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Abstract

The power peaking factor (PPF) is an important parameter that needs to be considered to maintain the
reactor's stability, safety and efficiency. The present study discusses the power density distribution in the
reactor core by calculating the PPF to increase the reactor safety margin and minimize the possibility of a
high power density at a certain point causing core failure in the Molten Salt Reactor (MSR), which is one
of the Generation-IV reactors with fuel and coolant dissolved in molten salt. Important parameters
discussed in the present study are the distribution of the reactor core region and the fuel composition in
each region during the reactor operation time of 2,000 days. Analysis was performed for 3 different thermal
power: 150, 450 and 1,000 MWth as a representative to determine the behavior of PPF at small to large
power by taking the reference design of the FUJI U3 reactor developed by ITMSF (International Thorium
Molten-Salt Forum) Japan. FliBe (Lithium and Beryllium Fluoride) is used as the coolant, and the fuel
mixture is 233UF4-ThF4. The calculation was conducted using SRAC2006 with PIJ and CITATION
modules that solve the neutron diffusion equation providing power distribution values and effective
multiplication factors. As a result, the MSR with 4 core regions produces a more balanced power
distribution, a better PPF value, and a good effective multiplication factor for 2,000 days of operation time
compared to the reference design.

Keywords: Effective multiplication factor, Molten salt reactor, Power distribution, Power peaking factor,
Thermal power

Introduction

Alternative energy is needed at this time, considering the increasing population and increasing use of
electrical energy [1]. It is also used as an effort to reduce the reliance on fossil fuels. Nuclear energy is a
long-term alternative that can produce significant amounts of energy [2]. Nuclear power plants have
undergone developments since 1950, starting from as Generation I to the current development of generation
IV, which is planned to begin operation in 2030 [3]. Generation IV nuclear power plants are sought to
improve passive and inherent safety features with a simple, more economical design besides it and produce
less waste [4-6]. There are 6 types of nuclear power plants or nuclear reactors included in Generation IV,
namely GFR (Gas-cooled Fast Reactor), LFR (Lead-cooled Fast Reactor), MSR (Molten Salt Reactor),
SFR (Sodium-cooled Fast Reactor), SCWR (Supercritical Water-cooled Reactor) and VTHR (Very High-
Temperature Reactor). Several studies related to the development of generator IV, especially GFR and
VHTR reactors, have been carried out previously [7-10]. In addition, MSR (Molten Salt Reactor) operates
at low pressure with fuel dissolved in the molten salt coolant [11,12]. The MSR has several advantages
over current LWR designs due to the liquid nature of the fuel, low salt vapor pressure and high operating
temperatures. Online refueling and chemical processing are also possible within MSR operations. However,
there are some challenges, such as liquid fuels which affect the physical properties of other solid
components because they interaction, and corrosion problems which also need to be considered [13,14].
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This research was conducted with a focus on increasing the safety factor in the MSR design from the
aspect of equal distribution of power distribution on the core so as not to allow system failure on the core
due to high power at certain points. The consistency of power distribution at any time while the reactor is
operating is indicated by the PPF value. PPF is the ratio between the peak value of the thermal power in the
reactor core and the thermal average in the entire reactor core [15,16]. Several factors, including the non-
uniform geometry in the reactor core, the non-uniform fuel distribution or the presence of non-uniform
absorption of neutrons in the reactor core, influence the value of the PPF [17,18]. PPF values that are getting
smaller and more evenly distributed indicate better reactor conditions because it does not allow overheating
at 1 point, and an even distribution of the neutron flux will provide a long life for the use of graphite [19-
21]. To achieve an optimized PPF value, the reactor core area and the fuel composition are divided into
several parts while maintaining the reactor's operation periods for 2,000 days. The 2,000 days are the
Effective Full Power Days (EFPD), a cycle period of chemical processing fuel carried out as in the reference
design. The study focused on the PPF value in the radial direction, which takes into account the peak power
value and the average power in the reactor core aling the radial axis. The analysis will also be carried out
on 3 different reactor thermal power states, namely 150, 450 and 1000 MWth. The MSR design refers to
the FUJI U3 developed by ITMSF (International Thorium Molten-Salt Forum) Japan [22-24]. The Th-232
and U-233 cycles are used as fuel, producing a very small amount of Pu and Minor Actinida compared to
the conventional Uranium cycle [25]. The fuel was dissolved in FLiBe molten salt cooler with a pitch of
20 cm. The research will be conducted using SRAC2006 (Standard Reactor Analysis Code) with P1J
(Collision Probability Method) and CITATION modules for cell and core calculations developed by the
Japan Atomic Energy Agency (JAEA). The analysis will focus on an even distribution of power, a small
and even PPF value, and a good Effective Multiplication Factor value so that the reactor can operate
critically for 2,000 days.

Materials and methods

The FUJI U3 design is used as a reference for this study and its specifications are presented in Table
1. The Molten Salt Reactor FUJI U3 is designed with an active core divided into 3 core areas, reflector and
fuel path. The fuel salt used is 0.24 % 233UF4, 12 % ThF4, 16 % BeF, and 71.76 % LiF. Fluoride is a stable
salt compound that can eliminate the risk of releasing radioactive material from the reactor building, so it
is used in this design. Flibe is used as a coolant with BeF,, which has a balanced melting temperature but a
high viscosity, so it is mixed with LiF to lower the viscosity [26,27].

Table 1 Specification of MSR FUJI U3 [28,29].

Parameters Specification

Electric Output 200 MWe
Thermal Output 450 MWth
Thermal Efficiency 44.4 %
Reactor Vessel

Diameter/Height 5.40 m/5.34 m
Core 1

Radius/Height 1.16 m/1.23 m
Core 2

Radius/Height 0.80 m/0.70 m
Core3

Radius/Height 0.40 m/0.45 m
Fuel Path

Width/Fuel vol Frac 0.04 m/90 vol %
Reflector

Thickness/Fuel vol Frac 0.45 m/0.5 vol %

Temperature In/Out 833 K/973 K
Fuel Salt

Composition LiF, BeF,, ThF4 and UF4

Mol % 71.76, 16, 12 and 0.24
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The fuel cell geometry used is shown in Figure 1(a), and the core geometry is shown in Figure 1(b).
The fuel cell geometry is hexagonal, containing a cylinder filled with fuel salt flow and coated with a solid-
shaped moderator. Graphite is utilized as a moderator and reflector due to its ability to withstand very high
temperatures [28].

Fuel Path

1.16m 0.80m 0.4—0mJ/

1.23m

0.70m

0.40m

Reflector

(a) (b)
Figure 1 The geometry of the fuel cell and core of the FUJI U3.

In the present study, the FUJI U3 design was modified by dividing the active core into 4 core areas
to equalize the power distribution on the core. Besides modifying 450 MWth reactor power, a new reactor
core was designed for different powers of 150 and 1,000 MWth to determine the PPF characteristics at
lower and higher power compared to the reference while maintaining the same reactor core volume. The

radius and height of each core are shown in Table 2. While the division of the core geometry for 450 MWth
is shown in Figure 2.

0.38m  pyel path
1.16m 0.49m l 0.40m

123 m

0.31m
0.246m

0.398m

Reflector

Figure 2 FUJI U3 450 MWth modified core geometry.



Trends Sci. 2023;20(12): 6937 4of 12

Table 2 Specification modified core geometry for 150 and 1,000 MWth.

Active core 150 MWth 1,000 MWth

Volume Core 81.5m’ 81.5m’
Core 1

Radius/Height 1.16 m/1.23 m 1.82 m/ 0.975 m
Core 2

Radius/Height 0.49 m/0.31 m 0.49 m/ 0.235 m
Core 3

Radius/Height 0.38 m/0.246 m 0.31 m/0.195 m
Core 4

Radius/Height 0.40 m/0.398 m 0.262m/ 0.145m

The fuel fraction in each core area is varied until it reaches critical conditions at 2,000 days of reactor
operation and obtains an even distribution of power and a good PPF value. The simulation uses the
SRAC2006 code with the PIJ module based on the Collision Probability Method. The PIJ module is used
to perform calculations of neutron transport and fuel burnup at the cell level. A fuel cell is a collapsed fuel
made homogeneous with several groups of neutron energies using the collision probability matrix method.
The calculations were carried out using the CITATION (Multi-D Diffusion) module in SRAC2006. This
module performs multi-dimensional diffusion calculations by inputting the reactor core geometry with cell
data obtained from the P1J module [30,31].

Results and discussion

Power peaking factor of 450 MWth

This analysis emphasizes the equal distribution of power on the core to increase the reactor's safety
factor. The consistency of the power distribution will be shown in the PPF value. In addition to reviewing
the power distribution, it is also important to analyze the effective multiplication factor variable, which
shows the criticality level of the reactor during operation so that more than one effective multiplication
factor value is needed so that the reactor is critical. The FUJI U3 design was modified by dividing the core
active area into 4 areas with reference to the reference design, and the volume remained the same. The
division of 4 core areas shows a more even distribution of radial power compared to the division of 3 core
areas. The radial power distribution shown in Figure 3 shows a more even power distribution than the
original FUJI U3 design using 3 core areas.
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Figure 3 Radial power distribution for the reference FUJI U3 reactor with 3 core regions and the modified
FUIJI U3 reactor with 4 core regions.
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Apart from PPF, the effective multiplication factor is also an important neutronic parameter in this
study. As shown in Figure 4, to achieve an operating time of 2,000 days, as in the reference, the
composition of 0.24 % 2**UF4 cannot be used. Using 0.27 % of 233UF4 shows a better multiplication factor
with a BOL (Begin of Life) value of 1.054 and an EOL (End of Life) of 1.002 so that the target operation
period of 2,000 days can be met. The power distribution shows the same trend, which is better than using
3 regions of the reactor core.
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Figure 4 Effective multiplication factor for modified FUJI U3 reactor with 4 core regions.
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Figure 5 Power peaking factor for the reference FUJI U3 reactor with 3 core regions and the modified FUJI
U3 reactor with 4 core regions.

Figure 5 shows the value of the PPFrad, obtained from a comparison of the maximum power value
in the radial direction with the average radial power distribution on the core. The PPF of the FUJI U3 shows
a higher value with BOL 1.42 and EOL 1.41. The modified design using 4 core areas offers a smaller PPF
value than the original FUJI U3 design, which is 1.313 on the BOL for a composition of 0.24 % 233UF4. A
smaller PPF is obtained when the uranium composition is increased to 0.27 % with a PPF BOL value of
1.31. The addition of uranium from 0.24 to 0.27 % only resulted in a small difference in the PPF value,
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namely the difference of 0.19 % in BOL from the 2 uranium compositions. This small difference is due to
the composition changes in all regions, and the PPF value is obtained from the ratio between the peak value
and the average power density in all cores. The improved uranium composition increases the value of the
effective multiplication factor while adjusting the number of core regions, resulting in a more uniform
power distribution leading to smaller PPF. Increasing the composition of 233U will increase the reactor's
criticality. This is because the number of fission reactions on the core increases, thereby increasing the
criticality level of the reactor. The trends obtained are identical in the 3 conditions by showing uniform
values at each point until the reactor operates for 2,000 years which shows good consistency of the radial
power distribution on the core.

Power peaking factor of 150 MWth

Analysis was also carried out on the new Molten Salt Reactor design with a power of 150 MWth
using specifications based on the modified references design using 4 core regions. The fractions of fuel and
moderator were adjusted to achieve even power distribution values and a good multiplication factor,
ensuring the critical reactor can operate for 2,000 days. Figure 6 shows the radial power distribution for 3
and 4 core regions with fuel fractions of 39%-33%-27%-45% and 39%-30%-27%-45% in each area. The
division of 4 core regions shows a more even radial power distribution compared to the 3 regions. Equal
power distribution on the core increases the safety factor that strives for no increased power at a point on
the core, which can cause core failure. Core failure can occur when overheating occurs at a certain point in
the reactor core. The high thermal power at that point can be affected reactor core stability, which can cause
structural failure and lead to radioactive leakage. It can also affect the increase in pressure drop in the
reactor core. Furthermore, it can increase corrosion in the MSR cooling system, which will impact pipe
blockages and obstacles to the flow of molten salt. The fuel fraction in region 2 is lowered to increase the
reactor's criticality. The reduced fuel fraction causes an increase in the moderator fraction so that more
neutrons are moderated to become thermal neutrons and carry out fission reactions which increase the
reactor's criticality. Figure 7 shows the effective multiplication factor for the reactor operating time with
the value in the division of 3 regions having a subcritical effective multiplication factor value since the
reactor is in operation. The fuel fraction of 39%-30%-27%-45% shows a better effective multiplication
factor value with a BOL of 1.017 and an EOL of 1.004.
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Figure 6 Radial power distribution for a modified 150 MWth MSR.
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Figure 7 Effective multiplication factor for a modified 150 MWth MSR.
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Figure 8 Power peaking factor for a modified 150 MWth MSR.

Figure 8 shows the value of the PPF for a modified 150 MWt Molten Salt Reactor using 3 and 4
regions. The obtained values of PPF show a stable trend evenly in the reactor core operating for 2,000 days,
and the PPF for 4 core regions is better than for 3 core regions. In the 3 core regions, PPF obtained at the
BOL was 1.51 and 1.518 for EOL; meanwhile, for 4 regions, it was 1.36 for BOL and 1.359 for EOL.

Power peaking factor of 1,000 MWth

Further analysis was carried out for the modified 1,000 MWth MSR design. In order to make a fair
comparison, this design utilizes the same total volume as the previous 1, but with modifications made to
the volume in each core area. The results of the core configuration shown in Table 2.
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Figure 9 Radial power distribution for a modified 1,000 MWth MSR.

Figure 9 shows the power distribution for 3 and 4 core regions. The division of 4 core regions shows
a more even power distribution compared to the 3 core regions. The fractions of fuel and moderator were
also optimized for this modified 1,000 MWth MSR design because using the same volume as the reference
design with higher power resulting a non-critical state for 2,000 days of operation time. The effective
multiplication factor of the various fuel fractions is shown in Figure 10. The fuel fractions in regions 1, 2
and 3 need to be reduced to obtain the reactor's criticality level for 2,000 days. Fuel configurations of 30%-
25%-20%-45% can provide critical conditions to the reactor during 2,000 days of operation time. The
reduced fuel fraction and the increased moderator in the 3 core regions cause more fission reactions because
more neutrons energy is moderated so that the criticality level in the reactor increases.
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Figure 10 Effective multiplication factor for a modified 1,000 MWth MSR.

The obtained PPF is shown in Figure 11. Several other fuel fraction variations show inconsistent PPF
values, and it increases with the length of time the reactor has been operating. The fuel fraction variation
of 39 % in the core area shows an unstable PPF value where around 350 days the reactor operates. The PPF
value will continue to increase, which means that the power distribution on the core is uneven and does not
show a good safety factor. Unequal power distribution on the core can cause system failure due to high
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power at a certain point. In addition, the value of the non-critical effective multiplication factor for 2,000
days is shown in this variation. Efforts were made to obtain an even PPF value by lowering the value of the
fuel fraction and repositioning the distribution mesh points in areas 1, 2 and 3 of the reactor core. The
analysis indicates that the fuel fraction of 30%-25%-20%-45% offers a more stable PPF value and a better
value than the 3 reactor core regions.
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Figure 11 Power peaking factor at 1,000 MWth.

Figure 12 shows the radial power distribution at 150, 450 and 1,000 MWth. The 3 radial power
distributions have slightly different patterns, with the largest radial power observed for 1,000 MWth,
followed by 450 and 150 MW'th, according to the amount of power used in each reactor. This radial power
distribution will affect the PPF value for each power. Figure 13 shows the effective multiplication factor,
which describes the critical condition of the reactor at each power level during the operational period. This
research aims to ensure the reactor remains in a critical state for 2,000 days, after which the fraction of fuel
in each area is varied to achieve equal distribution of radial power and the desired PPF value. Calculations
show that a reactor design with greater power and the same fuel will have a higher PPF value due to the
increase in power distribution shown in Figure 14. A similar PPF pattern results from 150 and 450 MWth
power due to the same core geometry modification pattern used for both designs.
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Figure 7 Radial power distribution at 150, 450 and 1,000 MWth.
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Figure 9 Power peaking factor at 150, 450 and 1,000 MW'th.

The required fuel fraction will have a smaller value with increasing power due to an increase in the
moderator fraction, which will cause an increased number of thermal neutrons so that the fission reaction
will also increase. This will make the reactor more critical, and the effective multiplication factor value will
be higher.

Conclusions

In the present study, more evenly distributed power in the core are achieved by optimizing the number
of core regions using different fuel fraction and composition. It is shown from the calculations that 4 core
regions produce a better power distribution than the 3 core regions, as in the references. The value of the
PPF for reference FUJI U3 design is 1.42, while after optimization, the PPF value could be reduced to 1.31.
For a modified 150 and 1,000 MWth Molten Salt Reactor design, the obtained PPF values after optimization
are 1.36 and 1.62, respectively. It is shown from this study that a better PPF, which is an important safety
parameter so that no power increases at a point so as not to trigger a reactor accident, could be obtained by
optimizing the number of core regions using different fuel fractions and compositions.
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