and a sharp temperature drop within the coolant region. The normalized
neutron flux and volumetric heat distributions for the 7x7 PWR assembly are presented in Figure 4.
The thermal field is primarily concentrated within the fuel regions, confirming that volumetric heat
generation occurs exclusively inside the fuel pins. The radial heat distribution reveals comparatively
lower temperatures in the central region of the assembly and progressively increasing temperatures
toward the peripheral fuel pins, where the maximum thermal intensity is observed. This behavior is
associated with the spatial neutron-flux distribution and geometric characteristics of the assembly.
Similar thermal trends have been reported in previous studies of thorium-based and conventional fuel
systems, although several investigations have demonstrated inverse radial distributions depending on
fuel composition and reactor configuration [35].

Time=0,2 = Volumae: Temparatura (K} (c) ai
x1g? Line Graph: Temparature (K)
1800F i T T z
15 0s
1600 02
£ 1400¢ 04s
o 06s
5 12000 BEa
b E 1000+
Time=0.8 5 Veolumae: Temperature (K}
() £ 800
2

x10"
600+
o 0.2 0.4 0.6 0.8
Arc length (cm)

Figure 5 — The temperature profile along the y-x direction at (a) 0.2s and (b) 0.8s;
(c) the temperature distribution through different materials of the fuel rod after application
of the maximum heat source for different times (from 0 to 0.8 seconds)

3.2.2. Coolant velocity

Figure 6 (a) presents a three-dimensional slice of the velocity magnitude at t=0.8 s. The color map
indicates a predominantly uniform flow along the axial direction, with higher velocities concentrated
toward the central region of the channel and lower velocities near the walls. This distribution reflects
the combined effects of channel geometry and viscous boundary layers, resulting in a developed
velocity profile along the flow direction. Figure 6 (b) shows the corresponding velocity magnitude
along the rod length at two different times, 0.2 s and 0.8 s. At 0.2 s, the velocity profile remains
relatively flat, indicating that the flow is still developing. As time increases to 0.8 s, the velocity
increases along the channel length, with a noticeable rise near the outlet regionup to 1.1 m/s. The higher
velocities observed at later times suggest flow acceleration due to thermal effects and coupling with
heat transfer, while the sharp increase near the end of the channel highlights the outlet and boundary
influences. However, no variation in pressure is observed over the 0.8 s interval, despite the increase
in heat sources. Heat removal from the cladding occurs through the surrounding coolant domain.
In the coolant, the heat transfer is governed by the coupled heat-transfer and fluid-flow physics.
Therefore, the coolant removes the heat mainly by forced convection along the axial direction. The
calculated velocity field reflects the imposed inlet/outlet flow conditions and the development of
the coolant flow inside the channel. Thus, the temperature distribution results from the combined
effect of internal fuel heat generation, conductive heat transfer through the solid fuel and cladding,
and convective heat removal by the coolant. A nearly unchanged pressure indicates that, under the
present modeling assumptions, the coolant flow remains stable during the short heating transient.

409



HERALD OF THE KAZAKH-BRITISH
Vol. 23, No. 2, 2026 TECHNICAL UNIVERSITY

However, a more realistic assessment of pressure evolution would require a full-assembly or system-
level thermal-hydraulic model with realistic inlet/outlet pressure losses, pump characteristics, and
feedback between coolant heating, density variation, and flow resistance.

(a) Time=0.8s Slice: Velocity magnitude (m/s) [j100 @
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Figure 6 — (a) 3D slice of the velocity magnitude at t=0.8 s;
(b) corresponding velocity magnitude along the rod at t=0.2 s and t=0.8 s.

3.2.3. Mechanical stresses

Figures 7 (a) and (b) show the spatial distribution of von Mises stress at 0.2 s and 0.8 s, respectively.
As time increases to 0.8 s, the magnitude of von Mises stress increases significantly throughout the
active zone, reflecting the development of thermally induced stresses due to temperature gradients
and constrained thermal expansion. Higher stress concentrations are observed along the axial
direction and near geometrical or material transition regions, where mechanical constraints and
thermal gradients are more pronounced. Figure 7 (c) shows the corresponding von Mises stress
profiles along the rod length for both time instants. The stress remains nearly constant along most of
the active zone, indicating a relatively uniform mechanical loading, while a noticeable increase in
stress magnitude is observed at later times. The higher stress levels confirm the cumulative effect of
thermal loading over time.

Figures 8 (a) and (b) present the spatial distribution of volumetric strain at 0.2 s and 0.8 s,
respectively. At 0.2 s, the strain field is already dominated by positive volumetric strain, indicating
thermal expansion of the material as heat is deposited in the active zone. The highest strain values
are concentrated in the central region, while lower strain magnitudes appear near the outer region,
reflecting the presence of mechanical constraints and cooler surrounding regions. At 0.8 s the
magnitude of volumetric strain increases noticeably throughout the active zone, demonstrating the
cumulative effect of continued heating. The expansion becomes more pronounced and spatially
extended, while the overall strain pattern remains similar, suggesting a stable deformation mode
governed by the temperature distribution rather than abrupt mechanical instabilities. Figure 8 (c)
shows the volumetric strain profiles along the rod length for both time instants. The strain remains
relatively uniform along most of the active zone, with higher values observed at 0.8 s compared
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to 0.2 s. Minor fluctuations along the arc length may be attributed to geometric features, material
interfaces, or numerical discretization effects. A small reduction near the boundaries indicates the
influence of mechanical constraints imposed at the top and bottom surfaces. An increased volumetric
strain in the fuel compared to the cladding material was also observed in the literature [36].

(a) Time=0.25  Volume: von Mises strass (Njm’} .
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Figure 7 — Spatial distribution of von Mises stress at (a) 0.2 s and (b) 0.8 s, respectively;
(c) the corresponding von Mises stress profiles along the rod length for both time instants
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Figure 8 — Spatial distribution of volumetric strain at (a) 0.2 s and (b) 0.8 s, respectively;
(¢) volumetric strain profiles along the rod length for both time instants

Figures 9 (a) and (b) show the spatial distribution of the displacement magnitude at 0.2 s and 0.8
s, respectively. At the early time of 0.2 s, the displacement is relatively small throughout the structure,
indicating the initial stage of thermal expansion following heat deposition with. The deformation is
distributed smoothly along the axial direction, with minimal distortion near the boundaries due to
mechanical constraints. At 0.8 s, the displacement magnitude increases significantly, reflecting the
cumulative effect of sustained heating. The deformation becomes more pronounced in the central
region of the active zone, while lower displacement values are observed near the top and bottom
boundaries, consistent with the imposed structural constraints. The overall displacement pattern
remains symmetric, suggesting a stable and uniform thermo-mechanical response without localized
buckling or instability. Figure 9 (c) presents the displacement magnitude along the rod length for
both time instants. The displacement increases gradually from the boundaries toward the mid-span,
reaching a maximum near the center of the core, and then decreases toward the opposite boundary.
The substantially higher displacement at 0.8 s compared to 0.2 s highlights the strong time dependence
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of thermal expansion. The displacement profile suggests non-uniform deformation along the radial
length, which is influenced by local thermal and mechanical loading distributions [37].
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Figure 9 — Spatial distribution of the displacement magnitude at (a) 0.2 s and (b) 0.8 s, respectively;
(c) displacement magnitude along the rod length for both time instants

Figures 10 (a), (b) and (c) show the von Mises stress, strain and displacement magnitude in the
cladding. At 0.2 s, the stress level and displacement remain relatively low and fairly uniform along
the rod length, indicating the initial response to thermal loading. As time increases to 0.8 s, the von
Mises stress rises noticeably across the entire cladding, reflecting the accumulation of thermally
induced stresses due to temperature gradients and constrained expansion. Slight variations near the
boundaries may be attributed to geometric effects and boundary conditions, but overall, the stress
distribution remains smooth, suggesting the absence of localized stress concentrations. At 0.8 s, the
displacement magnitude increases significantly, reaching a maximum near the center of the rod length
and decreasing toward the constrained boundaries. This symmetric displacement profile reflects
thermally driven expansion constrained at the ends, leading to maximum deformation in the central
region. Positive volumetric strain is observed at both time instants, indicating thermal expansion of
the cladding material. The strain magnitude is consistently higher at 0.8 s than at 0.2 s, demonstrating
progressive expansion as heating continues. The relatively uniform strain profile along the arc length
implies that the cladding undergoes largely homogeneous volumetric deformation, with only minor
fluctuations associated with numerical discretization or local thermal variations.
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Figure 10 — (a) von Mises stress, (b) strain and (c) displacement magnitude in the cladding at 0.2 s and 0.8 s.
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Unusually high values observed in temperature and stresses evaluation, while conducting a safety
analysis, indicate a very high risk in designing the PWR with this material composition and power
distribution. Unless comprehensive analysis has been conducted, it is early to judge the possibility of
replacing uranium fuel with thorium in PWR cores. The analysis, according to the authors’ opinions,
should include realistic power output of the design, more detailed material composition and, possibly,
feedback loop between the coupled physics processes.

4. Conclusions

A coupled neutronic, thermal-hydraulic, and thermo-mechanical analysis of a thorium-based
PWR fuel assembly was successfully performed using OpenMC and COMSOL Multiphysics.
The neutronic calculations provided the effective neutron multiplication factor and spatial power
distribution required for transient thermal-hydraulic simulations. The obtained results demonstrated
progressive temperature accumulation within the fuel region, accompanied by the development of
thermal gradients, thermally induced stresses, volumetric strain, and structural displacement during
transient operation.

The study confirms that coupling steady-state neutronics with transient thermal-hydraulic
analysis represents a computationally efficient approach for multiphysics reactor simulations
while preserving the dominant physical interactions governing reactor behavior. At the same time,
the elevated temperature and stress values obtained during short transient periods indicate the
necessity for further refinement of the current model, including more realistic power distributions,
improved thermal-hydraulic boundary conditions, and incorporation of additional physics feedback
mechanisms.

Future work will focus on extending the model to full-core reactor configurations and implementing
more advanced coupled multiphysics approaches to improve the realism and predictive capability of
thorium-based PWR safety analyses.
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TOPHfIvOTBIHLI KOJJAAHBIJIATBIH KbICBIMJIAFbBI CY PEAKTOPBIHBIH
HEUTPOHIBIK-®U3UKAJIBIK )KOHE KbIJIY-T'UJAPABJIUKAJIBIK
CHUITATTAMAJIAPBIH 3EPTTEY

AHaarna

JKyMBICTa KBUTY-TUAPABIUKAIBIK YACPICTEPIIH JKOHE KATTHI JCHE MCXAHHKACHI KYOBUIBICTAPBIHBIH MHA-
mukacsl COMSOL Multiphysics OarmapiraManbIK KEIICHIHIE COHFBI 3JIEMEHTTEp dIicCi HETi3iHIe MOICIbICH/II.
Hefitpornsik-hu3nkansik cunartamanapasl 3eprrey yuria OpenMC OGarmapnamMaltblK TTaKeTi CTaIlHOHAPIBIK HEHT-
POHHUKA KYBIKTAyBIHAA KOJTAHBUIABL. TOpWii HeTi3iHAeri peakTOpAbIH OCJCeHIi ailMarblH OHTAMIaHIBIPY Mak-
carblH/Ia CAJKBIHJIATKBILI PETIHJE )KOFapbl KbICHIM/IbI XKEHUI Cy Naiaananbiiibl. bencenni aitmMakra Topuid KOChI-
JBICTapbIMEH TONTBHIPbUIFaH 49 OTBHIH mITaHrachkl opHaymacTeIpbuabl. OpenMC makeTiHzIe JKy3ere achlpbUIFaH
MomnTe-Kapio omici apKpUTBI HEHTPOHIAPIBIH TaChIMATIAHYBIH MOJCIIBICY HOTHKECIHC KapaCThIPBLUTFaH PEaKTOP
yIriciHiH THIMAL KebeiTy koaddunuenti (k.ff) MeH KyaTThIH Tapairybl aHBIKTAIIBL. JKBLUTY-THAPABINKAIBIK €Cell-
TEeyJep HOTH)KECIHIE TEMITepaTypajIblK IPOo(HUIhIep MEH aFbIH JKBIIIaMIBIFBIHBIH MOH/IEP] aJIBIHIBI, all KaTThI ICHE
MeXaHHUKAChl OOMBIHIIIA KYPTi31JITeH Talaay HOTHKECIH e KepHEyaep MeH AeOopMaIisuiapAsIH KeHICTIKTIK TapaTybl
AHBIKTAJ/Ibl. AJIBIHFaH HOTHKENIEP CTAIlMOHAPIIBIK HEWTPOHUKA MEH OTIIEeNI JKbUTY-TH/IPaBIMKaHbl OaiJIaHbICThIpa
ecenTey SICIH KOJNIaHyAbIH THIMAUIITIH pacTabl.

Tyiiin ce3mep: saponbIK peakTop (HU3UKACHI, TOPHHA OTHIHBI, HCHTPOHUKA, TCPMHUSIIBIK THAPABINKA, KATThI
nene mexanukacsl, COMSOL, OpenMC.
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NCCIEJOBAHHUE HEP'ITPOHI/IKI/I N TEIJIOTUAPABJINKHA
PEAKTOPA C BOAOU IO JABJIEHUEM U TOIIJIMBOM
HA OCHOBE TOPHUA

AHHOTAIUA

B nannoil pabore quHaMUKa TEIUIO-THAPABINYECKUX SIBICHUMH, a TaKkKe SIBICHUH MEXaHUKH TBEPJOTO Tela
OblUTa CMOJEIMPOBaHA METOJOM KOHEUHBIX JJIEMEHTOB C Hcnonb3oBanueM Comsol Multiphysics. J{ns nzydenus
Helrponukn O0bul mpumeHen OpenMC B nmpuOMMKeHUN CTAMOHAPHOM HEHTPOHWMKH. J{JIsl ONTUMM3AINK aKTHB-
HOMW 30HBI TOPUEBOTO PEAKTOPA B KAYECTBE OXJIATUTEINS UCTIOIb30BaIach JIETKasi BO/A TIO] BBICOKMUM JaBieHNEM. B
aKTHBHOH 30HE pacronaraauch 49 TOIUIMBHBIX CTEP)KHEH, 3alI0IHEHHBIE COSANHEHUSIMU TOPHS, OPTaHU30BAHHBIC
B BHJIE PETYSIPHON — PEIIeTOYHON reoMeTpun. MoaenupoBaHue epeHoca HeHTpoHoB MetonoM Monte-Kapno B
nakere OpenMC no3BonmiIo noNy4YuTh d3PdeKkTHBHOE 3HaUeHHE Kod(duienTa pazmuoxenus k eff n npocrpan-
CTBEHHOE pacIpeeeHle MOIIHOCTH PacCMaTpUBaeMoi MojieNny. bty mosrydeHs! 1eTallbHble TEII0- U THAPABIH-
YEeCKHE pacuyeThl — TEMIIEPATypPHbIA 1 CKOPOCTHBIE POy, B TO BpeMsl Kak MEXaHHKa TBEPAOTO TeJa ONpeesinia
MIPOCTPAHCTBEHHOE pacIipeeIeH e HalpsHKEHUH U ieopmanuii. Pe3ymbraTel MOATBEPAMIN IPUMEHIMOCTD 1 3(-
(hEeKTUBHOCTH UCIIOIB30BAHUS METOA COBMEIICHUS CTAIMOHAPHON HEWTPOHUKH C TEPMOTHUIPABINKON U CTPYKTYp-
HOTO aHaJH3a I OLIEHKN M ONTHMHU3AI[IH TOPHEBBIX PEaKTOPOB C BOAHBIM OXJIAKICHUEM.

KuaioueBble ciioBa: (u3smKa sJiepHbIX PEaKTOPOB, TOPHEBOE TOIUIMBO, HEUTPOHHAs (DU3KKA, TEIIOTHIPABIHKA,
Mexanuka Tepaoro teiaa, COMSOL, OpenMC.
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