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Abstract. Molten Salt Reactors (MSRs) represent a promising advancement in nuclear energy
technology through the use of liquid fuels, offering inherent safety features and efficient thermal
conversion. A critical safety mechanism in MSRs is the drain tank system, designed to passively remove
molten salt fuel during emergency shutdowns. This study presents a comprehensive hydrodynamic
analysis of the draining process in such tanks using the Moving Particle Semi-Implicit (MPS) method, a
mesh-free Lagrangian computational fluid dynamics technique well-suited for simulating free-surface
flows. The investigation focused on key parameters including discharge velocity, pressure distribution,
discharge rate, discharge coefficient, and Reynolds number for three fluids: light water, FLiBe (LiF-BeF>),
and FLiNaK (LiF-NaF-KF). Simulations were performed under isothermal conditions, neglecting heat
transfer to isolate pure fluid dynamic behavior. Results reveal a consistent discharge pattern across all
fluids, characterized by an initial rapid flow phase followed by gradual stabilization. FLiBe and FLiNaK,
due to their higher densities and viscosities, exhibited slightly greater initial velocities and pressures than
light water, yet all fluids demonstrated similar discharge rates and coefficients over time. The Reynolds
number analysis confirmed turbulent flow regimes throughout the drainage process for each fluid. Despite
differences in physical properties, the overall draining behavior and temporal trends in velocity and
pressure were remarkably similar. These findings validate the use of MPS in analyzing transient liquid
dynamics in MSR safety systems and provide valuable insights into reactor design optimization. Future
work incorporating thermal effects could further enhance understanding of coupled thermofluid behavior,
supporting the development of MSRs as a reliable and sustainable energy solution.
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Introduction

Incidents at Three Mile Island, Chernobyl, and Fukushima Daiichi have caused a significant
increase in the global understanding of nuclear reactor safety. These events, each with unique
challenges, have played a pivotal role in shaping and reinforcing safety protocols within the
nuclear industry. The nuclear industry has implemented several safety measures in place in
response to these severe accidents. Enhanced safety systems are now integral to nuclear
power plants, allowing prompt detection and response to abnormal conditions. Reactor designs
have been improved to incorporate inherent safety features that passively mitigate accidents
and reduce the reliance on active safety systems.

Molten Salt Reactors (MSRS) represent a promising and innovative approach for nuclear energy
generation. These reactors utilize liquid fuel composed of a mixture of fissile materials and
fluoride-based salt coolant, offering several advantages over traditional solid-fueled reactors. A
Molten Salt Reactor (MSR) is an advanced type of nuclear reactor that utilizes a liquid mixture
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of salts to serve simultaneously as the fuel and the coolant. The essential characteristic of MSR
is the use of liquid fuel instead of solid fuel rods. These MSRs provide advantages; however,
there are also technological challenges. For example, the corrosive nature of molten salts must
be addressed, and suitable materials must be developed for the components of reactors as
performed by these researchers [1], [2], [3], [4], [5], [6], [7]. To address these issues and
assess the likelihood of molten salt reactors being widely used in the future, ongoing research
and development is being performed.

The concept of a drain tank is one of the most important safety elements of MSRs. Owing to its
ability to control reactor heat and maintain coolant flow even in the event of an active power
outage, this component is essential for guaranteeing the passive and inherent safety of MSRs.
The complex operation of drain tank in a molten salt reactor was explored in this study. To
simulate the model, all calculations were performed by using the MPS method. This method
employs a mesh-less computational fluid dynamics (CFD) approach to model incompressible
fluid flows, representing the fluid as discrete particles that move and interact according to
governing physical principles. This method was first introduced by Koshizuka and Oka [8], [9]. It
is very suitable for modeling free-surface flows, particularly in fluid-structure interaction
situations, e.g. solid-liquid flows [10], [11] and fluid-structure interactions [12], [13]. Some
researchers had proven this method to investigate some phenomena in nuclear reactor, e.g.
relocation [12], [14], [15] and eutectic [16], [17].

In this study, the volume of the liquid inside the tank, discharge velocity, pressure distribution,
discharge rate, discharge coefficient, and Reynolds number were analyzed to study the
behavior of the liquid inside the tank during the discharge process. By meticulously simulating
various scenarios, including reactor transients and emergency shutdowns, the performance of
the drain tank in mitigating potential accidents and maintaining the integrity of the reactor can be
evaluated. The simulation was performed using the source code adopted from these references
[15], [18], [19]. The dependability and precision of this source code have been examined and
verified using other phenomena [20], [21], [22]. The obtained results of this study were
compared to those of Rechiman et al. [23]. The MSR fuel liquids, FLiBe and FLiNaK, are utilized
in addition to light water. Previous researchers had performed a number of investigations on
MSR using FLiBe [2], [24], [25] and FLiNaK [1], [2], [6], [25].

This study presents an alternative approach for analyzing the hydrodynamic properties of a
drainage tank in a nuclear reactor safety system. This was achieved by developing a simplified
model using the Moving Particle Semi-Implicit framework. The source code had been adopted
from these references [15], [19]. By comprehending the behavior of the drain tank under various
circumstances, the security and dependability of nuclear energy can be enhanced by ensuring
the robustness and safety of this cutting-edge technology. The results of this research provide
information that can contribute to the advancement of MSR as a clean-sustainable energy
source in the future.
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Mathematical Model, Numerical Method, and Simulation
Mathematical Model

By treating the liquid as a volumetric particle, the MPS method applies the Lagrangian
approach. Following [8], [9], [26], the weight function given in the equation governs the
interaction between particles as

Te

w(l7)) =7
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where 7, is the cut-off radius of interaction and r is the distance between the two closest
particles. This indicates that only particles inside the radius will have an impact on the referred
particle, or i-particle, which is known as the effective radius. Neighboring particles, or j-particles,
are defined as particles inside the effective radius. A schematic depiction of a referred particle
interacting with a nearby particle is presented in Figure 1.
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Figure 1. llustration of radius of interaction which represents region of interaction around
a particle

At the position of i-particle, the density—proportional to that of the fluid—can be approximated by
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J#i

where 7; and 7 are the position of the i-particle and the j-particle respectively. Gradient,
divergence, and Laplacian of a physical quantity, are approximated as follows
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Here, d is the number of spatial dimensions, n° is the initial particle number density, ¢; and ¢;
are the scalar quantities of the i-particle at 7, and the j-particle at # respectively, ¢; is the
lowest value of the scalar quantity in the effective radius of the i-target particle, ¢; and ¢; are
the vectors of the i-particle at 7;, and the j-particle at 7;, respectively, and 4 is the parameter for
constructing the Laplacian model. The formula for calculating A is given by
_ Tl = ADIG AL f wortav
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The momentum equation, the Navier-Stokes equation, and energy equation, are the governing
equations and they are given-respectively as the following

Dp
T _p 7
Dt (7)
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where p, t, u, V, P, u, G, T, k, ¢, and g, represent the density of the fluid, time, velocity vector,
gradient, pressure, dynamic viscosity, acceleration, temperature, thermal conductivity, heat
capacity, and heat flux, respectively (as described in [8], [9], [26]).

Numerical Method

In this study, numerical solutions were obtained by combining two computational techniques:
the Finite Difference Method with an explicit scheme for handling the viscosity term, and the
Crank—Nicholson Method—an efficient implicit approach—for solving the Poisson equation. This
hybrid strategy ensured both stability and accuracy in simulating fluid behavior. A detail
explanation of two methods can be found in this [27]. The calculation process was commenced
by determining the viscous term using [8], [9], [26]

=% = Zd =% —% = -
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where At is the time interval used, superscript * is the temporary value, and superscript k is the
previous value. Subsequently, the new temporary velocity #** and position of a particle 7#** were
determined using the following formula

U = 0+ AL (11)

7= 7K+ AUt (12)
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Then, following [8], [9], [26], the patrticle velocity and position corrections can be computed as
— — 1
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Figure 2 shows the MPS simulation algorithm. First, the number density was calculated, and
then the location and velocity were initialized. Calculations were then performed for the
viscosity, gravity, and pressure. The discharge coefficient of liquid C; is calculated using the
following formula [28], [29], [30], [31]

D\* VH —+h
sl 2
A/ taisen /29

where D is the diameter of the tank, d is the diameter of the exhaust hole, H is the initial surface
level, h is the surface level after t second, and tg;., is discharge time. The Reynolds number
Re can be calculated using

17)

Re = 42 (18)

where u is the velocity of liquid and v is the kinematic viscosity.

Table 1. The parameters of the liquids [19], [32].

Liquids  Tsimuiation (K) Density (kg m) Kinematic viscosity (m? s™)
light water 298 1.00 x 103 1.00 x 10°®
FLiBe 1500 1.681 x 103 8.43479 x 10”7
FLiNaK 1500 1.643 x 10° 3.92429 x 10”7

Figure 3. The schematic of simulation
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Simulation

The aim of this study is to examine the characteristics of the liquid within the tank during the
discharge procedure. Figure 3 illustrates the experimental configuration employed in prior
investigations, which corresponds to the procedures conducted by Rechiman et al. [23]. The
density and the kinematic viscosity for each liquid can be seen in Table 1 as explained in [19]
and [32]. In this study, we considered the discharge of three different liquids, which are light
water, FLiBe, and FLiNaK. Each of them were placed in a tank where the geometry is shown in
Figure 3. After that, the liquid experienced the free fall via the hole in the bottom of the tank.
Simulation was performed using the adopted source-code from [15], [18], [19]. The MPS
simulation was conducted in 3D configuration for 25 seconds (25 s) with 166,215 particles for
each liquid. The image processing technique was utilized to evaluate the outcome at a particular
time. In this study, the surface level of the liquid inside the tank, velocity of discharge, pressure
distribution, discharge rate, discharge coefficient, and Reynolds number were analyzed to study
the behavior of the liquid inside the tank during discharge process. In this simulation, the
temperature of the liquid was neglected. This means that the heat transfer process was not
included in the calculation.

Result

This study observed the simulation of drain tank. First step, a sensitivity analysis was performed
to observe its impact on the output or results of simulations. The obtained results were
compared with those of Rechiman et al. [23]. Figure 4 shows the surface level of the light water
inside the tank over a 25-second period every 5 s. The amount of light water in the tank has
almost run out after 25 s. It is evident that the surface level of light water decreased over time.

In addition, Figure 5 shows the velocity of liquid discharge as a function of pressure where the
velocity increases as the pressure increases. For light water, when the hydrostatic pressure was
9216.9 Pa, the velocity of the light water was 3.77 m/s. When the pressure decreased to 1074.3
Pa, the velocity of liquid was 2.39 m/s. For FLiBe, when the hydrostatic pressure was 14298 Pa,
its velocity was 3.99 m/s. The liquid had a velocity of 2.16 m/s when the pressure dropped to
1577.9 Pa. In the case of FLiNaK, the velocity of liquid was 3.93 m/s when the hydrostatic
pressure was 16699 Pa. It dropped to 1.89 m/s when the hydrostatic pressure dropped to
1108.7 Pa. This means that the lower the pressure, the lower the velocity of liquid.

Figure 6 shows the pressure distribution of each liquid at the bottom of the tank throughout a
certain time interval, measured in Pascal (Pa). Based on this figure, it reasonable to assume
that the pressure at the bottom of the tank decreased with time.
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t=0.5s t=5s t=10s t=15s t=20s t=25s

(a) light water

t=05s t=5s t=10s t=15s t=20s t=25s
(b) FLiBe

t=0.5s t=5s t=10s t=15s t=20s t=25s
(c) FLiNaK

Figure 4. The surface level of each liquid inside the tank with time.

Figure 7 provides information about the effect of surface level on hydrostatic pressure. The
initial hydrostatic pressure for light water particles was 8954 Pa when the liquid level was at
0.95 m. As the liquid level dropped to 0.21 m, the hydrostatic pressure decreased to 2714 Pa.
The FLiBe particles experienced an initial hydrostatic pressure of 13549 Pa when the liquid
height was 0.95 m. This pressure decreased substantially to 1741 Pa when the liquid level
dropped to 0.16 m. For the FLiNaK particles, the hydrostatic pressure started at 15510 Pa when
the liquid height was 0.95 m, and decreased to 1108 Pa as the liquid level decreased to 0.15 m.
It can be seen that the higher the surface level, the greater the hydrostatic pressure of the liquid.

Figure 8 provides important insight into the fluctuating volumes of various liquids by displaying
the changes in the liquid volume within the tank over time. This figure shows that at the
beginning, the initial volume of each liquid was 3.14 m3, which was uniform. The amount of
liquid showed clear variations as the timer approaches the 25-second. The volume of light water
dropped to 0.66 m3. Concurrently, FLiBe and FLiNaK levels decreased as well, arriving at 0.49
m3 and 0.47 m3, respectively.
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Figure 5. The velocity of discharge as a function of pressure.

A visual representation of the discharge coefficient at various liquid levels is shown in Figure 9,
which offers important details regarding the functioning of the system with various liquids. The
obtained data showed that light water, FLiBe, and FLiNaK at different liquid levels had different
discharge coefficients. For light water, the discharge coefficients were between 0.1729 and
1.6651. For FLiBe, the discharge coefficients varied between 0.1052 and 1.5043. The discharge
coefficients for FLiNaK were from 0.2345 to 1.5654. It indicates that the discharge coefficients of
liquids were between 0.6 and 0.8. In addition, the discharge rate of liquids were between 0.1
m?/s and 0.15 m?/s.

In addition, Figure 10 provides valuable information on the time-based patterns of the liquid
discharge by showing the rate of liquid release from the exhaust hole each second. The data
demonstrated clear discharge patterns for light water, FLiBe, and FLiNaK within 25 s. The first
discharge of light water at t = 0.5 s was recorded as 0.33 m3/s, and then it remained stable at
around 0.12 m¥/s fromt =5 s tot = 25 s. A similar result was also found for FLiBe, where the
flow rate of FLiBe started at 0.30 m3/s and remained constant at a rate of 0.12 m3/s fromt=5s
to t = 25 s. Similarly, the release of FLiNaK att = 0.5 s was measured at a rate of 0.31 m3/s, and
it remained consistent at around 0.12 m?3/s after 25 s.
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Figure 6. The distribution of pressure within the tank for each liquid.

Figure 11 presents a detailed representation of the variations in Reynolds numbers over time in
an exhaust system, revealing dynamic liquid behavior. The Reynolds number for light water
varied between 9 x 10° and 0.86 x 10°, the Reynolds number of FLiBe ranged from 1.17 x 10°
to 0.17 x 10, while the Reynolds number of FLiNaK varied from 1.89 x 10° to 0.34 x 10°. These
results indicates a wide range of liquid flow dynamics. The Reynolds number of FLiNaK were
the greatest among the three liquids.
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Figure 9. Discharge coefficient as a function of time.
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Figure 11. Reynolds number as a function of time

Discussion

For light water, FLiBe, and FLiNaK, Figure 5 shows that the lower the hydrostatic pressure, the
lower the velocity of liquid. In addition, velocity of light water was the greatest among the three
fluids considered in this study. This means that the density and kinematic viscosity of the each
liquid plays significant role in fluid discharge from the tank. However, it needs further
investigations especially the physical parameter that affects the discharge process.

As shown in Figure 6, the results demonstrate a decrease for the hydrostatic pressure
experienced by particles at the bottom of the tank. From this figure, it can be seen that light
water had the lowest hydrostatic pressure among the three liquids while FLiBe and FLiNaK had
a similar pattern. In can be inferred that the density of the liquid affected the hydrostatic
pressure. The greater the density of the liquid, the greater the hydrostatic pressure.

From Figure 7, it can be observed that the hydrostatic pressure experienced by the particles at
the bottom of the tank is proportional to the drop in the liquid level in the tank. It is clearly seen
that the pressure of light water was the lowest among the three liquids. This implies that the
density of the liquid affects the hydrostatic pressure at the bottom of the tank. A comprehensive
understanding of fluid mechanics in an experimental context is made possible by the important
information provided by the relationship between hydrostatic pressure and liquid level during the
discharge process.

Figure 8 highlights the change in liquid volumes inside the tank, as all three liquids exhibited a
significant drop in volume throughout the observation. The observed fluctuations offer useful
insights into the dynamics of liquids under experimental settings, elucidating the temporal
changes in the volumes of light water, FLiBe, and FLiNaK within the specified framework.

13
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Figure 9 provides a clear understanding of the discharge characteristics of each liquid under
investigation, illustrating the differences in the discharge coefficients at different liquid levels.
Subtle differences in the discharge performances of light water, FLiBe, and FLiNaK were
suggested by the measured ranges. An important method to assess the efficiency and
consistency of the liquid discharge process is to determine the discharge coefficient of the liquid
levels. This aids in system performance optimization and understanding under various
conditions. This information is helpful for comprehending and examining the dynamics of
discharge in the exhaust hole throughout the indicated time interval.

Figure 10 emphasizes the discharge rate of each liquid, revealing clear temporal patterns in the
liquid discharge. The discharge rate can be utilized to predict how long it takes to empty the
tank. This also provides information on how long the heat can be removed from the reactor core
during a severe accident, preventing overheating, and maintaining a safe temperature. The
pump and piping systems within the MSR must be designed to accommodate specified flow
rates. The selection and sizing of pumps as well as the overall layout of the fluid transport
system depend on the desired flow characteristics.

In Figure 11, the large variation implies transitions between turbulent and laminar flow patterns
and demonstrates a dynamic evolution in the flow state. The fluid dynamics of the exhaust
system can be better understood by examining fluctuations in the Reynolds number. A transition
between turbulent and laminar states may have occurred because the broad spectrum revealed
significant variation in the characteristics of the liquid flow. Maximizing the efficiency of the
system's operation and design requires a thorough understanding of these variances. The
range of data highlights the importance of considering the Reynolds numbers for system
optimization by pointing to complex variations in the flow conditions over time. An important
understanding of the fluid dynamics of light water, FLiBe, and FLiNaK in exhaust systems is
provided by this thorough analysis of Reynolds numbers. For engineers and researchers, it is an
indispensable tool that helps them create and run systems that are specifically made to fit the
unique characteristics of each part.

Conclusions

The discharge process was simulated using three different liquids, which are light water, FLiBe,
and FLiNaK. This study was performed to investigate the behavior of liquid during the discharge
process of Molten Salt Reactor. Simulation was performed for 25 s by using the Moving Particle
Semi-Implicit method. The study compares the behavior of three different liquids—Ilight water,
FLiBe, and FLiNaK—during discharge under varying hydrostatic pressures. When the tank was
filled with light water, the flow velocity started at 3.77 m/s under a pressure of 9216.9 Pa and
decreased to 2.39 m/s as the pressure dropped to 1074.3 Pa. For FLiBe, the velocity was 3.99
m/s at 14298 Pa and reduced to 2.16 m/s at 1577.9 Pa. Similarly, FLiNaK showed a velocity of
3.93 m/s at 16699 Pa, which declined to 1.89 m/s at 1108.7 Pa. Initial hydrostatic pressures at a
liquid height of 0.95 m were 8954 Pa for light water, 13549 Pa for FLiBe, and 15510 Pa for
FLiNaK. As the liquid levels dropped to approximately 0.15-0.21 m, the corresponding
pressures decreased significantly to 2714 Pa, 1741 Pa, and 1108 Pa, respectively. Initially,
each liquid had a volume of 3.14 m3. After 25 seconds, the volumes declined to 0.66 m? for light
water, 0.49 m? for FLiBe, and 0.47 m3 for FLiNaK, indicating substantial discharge. The
discharge coefficients ranged between 0.1729 and 1.6651 for light water, 0.1052 to 1.5043 for
FLiBe, and 0.2345 to 1.5654 for FLiNaK, with most values clustering between 0.6 and 0.8.
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Discharge rates across all liquids generally ranged from 0.1 to 0.15 m3/s. Each liquid initially
discharged rapidly—about 0.30-0.33 m3/s at t = 0.5 s—and stabilized at approximately 0.12
m3/s by t = 5 s through t = 25 s. In terms of flow regime, Reynolds numbers indicated turbulent
flow for all fluids: light water ranged from 9x10° to 0.86x10°, FLiBe from 1.17x10° to 0.17x10°,
and FLiNaK from 1.89x10° to 0.34x10°. The obtained results showed that the patterns
observed in the decreasing liquid levels were similar, although the liquids differed in density and
viscosity kinematics. Indicating similar dynamic responses, the three liquids showed comparable
patterns over the observed time frame. The velocity, hydrostatic pressure, and Reynolds
number of liquids decreased over time. The process of heat transfer was not the main focus of
this investigation. It would be fascinating to take into account the heat transfer when performing
calculations in the future.
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