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Abstract

Subcritical reactors (SCRs) or subcritical assemblies (SCAs) are the main infrastructure for designing power reactors. These
reactors are widely used for training and research because of their high level of inherent safety. The objective of this study is
to design a subcritical reactor using a pressurized water reactor (PWR) conventional fuel following two safety points. In the
first approach, deeply placed SCR cores with an infinite multiplication factor (k) of less than unity were identified using
the DRAGON lattice code. In the second approach, subcritical reactor cores with an effective multiplication factor (k.g) of
less than unity were determined by coupling the cell calculations of the DRAGON lattice code and core calculations of the
DONIJON code. For the deeply subcritical reactor design, it was found that the reactor would remain inherently subcritical
while using fuel rods with 2*>U enrichment of up to 0.9%, regardless of the pitch of the fuel rods. In the second approach,
the optimal pitches (1.3 to 2.3 cm) were determined for different fuel enrichment values from 1 to 5%. Subsequently, the
ks was obtained for a fuel rod arrangement of 8 X 8 to 80 x 80, and the states in which the reactor would be subcritical were
determined for different fuel enrichments at the corresponding optimal pitch. To validate the models used in the DRAGON
and DONJON codes, the k. of the Isfahan Light Water Subcritical Reactor (LWSCR) was experimentally measured and
compared with the results of the calculations. Finally, the effects of fuel and moderator temperature changes were investigated
to ensure that the designed assemblies remained in the subcritical state at all operational temperatures.

Keywords Subcritical reactor design - Multiplication factor - Light water subcritical reactor (LWSCR) - Moderator
temperature coefficient (MTC) - Fuel temperature coefficient (FTC)

1 Introduction

A nuclear reactor is a system in which the chain reaction
of nuclear fission is initiated, maintained, and controlled.
SCRs are a type of research reactor in which fission occurs
without reaching criticality. The content of fissile material
and supplementary materials, such as the structure of the
fuel meat, reflector, moderator, and fuel clad, is insufficient
to achieve a self-sustaining chain reaction in an SCR. The
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chain reaction in such reactors is initiated and maintained
using an external neutron source. The goals for the design
and use of SCRs are diverse, including research and training,
computational code benchmarking, cross-section measure-
ments, detector calibration, spent fuel conversion, and the
development of advanced measurement techniques [1-11].
Although other research reactors are capable of producing a
high neutron flux for irradiation experiments such as radio-
isotope production, neutron radiography, neutron activation
analysis, and material characterization, the main drawback
of this type of research reactor is its lower neutron flux com-
pared to other research reactors, which restricts some of the
aforementioned applications [12-25]. The stockholders of
SCRs are students, trainees, and researchers who gain expe-
rience and learn how to calculate reactor physics parameters.

One of the important parameters in the design of nuclear
reactors is the effective multiplication factor, kg4, which
is the ratio of the number of neutrons produced by fission

@ Springer


http://orcid.org/0000-0001-7426-3936
http://orcid.org/0000-0002-7118-9600
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-025-01843-9&domain=pdf

17 Page2of 14

S. Abedi et al.

in one generation to the number of neutrons lost through
absorption and leakage in the previous generation. The
design of the reactor core from various aspects of safety
and economy, which is based on the choice and assessment
of the behavior of different fuels and moderators, has been
an attractive topic in the design of research and power reac-
tors [26—31]. For an infinite reactor core size, there is no
neutron leakage. For such a core, the infinite multiplication
factor, k., is the ratio of the number of neutrons resulting
from fission in each generation to the number of neutrons
absorbed in the previous generation. If k4 is less than unity
(ko< 1), the nuclear reactor is called subcritical. In the
case of SCRes, if &k, is less than unity, the reactor is called a
deeply SCR [32-35]. It is worth noting that a deeply SCR
remains subcritical under any conditions and cannot reach
criticality by adding more similar fuel rods. Owing to their
inherent safety, deep subcritical reactors are very useful for
teaching reactor physics parameters, such as the measure-
ment of diffusion length, Fermi age, migration area, effective
multiplication factor, flux distribution, asymptotic region,
thermal utilization factor, reflector saving, buckling, effec-
tive fraction of delayed neutrons, decay constant, and the
average half-life of delayed neutrons [35]. Other SCRs can
remain subcritical with geometric constraints but can reach
a critical state by adding more similar fuel rods [36]. The
TAEA determined the main numerical criterion k;=0.98 to
ensure the nuclear safety of the SCR [37].

There are two groups of SCRs: One group uses radio-
isotope neutron sources, such as californium-252 or Ameri-
cium-Beryllium, to initiate and maintain the chain reaction,
and the second group uses a particle accelerator, called an
accelerator-driven subcritical reactor (ADSCR). Most ADSs
designs propose a high-intensity proton accelerator with an
energy of 1 GeV directly attached to the spallation target or
spallation neutron source [34, 37].

Some of the subcritical assemblies around the world
include: Yalina-Booster subcritical assembly, Subcritical
Assembly in Dubna (SAD), Delphi subcritical assembly,
Jordan Subcritical Assembly (JSA), Universidad Autonoma
de Zacatecas Subcritical Reactor, VR-2 Reactor at the Fac-
ulty of Nuclear Sciences, Isfahan Light Water Sub-Critical
Reactor (LWSCR), CTU in Prague [34, 36-39].

The Isfahan LWSCR is a thermal reactor that uses natu-
ral metal uranium fuel elements. The effective multiplica-
tion factor of this reactor was less than unity. The Isfahan
LWSCR does not have any control or protection systems for
reactor operations. A total of 240 fuel rods were arranged in
a hexagonal lattice. All fuel rods are the same, and the diam-
eter and active length of the fuel rods are 3.3 cm and 100 cm,
respectively. Each fuel rod is composed of five natural metal
uranium fuel slugs with a length of 20 cm [39]. The Jordan
Subcritical Reactor (JSA) is an SCRs with UO, low-enriched
uranium (LEU) fuel and a light water moderator designed
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based on PWR reactor fuel. In this reactor, the core con-
sists of 313 fuel rods made of UO, (3.4 wt% of 5U) with
M35 cladding, arranged in the form of a quadrangular with a
pitch of 1.91 cm. The k4 of the JSR was 0.9592 [34]. Monte
Carlo modeling has also been used to analyze the criticality,
reactivity, neutron flux, and spectrum of the JSR. Neutronic
design parameters, including the effective multiplication fac-
tor, optimal fuel lattice pitch, optimal moderator level, opti-
mal reflector thickness, and neutron flux distribution in the
JSR, were studied. Persson et al. analyzed the reactivity of
the Yalina subcritical assembly using the slope fit, Sjostrand,
and source jerk methods. They compared their results with
Monte Carlo simulations and demonstrated a strong cor-
relation with the slope fit results, indicating the reliability
of the method for reactivity analysis in subcritical systems
[38—41]. The criticality and flux of a subcritical assembly
were studied computationally to investigate the effects of dif-
ferent fuel, moderator, and reflector types. That study found
that subcritical assemblies with UO, fuel have larger reac-
tivity coefficients, lower criticality, and lower average total
neutron flux than those with metal U fuel. Furthermore, the
assemblies using both fuel types are inherently safe owing to
the negative temperature coefficient of the fuel and modera-
tor, which ensures the safety of the reactor [34].

A feasibility study of power upgrading in the SAD was
conducted using a Monte Carlo simulation. The assembly
was loaded with mixed oxide fuel (MOX) fuel, and the study
concluded that the reactor could be operated at a power level
of 100 kW while remaining subcritical with a k.4 of 0.972
[35].

The DRAGON lattice code and DONJON full-core sim-
ulation code have been actively developed since 1990. A
lattice code is the primary software component for describ-
ing the behavior of neutrons in a nuclear reactor with a
deterministic numerical solution of the Boltzmann trans-
port equation. The DRAGON lattice code was developed
over a unit cell, which is a small spatial 2D/3D region of
the reactor that can be repeated by symmetry or translation.
The DONJON code is a set of independent modules that
simulates the 3D neutronic behavior of a nuclear reactor
by solving the neutron diffusion equation or simplified Pn
(SPn) equation. The coupling of these codes can be applied
to simulate and calculate the reactor physics parameters,
simplified thermo-hydraulics behavior, 3D neutron kinetics
parameters, reactor fuel cycle, pin-flux reconstruction, and
boron critical control. The DRAGON and DONJON codes
have been validated in various references [42—-48].

In this study, based on the safety criteria, we attempted
to determine the best arrangement of the subcritical reactor
core for various LEU fuels of PWR conventional uranium
oxide fuel using deterministic calculations. In addition, a
deeply subcritical core with a maximum k. was introduced
for the mentioned fuel for the first time by considering
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the weight of the core and economic issues. Furthermore,
various square core arrangements with different LEU fuel
enrichments (up to 5 wt% **°U enrichment with 0.2% inter-
vals) were modeled, and the best arrangement for each
enrichment was selected based on the IAEA safety sugges-
tions. To ensure the accuracy and reliability of the applied
models in the DRAGON and DONJON codes, the Isfahan
LWSCR was modeled with these codes, and k. was com-
pared with experimental results.

2 Material and methods

A small tank with a diameter of 140 cm and height of 200
cm that has been filled with light water is considered as the
reactor tank to calculate the k.4 The fuel, clad, and mod-
erator specifications are considered similar to those of the
NuScale reactor, as shown in Table 1 [49].

The DRAGON lattice code and DONJON full-core simu-
lation code according to the following steps have been used
to recommend subcritical cores for different fuel enrich-
ments. To reduce the complexity of the problem, the fuel
rod design was eliminated, and the standard PWR fuel was
considered. Two approaches were followed: The first was the
determination of a deeply subcritical core with maximum
k., and the second was the determination of the number
of fuel rods that lead to a subcritical state of the reactor for
various fuel enrichments up to 5 wt% of U-235 by coupling
the DRAGON and DONJON codes. All calculations, except
for the calculation of the temperature coefficients of reactiv-
ity, were performed at room temperature.

The WIMSD-IAEA-69 group microscopic cross-section
library was used in the macroscopic cross-section calcula-
tions of the DRAGON code. The WIMSD-IAEA-69 group
cross-section library encompasses a comprehensive com-
pilation of over 170 isotopes derived from meticulously

Table 1 Fuel and clad properties

Parameter Value

Fuel U0,

Fuel density (g/cm?)
Clad material

10.5

M5 (Nb 0.01, O 0.00135,
Fe 0.00038, Zr 0.98827

wt%)
Clad density (g/cm®) 8.902
Moderator Light water
Moderator density (g/cm?) 0.998207
Fuel meat diameter (cm) 0.81153
Gap thickness (cm) 0.00826
Clad inside diameter (cm) 0.82804
Clad outside diameter(cm) 0.94996

selected evaluated nuclear data files. Extensive validation
procedures were conducted across a spectrum of more than
200 benchmark cases to ensure the accuracy and reliability
of the library [44, 50, 51].

A two-dimensional square cell with a fuel rod at its
center was simulated in the GEO module of the DRAGON
code (see Fig. 1a). The atomic density and temperature of
each isotope were defined in the LIB module. This module
interpolates the required data from a microscopic cross-
section library. The SYBYLT module, which uses the col-
lision probability method, was used to solve the integral
form of the transport equation. The SHI module was used
for self-shielding calculations. This module performs fuel
self-shielding calculations using the Stammler method. In
addition, the ASM module was used to generate the col-
lision probability matrix. The FLU module was used to
calculate the multi-group neutron flux and infinite multi-
plication factor. Finally, the EDI module was applied to
generate homogenized cross sections. Homogenized cross
sections were used in the DONJON code to calculate the
effective multiplication factor. Different arrangements
of fuel rods, from 8 X 8 to 80 x 80, were simulated in the
DONIJON code using the GEO module. For example, a
16 X 16 array is shown in Fig. 1b. The three-dimensional
TRIVAT module was used for numerical discretization and
tracking of the reactor geometry. The TRIVAA module
was also used because the purpose was to calculate a set
of system matrices, taking into account the “Tracking”
information obtained earlier. Finally, the FLPOW module
was used to calculate the effective multiplication factor.

The effective multiplication factor was calculated in
terms of different pitches from 1 to 3 cm to obtain the
optimal pitch, and their diagrams were drawn. The pitch
with the maximum effective multiplication factor was con-
sidered the optimal pitch. The arrangement of fuel rods
and temperature coefficient were calculated at the optimal
pitch for different fuel enrichments (1% to 5 wt% of >*U
at 0.2% intervals).

To obtain the feedback of the moderator and fuel tem-
perature, k.; was calculated at different fuel and moderator
temperatures. The temperature coefficient of reactivity (a)
was calculated using Eq. (1):

final _ g initial
ko ket

Ap et kg™ )
C=AT T Tfinal _ 7initial *

where Ap is the change in reactivity associated with the
change in the moderator/fuel temperature (AT). k4 is the
effective multiplication factor, and T is the moderator/
fuel temperature. For the moderator feedback, a tempera-
ture range of 293-373 K was considered, whereas for the
fuel feedback, a temperature range of 293-1573 K was
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Fig.1 (Color online) a Top view of a fuel rod and b Top view of a 16X 16 array of fuel rods

considered. Furthermore, the average moderator and fuel
temperature coefficients of reactivity were calculated.

3 Results and discussion
3.1 Validation of deterministic codes

This research was conducted at the Esfahan Nuclear Tech-
nology Center (ENTC), where a light water subcritical
reactor (LWSCR) is in operation. Therefore, the available
experimental data from this research reactor were used to
benchmark the applied models in the DRAGON and DON-
JON codes. A general description of the Esfahan LWSCR
is presented in Table 2 [39]. The side and top views of the
Esfahan LWSCR are shown in Fig. 2. As shown, the natural
metal uranium fuel elements are arranged in a hexagonal lat-
tice shape in the Isfahan LWSCR. All 240 fuel rods have the
same geometrical shape and material, and the diameter and
active length are 3.3 cm and 100 cm, respectively. Each fuel
rod was composed of five fuel slugs with the same diameter
and 20 cm in length.

The Isfahan LWSCR was modeled using the DRAGON
and DONJON codes (see Fig. 3). The effective multiplica-
tion factor and average reactivity coefficient in the tempera-
ture range of 293-353K for the aforementioned arrangement
were compared with the experimental results. The results
of the measured values of the effective multiplication fac-
tor and average reactivity coefficient are compared with
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Table 2 General Description of Isfahan LWSCR [34]

Characteristic Description
Fuel Natural
metallic
uranium
Number of fuel slug in each rod 5
Diameter/Height of fuel slug (mm) 30/100
Number of fuel rods 240
Moderator Light water
Cladding Nickel
Core height/Radius (m) 1/0.36
Tank material Steel
Tank height/Radius (m) 2/0.7

the calculated values of the coupling of the DRAGON and
DONIJON codes in Table 3. As can be seen, the calculated
result of the deterministic model is in good agreement with
the measured value of the effective multiplication factor in
the Isfahan LWSCR.

3.2 Design of a deeply subcritical core

The relationship between k., and the lattice pitch for natu-
ral fuels up to 5 wt% of 23U enrichment in 0.25% inter-
vals is shown in Fig. 4. As can be seen, k has a maxi-
mum or optimum value at a particular lattice pitch, which
decreases steadily if it moves to a smaller or larger lattice



Conceptual design of the subcritical assemblies based on the PWR conventional fuel using DRAGON...

Page50f14 17

(@)

Top gnd
plate
£
g
g
Lower guide grid
.« plate
Fuel rod
8
h Reactor tank
Polyethlene shug
Fuel shig
E
53
g
1
g Guide tube
-
S

Neutron sourece

(b)

Fig.2 (Color online) a Top photographic view and b Side Schematic view of Isfahan LWSCR

Fig.3 (Color online) Top view of the simulated reactor core

pitch. If the lattice pitch is higher than the optimal value,
the extra moderator will absorb too many neutrons before
they have a chance to be absorbed in the fuel, and thus, k

Table 3 Comparison of measured and calculated values of k. and o
for the Isfahan LWSCR

LWSCR SAR [39] Computa- Relative error %
tional results
Kefr 0.847 0.845 0.24
293353 —3.86 —4.02 4.1
(pecm/K)

will decrease. This region is known as an unsafe region
in the design of reactors and is called the over-moderated
region. In this region, an increase in temperature leads to
an increase in the distance between the moderator mol-
ecules; therefore, the absorption of neutrons in the mod-
erator decreases, and the multiplication factor increases.
However, if the lattice pitch is chosen below the optimal
value, the distance for the thermalization of neutrons
is small, and more neutrons are absorbed in the U-238
resonances before thermalization. This region is known
as a safe region in the design of reactors and is called
the under-moderated region. In this region, an increase in
temperature leads to an increase in the distance between
the moderator molecules; therefore, the slowing down
of neutrons decreases, and as a result, the multiplication
factor decreases. According to Fig. 4, increasing the fuel
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Fig.4 (Color online) The k;, in terms of lattice pitch for natural up to 5 wt% enriched fuels

enrichment leads to an increase in k,, and the optimum
lattice pitch. At higher fuel enrichments, the increase
in k, is smaller. To accurately determine the maximum
fuel enrichment at which the reactor remains inherently
subcritical (k. < 1), the fuel enrichment was increased
in 0.05% intervals from 0.75 to 1 wt% of 33U enrich-
ment, as shown on the left side of Fig. 4. As can be seen,
using fuels with enrichment up to 0.9%, regardless of the
fuel rod pitch, the reactor remains inherently subcritical.
Therefore, fuel with an enrichment of 0.9 wt% 2*U was
chosen to design a deeply subcritical reactor with a maxi-
mum Kg.

To determine the maximum k. of the selected design
of the deeply subcritical reactor (0.9 wt% of 2*°U enrich-
ment), fuel rods with different arrangements from 20 X 20
to 90 x 90 for different fuel rod heights from 10 to 120 cm
at optimal fuel rod pitch were simulated in a reactor tank
with a diameter of 140 cm and height of 200 cm. The sim-
ulation results are shown in Fig. 5. As shown in this figure,
increasing the height of the fuel rods led to an increase in
k., but the growth rate decreased with an increase in the
height of the fuel rods, with minimal noticeable growth
beyond 60 cm. By increasing the number of fuel rods, the
kg also increased. However, the growth rate decreased
as the number of fuel rods increased. For instance, when
the arrangement of fuel rods is increased from 60 X 60
to 70x 70, 7070 to 80 80, and 80 x 80 to 90 x 90, the
value of k.4 increases to 2.6%, 1.8%, and 1.2%, respec-
tively. Considering the core weight and economic factors,
a core consisting of 80 % 80 fuel rods with a height of 60
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cm has a k. of 0.874 and can be selected as a deeply sub-
critical reactor.

3.3 Design of an enriched subcritical reactor

This section aims to introduce diverse square subcritical core
configurations with varying LEU fuel enrichments of up to
5 wt% 23U enrichment with 2% intervals. The most suitable
core for each enrichment was determined based on the IAEA
safety recommendations (k. <0.98).

To obtain the optimal length of the reactor core for dif-
ferent fuel enrichment levels from 1 to 5 wt% of 23U, fuel
rods with a 20X 20 arrangement and a pitch of 2 cm for
different heights from 10 to 120 cm were simulated inside
the reactor tank. As shown in Fig. 6, an increase in both the
height and enrichment of the fuel rods leads to an increase
in k. However, the rate of increase decreases as the height
and enrichment of the fuel rods increase. In addition, the kg
value evidently increases by 5.07%, 2.02%, and 1.01% as the
core height increases from 40 to 60 cm, 60 to 80 cm, and
80 to 100 cm, respectively. Therefore, the variations in k.4
were more pronounced for core heights below 60 cm than
for heights exceeding 60 cm. As a result, a core height of 60
cm was deemed suitable for reactor fuel enrichment ranging
from 1 to 5 wt% of *°U.

To find the optimal enriched square subcritical configura-
tions that satisfy the IAEA recommendation for the design
of subcritical reactors, the kg versus the reactor lattice pitch
was calculated for 1-5 wt% **3U enrichment with 0.2% inter-
vals and the core arrangements from 8 X 8 to 80 x 80 fuel
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Fig.5 (Color online) kg versus 1
core height for different core
arrangements of a deeply sub-
critical reactor
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rods. As an example, the results of the enrichment of 1, 2, 3,
4, and 5% are shown in Fig. 7. As mentioned previously, an
increase in the number of fuel rods leads to an increase in
the effective multiplication factor, although the amount of
this increase decreases with the number of fuel rods. For a
constant enrichment, the optimal lattice pitch decreased as
the number of fuel rods increased. By comparing Figs. 6e
and 7a, it can be concluded that the optimal pitch increases
with increasing fuel enrichment.

The optimal configurations and lattice pitches of the
enriched subcritical cores, which lead to a k. below 0.98,
are listed in Table 4. It can be observed that the number
of fuel rods decreased with increasing fuel enrichment.
However, the optimal pitch increased with increasing fuel
enrichment. For example, the reactor will be permanently in
a subcritical state if 361 conventional PWR fuel rods with an
enrichment of 4 wt% 233U are arranged in the reactor core.

3.4 Determination of the temperature coefficient

The determination of the negative temperature coefficient in
thermal reactors is necessary to ensure safety. Therefore, the
changes in the multiplication factor and temperature coef-
ficient of reactivity with respect to the moderator and fuel
temperature for 1-5 wt%>3U enrichment are presented in

Table4 The fuel rods arrangement based on fuel enrichment to
design of a permanently subcritical reactor

Fuel enrich- Fuel rods Number of ~ Optimal pitch kg 1nax
ment (%) arrangement  fuel rods

1 80x 80 6400 1.3 0.913
1.2 80x 80 6400 1.3 0.979
1.4 54 %54 2116 1.4 0.979
1.6 43x43 1849 1.5 0.977
1.8 37x37 1369 1.6 0.977
2 33%x33 1089 1.6 0.978
22 30x30 900 1.7 0.978
24 27x27 625 1.8 0.967
2.6 26%26 676 1.8 0.978
2.8 23x23 529 1.9 0.952
3 22x22 484 1.9 0.953
32 22x22 484 2 0.972
34 21x21 441 2.1 0.961
3.6 20%20 400 2.1 0.964
3.8 20%20 400 2.1 0.979
4 19%x19 361 2.1 0.970
4.2 18x18 324 22 0.958
4.4 18%x18 324 22 0.971
4.6 17x17 289 23 0.955
4.8 17%x17 289 23 0.966
5 17%x17 289 2.3 0.976

Figs. 8 and 9, respectively. It is worth to mention that the
results of Figs. 8 and 9 are obtained based on the optimal
configurations presented in Table 4. Therefore, the variation
in the slope of the curves in Figs. 8 and 9 is mainly due to
the variation in the optimal configurations. From a safety
perspective, it is important to note that the k.4 decreases
with increasing fuel or moderator temperature for all core
configurations.

The moderator temperature coefficient (MTC) and
the fuel temperature coefficient (FTC) values in different
temperature ranges for 1-5 wt%>>°U enrichment are dem-
onstrated in Tables 5 and 6, respectively. In addition, the
overall average MTC and FTC values are tabulated in these
tables. According to the data in Table 5, the absolute value
of MTC increases with increasing temperature at a con-
stant enrichment. Conversely, Table 6 shows that the abso-
lute value of FTC decreases with increasing temperature
at a constant enrichment. Furthermore, the average MTC
value varies between 8.5 and 14.5 pcm/K for different fuel
enrichments. Moreover, the average value of FTC decreases
between 0.865 and 2.711 pem/K with increasing fuel enrich-
ment from 1% to 5 wt%>>>U. It can be concluded that the
FTC value is related to fuel enrichment and is independent
of the core arrangement, although the MTC value depends
on both enrichment and core arrangement. The moderator
and fuel temperature coefficients of reactivity were negative
for all operational temperatures, ensuring the safety of the
reactor. In addition, according to Figs. 8 and 9 and Tables 5
and 6, it can be concluded that the selected fuel assemblies
remain in a subcritical state at all operational temperatures.

4 Conclusion

Subcritical research reactors are low-cost nuclear facili-
ties and are a good choice for countries to develop nuclear
infrastructure. In this study, two types of subcritical cores
were introduced using the coupling of cell calculations of the
DRAGON lattice code and core calculations of the DON-
JON code. The validity of the applied model was confirmed
by the experimental results of Isfahan LWSCR, with relative
errors of less than 0.24 and 4.1 for the effective multiplica-
tion factor and average reactivity coefficient, respectively.
In the first step, a deeply subcritical reactor (k. is less than

@ Springer



17 Page100f 14

S. Abedi et al.
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unity) was designed using a core with an active length of
60 cm consisting of 80 x 80 fuel rods with 0.9 wt % of 235y,
which led to a maximum kg of 0.874 in the optimal lattice
pitch of 1.3 cm. In the second step, the optimal subcriti-
cal core configurations for 1-5 wt%>*>U that led to k. of
less than 0.98 were introduced. Furthermore, the fuel and
moderator temperature coefficients were calculated to ensure
that the designed assemblies remained in a subcritical state
for all operational temperatures. The FTC value was found
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to be related to fuel enrichment and independent of core
configuration, although the MTC value depended on both
enrichment and core configuration. The results show that
the designed subcritical core configurations are safe at all
operational temperatures. The results of this study can be
applied to the design of subcritical reactors that use PWR
commercial fuel.
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Table 5 Effect of the moderator
temperature changes on MTC
for different fuel enrichments

E;:;ichment ®293-313 K(%) 313333 %) @333 353k %) ¥353-373 K(pc?m) aAverage(%)
1 —6.984 —8.144 —10.741 —10.991 -9.215
1.2 -7.133 -7.714 —8.758 —10.592 —8.549
1.4 —6.956 —-9.479 —-9.992 —11.087 —-9.378
1.6 —7.446 —9.238 —11.025 —12.247 -9.989
1.8 —6.846 —9.432 —-11.173 —12.685 —10.034
2 -7.915 —11.593 —13.285 —15.250 —12.011
2.2 —7.983 —11.100 —11.806 —16.153 —-11.761
24 -7.374 —11.111 —12.386 —15.968 —11.710
2.6 —7.741 —-11.773 —13.256 —16.260 —12.258
2.8 —8.634 —12.730 —14.443 —18.474 —13.570
3 —-9.625 —12.557 —16.084 —19.738 —14.501
32 —6.636 -9.969 —13.365 —15.852 —11.456
34 —-6.579 —-8.275 —12.633 —14.088 —10.394
3.6 —7.203 —10.144 -13.117 —16.796 —11.815
3.8 —5.849 —10.281 —12.505 —16.992 —11.407
4 —6.489 —11.406 —14.606 —17.930 —12.608
4.2 —6.897 —10.603 —13.981 —17.442 —12.231
4.4 -6.670 —8.950 —14.763 —16.506 —-11.722
4.6 —-6.782 —8.998 —13.676 —-17.223 —-11.670
4.8 —4.755 —-9.547 —12.597 —16.793 -10.923
5 —5.063 —8.551 —-12.915 —15.666 —10.549

@ Springer
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moderuor mpersun o PTG TN gk gk gk g Ggoo Sy

for different fuel enrichments K K K K K K
1 —3.789 -3.133 -2.715 -2.399 —2.185 -2.711
1.2 —3.727 -2.927 —2.431 —2.189 —1.988 —2.468
14 —2.941 —2.543 -2.116 —1.861 —1.740 -2.120
1.6 —2.549 -2.250 -1.876 -1.677 —1.507 —1.873
1.8 —2.227 —1.982 —1.642 —1.552 —1.388 —1.678
2 —2.246 -1.920 —1.658 —1.455 -1.350 —1.637
2.2 -2.016 -1.721 —1.498 —1.335 —1.244 —1.485
2.4 —1.898 —1.608 —1.354 —1.263 —1.144 -1.377
2.6 —1.859 —1.535 —1.390 —1.147 —1.131 —1.336
2.8 —1.650 —1.534 —-1.251 —1.132 —1.078 —-1.274
3 —1.805 —1.422 —1.249 -1.121 -1.022 —-1.241
32 —1.524 —1.289 -1.139 —1.031 —0.995 -1.139
34 —1.527 —1.260 —-1.038 —0.990 —0.861 —1.068
3.6 —1.526 —1.200 —1.088 —0.943 -0.915 —1.067
38 —1.473 —1.178 —0.964 —0.963 —0.841 -1.017
4 —1.327 —1.123 —1.053 -0.932 -0.836 —1.007
4.2 —1.325 —1.136 —0.988 —0.849 —0.783 —0.963
44 —1.294 —1.109 -0.916 —0.835 —0.805 —0.940
4.6 —1.382 —1.040 —0.902 —0.836 -0.770 -0.918
4.8 —1.140 -1.017 —0.887 -0.774 —0.738 -0.872
5 —1.125 —0.989 —0.867 -0.813 -0.723 —0.865
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