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Abstract

Computational Fluid Dynamic modeling of a heat pipe can be utilized for investigating the
complex physical phenomena of phase change process during the evaporation and condensation in
thermosyphon heat pipes. In this study, FLUENT (ANSYS 22) was used to perform a numerical
simulation of two-phase flow inside a thermosyphon heat pipe to investigate the effect of both the filling
ratio and the inclination angle of the heat pipe on the thermal performance in terms of thermal resistance
and temperature distribution. The results were compared with a published research, displaying a good
agreement with a highest deviation in the temperature distribution of about 6.3%. According to the
results, at a filling ratio of 65%, the average temperature of the evaporator walls was at its lowest, while
at a filling ratio of 25%, it was at its highest. At all values of heat input, the lowest total thermal resistance
was attained at a tilt angle of 90° and a filling ratio of 65%. Thermal resistance decreases as the heat
input increases, and the effects of the filling ratio and tilt angle also become more significant as the heat
input rises. Additionally, at a heat input of 400 W, a filling ratio of 65%, and a tilt angle of 90°, the
bubbles begin to form at time 1 second, and the vapor rises to the condenser section starting at time 20

second, carrying with it the thermal energy. While condensation begins at time 27 second.
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Nomenclature

CFD Computational Fluid Dynamic

HPs Heat pipes

VOF Volume of fluid

oL Volume fraction of liquid

av Volume fraction of vapor

u Velocity of fluid

p Density of fluid

i Viscosity of fluid

Q' Heat flux

Q Heat input

Aim Logarithmic mean cross-section

Tm Mean temperature of the cooling water
Tewav Condenser's average wall temperature
Qcond Heat extracted from the condenser

Tin Temperatures at the cooling water's intake
Tout Temperatures at the cooling water's discharge

1.Introduction

Heat pipes are devices that transfer heat from one location to another through the evaporation and
condensation of a working fluid contained within a closed container [1]. The main sections of heat pipes
are the evaporator and condenser, where heat is received in the evaporator section from the heat source
and rejected in the condenser to the heat sink. The working fluid evaporates in the evaporator section, and
the vapor moves to the condenser section, where the condensate loses its latent heat. In the case of a
wickless heat pipe (thermosyphon), the condensate returns to the evaporator section by gravity and by
capillary force in the case of a wicked heat pipe [2]. Heat pipes are utilized in a variety of applications,

such as in solar thermal technologies [3, 4], heat dissipation of electronic components [5], geothermal
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energy utilization [6], air conditioning systems [7], etc. This is because of flexibility in operation and
application, compact design, being very efficient in transporting heat even under small temperature
differences, not requiring external power, and other advantages [8]. Due to its straightforward design and
affordable price, wickless heat pipe (thermosyphon) has attracted a lot of attention. Many researchers have
conducted practical experiments and numerical studies to improve the thermal performance of a
thermosyphon by studying the effects of a number of variables that can enhance thermal performance of

the thermosyphon, such as the title angle and filling ratio.

Noie [9] experimentally studied the influence of filling ratio on the performance of thermosyphon
heat pipe under different values of aspect ratio (length of evaporator to its diameter). Three different filling
ratios (30%, 60%, and 90%) were used with three aspect ratios (11.8, 9.8, and 7.45). According to the
results, the maximum heat transfer rate for each aspect ratio depends on the filling ratio. The highest heat
transfer rate was obtained for the aspect ratio of 11.8 at a filling ratio of 60%, while it occurs at a filling
ratio of 30% and 90% for both aspect ratios of 9.8 and 7.45, respectively. J. Raghuram [10] experimentally
and numerically studied the effect of tilt angle on the performance of the thermosyphon heat pipe. The
dimensions of the heat pipe are 12 mm in diameter and 300 mm in length. The acetone and distilled water
were used as a working fluid with a filling ratio of 20%, a heat input value of 7.29 W, and five angles of
inclination (0°, 30°, 45°, 60°, and 90°). The results demonstrated that, in both cases (using water or
acetone), the highest value of thermal performance was at a 60° tilt angle. Jiao et al. [11] investigated
analytically and experimentally the effect of filling ratio on the thermosyphon heat pipe. They used eight
small values for the filling ratios (4.5%, 6.37%, 10.1%, 11.8%, 13.5%, 15.2%, 18.5%, and 20.2%) and
five values of heat input (5, 10, 15, 20, and 25). According to the results, they concluded that the efficiency
of the heat pipe is at its lowest values at small filling ratios (4.5%, 6.37%, and 10.1%) and its highest
values at filling ratios (11.8%, 13.5%, and 15.2%). Chehade et al. [12] carried out work similar to the
previous work, with the difference that the heat pipe used is a loop thermosyphon. They concluded that
the ideal filling ratios were between 7% and 10%. Manimaran et al. [13] experimentally studied the effect
of filling ratio and tilt angle on the thermal resistance of thermosyphon. Four values of filling ratio (25%,
50%, 75%, and 100%) and four of tilt angle (0°, 30°, 60°, and 90°) were used, with different values of
heat input (30, 40, 50, 60, and 70W). According to the findings, the 75% filling ratio and vertical
orientation resulted in the lowest thermal resistance. Alizadhdakel et al. [14] investigated experimentally

the effect of filling ratio on the performance of thermosyphon. They conducted a CFD simulation to
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examine the influence of the non-condensable gases on phase change events across a thermosyphon and
compare the results with those from an experiment. Three filling ratios and three heat inputs (30%, 50%,
and 80%) and (350, 500, and 700 W) were used, respectively. According to the results, the best thermal
performance of the thermosyphon is at a filling rate of 50%. Lin Lu et al. [15] experimentally investigated
the effect of the filling ratio on the thermal performance of the thermosyphon. Water and nanofluid were
used as working fluids at different filling ratios (40%, 50%, 60%, and 70%). In both cases, when using
water or nanofluid, the optimum filling rate was 60%. Halit Arat [16] presented an experimental study to
examine the impact of the tilt angle on the performance of thermosyphon. The total length of heat pipe
was 1500 mm, and the inner and outer diameters were 26 and 28 mm, respectively. The working fluid
used is water with four different volume values (5, 10, 15, and 20 ml) and tilt angles of 45°, 60°, and 90°.
It was found that the optimum performance was achieved at a 90° tilt angle. It is clear from the
aforementioned experimental and numerical studies that the filling ratio and tilt angle for every heat pipe
depend on a variety of parameters, including geometry, liquid type, heat input, and operating conditions.
The appropriate filling ratio and tilt angle should be determined before the experimental work in order to
save time and cost on the research. In this study, a two-dimensional CFD modeling was implemented to
study the effects of three various values of filling ratio (25%, 65%, and 100%) of water and tilt angle (30°,

60°, and 90°) on the performance of thermosyphon heat pipe at different values of input power.
2. Governing equations

Numerical simulations based on the Finite Volume Method are more challenging for multiphase
flows than for single-phase flows. This issue or challenge calls for a significant processing effort due to
the non-stationary nature of the phase transitions and the physical properties like density and viscosity.
The volume of fluid approach was applied to solve these issues. The motion of the interfaces was defined
indirectly as a result of this computation, assigned computing the motion of all phases.

The VOF approach, which applies surface-tracking to a fixed mesh, allows for the modeling of two-phase
fluids with a well-defined interface between the phases. The computational domain of the VOF model
solves a specific set of Navier-Stokes equations, and it also tracks the motion of the various phases by
specifying the volume fraction of each phase. In another sense, the volume fraction of liquid and the

volume fraction of vapor can be anticipated under three of the following conditions [17]:

e ;=1 :Theliquid has completely filled the cell.
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e «; =0 :Thevapour has completely filled the cell.
e 0 <a;<1:Thecellisatthe interface between the vapour and liquid.

At the third case, all phases' volume fractions add up to one.

Equations relating to continuity, momentum, and energy are employed to describe the movement of
the working fluid within the heat pipe [18].

2.1 Continuity Equation:

d(puw) d(pv)  d(pw)
0x + dy + 0z

=0 (1)

2.2 Momentum Equation:

In x-direction is:

=_a + [(u+ut)2—]+a—[(“ “t)((;; ZZ)]

[(u 1) (6“ Z{V)] @)

In y-direction is:

6V+ 6V+ av]
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In z-direction is:

6w+ 6w+ ow
p“ax Vay Waz

_ ap+a[( N )Zaw]+a[( N )<au+aW)]+a[( N )<6v+6w>]
= "oz oz TR T [t T R\, T ax dy HTHJ G, dy
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oy |(F TG, T 5 (4)
p=aip+ aypy ®)
1=+ ayly (6)
2.3 Energy equation:
d 9] 9]
E (puT) + 3y (pvT) + E (pwT)
o mw\OTy 9/ w\0Typ 0 [k ut>6T
ox [(Pr * 0T> E)x] * dy [(Pr * 0T> dy * 0z [(Pr * ot/ 0z +5R ™

3 CFD Simulation Set up
3.1 Geometry

A workbench (ANSY'S Fluent 2022) has been used to build the geometry of a thermosyphon in the
vertical plane in two dimensions. The geometry of a copper tube is shown in Fig. 1, copper is chosen for
several reasons, the most important of which is its high conductivity, which reaches 397 W/m K. This
tube has an inner diameter and wall thickness of 322.4 mm and 0.8 mm, respectively. The length of the
tube measures 480 mm from the beginning of the edge to the end of the edge. The thermosyphon includes
an evaporator section that is 200 mm in height, an adiabatic section that is 80 mm in height, and a
condenser section that is 200 mm in height.
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Figure 1. Heat pipe 2D geometry adopted in this study.
3.2 Meshing

Using the Workbench module of ANSY'S Fluent 2022, the geometry has been meshed. The grid
was managed using the method of controlling edge sizing across all domains. A bias factor of (5) is applied
to regulate cell sizes near inner walls and within the solid domain (walls) in order to effectively capture
the flow and heat transfer in these locations. As can be seen in Fig. 2, which illustrates the lower 300 mm
portion with wall mesh, three alternate structured mesh sizes were generated in order to evaluate the

solution's sensitivity to mesh size. These sizes consisted of 8340, 12540, and 20790 elements, respectively.
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8340 12540 20790

Figure 2. Different Mesh Sizes of 8340 elements, 12540 elements, and 20790 elements.

3.3 Grid independence test

Fig. 3 shows the temperature distribution along the heat pipe's wall for a variety of computational
cell sizes when subjected to a heat input of 100 W and a filling ratio of 100%. It is noted that when a mesh
has a number of 12540 and 20790 elements, the temperatures are similar in the two cases, while they differ
with a relative increase in the case of choosing a network with 8340 elements than in the previous two
cases. This is shown by the data. As a result, a mesh size of 12540 elements is utilized in this study to

reduce the amount of computing time required for the solution without compromising the level of
precision achieved.
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Figure 3. Grid independence test.

3.4 Operating and Boundary conditions

In this study, three different filling ratios (25%, 65%, and 100% of the evaporator volume) and
three inclination angles (30°, 60°, and 90°) are utilized. The heights of the evaporator that correspond to
these filling ratios and inclinations are initially patched with liquid, and the heights that remain are filled
with vapor. The tilt angle was set by multiplying the y-component of the gravity acceleration by the sine
of the angle and then multiplying the x-component of the gravity acceleration by the cosine of the angle.
This can be seen in Fig. 4. Three distinct filling ratios and tilt angles are utilized, specifically 25%, 65%,
and 100% of the evaporator volume, and 30°, 65°, and 90°, respectively. In order, the relevant evaporator
height is initially patched with liquid in order to establish the filling ratio for each situation, and after that,
vapor is applied to the remaining height. Additionally, the tilt angle is referred to as the angle at which the

thermosyphon is tilted with respect to the horizontal axis.
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Figure 4. Tilt angle of thermosyphon heat pipe.

The simulation started with the evaporator wall and liquid at 100°C (same value of the boiling
point), and we started the simulation with the condenser wall at 20°C (same value of cooling water at the
water jacket temperature). This allowed us to reduce the amount of time it took for the simulation to run.
When working with an ideal gas, the system's lowest temperature should be used as the operating
temperature, which in this case is 20°C. Similarly, when working with constant gas density, the operating
density should be set to the lowest density in this case. In addition, we decided that the saturation
temperature would be 100°C, and the working pressure would be 101325 Pascals [19].

The boundary condition was non-slip to the interior walls of the condenser, evaporator, and
adiabatic, and a constant heat flux (Q") was imposed on the outside evaporator wall to represent the heat
source for the thermosyphon. A non-slip boundary condition was applied to the inner walls of the
condenser, evaporator, and adiabatic section. In order to account for the fact that the temperature
distribution caused by radial conduction through a cylindrical wall is logarithmic rather than linear, four
different values of heat flux were utilized: 9804, 19608, 29412, and 39216 W/m?2. These values
corresponded to heat transfer rates of 100, 200, 300, and 400 W, respectively. To do this, the heat input
(Q) was divided by the area of the logarithmic mean cross-section (Aim) using the formulae described in
[20].

Q== ®)
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The walls of the thermosyphon's insulated bottom and top ends did not experience any cooling or
heating. The wall of the adiabatic section is defined with a heat flux value of zero. On the other hand, On
the walls of the condenser section, convection boundaries are inserted to simulate heat transfer through
the cooling water. Therefore, the following equation must be used to determine the heat transfer coefficient

from the condenser's wall to the cooling water [9].

QCO“
Reony = < (12)

TtDLcong. (Tcw,av _Tm)

All parameters of equation 12 The condenser's average wall temperature (Tcwav), the mean
temperature of the cooling water (Tm), and heat extracted from the condenser (Qcond) Were obtained from
experimental work and utilized to determine the convective heat transfer coefficient for each case and feed

them into Ansys fluent for this study.

_ T33+T39+T4¢

Tcw,av - T (13)

_ Tin +Tour

T >

(14)

Where Tass3, T3g, and T are the temperatures at 0.33, 0.39, and 0.46 m from the condenser's wall.
Temperatures at the cooling water's intake and discharge are denoted by "Tin" and "Tout" respectively.

3.5 Solution Techniques and Methods

In this study, used the VOF method to model multi-phase flow, and a body force term was included
by activating the gravitational force of 9.81 m/s?. As a secondary phase (liquid phase), water was selected,
and its density was determined to be a function of temperature (T) according to the following relation
[21]:
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p; = 859.0083 + 1.252209T — 0.0026429T2 (15)

Fig. 5 shows the flow chart of heat pipe simulation. Because of the unpredictable nature of the
two-phase flow [22], a transient solution with a time step of 0.01s was used in all instances. For
computations of momentum and energy as well as pressure-velocity coupling, in computational fluid
dynamics (CFD), the SIMPLE algorithm and the first-order upwind approach are employed, respectively
[14]. Geo-Reconstruct and PRESTO discretization were chosen [23] for calculating the volume fraction
and pressure, respectively. When the residuals for the velocity and mass components are less than (10-4)

and the residuals for the temperature-dependent variables are less than (10-6) [19].
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Results

Figure 5. flow chart of heat pipe simulation.
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4. Results and Discussion
4.1 Validation of the CFD solution

The same geometry and boundary conditions for heat pipe simulations employed by Alammar et
al. [19], have been used to support the current CFD simulation. The CFD results have been compared with
the those of Alammar et al. [19] to determine the temperature distribution along the thermosyphon wall,
as shown in Fig. 6. The power input of 101 and 39 W with a 100% filling ratio and tilt angle of 90°
examined for the numerical work of thermosyphon heat pipe by Alammar et al. [19] were used for the
CFD modeling of the present work. The CFD solution was found to have a good agreement with the
Alammar et al. [19]’s study. However, for 39 W of heat input, a maximum deviation of 6.3% was found
in the condenser's upper region. And for 101 W of heat input, a maximum deviation of 4.3% was found

in the central region of the evaporator section.

140
120 - O Current work (39w)
LY.
S G o E ® A.A.Alammar(39)
G 100 °
°‘J O Current work (101w)
5
© 80 W A.A.Alammar (101w)
2
£ 60
l—
©
3 40
u N
20 e °
0
0 50 100 150 200 250 300 350 400

Distance along wall (mm)

Figure 6. Comparison of temperature distribution along the wall of thermosyphon between
A.A. Alammar numerical study data [19] and CFD results of the current work.
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4.2. Filling ratio effect

A CFD simulation was used to obtain the impact of the filling ratio on the performance of
thermosyphon. Therefore, the distribution of temperature on the wall of the thermosyphon for filling ratios
(25%, 65%, and 100%) is shown in Fig. 7 at an input power of 400W and a tilt angle of 90°. Fig. 6 shows
similar trends in the distribution of temperature along the thermosyphon's wall for all filling ratios. Also,
it is noted that the effect of changing the filling ratio on the profile of temperature is more significant in
the evaporator than in the condenser. Additionally, at a filling ratio of 65%, the lowest wall temperature
distribution is seen, and the maximum temperature profile is seen at a filling ratio of 25%. On the other
hand, the temperature profile along the evaporator section is similar at a high filling ratio of 100%
compared to other filling ratios. This is because all evaporator sections fall within the working fluid region.
In the condenser section, the temperature of the lower region of the condenser is less than that of the higher
region of the condenser for a filling ratio of 65%. While the temperature of the condenser is similar at
filling ratios of 25% and 100%.

120
100
G 80
&
e
=]
® 60
S
[}
Q . .
£ —eo—Fill ratio=25%
()]
= 40
—e—Fill ratio=65%
20 —e—Fill ratio=100%
0
0 100 200 300 400 500
Distance along wall (mm)

Figure 7. Temperature distribution along heat pipe wall for various filling ratio, tilt angle
of 90° and heat input of 400W.
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Fig. 8 shows the impact of the filling ratio on the evaporator section's average wall temperature for
four different heat input values (100, 200, 300, and 400 W) at a tilt angle of 90°. According to the results,
the average temperature of the evaporator walls decreases from its highest value at 25% filling ratio to its
lowest value at 65% filling ratio, then rises again at 100% filling ratio for heat inputs of 300 and 400 W
([12] observed the same trend). However, at values of heat input of 100 and 200 W, there is a small
variation in the wall temperature of the evaporator between all filling ratios, especially between filling
ratios (25% and 100%). Consequently, with relatively high input power (300 and 400 W), the influence
of filling ratio on evaporator wall temperature is more apparent than that at low input power (100 and 200
W).

—e&— Heat input=100W

—o&— Heat input=200W
120 —eo—Heat input=300W

—&— Heat input=400W
110

80

70 >~

60

Evaporator temperature (°C)
Vo]
o

50
0 20 40 60 80 100 120

Fill ratio %

Figure 8. Variation in the evaporator's average wall temperature with filling ratio at
various heat inputs (tilt angle of 90°).

Fig. 9 shows the impact of filling ratio on thermal resistance for different input power. For three
different filling ratios (25%, 65%, and 100%) and a tilt angle of 90°, it can be shown that the thermal
resistance falls down as the power input rises. Due to the small amount of working fluid present at a filling
ratio of 25% for any power input, a greater thermal resistance is seen, while a lower value at 65% for all
power inputs ([13] observed the same trend) at a filling ratio of 25% shows a higher thermal resistance.
This indicates that with low filling ratios, the thermosyphon has reached its heat transfer limit, which led
to high temperatures at the upper region of the evaporator, as shown in Fig. 1, while at a 65% filling ratio,

the thermal resistance is lower for all input powers. At a power input of 400 W, the gap in thermal
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resistance across the 25% and and100% filling ratios narrows significantly. But in general, for input power
(100, 200, 300, and 400W), a filling ratio of 65% is the best case, according to this study. This is because
the charge of the working fluid is determined by a combination of two factors: Dehydration occurs when
fluid intake is inadequate. Condensation in the condenser is hindered if too much fluid is delivered to it,
which can happen if the fluid level is too high. Therefore, the first factor applies to 25%, while the second
consideration applies to 100% of the filling ratio. Since there is no dryness from the low amount of liquid
or surface blockage from an increase in liquid, a filling ratio of 65% is optimal, according to this study.
This agrees with the findings of, which found that a filling ratio of 65% is optimal [25].

0.255 —@— Fill ratio=65%

—@— Fill ratio=100%

©
N
N
w

—e&— Fill ratio=25%

0.195

Thermal resistance (°C)/W)

50 100 150 200 250 300 350 400 450
Heat input (w)

Figure 9. Thermal resistance variations with power input for heat pipe wall for different filling
ratios and tilt angle of 90°.

4.3 Effect of inclination angle

Fig.10 shows the temperature distribution along the heat pipe for three various angles of inclination
(30°, 60°, and 90°), an input power of 400 W, and a filling ratio of 65%. Due to the considerable thickness
of the condenser layer caused by the fast evaporation rate at inclination angles of 90°, the upper region of
the condenser is significantly higher than the lower region. At an angle of 90°, the condenser average
temperature rises as high as it can, and it rises by a smaller value at 60° and 30°. On the other hand, it is
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noted that the highest temperature of the evaporator is at an angle of 30°. The reason for higher
temperatures at low angles of inclination is attributed to the fact that some of the upper part of the

evaporator section is not in touch with liquid due to low inclination degrees.

120

100

(%)
2 80
g
2
© 60
)]
CE?- —eo—Tilt angle=30°
2 40 —e—Tilt angle=60°
—e—Tilt angle=90°
20
0
0 100 200 300 400 500

Distance along wall (mm)

Figure 10. Temperature distribution along heat pipe wall for various angles of inclination,
filling ratio of 65% and input power of 400W

Fig. 11 shows the total thermal resistance against heat input of the grooved heat pipe at three different tilt
angles (30°, 60°, and 90°) with a filling ratio of 65%. It was found that as input power was increased, the
thermal resistance decreased. The total thermal resistance also depends on the heat pipe's inclination angle.
and the results show that the overall thermal resistance of the heat pipe is lower at a tilt angle of 90°
compared to 60° and 30°. Since the evaporator section can maintain the full effect of gravity by returning
the condensed vapor to the evaporator section, 90° is the optimal inclination compared to 60° and 30°

(similar conclusions were reported by [13, 24]).
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Figure 11. Thermal resistance variations with power input for heat pipe wall at various
angles of inclination and filling ratio of 65%

4.5 Flow Visualization of CFD Simulation

Fig.12 shows the contrast of the vapor volume fraction with time of simulation at a power input of
400 W, afilling ratio of 65% of the evaporator volume, and a tilt angle of 90°. When only vapor is present,
the color is red (vapor volume fraction = 1), but when only liquid is present, the color is blue (vapor
volume fraction = 0). It is seen that at 1 s, bubbles begin to form as a result of the working fluid reaching
the boiling point. These bubbles begin to increase in size as a result of increased heating at (5-10) s and
rise to the surface of the liquid. Then at the second (20), the volume fraction of the vapor increases and
rises to the condenser section and carries thermal energy with it to the condenser, and this continues, and
then the steady state condition at time 30 s. Then this rising vapor condenses on the walls of the condenser,

starting at the 27th second, to produce a layer of condensing liquid in a time of 30 s, as shown in Fig.13.
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Figure 12. Vapour volume fraction contours at various simulation times (400W input power, 65 %
filling ratio and 90° tilt angle).
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Figure 13. Contours of volume fraction of condensed liquid film in the lower region of condenser
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During the thermosyphon process (the thermosyphon process is a method of passive heat exchange
based on natural convection that operates in a two-phase cycle [25]), at a power input of 400 W, filling
ratio of 65%, and tilt angle of 90°, the temperature profiles were recorded. As can be seen in Fig. 5.28 (0.5
s to 3 ), initial increases in evaporator temperature resulted from the application of heating power; the
phase change started when the evaporator section temperature hit the boiling point. while at (3 sto 5s),
the vapor moves over the adiabatic section to the condenser section as the heating power in the evaporator
section continues. Once the vapor reaches the condenser section, as shown in Fig.14 (10 s), a high-
temperature area develops there. The vapor condenses to liquid as its high temperature in the condenser
portion drops, and the liquid then returns to the evaporator section thanks to gravity. After that period, the

thermosyphon's internal temperature becomes consistent throughout 15 to 30 s.

Temp.(c)
105

100

1 2 3 4 5 10 15 20 30 Time(s)

Figure 14. Temperature contours at different simulation times at a power input of 400 W,
filling ratio of 65% and tilt angle of 90°.
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5. Conclusions

The heat pipe thermosyphon is considered in this paper when charged with three filling ratios of

working fluids (25%, 65%, and 100%) and three tilt angles (30°, 60°, and 90°) with different values of

heat input (100, 200, 300, and 400 W). Numerical simulations of the evaporation and condensation

phenomena inside the thermosyphon heat pipe are performed to study the effect of the filling ratio and

tilt angle on the performance of the thermosyphon heat pipe in terms of thermal resistance. It is

concluded that:

. The thermosyphon was adequately modeled using a CFD simulation, and its thermal

performance was examined in relation to filling ratio and inclination angle.

. This study is validated in terms of the temperature distribution of thermosyphon wall for two

input powers of 39W and 101W at filling ratio 65% and tilt angle of 90° with published

numerical data at maximum deviations of 6.3%.

. Thermal resistance decreases when the input power increases at all filling ratios and tilt angles.
. The lowest thermal resistance and average temperature of the evaporator is at 65% filling ratio

and 90° tilt angle, and its highest value is at 25% filling ratio and 30° tilt angle.

. At afilling ratio of 65%, a tilt angle of 90°, and an input heat of 400 W, the vapor begins to form

as bubbles at time of 1 second, and the vapor rises to the condenser section starting at time of 20

seconds.
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