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Abstract: The goal of this study was to evaluate the impact of simulating different fuel shapes for the
material testing reactor (MTR). Two OpenMC codes were built, and the first OpenMC model was
simulated using a curved shape fuel element to mimic the real dimensions and shape of the MTR.
The code core parameters were validated with the collected parameters from the experimental work
and two well-known Monte Carlo simulation codes (MCNP and SCALE). The validation process
included the axial flux profile and criticality. After the OpenMC curve fuel model was validated, the
MTR fuel was simulated as flat fuel elements with the exact amount of fuel as in the curve fuel model.
By comparing the two OpenMC models’ calculations, it was observed that the radial flux distribution
has only a slight difference due to fuel mass similarity. In conclusion, simulating the MTR fuel as flat
elements provided a good agreement calculation compared to the real shape, but it was also observed
that this might carry some discrepancies for in-depth simulation studies.

Keywords: material testing reactor (MTR); OpenMC; Monte Carlo

1. Introduction

Nuclear research reactors are influential tools in developing the fields of materials
sciences, nuclear power, nuclear medicine, and nuclear physics. Moreover, research reactors
support the testing of a variety of nuclear fuel types and studies of new materials in the
radiation resistance field. Research reactors also play an important role in the advancement
of the nuclear power industry and the large-scale production of radioisotopes [1]. In fact,
research reactors have played a significant role in showing the path forward for the design
and manufacturing of nuclear reactors for the purposes of power production by using
the data obtained. Research reactor power can range from 0 (e.g., critical assembly) up to
200 MWth, compared to a typical large-power reactor unit that can reach 3000 MWth or
higher. However, the research reactor requires fuel with much higher enrichment, typically
up to 20% 235U, than that of power reactors (3–5%). Research reactors are commonly
designed as pool-type, tank-type, or tank-in-pool-type reactors. In the pool-type reactor,
the core is a cluster of fuel elements sitting in a large open pool of water. In the tank-type
reactor, the core is contained in a vessel, as it is in nuclear power plants. In tank-in-pool-
type reactors, the core is located in a pool but enclosed in a tank through which the coolant
is pumped [2]. This similarity in design helps in establishing new design parameters for
nuclear power plants.

A materials testing reactor (MTR) is one of the first nuclear reactors that was specifically
designed and built to facilitate the conception and design of future nuclear reactors [3].
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Moreover, the MTR was first built in 1944 at Clinton Laboratories (now Oak Ridge National
Laboratory) to serve military purposes at the time of WWII [4]. However, these purposes
have changed over time to serve medical applications, industries, and educational training.
Currently, 47 MTR pool-type reactors have been built around the world. Furthermore, the
MTR core consists of a cluster of fuel elements, where each element consists of several (e.g.,
18 plates) curved aluminum-clad fuel plates in a vertical box [5]. Many scientists consider
MTR one of the classic research reactors that has paved the way for future designs. Even
now, some MTRs are being used for testing different nuclear scenarios to help design and
build power reactors.

In nuclear reactor theory [6], there are two main considerations that help us to under-
stand the external power yield and the control of the fission reaction. Firstly, the material
composition of the fuel assembly and core of the nuclear reactor must be considered.
Secondly, the reactor core geometry, which includes the shape of the fuel, must be taken
into consideration, as changes in geometry can change the output of the fission reaction
and cause changes in several control parameters. Both of these considerations provide a
good prediction of neutron behavior inside the core. The interaction of the nuclear fuel
with neutrons is at the forefront of a fission reaction, and understanding this interaction is
important for the control of the reactor.

This paper focuses on the shape of the MTR fuel elements’ plates. The MTR fuel
element is designed and fabricated in a curved shape to provide sustainability and prevent
thermal expansion due to the high power generated by the fuel plates. Because of that, the
suggestion of adding curvature to the fuel plates would offer more structural stability [7].
For that reason, studying the reactor parameters due to small changes in the plate shape
would give an adequate understanding of the effects on neutron behavior, as neutron
behavior would affect the overall operation of the reactor and the fission reaction. Moreover,
having a more efficient nuclear fuel geometry (as in the curved shape fuel plates) would
also help in creating a more stable operation of the nuclear reactor. For analyzing a nuclear
reactor, it is essential to model the kinematic behavior of neutrons using a theory called
neutron transport theory. As mentioned before, the interaction of neutrons with each other
and with nuclear fuel is the most significant part of the nuclear fission reaction.

The Monte Carlo method has been developed to predict the probability of outcomes
based on uncertain possibilities; thus, it is also suitable for understanding neutron move-
ments and interactions. Hence, the Monte Carlo method can be applied to the neutron
transport theory for the analysis of nuclear reactors. OpenMC is a community-developed
Monte Carlo neutron and photon transport simulation code. OpenMC has the capability
of performing fixed source, k-eigenvalue, and subcritical multiplication calculations on
models built using a constructive solid geometry. OpenMC was developed by members
of the Computational Reactor Physics Group at the Massachusetts Institute of Technology
back in 2011 [8]. Since then, OpenMC has been used in numerous studies to analyze
neutron transport in several models.

The MTR fuel has been previously simulated as a non-curved plate for simplicity
in two studies [9,10]. Therefore, this study might not reflect or neglect the geometrical
condition of the fuel, which could be an area for investigation. For this reason, this paper
will discuss various MTR core parameters for both curved and non-curved fuel assemblies.
The Missouri S&T reactor (MSTR) was selected as a case study in this paper for several
reasons: (1) it has a curved fuel assembly, (2) the enrichment level used is considered
as low enriched uranium (LEU), and (3) the reactor power (200 kWth), which is lower
than that of the McMaster reactor (5000 kWth). The MSTR was built for educational
purposes at the Missouri University of Science and Technology, allowing students to
perform experiments to learn various physical principles, as well as to test some nuclear
engineering principles. In addition, it is possible to utilize MSTR for some commercial
experiments, such as irradiation studies. MSTR consists of uranium silicide fuel elements
cladded with aluminum. In addition, the MSTR is a pool-type reactor with 120 m3 of light
water and uses four control rods to control the reactivity [11]. The reactor is designed to
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produce thermal energy, which is not converted to electricity, and is thus mostly used for
material analysis.

First, and before starting to simulate the non-curved fuel assembly, we need to validate
the simplified model for MSTR using OpenMC. The MSTR OpenMC calculation must match
well with published papers with other Monte Carlo codes (MCNP5 and SCALE6) [12,13].
This step will show the validity of using an open-source code, and it will help to check
the generated results. The comparison will go over the k-eigenvalue and the axial flux
distribution since those are mostly affected by the model geometry. The second step would
be changing the geometry of the fuel plates from their designed shape (curved) into a
flattened shape, taking into consideration the fact that the total volume of the fuel remains
unchanged. Since the total volume remains the same, the changes in the k-eigenvalue
will indicate the change in shape. Moreover, the axial flux, radial flux, and power will
be compared.

2. Methodology
2.1. Core Description

As a pool-type research reactor, the MSTR core is submerged in water about 20 ft.
(609.6 cm) deep from the top of the pool surface [13]. All constituent elements of the reactor
core are installed in a 12.7 cm thick aluminum grid plate. The grid plate contains 54 equally
spaced (6 × 9) holes with approximately 6.14 cm diameters that support and hold the core
element assemblies, as shown in Figure 1. Additionally, the MSTR contains 40 coolant holes
and, in order to support those holes, between every four holes, there are axillary holes that
allow the water to pass through intersection channels between elements. Each coolant hole
in MSTR is 2.22 cm in diameter. In addition, the MSTR accommodates one source holder,
a bare rabbit tube (BRT), a cadmium-lined rabbit tube (CRT), and a hot cell rabbit tube
(HCRT) [13]. All MSTR core elements are visually shown in Figure 1.
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As shown in Figure 2, a core configuration of 120 W is represented. The MCNP5 model
was performed with this configuration but without the HCRT [11], as represented in the
figure. This was also applied to the validity study of SCALE6 that had been performed [13].



Processes 2023, 11, 637 4 of 14

Processes 2023, 11, 637 4 of 15 
 

 

in the figure. This was also applied to the validity study of SCALE6 that had been per-
formed [13]. 

 
Figure 2. MSTR core configuration (120 W) [12,13]. 

The fuel elements (F) consist of 18 curved MTR plate-type fuels as shown in Figure 
3. A single “fuel meat” plate has a thickness and a length of 0.05 cm and 59.05 cm, respec-
tively, with a cross-section area of 0.31 cm2. The MSTR fuel consists of the uranium sili-
cide-aluminum (U3Si2-Al) fuel (19.75% 235U) clad in a layer of aluminum alloy 6061 (0.04 
cm), with a total thickness of 0.13 cm [12]. The water gap between fuel plates is approxi-
mately 0.32 cm [13]. The fuel elements (C) have control rods, guide tubes, and 10 fuel 
plates. Fuel plates are equally spaced from each other for the geometric homogeneity of 
the reaction. The location of the fuel plates is in the front and rear of the fuel element (C), 
which leaves a gap in the center (C) of the control rod (CR) for the guide tube. 

 
Figure 3. Sketch of (F) left and (C) with an inserted CR (shim/safety rod) right. Figure is taken from 
[13]. 

2.2. OpenMC Model 
For modeling complex geometric objects, OpenMC uses a constructive solid geome-

try representation. Closed volumes, or cells, can be represented as the intersection of mul-
tiple half-spaces. Each half-space is in turn defined as the positive or negative side of a 

Figure 2. MSTR core configuration (120 W) [12,13].

The fuel elements (F) consist of 18 curved MTR plate-type fuels as shown in Figure 3.
A single “fuel meat” plate has a thickness and a length of 0.05 cm and 59.05 cm, respectively,
with a cross-section area of 0.31 cm2. The MSTR fuel consists of the uranium silicide-
aluminum (U3Si2-Al) fuel (19.75% 235U) clad in a layer of aluminum alloy 6061 (0.04 cm),
with a total thickness of 0.13 cm [12]. The water gap between fuel plates is approximately
0.32 cm [13]. The fuel elements (C) have control rods, guide tubes, and 10 fuel plates. Fuel
plates are equally spaced from each other for the geometric homogeneity of the reaction.
The location of the fuel plates is in the front and rear of the fuel element (C), which leaves a
gap in the center (C) of the control rod (CR) for the guide tube.
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2.2. OpenMC Model

For modeling complex geometric objects, OpenMC uses a constructive solid geometry
representation. Closed volumes, or cells, can be represented as the intersection of multiple
half-spaces. Each half-space is in turn defined as the positive or negative side of a plane or
quadratic surface. This allows curved surfaces such as spheres and cylinders to be modeled
exactly with zero tolerance due to mesh discretization, which allows for higher accuracy
in the simulations. In addition, OpenMC has a flexible, low-overhead tally system that
enables users to obtain physical results of interest. Tallies are defined by combinations
of filters and scores. Each filter limits what events can be added to the tally based on the
attributes of the particle [7].

For validation purposes, the MSTR core was simulated through the OpenMC code by
performing k-eigenvalue and axial flux calculations. The OpenMC results were compared
to the MCNP and SCALE6 model results. For reasonable comparison, the OpenMC model
was run under the same conditions simulated in both codes, namely, using the same nuclear
data library of ENDF/B-VII.1 for a 120 W core configuration based on the experimental
validation study [12], but without the HCRT. The adopted cross-section libraries for the
OpenMC code were defined at a temperature of 293.6 K. In addition, the fuel was assumed
to be fresh, and the initial neutron source was assumed to be a uniform source distribution
throughout the fissile material for all models. However, modeling of the control rods was
neglected, which means the comparison was limited to the results of fully withdrawn
control rods. In the same manner, similar to the SCALE6 and MCNP models [12,13],
the OpenMC was run with 1015 batches, with 15 inactive batches to be skipped, and
20,000 particles in each batch for the study. Figure 4 shows top views of the MSTR core, as
demonstrated before in Figure 2, for both the MCNP5 and OpenMC models.
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For the difference study, the following Equations (1) and (2) were used to determine the
bias ∆k in percent mille (pcm) for the determined multiplication factor and its uncertainty
σ∆k (pcm) [13]:

∆k =
(

ke f f − k∗e f f

)
× 105 (1)

σ∆k =

√(
σ2

ke f f
+ σ∗ke f f

2
)
× 105 (2)

where ke f f and σke f f
are the determined multiplication factor and its uncertainty, re-

spectively, while k∗e f f and σ∗ke f f
are the reference multiplication factor and its uncertainty,
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respectively. As mentioned before, the ENDF/B-VII.1 library was activated for the OpenMC
model. However, the axial flux generated in the literature utilized the ENDF/B-VI (0.66 c)
library instead [12]. In terms of geometry configuration, a simplified configuration has
been established compared to the MCNP and SCALE6 models [12,13]. In past stud-
ies, the MCNP5 version model was used; however, it had been updated by using the
MCNP6 version with the ENDF/B-VII.1 library, with the same geometrical model shown in
Figure 5 [13]. On the other hand, in the SCALE6 simulation literature, three MSTR configu-
rations were simulated: (a) the MSTR core (the main unit only), (b) the MSTR pool, which
contains identical geometry of the MCNP model, and (c) the high-fidelity model, which
includes configurations (a) and (b) plus fully detailed thermal columns and beam ports
with the entire MSTR building structure. All SCALE6 MSTR geometrical configurations are
shown in Figure 6.
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For the OpenMC model, the geometrical configuration was similar to model (a), as
in the SCALE6 model. Further, the OpenMC model was taken as only submerged in the
cubical reactor pool, without modeling the control rods, thermal column, neutron beam
port, or the surrounding concrete structure, as shown in Figure 7. All MSTR material
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compositions were taken from the previous literature [12,13]. Table 1 lists all the material
compositions as simulated in the OpenMC model.
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Table 1. Material composition used in the OpenMC model.

Material Isotopic Composition (Atomic Percentage [a/o])

U3Si2-Al
(19.75% enriched)

U-238 (0.129533) Si-28 (0.099366) Si-30 (0.003326)
U-235 (0.032287) Si-29 (0.005046) Al-27 (0.730443)

Wrought 6061 Al-alloy
(Cladding)

Al-27 (0.978233) Fe-54 (0.000133) Cr-52 (0.000939)
Si-28 (0.006140) Fe-56 (0.002093) Cr-53 (0.000106)
Si-29 (0.000312) Fe-57 (0.000048) Cr-54 (0.000026)
Si-30 (0.000206) Fe-58 (0.000006) Cu-63 (0.000811)
C-nat (0.010536) Cr-50 (0.000049) Cu-65 (0.000362)

Cast A356-T6 Al-alloy
(Fuel element handle)

Al-27 (0.928066) Ti-nat (0.000736) Zn-nat (0.000124)
Si-28 (0.061640) Fe-54 (0.000031) Mn-55 (0.000099)
Si-29 (0.003130) Fe-56 (0.000490) Cu-63 (0.000029)
Si-30 (0.002063) Fe-57 (0.000011) Cu-65 (0.000013)
C-nat (0.003567) Fe-58 (0.000002)

1100-series Al
(Grid plate) Al-27 (0.999469) Cu-63 (0.000367) Cu-65 (0.000164)

Stainless steel 304
(Handle of C elements)

Fe-54 (0.040229) Cr-52 (0.169327) Ni-61 (0.001020)
Fe-56 (0.631511) Cr-53 (0.019200) Ni-62 (0.003253)
Fe-57 (0.014584) Cr-54 (0.004779) Ni-64 (0.000829)
Fe-58 (0.001941) Ni-58 (0.060938) Mn-55 (0.020133)
Cr-50 (0.008781) Ni-60 (0.023473)

Cadmium
Cd-106 (0.012500) Cd-111 (0.128000) Cd-114 (0.287300)
Cd-108 (0.008900) Cd-112 (0.241300) Cd-116 (0.074900)
Cd-110 (0.124900) Cd-113 (0.122200)

Copper Cu(nat *)

* Naturally occurring isotopes provided by OpenMC.

2.3. Axial Flux Profile

In order to validate the flux profile inside the core, a cell copper wire was simulated in
the OpenMC model as shown in Figure 8. The code was simulated to calculate the volume
flux tally filtered by the cell-id to determine the absorption rate. The modeled wire was
127 cm long and had a diameter of 0.06 cm. The wire was inside the same fuel element,
located at grid spacing D6. The volume flux tally was coded for this cell with 50 meshes.
Furthermore, the material used for this cell was assumed to be pure copper with a ratio of
naturally occurring isotopes. The MSTR OpenMC axial flux profile was compared to the
experimental results and MCNP5 simulation code fluxes [12].
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2.4. Flat Fuel Plates

After validating the OpenMC code through ke f f values and axial flux profiles, the
MSTR fuel plates were simulated as flat fuel plates (non-curved). All conditions and
parameters were kept the same. However, changing the fuel plate shape into a flat plate
requires modifying the fuel dimensions in order to keep the fuel volume fixed. In addition,
the fuel height will remain unaffected, but the dimensions of the flat fuel plate will be
determined by the cross-sectional area. The cross-sectional area was then used to determine
the width of the flat plate while keeping the thickness unchanged. Equation (3) is used to
identify needed modifications as follows:

Areacurved = Area f lat (3)

where Areacurved is the area of the curved plates while Area f lat is the area of the flat plates.

θ ×
(

r2
out − r2

in

)
= (regtangular length)× (thickness) (4)

where θ stands for the angle of curvature (degree) that is used to calculate the area of the
arc. The parameters rout and rin are the outer and inner radii of the curve, respectively.

⇒ thickness = rout − rin (5)

Thus, the flat fuel plate thickness needs to be redefined in order to keep the volume fixed
in both simulations. Figure 9 shows the top view of simulated curved and flat fuel plates.
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3. Results and Discussion
3.1. Validation of Core Model

Reactor criticality is perhaps the most important parameter to evaluate a nuclear
reactor, and it is described by a multiplication factor k eigenvalue (k∞ for an infinite reactor
and ke f f for a finite reactor). The multiplication factor indicates the MSTR reactor criticality
factor. The ke f f calculated by using the OpenMC model and the values generated from
previous studies [12,13] are listed in Table 2.

The ke f f values were obtained from previous studies [12,13] and indicate the criticality
of the reactor when all control rods are fully withdrawn (full natural fission reaction inside
the core with no active control of reactivity), which has been adopted by the OpenMC
model. As shown in Table 2, the difference between OpenMC, MCNP, and (b)SCALE6 is
between 202 × 10−5 and 80 × 10−5 pcm. However, the value difference with (a)SCALE6
is neglected, since model (a) has not included the pool geometry (only the core structure).
Moreover, ke f f value differences between the OpneMC model and other models are mainly
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due to inconsideration of surrounding structures such as the thermal column, the thermal
neutron beam port, and the surrounding concrete structure.

Table 2. Composition of ke f f results. OpenMC, MCNP6, and SCALE6. MCNP6 and SCALE6 ke f f
data were obtained from references [12] and [13], respectively.

Models
keff +/− σ ∆keff +/− ∆σ[

×10−5] [
×10−5 ∆keff(pcm)

]
OpenMC 1.00967 +/− 23 re f
MCNP6 1.00765 +/− 17 202 +/− 29

(a)SCALE6-CE * 0.98992 +/− 21 1975 +/− 31
(a)SCALE6-MG ** 0.99009 +/− 19 1958 +/− 30
(b)SCALE6-CE * 1.00888 +/− 21 79 +/− 31

(b)SCALE6-MG ** 1.00947 +/− 19 20 +/− 30
(c)SCALE6-CE * 1.00849 +/− 19 118 +/− 30

(c)SCALE6-MG ** 1.00886 +/− 20 81 +/− 30
* Continuous energy (CE) cross-section. ** Multi-group (MG) cross-section. (a), (b) and (c) are the SCALE6 models
as described in reference [13].

3.2. Axial Flux

The flux profiles of the MSTR experimental work, the MCNP5 model [12], the OpenMC
model, and the error percentage between the MCNP5 and OpenMC curves are plotted in
Figure 10. Generally, the obtained neutron flux profile for curved fuel simulation matched
well with previously measured experimental work and the flux profile obtained by using
the MCNP5 code [12]. For comparison purposes, each mesh-tally value was normalized
to its maximum value. Moreover, the discrepancy between the MCNP5 flux profile and
OpenMC was below 20% in the active region while it reached more than 40% in the edges
of the core. Several inconsistent conditions could be the reason for the slight differences
between the OpenMC model, the experimental data, and MCNP5 model flux profiles. For
instance, the experimental copper wire position at the D6 assembly was not defined in the
experimental setup, as well as for the MCNP5 simulation [12]. In addition, using different
neutron data libraries might slightly increase the variation between the OpenMC and
MCNP5 flux profiles. Nevertheless, the maximum point and wings peaks were matched
with the same points as the MCNP5 simulation flux profile.
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3.3. Difference between Flat and Curved Core

After the curved core was verified with previous studies, the flat fuel core was sim-
ulated and compared with OpenMC curved fuel results. ke f f of the curved and flat
simulations are listed in Table 3. From Table 3, ke f f has a higher value in flat shape fuel
meat core than curved shape by 102 ± 32 × 10−5 pcm. In addition, the axial flux of flat fuel
shape was obtained and plotted with curved core flux for comparison purposes as shown
in Figure 11. Obviously, the flux peak locations have been slightly changed. Moreover,
most of the total flux points were adjusted, especially in the active fuel region between the
red vertical lines (wings) and lower region of the core. The discrepancy between the flux
profiles was determined between 2% and 27% in the active region of the core. However,
the shape of the flux profile did not change at the region above the core.

Table 3. ke f f results of the curved and flat core.

Models
keff +/− σ ∆keff +/− ∆σ[

×10−5 ] [
×10−5 ∆keff(pcm)

]
Curved 1.00967 +/− 23 re f

Flat 1.01069 +/− 22 102 +/− 32
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In Figures 12 and 13, the radial flux and fission distribution for both models were
implemented, respectively. The difference was found after normalization, which is obtained
by dividing by the mean values. It is essential that flux and fission do not exceed 0.009
nor go below −0.01. The radial flux and fission distribution differences, as shown in
Figures 12c and 13c, were found to be mainly in the fuel section. However, the location of
the hot fuel element has remained unchanged. There was also an exception to the difference
in flux occurring in the location of the pipe holding the source (B6).
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4. Conclusions

For the simulation of the curved fuel shape, the OpenMC model was used to simulate
all the core components except the control rods, thermal column, neutron beam port, and
the surrounding concrete structure. As a result, the majority of the variation in OpenMC
code with the MCNP and SCALE models can be explained by ignoring the surrounding
structures. However, it is seen that the OpenMC multiplication factor as well as the axial
flux values have some discrepancy with the other codes. Furthermore, the difference in
multiplication factor between the OpenMC, MCNP, and SCALE6 models did not exceed
202 × 10−5 pcm. On the other hand, the discrepancy between the OpenMC and MCNP5
flux profiles in the active core region is below 20%. In order to minimize the differences,
adding the surrounding structure along with a higher number of simulated particles can
be proposed for further studies. Nevertheless, OpenMC outcomes have shown adequate
results, which have validated the model of the curved fuel shape. On the other hand,
comparing experimental MSTR axial flux with the simulated OpenMC code shows a higher
discrepancy, since the OpenMC model uses fresh fuel and does not consider several years
of fuel operation. Thus, this can also be an area of future investigation, since a long time
of fuel operation will change the behavior of the fuel interaction and thus the kinetics of
the reaction.

The OpenMC models have considered only the fuel plate shape, which means that
the volume and amount of the fuel material are the same for the curved and flat fuel
elements. By comparing the fuel shape results, a slight difference has been observed in
terms of the multiplication factor (≈ 10−3 pcm) due to the reactor being utilized in a
super-critical mode because of the withdrawn state of the control rods in the simulation. In
addition, the overall axial flux profile shape shows only a little discrepancy; for instance,
the maximum error percentage is 27% within the active core region. Moreover, the radial
flux distribution and the radial fission (power) distribution have no significant difference
due to the fuel mass similarity. In conclusion, the use of a flat fuel plate shape is easier
to code for most simulation tools than the curved shape. In addition, the flat-shaped fuel
results are reasonable enough for MTR reactors. However, in the case of more in-depth
studies, the flat fuel shape simulations of MTR reactors might carry some discrepancies.
Nevertheless, this work has effectively demonstrated the effect of curved fuel plates in an
MTR reactor to contribute to the literature and can be taken as a base study for building up
on the results.
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