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The loop heat pipe (LHP) is being considered for passive cooling systems
in nuclear installations. A combined approach of simulation and
experimentation is essential for achieving comprehensive knowledge of
the LHP. Research on the LHP using Computational Fluid Dynamics
(CFD) is necessary to understand phenomena that are challenging to
ascertain experimentally. This study examines the temperature
distribution and flow characteristics in a new LHP model. The method
used in this research is simulation using CFD Ansys FLUENT software.
In the simulation, the LHP has an inner diameter of 0.1016 m. This LHP
features a wick made from a collection of capillary pipes without a
compensation chamber. Demineralized water is used as the working fluid
with a filling ratio of 100% of evaporator volume. The hot water
temperature in the evaporator section is set at 70 °C, 80 °C, and 90 °C.
The temperature on the outer surface of the condenser pipe is determined
using experimental temperature inputs. An inclination angle of 5° and an
initial pressure of 12,100 Pa are applied to LHP. The CFD simulation
results show that the temperature distribution profile under steady-state
conditions in the loop heat pipe appears almost uniform. The temperature
difference between the evaporator and condenser remains consistent. The
flow of working fluid in the LHP is driven by buoyancy forces and fluid
flow, allowing the working fluid in the LHP to flow in two phases from
the evaporator to the condenser and then condensate from the condenser
back to the evaporator. In conclusion, the temperature distribution and
flow patterns in the LHP are consistent with common phenomena
observed in heat pipes. This modeling can be used to determine the
profiles of temperature distribution and flow in LHP of the same
dimensions under various thermal conditions.

© 2024 Tri Dasa Mega. All rights reserved.

1. INTRODUCTION

As human life evolves in tandem with
modernity, the necessity for energy becomes crucial
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to support various activities. The availability of
energy significantly enhances progress across
multiple domains, including industry, education,
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transportation, and technology [1]. The availability
of energy plays a crucial role in improving societal
welfare. The increasing energy demands of
communities coincide with the depletion of non-
renewable energy sources, such as coal, natural gas,
and petroleum. As reserves of non-renewable energy
diminish and environmental concerns associated
with their extraction escalate, there is a heightened
urgency to transition towards renewable energy
sources [2].

Nuclear energy is considered a renewable
energy source with the potential to replace the use of
fossil fuels [3]. It is a promising alternative
electricity generation system with significant
potential [4]. Nuclear Power Plants can consistently
provide electricity generation without emitting
carbon gases [5]. Nuclear energy offers the
advantage of generating large-scale, cost-effective,
and stable electrical capacity [6]. However, the use
of nuclear energy also comes with significant
potential risks.

There are various drawbacks associated with
the utilization of nuclear energy. Following energy
generation, nuclear power results in radioactive
waste that requires careful management [7].
Moreover, the risk of explosions at nuclear power
plant is recognized as one of the most significant
disadvantages of nuclear energy utilization. The
Fukushima Dai-ichi Nuclear Power Plant accident
on March 11, 2011, exemplifies the hazard
associated with nuclear industrial incidents. In this
event, an earthquake followed by a tsunami disabled
the generator that powered the equipment needed to
cool the reactor. This led to heat accumulation and
ultimately a reactor explosion. After this disaster,
researchers began to focus on preventing similar
incidents, which spurred advancements in nuclear
technology, including the development of passive
cooling systems in reactors. These systems are
designed to function without external energy sources
in case of active safety system failures [8].

Studies initiated after the incident underscore
the importance of passive cooling in nuclear power
plants to prevent future disasters. One approach
involves the use of Loop Heat Pipe (LHP) [9]. The
implementation of LHP is expected to passively
transfer heat when electrical power in nuclear power
plants fails, thereby minimizing the risk of
explosion. The development of LHP technology is
widely utilized in the fields of aeronautics and
electronics as a media for passive cooling [10]. The
primary advantage of LHP lies in its ability to
transport heat efficiently over long distances through
phase change of the working fluid [11]. A literature
review indicates that LHPs have the potential for

application in passive cooling systems within
nuclear installations [12].

However, an obstacle encountered in
experimental studies of LHP is understanding the
thermo-hydraulic mechanisms involved. These
mechanisms are challenging to predict because heat
and mass transfer processes occur in two phases
during the operation of the heat pipe [13]. The
computational fluid dynamics (CFD) method is used
to determine the two-phase flow characteristics and
heat transfer processes within a heat pipe [14].
Through CFD simulations, heat transfer phenomena
can be captured more clearly and the results obtained
from CFD calculations can be validated using
experimental data.

In relation to the research on LHP that have the
potential to be used as passive cooling systems in
nuclear installations, the Research Organization for
Nuclear Energy, National Research and Innovation
Agency of Indonesia, is currently conducting
research on experimental models of LHP. These
models use a set of capillary pipes with a wick but
without a compensation chamber. The experiments
being conducted require support from CFD. The
results obtained from CFD will be utilized to
understand phenomena that are difficult to obtain
experimentally.

The approach employed in this study involves
conducting simulations using CFD Ansys FLUENT
software. During the simulation process, the LHP is
defined with an inner diameter of 0.1016 m. The
wick of this LHP consists of capillary pipes without
a compensation chamber. Demineralized water
serves as the working fluid, completely filling the
evaporator volume. Hot water temperatures of 70 °C,
80 °C, and 90 °C are applied as temperature sources
in the evaporator section. Experimental temperature
inputs are used to determine the temperature on the
outer surface of the condenser section. An
inclination angle of 5° and an initial pressure of
12,100 Pa are applied to the LHP.

2. METHODOLOGY

In general, CFD simulation procedure consists
of three main stages: Pre-Processing, Processing,
and Post-Processing. Pre-Processing is the initial
phase of CFD simulation, involving tasks such as
geometry creation, mesh generation, boundary plane
definition on the geometry, and mesh verification.
Processing encompasses activities related to
boundary condition determination, performing
numerical calculations, and executing iterative
procedures. Post-Processing includes the generation
of temperature distribution plots and volume fraction
visualization [15].
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2.1 Governing Equation of CFD

The Volume of Fluid (VOF) technique is
designed for scenarios involving two or more non-
mixable working fluids. It aims to precisely
determine the interface position between these fluids
or phases, with particular emphasis on both transient
and steady-state gas/liquid interfaces [16]. The
governing equations the VOF model are as follows.

A. Continuity Equation
The continuity equation for the vapor phase is
defined as follows [16].

dp (2.1)

E"‘V'(,m_}):Sm

B. Momentum Equation
The momentum equation is defined as follows
[16].

P (2.2)

a(pﬁ) +V-(pvv) =-Vp+V

(Vo 4+ voT)]
+ Pg + Scsr

C. Energy Equation
Energy equation in the volume of fluid (VOF)
form is presented as the following [16].

a .
(e, +V-[(pc,T+p)s] P

= V(kVT) + S

2.2 The LHP Geometry and Mesh

A full scale 2D geometry of the LHP was built
in Ansys DesignModeler software. The LHP has a
height of 1.1521 m and a width of 0.801 m, with four
elbows each having a radius of 0.1524 m. The heat
pipe comprises three sections, namely the
evaporator, adiabatic, and condenser.

The evaporator section has a length of 1.850
mm, with a horizontal length of 0.75 m and a vertical
length of 0.3 m. This section is submerged in a tank
containing hot water during the experiment, where
heat from the water is absorbed by the evaporator
section.

The adiabatic section consists of two distinct
parts and is installed vertically. The right adiabatic
section has a length of 0.7 m. It does not contain a
wick and allows the vapor path to rise to the
condenser section. The left adiabatic section
includes a capillary pipe as a wick, which functions

to restrain the upward movement of vapor and
facilitates the return path of condensate to the
evaporator section. Additionally, the placement of
the wick also serves to maintain the LHP's natural
cycling.

The condenser section has a length of 1.27 m,
with a horizontal height of 0.75 m and a vertical
height of 0.2 m. The condenser is responsible for
heat absorption, where in the experiment, the heat
transfer process occurs through forced convection
from the airflow generated by a fan. The geometry
of the LHP used in this simulation can be seen in
Fig. 1.
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Fig. 1. Geometry model of new LHP.

In this simulation, the automatic method for
mesh shape is selected with inflations; however, the
sizing for the mesh is done manually. The minimum
and mesh sizes are chosen to be 0.002 m as shown in
Fig. 2. Various mesh sizes were tested to achieve
mesh independence, as shown in Table 1. The final
grid number of the fluid domain was 119,512. The
results of grid independence test can be seen in Fig.
3 and 4.
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Fig. 2. Mesh model of LHP system
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Table 1. Grid Independence Result

Grid 1 Grid 2 Grid 3
Mesh
119512 53069 29577
Tgvap AVG (°C) 78.13 78.15 78.08
Tcona AVG (°C) 66.36 66.34 66.23
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Fig. 3. Grid independence test in condenser
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Fig. 4. Grid independence test in evaporator

2.4 CFD Setup

In this simulation, a Pressure-based solver was
used. Gravity was activated with values of -9.77 m?%/s
at the Y-axis and -0.84 m?/s at the X-axis to simulate
a 5° inclination [17]. The energy model was
activated to include thermal effects in the simulation.
The multiphase model used the Volume of Fluid
(VoF) approach and activated implicit body force
[18]. The viscous model employed the k-epsilon
model, which was used to simulate natural
circulation for loop geometry [19]. Water in liquid
and vapor forms was selected from the FLUENT
database for the liquid phase and copper for the solid
material. Liquid water is the primary phase, while
water vapor is the secondary phase. The inter-phase
surface tension was set as a constant value of 0.072
N/m. Temperature variations on the outer wall of the
evaporator were set at 70 °C, 80 °C, and 90 °C to
simulate the heat from the pool. The temperature on

the outer wall of the condenser used a user-defined
profile obtained from the experiment, while the
adiabatic section was set to zero flux, assuming that
this section is isolated. The filling ratio in this
simulation was 100% of the evaporator volume, with
the initial operating pressure set at 12,100 Pa to
achieve a saturation temperature of 47 °C. Porous
media, an input parameter in Ansys FLUENT, can
be utilized in both single-phase and double-phase
applications. This modeling approach is employed
for applications such as modeling filter papers,
perforated plates, and arrays of small tubes. In this
simulation, porous media was used to simulate a
capillary tube in an adiabatic wick section. The
iteration process does not wait for convergence [15],
the flow type is transient and requires a time step
accuracy of 1, with a total simulation time of 3000
for each unit.

3. RESULTS AND DISCUSSION

The simulation results of the fluid temperature
contour in the evaporator section are shown in
Figs. 5-7.

Fig. 5. Temperature contour with hot water
temperature of 70 °C.

Fig. 6. Temperature contour with hot water
temperature of 80 °C.

Fig. 7. Temperature contour with hot water
temperature of 90 °C.
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In Fig. 5, it can be observed that at the
beginning of the simulation, the evaporator
temperature is at 70 °C. Then, the temperature
decreases to 67 °C at the beginning of the adiabatic
section and reaches 61 °C at the end of the adiabatic
section. In the condenser section, the temperature
further decreases to 55 °C and exits at 53 °C. As it
enters the adiabatic wick section, the temperature of
the LHP tends to decrease. This is due to the
condensate that accumulates in the condenser
section flowing down to the evaporator section
through the adiabatic wick.

In Fig. 6, the evaporator temperature starts at
80 °C, decreasing to 75 °C at the beginning of the
adiabatic section, and further to 69 °C at the end of
the adiabatic section. In the condenser section, the
temperature decreases to 67 °C and exits at 67 °C.
As it enters the adiabatic wick section, the
temperature of the LHP tends to increase. This is
because the heat from the evaporator section rises to
the condenser section through the adiabatic wick.

Figure 7 shows the evaporator temperature was
starting at 89 °C, then decreasing to 86 °C at the
beginning of the adiabatic section, and further to
76 °C at the end of the adiabatic section. In the
condenser section, the temperature decreases to
75 °C and exits at 73 °C. As it enters the adiabatic
wick section, the LHP temperature tends to increase.
This increase occurs because heat from the
evaporator section rises to the condenser section
through the adiabatic wick.

From Figs. 6-7, the distribution of the
temperature profile along the LHP is presented with
various hot water temperatures of 70 °C, 80 °C, and
90 °C. An escalation in the evaporator temperature
leads to the vaporization of the working fluid,
causing it to move towards the adiabatic section and
condenser section [15]. The temperature difference
between the evaporator and condenser, which tends
to remain constant, is referred to as the steady phase.

In general, the observed phenomenon involves
the working fluid experiencing a temperature
increase due to the heat applied to the LHP wall in
the evaporator section. Subsequently, the working
fluid evaporates because the initial pressure in the
LHP is below atmospheric pressure. The evaporated
working fluid then moves toward the condenser
section, where it is cooled by the temperature of the
LHP condenser wall. As a result of the cooling
process in the condenser, water vapor condenses and
moves towards the adiabatic wick section due to the
inclined angle and gravitational effects on the LHP.
The presence of a capillary wick within the LHP
provides a pathway for both vapor and condensate,
preventing vapor from reaching the condenser via
the adiabatic wick section to maintain the stability of

the LHP flow. The temperature distribution contours
along the length of the LHP can be seen in the
Fig. 8.
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Fig. 8. Temperature distribution on various hot
water temperatures.

Figure 8 illustrates the temperature distribution
along the entire length of the LHP. Applying a
higher heat load to the evaporator increases
temperatures in both the evaporator and condenser.
This also enhances heat transfer from the evaporator
wall to the working fluid, consequently increasing
steam generation through the boiling process. Under
natural circulation, the steam flows to the adiabatic
section and is then cooled in the condenser. After the
temperature drops in the condenser, it rises again in
the adiabatic wick section due to steam flowing from
the evaporator.

Under steady-state conditions, a consistent
pattern emerges across various applied heat loads.
This phenomenon demonstrates that increasing the
heat load on the evaporator not only accelerates the
temperature of the working fluid but also raises its
saturation temperature. Furthermore, a higher heat
load results in more steam being transported to the
condenser and a greater quantity of condensate being
transferred back to the evaporator [20].

Figure 9 shows the contour of the boiling
volume fraction in LHP at a hot water temperature
of 70 °C and a simulation time of 1-5 seconds.

73
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T=3]s]

Fig. 9. Distribution of volume fraction on filling
ratio 100% and hot water temperature 70 °C.

In Fig. 9, the red color indicates the presence of
the working fluid in its water phase (with a water
volume fraction = 1). The blue color represents the
vapor phase. Initially, the working fluid in the
evaporator is subjected to consistent heating at a
temperature of 70 °C, simulating the heat generated
by steam boiling in the pool. At some points on the
evaporator's wall, the temperature becomes hotter
than expected, causing vapor to form close to the
wall between the 3rd and 5th seconds of the
simulation. Initially, these vapor bubbles adhere to
the pipe's surface [21, 22]. As the evaporator
continues to heat up, these small bubbles grow into
larger ones. Due to factors such as fluid dynamics
and buoyancy, these bubbles tend to move along the
wall, then they break away and rise to the surface of
the fluid where they burst.

It can be observed that the CFD simulation
visualizes the distribution of heat transfer across
every part of the LHP. Furthermore, it can illustrate
boiling phenomena resulting from the heating of the
working fluid and the flow characteristics within the
LHP. This capability enriches the study of contours
and boiling phenomena that are difficult to capture
through experimental methods. This modeling can
be utilized to determine the profiles of temperature
distribution and flow in LHP of the same dimensions
under various thermal conditions

5. CONCLUSION

The CFD simulation results demonstrate the
temperature distribution profile under steady-state
conditions in the loop heat pipe is almost uniform at
each set heating temperature in the evaporator:
70° C, 80 °C, and 90 °C.

The temperature rise in the evaporator section
accelerates the boiling of the working fluid, leading
to increased vapor generation from the boiling
process. Due to the significant vapor production in
the evaporator section, the average temperature in
this region will also increase. In the adiabatic
section, the temperature begins to decrease due to
heat insulation. In the condenser section, the
temperature decreases due to cooling and then
moves towards the adiabatic wick section before
returning to the evaporator.

As a result, the visualization results show the
movement of steam and condensate flows during
natural circulation at different hot water
temperatures through CFD simulation. It can be seen
that a two-phase flow rises from the evaporator to
the condenser section, and condensate flows from
the condenser back to the evaporator. As a future
endeavor, there is a need to construct a CFD model
with a User-Defined Function to simulate the WHP
to simulate more advanced evaporation and
condensation phenomena. Additionally, there is a
need for an analysis involving transient simulations
that can compare the experimental outcomes with
CFD simulations to obtain the thermal resistance of
the LHP.

ACKNOWLEDGMENT

The authors express their gratitude for the
financial support from the “Program Pendanaan
Riset dan Inovasi untuk Indonesia Maju Gelombang-
1 BRIN” and acknowledge the support of the
management of PRTRN-BRIN for supporting this
research activity.

AUTHOR CONTRIBUTION

Restiawan, Kusuma, Rozi, and Yunus
contributed as the main contributors to this paper.
All authors read and approved the final version of
the paper.

NOMENCLATURE
C, = specific heat (J/kg - K)
Scsg = Source term of continuum

surface force

gravity (m/s?)
thermal conductivity (W/m - K)
pressure (Pa)

source term of energy
source term of mass
time (s)

temperature (K)
velocity vector (m/s)
stress tensor (Pa)
density (kg/m?3)

RS ISR r—'-s(nn(.,”'o = Q
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