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Abstract

Computational fluid analysis of a single circuit heat pipe was undertaken to ascertain the thermal efficiency of water at
various fill ratios, specifically 40%, 50%, and 60% under varying heating conditions. The analysis employed the ANSY'S
Fluent computational fluid dynamics software, utilizing a k-epsilon to the heat pipe as the solver. The analysis was carried
out on a copper tube with an internal diameter measuring 3/16 inches. During the analysis, the thermal inflow at the adiabatic
region was adjusted to zero, while the condenser region’s temperature remained constant at 25°C. Meanwhile, the heat input
at the evaporator region was systematically adjusted to 105°C, 110°C, 115°C, and 120°C. Key Performance characteristics
of heat pipe i.e. thermal resistance, and water volume fraction were evaluated during analysis. The temperature variations
noted in both regions affirmed that the pulsating pipe’s performance was influenced by the phase transition between liquid
and vapor. Furthermore, the concentration of volume within the evaporator section was monitored, confirming the presence
of a dual-phase phenomenon within the heat pipe. Through the analysis, it was noted that the thermal resistance of the water
is minimized at a 50% fill ratio for each level of heat input. Notably, the promising results were obtained at an input temper-
ature of 120°C with a value of 1.025°C /W which was 7.3% and 9.8% lower than thermal resistance at 40% and 60% fill
ratios, respectively. The reduced thermal resistance in this scenario is attributed to the flow dynamics within the capillary,
propelled by rapid phase change mechanisms. This shows the importance of Pulsating Heat Pipes (PHPs) in thermal control,
as well as the intricacies of their operating mechanisms. Experimental and theoretical investigations have investigated nu-
merous elements influencing PHP performance, with numerical modeling providing insight into thermal resistance and water
volume fraction dynamics under varying heating temperatures and fill ratios.
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1. Introduction

Energy management is currently a topic of discussion
as a major concern in all facets of Research and De-
velopment (R and D) in the world. In the field of ther-
mal management, the R and D of the eco-friendly heat
transfer device of low energy consumption indeed
contributes to the field of science. The phase change
phenomenon of working fluid filled at a specific vol-
ume Ratio allows for the passive and incredibly effi-
cient transfer of heat between points in a PHP. In-
vented and patented in the 1990s by H. Akachi, an os-
cillating heat pipe is made up of three main sections:
evaporator, adiabatic zone, and condenser. The driving
force behind the evaporation is the slug and plug mo-
tion of working fluid in the tube [1]. From then on, it
was thought to have great potential for use in solar
power utilization, waste thermal recovery, battery
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aircraft thermal management systems [2].

The PHP has a unique operational mechanism that
leads to its functional advantages: when stable param-
eters are achieved, the pulsating motions of liquid
plugs and vapor slugs drive the working fluid flowing
in the pipe [3]. Liquid plugs and vapor slugs are
formed and distributed randomly along the pipe be-
cause of the surface tension and the capillary diameter
of the tube. In general, there are two types of PHPs:
closed loop PHPs, which have tube ends connected in
an endless loop so that working fluid is continuously
circulated within the PHP throughout, and open loop
PHPs, which have tube ends not connected and one
long tube bent in multiple turns with both ends sealed
after filling working fluid. Thus, even though PHP has
a basic design, its operational mechanism is complex
and difficult to completely understand because of the
coupling of hydrodynamic and thermodynamic effects
throughout the process of heat and mass transfer
mechanism [4].

Heat pipes have been the subject of decades' worth of
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experimental and theoretical research on their intricate
features. Along with operational parameters like heat
flux, fill ratio, charge flux, inclination angle, working
fluid, etc., geometric parameters like critical diameter,
cross-sectional area, length of the evaporator, adia-
batic region, and condenser, number of turns, etc. have
been lucubrated for experimental modeling [3]. Nu-
merous models have been presented for numerical
modeling that describe the dynamics inside Closed
Loop Pulsating Heat pipes (CLPHP). For numerical
modeling, the Lagrangian technique was used, and
flow was taken to be adiabatic throughout the PHP.
For the vapor plugs, the pressure and velocity variation
over time were examined [5]. Since surface tension
and gravity oppose one other to push flow inside the
tube, the capillary tube's diameter was constrained by
the Bond number (Bo). The tube diameter is small
enough (less than a critical value) to ensure flow oscil-
lations, the operational basis of the single-loop heat
pipe as explained by H. Akachi [6]:

g

D<Der=2 [g(pf—pg)].s

Where:

D is the critical diameter of the heat pipe.
o is the surface tension of the working fluid.
g is the gravitational acceleration.

pf is the density of the fluid (liquid phase).
pg is the density of the fluid (gas phase).

By adjusting adiabatic section parameters, the ratio of
the adiabatic region's length to overall length was dis-
covered, which affected PHP's start-up parameters,
heat transfer efficiency, and capacity to prevent drying
out [7]. When comparing the thermal performance of
PHP with varying concentrations and fill ratios of var-
ious liquids to that of deionized water, surface tension
and viscosity were found to have a greater impact on
thermal resistance [8]. The impact of phase transition
and surface tension on the thermal properties of PHP
was examined using the commercial software Fluent.
The oscillating motion of water at Normal Tempera-
ture Pressure (NTP) was simulated in-house using a
Finite Volume Computational Fluid Dynamics (CFD)
solver, considering the filling ratio, tube size, and tem-
perature degree [9].

The thermal performance of CLPHP's numerical mod-
eling and simulation must be computed to further in-
vestigate the potential applications of PHP technology
at different parameters. Therefore, in this study, nu-
merical modeling is carried out at NTP to replicate
temperature change and water volume fraction flow to
determine the thermal resistance at various working
fluid fill ratios under various heating situations.
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2. Materials and Methodology

The completion of the research requires the workflow
tools and the methodology for its systematic execution.
The planned time frame along with the proper use of
tools, techniques, and scientific theories enables the
outcome of the simulation to be accurate and precise
compared to the real scenarios.

2.1 Materials and tools

For performing the numerical analysis, the 3D model-
ing of the heat pipe and the simulation were performed
on the scientific tools Solid Works and ANSYS Fluent
respectively.

a) Solidworks:

SolidWorks is a widely utilized computer-aided de-
sign (CAD) software employed by engineers, archi-
tects, and designers to craft 3D models and designs of
mechanical and industrial components, structures, and
various products. SolidWorks provides an array of
functionalities and resources for crafting intricate de-
signs, including parametric modeling, assembly mod-
eling, finite element analysis, and simulation capabili-
ties [10].

b) Ansys:

ANSYS is a simulation software suite used in engi-
neering and product development to simulate how a
product or system will behave under various real-
world conditions. ANSY S stands for Analysis System,
and it offers a wide range of simulation tools for struc-
tural, thermal, fluid, electromagnetic, and Multiphys-
ics simulation [11].

2.2 Methodology

The numerical analysis is conducted in different
phases for the completion of the experiment which is
presented in the following flowchart as shown in Fig.1.
Initially, the parameters, operation, and performance
of heat pipes are studied. The numerical modeling and
analysis are conducted using the CFD software
ANSYS Fluent. Simulations are performed to investi-
gate the thermal resistance by varying the mass frac-
tions of the water at normal atmospheric conditions,
focusing on volume fraction and temperature differ-
ences.

To run simulations and examine thermal performance,
Pulsating Heat Pipes (PHP) CFD analysis requires
looking over and assessing the physical data that is
presented. PHP's performance in different heat condi-
tions is examined using the commercial software
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Ansys Fluent.
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Figure: 1 Flow-chart of the research methodology

2.2.1 Geometry

The research geometry, as depicted in Figure 2, is es-
tablished based on understandings gathered from the
literature review. The flow parameter and its thermal
analysis of the pulsing heat pipe are the main subjects
of the analytical simulation setup. The Bond number
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Figure: 2 Geometry of the heat-pipe
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equation is utilized to determine the pipe's critical di-
ameter [6].

All pertinent zones of the pulsing heat pipe, such as the
adiabatic region, condenser, and evaporator, are
shown in Fig. 2. The size of the condenser and evapo-
rator are the same. It is found that the adiabatic and its
effective length ratio is 7:10 [7].

2.2.2 Meshing

ANSY'S meshing provides the scholar with extra con-
trol by allowing them to select combinations of point,
edge, surface, or body controls in addition to the opti-
mal meshing condition parameters that are set by de-
fault. The mesh can be affected in several ways by
these options, each of which has its options. As seen
in Figure 3, the manual body sizing method for the
mesh is set at 0.02 cm. With body mesh sizing as
shown above, the mesh is generated with 2,33,225
nodes and 1763721 elements. Defining the domain
and name of the section can be easily defined in the
meshing section which is utilized while giving the
boundary conditions in the setup section in ANSYS
Fluent.

0.00 100.00
50.00 150.00

Figure:3 Meshing in ANSYS fluent

gQ?Nxmm)

2.2.3 Analysis Setting

In the thermal analysis of PHP, transient cases are pre-
dominantly emphasized, while steady-state analysis
holds less significance. Data obtained from literature
surveys are often regarded as constant for steady-state
simulations. Since these variables are set to zero and
do not affect the steady-state outcome, many cross-
terms and higher-order terms relating to time variation
are ignored in steady-state simulation. Transient sim-
ulation, on the other hand, includes all time-varying
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variables and all higher-order concepts related to time
[12]. Different time steps, running time step durations,
and adaptive algorithms were among the simulation
methodologies that were first investigated. Subse-
quently, the time step option was adjusted to meet the
necessary simulation requirements. Due to the mesh
complexity and fluid flow velocity within the domain,
the simulation necessitates a smaller time step size.
ANSYS Fluent employs its solver to iterate through
the calculations, as all parameters, geometry, and
meshing were integrated within the same file, without
the need for an external solver coupling.

2.2.4 Fundamental configuration for the simula-
tion

The condenser, adiabatic section, and evaporator com-
prised the three main domains that made up the entire
geometry of the PHP. 40%, 50%, and 60% ratios were
set up in the PHP to account for different thermal con-
ditions.

2.2.5 Boundary Conditions

For the simulation’s boundary settings, varied temper-
atures ranging from 105°C to 120°C were applied to
the region. The Adiabatic Region was assigned a heat
flux of zero. The VOF model was utilized for CFD
analysis throughout all domains. Walls in all regions
were defined as no-slip wall types and expected to
have an even surface. Throughout the condenser, a
fixed temperature boundary condition of 20°C was set.
Similarly, the Adiabatic regions were assigned an adi-
abatic boundary condition, resulting in a heat flux rate
of 0 W/m2K. Additionally, a contact angle of 30° with
walls was specified.

2.2.6 The governing equations of the Volume of
Fluid (VOF) approach

Modeling two-phase movement within PHP entails
plug flow within the heat pipe and follows the standard
procedure. This method adopts a single-fluid approach
based on the VOF technique. Hydrodynamics has
been defined by models that regulate mass, momen-
tum, and energy conservation as well as an additional
advection equation. This advection equation plays a
significant part in determining the gas-liquid interface,
as represented by the VOF [8]. The following are the
simulation’s governing equation presented below:
Mass conservation:

Momentum Conservation:
S(p.u)dt+V.(u.ou)=Vp+V.[u(Vut(Vu)T)]+fo....(3)
Energy Conservation:

96

Journal of Engineering and Sciences 3(1) 2024

(ocT)6t+V.(ocuT)=V.(KVT)........c.cevvenn.. 4

The force resulting from surface tension is represented
by the quantity fo in the momentum equation, which
also includes density (p), velocity (u), pressure (p), dy-
namic viscosity (W), specific heat capacity (c), temper-
ature (T), and thermal conductivity (k). Each phase's
equations are addressed independently, and the inter-
face is drawn using the volume of Fluid (VOF) tech-
nique [12].

The VOF model is a surface-tracking technique that is
applied in a static Eulerian mesh environment. Its use
is specific to situations in which there are two or more
immiscible fluids, with an emphasis on precisely de-
fining their interface.

A uniform system of momentum equations controls
the behavior of all the fluids in the VOF model, which
also closely monitors the volume fraction of each fluid
in each of the individual computational cells over the
whole domain [13].

Density-based solvers cannot be used with the Volume
of Fluid (VOF) modeling approach, which makes it
impossible to describe empty regions without fluid.
Nevertheless, using the implicit time-stepping mecha-
nism of the second-order formulation conflicts with
the explicit VOF scheme. Using the VOF model
makes it impossible to simulate continuous, circular
motion in the streamwise direction, either for a given
mass flow rate or pressure drop. Furthermore, the so-
lution to stabilize the initial conditions is required to
achieve meaningful steady-state VOF computation
[11].

2.2.7 Solver Model

The use of the k-epsilon model, a well-known viscous
model, is an important part of this approach. This
model is widely used in several generic CFD systems
and is considered an industry standard. Its reputation
is based on its proven stability, numerical resilience,
and established predictive powers. The k-epsilon
model achieves the best balance of accuracy and pre-
cision, especially in generic simulation scenarios. The
k-epsilon model in Fluent uses well-established two-
equation models [14]. The curvature correction option
is selected and set to a fixed value, while the turbulent
viscosity is turned off. The viscous model's parameter
values are all set to the default values specified by Flu-
ent.

2.2.8 Initialization

The simulation's pressure is set to 1 atm, the starting
temperature is set to 95°C to hasten the boiling of the
water at NTP, and velocity components are set to 0 m/s.
The simulation’s operating temperature is 20°C. The
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water volume is set to 1 and the vapor volume to 0, and
the corresponding regions are patched with the water
and vapor volumes.

2.2.9 Grid Convergence Test

The aim of the grid convergence test (GIT) is to iden-
tify the ideal grid parameters with the fewest number
of elements while maintaining numerical results. By
evaluating various grid conditions and observing pa-
rameter changes with element size adjustments, GIT is
performed by selecting an element size showing con-
vergence with an increased element number. This cho-
sen size, balancing large elements and low numbers,
reduces computational costs and time.

55

50

45

40

35

Temperature difference (AT)

304

0 i 2 3
Numbers of elements (In millions)
Figure: 4 Grid independent test (GIT) of the heat
pipe simulation

GIT serves to verify and validate numerical analysis
meshes, ensuring their accuracy and efficiency. As ob-
served in Fig.4, no noteworthy change in results was
found at 0.015 cm, 0.018 cm, 0.019 cm, and 0.02 cm
of the mesh size. Henceforth, element size is preferred
to 0.02 cm with 1763721 number of elements.

3. Results and Discussion

The outcome of the study project exhibits meticulous
validation and verification of gathered data, confirm-
ing the findings' integrity. Using numerical analysis
performed in the Ansys Fluent, a detailed examination
of various heating settings is carried out to elucidate
phenomena such as fluid flow patterns, oscillatory be-
havior of heat pipes, and phase transition of the work-
ing fluid. Notably, transient analysis was performed
for fluid flow simulations of data throughout time
steps, allowing for thorough observation and investi-
gation of the fluid dynamics in the PHP.

3.1 Phase Change

Changes in fluid volume across different sections of
the heat pipe show how the working fluid shifts be-
tween phases. The movement from water to steam and
back again is clear. The fluid's oscillation changes the

97

Journal of Engineering and Sciences 3(1) 2024

pipe's temperature in different areas. Heat is naturally
transferred to the condenser and added to the evapora-
tor. This causes the evaporator temperature to drop and
the condenser to rise, confirming efficient heat ex-
change in the heat pipe.

The oscillating flow in the PHP causes temperature
fluctuations. The temperature of the evaporator de-
creases while the condenser temperature increases as
heat is transferred from the evaporator to the conden-
ser by water vapor oscillation. The phase change of the
water in the looped pipe is shown in Figure 5.
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Figure: 5 Variation of water volume fraction at

evaporator with a time step (s)

Initially, water is present in the evaporator region, in-
dicated as 1 in terms of water volume fraction. Grad-
ually, this volume fraction decreases, indicating the
start of the phase change process with initial heating.
After 3 seconds, the volume fraction of water in-
creases, demonstrating the condensation of steam
back into water and confirming the phase change
within the PHP.

Phase change inside the PHP generates fluid oscilla-
tion, which causes temperature changes in various
pipe sections. Heat transfer from the evaporator to the
condenser, which reduces the evaporator temperature
while raising the condenser temperature, is what
causes these oscillations. This dynamic temperature
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Figure: 6 Temperature fluctuation inside heat pipe
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shift demonstrates heat transfer efficiency assisted by
oscillating water vapor, hence verifying essential
thermodynamic processes in the system.

Figure: 6 depicts temperature fluctuations in evapora-
tor and condenser areas, demonstrating the heat ex-
change mechanism in a single-loop heat pipe.

3.2 Velocity

To characterize the working fluid inside PHP as pul-
sating nature, the fluid velocity must exhibit bidirec-
tional movement along the vertical axis within a pre-
cise time frame at a point taken for the analysis. Vis-
ualization of vapor flow within the simulation me-
thodically analyzes the velocity vector of the working
fluid, offering insights into its dynamic behavior.
Remarkably, the section area through which the ve-
locity results are obtained remains consistent across
all data points of the velocity vector, providing a
standardized basis for observing and interpreting the
pulsating nature of fluid flow. In an analysis of heat
pipes, a plane is strategically positioned to intersect
the pipe at two distinct points, creating two cross-sec-
tional areas as illustrated by Fig.7 and Fig.8.
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Figure: 8 Velocity contour of fluid velocity in
positive y-axis

98

Journal of Engineering and Sciences 3(1) 2024

By focusing on this defined section, fluid velocity can
be precisely monitored, and any bidirectional move-
ment along the y-axis, crucial for characterizing the
pulsating nature of fluid flow within heat pipe. This
approach ensures targeted observation and a detailed
understanding of the dynamic behavior of the working
fluid.

3.2 Validation of the results obtained

The simulations unveiled a decrease in thermal re-
sistance with increasing temperature inputs. Remarka-
bly, thermal resistance was lowest at a 50% fill ratio
across all temperatures, with the lowest recorded at
1.025 K/W at 120°C, highlighting its significance
amidst varying fill ratios as shown in Figure 9.

40% FRs
——50% FRs
60% FRs

Thermal Resistance (°C/W)

10 T T T
105 110 15

Temperature (°C)

Figure: 9 Change in Ry with varing temperature
inputs at different fill ratios

T
120

The efficiency of the PHP system is determined by
thermal resistance which is a difference in temperature
in two different regions and the corresponding heating
power. Hence:

Te-Tc

. (5

It is compared to more recent tests carried out by other
researchers to confirm the findings. The experimental
data from D. Baitule and P. Pachghare show a thermal
resistance of about 45W at 120°C for a 50% FR, how-
ever, Guragain K. et al. discovered a resistance of 50W
at the same temperature [15], [16]. This is very similar
to the simulation results which are presented in Table
1.

Table 1 Comparison of errors in the reference and exper-
imental data.

R =

Fill Obtained  D. Baitule, et.al ~ Guragain
Ratios Rin data (Rin) K, et.al
50% 1.025 0.82 1.01

Additionally, the volume fraction graphs Fig. 10 from
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a recent study by Guragain K, et al., which depict sim-
ilar characteristics of fluid flowing within a heat pipe
in a specific heating section (i.e. evaporator region),
verify the obtained pulsating nature of the working
fluid in the oscillating heat-pipe [17].

Yolume Fraction

T T T T
15 20 25 3.0

Time Step (Sec)

Figure: 10 Deviation of water volume
fraction by K. Guragain, P. Badu, and D. Bastakoti.

T
1.0 35

4, Conclusions

Comprehensive results on the thermal resistance of os-
cillating heat-pipe varying fill ratios (40%, 50%, and
60%) at different heating conditions (105°C, 110°C,
115°C, and 120° C) were obtained. Simulation has
provided further evidence of the heat-transferring
mechanism of single-loop heat pipe through the study
of temperature obtained from the computational anal-
ysis. The data from this investigation suggests that
working fluid's phase change mechanism occurred
within heat pipe during the period. Additionally, the
complex operational mechanisms and diverse applica-
tions of pulsating heat pipes highlight the need for fur-
ther exploration through numerical modeling and sim-
ulation for further understanding of thermal behavior.
The comprehensive finding suggests future research
could focus on optimizing fill ratios, increasing the
number of turns, and heating conditions to enhance
heat transfer efficiency in pulsating heat pipes.
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