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HIGHLIGHTS

ABSTRACT

e The thermal resistance is inversely
proportional to the heat input, and the heat
transfer coefficient is directly proportional to
the heat input.

e Methanol has a lower thermal resistance of
(0.85166 °C/W), while the lowest thermal
resistance of 50 % methanol: 50% ethanol is
(0.785 °C/W).

¢ The highest value of heat transfer coefficient
when using water as a working fluid is

The present work aims to study the effects of working fluids on the thermal
performance of the heat pipe with a wick and in a horizontal position. The
experiments were conducted using a copper heat pipe with a 20.8 mm inner
diameter, and the length of the evaporator, condenser, and the adiabatic regions
were 300 mm, 350 mm, and 300 mm, respectively. The working fluids selected
were water, Methanol, ethanol, and different binary mixtures (50: 50) %, (30: 70)
%, (70: 30) % mixing ratios. The filling ratio was 50% of the evaporator volume
for all working fluids, and the heat input values were 20, 30, 40, and 50 W. The
results show that the heat pipe charged with Methanol has a thermal resistance of
(0.85166°C/W), the lowest thermal resistance value. The lowest thermal resistance

of using mixtures is (0.785 °C/W) for (50 % methanol: 50% ethanol). Both are
achieved at 50 W heat input. Also, at 50 W heat input, the highest value of heat
transfer coefficient when using water as a working fluid is (510.386 W/m2, °C),
and for using a mixture (70 % water: 30% methanol) is (556.78 W/mZ. °C).

(510.386 W/m?. °C).
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1. Introduction

The consumption of energy in numerous states has been raised all over the world. An increase in energy consumption has
been realized due to the significant evolutions in various sectors [1]. It can be anticipated that energy consumption has even
quicker progress in the hot and equatorial states than in other states. Energy and global warmings are primary issues and the
main challenge for scientists and policymakers. Applying a heat recovery system to enhance the energy-consumption expression
systems performance is essential for reducing emissions. Heat pipes are the best heat transfer equipment with minimum thermal
resistance, becoming an extremely effective heat transfer device. Even with small temperature variation between the evaporator
and condenser regions, large heat input at the evaporator section could be gained in a heat pipe due to the two-phase flow of the
working fluid inside it [2-4]. All heat pipes consist of sealed tubes partially filled with the working fluid. The heat pipes can be
classified into three types: a gravity-assist heat pipe or two-phase closed thermosyphon (TPCT), a pulsating or oscillating heat
pipe (OHP), and a traditional or conventional heat pipe (CHP). In operation, the heat supplied to the evaporator section, the
equilibrium is perturbed and generates a vapor at a slightly higher pressure and temperature. Due to the increased saturation
pressure, the vapor flows along the pipe to the condenser section. A lower temperature causes the vapor to condense and reject
its latent heat of evaporation. The condensed vapor backs to the evaporator side due to the capillary effect of the wick in the CHP
at different orientations or the gravity asset force in the TPCT.

TPCTs are heat pipes that eliminate the wick structure. The variation between a CHP and a TPCT is that the TPCT uses a
gravity asset to transfer heat energy from a heat supply located below the cold region. As a result, the evaporator section is
situated below the condenser section. The working fluid evaporates, condenses in the condenser section, and flows back to the

959
http://doi.org/10.30684/et].2022.131137.1014
Received 26 September 2021; Accepted 27 January 2022; Available online 30 June 2022
2412-0758/University of Technology-Irag, Baghdad, Iraq
This is an open access article under the CC BY 4.0 license http://creativecommons.org/licenses/by/4.0



https://etj.uotechnology.edu.iq
http://doi.org/10.30684/etj.2022.131137.1014
http://creativecommons.org/licenses/by/4.0
mailto:aa4784764@gmail.com

Ali K. Soud & Qusay J. Abdul Ghafoor Engineering and Technology Journal 40 (07) (2022) 959-969

evaporator section under the influence of gravity. When gravity can be utilized, TPCTs are preferred to CHPs because the wicks
in the heat pipes produce additional resistance to the flow of condensate [2].

The thermosyphon Heat Pipe is a simple two-phase closed-loop heat pipe and a useful heat transfer apparatus. It's no more
than a wickless heat pipe having a liquid reservoir at the bottom. The best depiction of Thermosyphon is divided into three
sections, as revealed in Figure 1. The heat input throughout the evaporator section converts the working fluid into a vapour that
rises and flows across the adiabatic section to the condenser section. This vapour condenses and releases its latent heat into the
condenser section. Then, the condensate is forced back to the evaporator section in the form of a liquid film via the force of
gravity [5]. A thermosyphon device is a wickless heat pipe. Thus, gravity is the main driving force for the condensate returning
to the evaporator section.
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Figure 1: The schematic process of the Thermosyphon device

Ashok et al. [6] studied the performance of the thermosyphon by using a copper tube of 1000 mm in length with inside and
outside diameters of 24 mm and 26 mm, respectively. Also, the inclination angles were 40, 50, 60, 70, 80, and 900. The length
of the evaporator, the condenser, and the adiabatic section were 300 mm, 450 mm, and 250 mm, respectively, and using (60%
ethanol and 40% methanol) mixture as a working fluid by filling ratio of the 60% of evaporator volume. The heat inputs were
(25, 45, 80, 120, and 190 W), and the coolant flow rates of water were (3.6, 7.2, 14.4, and 21.6 kg/h). The results showed that
the highest heat transfer efficiency is 86.39% at 190 W, a 3.6 kg/h coolant flow rate, and an 800 inclination angle. The binary
mixture manifested better thermal conductance for the thermosyphon heat pipe. Raghuram et al. [7] studied experimentally the
performance of a copper heat pipe having (12 mm) dia., (300 mm) length, and (1 mm) thickness with a (7.29 W) heat input.
Experiments were performed without and with working fluid for various inclinations to assess heat pipe thermal efficiency. The
selected working fluids for the investigation were distilled water and acetone. The heat pipe thermal efficiency was quantified
in the thermal resistance and the general coefficient of heat transfer via the temperature distribution measurement across the heat
pipe. The optimum tilt angle was experimentally obtained and confirmed the similar to the simulation outcome determined via
the analysis of CFD. The heat pipe made of Cu was obtained to be influential if acetone was utilized as a working fluid. The
optimal angle of inclination of the heat pipe for the ultimate heat transfer rate was obtained to be (60°) for the two tested working
fluids. Yeonghwan et al. [8] experimented using a thermosiphon made of copper, with an inner diameter of 25 mm, a total length
of 925 mm, the length of each evaporator, condenser, and adiabatic section 300 mm, 325 mm, and 300 mm, respectively. The
evaporator was heated using a DC source (Eight cartridge heaters). Each part of the thermosiphon contains 9 thermocouples, 3
on the upper surface, 3 on the lower surface, and 3 inside. The condenser was cooled with water through the jacket. The water
temperature entering the condenser was fixed at 15 °C, and the flow rate was 5.6 I/min. The thermosiphon was insulated to reduce
the heat losses from the system to the environment. The water was selected as the working fluid, with a fill ratio of (25, 35, 40,
50, 60, 75, and 100%). The inclination angle rates were (5, 15, 30, 45, 60, 75, and 90°). The input power to the evaporator was
varied within (10 -300 kW/m2). It was found that at a 25% filling ratio, the liquid fluctuation increased. The thermosyphon
performance agrees well with the correlation at stable condensate film formed on the surface. The present two-phase closed
thermosyphon shows the best thermal performance at the inclination angle of 30° and the filling ratio of 50%. Charoensawan
and Prait [9] investigated the thermal performance of a horizontal closed loop OHP. Copper OHP was used in the experimental
work with various inner diameters (1, 1.5, and 2 mm), evaporator lengths (50 and 150 mm), working fluid (distilled water and
ethanol), and filling ratios (30, 50, and 80%), number of turns (5, 11, 16, and 26), and evaporator temperature (40 — 90) oC. The
condenser section was cooled by air at 25 oC and 0.4 m/s. The results showed that the operation of OHP in a horizontal position
is related to the number of turns. The thermal performance enhances by decreasing the length of the evaporator, a high number
of turns, and increasing pipe diameter. Kuo et al. [10] used two 8 turns of OHP made from copper and glass for flow visualization.
The first one had uniform square tubes with a cross-sectional area of 2x2 mm2. The non-uniform second OHP had 8 tubes with
a cross-sectional area of 2x2 mm2 and 8 tubes with a cross-sectional area of 1x2 mm2. The distilled water was used as a working
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fluid at a filling ratio (40, 50, 60, and 70) % for both types. The effect of inclination angles was examined by conducting (0, 30,
60, and 90) degrees, respectively. The results showed that the inclination angles affected the thermal resistance of uniform OHP.
While for non-uniform OHP, the thermal resistance was somehow less sensitive to the orientation angles. At a horizontal
configuration, the uniform OHP had poor heat transfer and large thermal resistance (2.2 oC/W at 40 W& 60% filling ratio),
which led to the OHP not operating in all test cases. In comparison, the non-uniform OHP can be operated at a horizontal
orientation (1 oC/W at 40 W& 60% filling ratio). However, it is still sensitive to filling ratio (above 50%) and heat input power.
Chih etal. [11] investigated the thermal performance of a 4 turns OHP made from copper tube, and the length of the evaporator,
adiabatic, and condenser sections are 70, 60, and 70 mm, respectively. A uniform and alternating tube OHP was used in this
study. The inner diameter of uniform channels OHP was 2.4 mm. The alternating OHP had 4 uniform tubes (each turn had a
uniform and alternative channels) with an inner diameter of 2.4 mm, and the other 4 alternative tubes consisted of two halves;
one half with an inner diameter of 2.4 mm and the other half with major diameter 3.9 mm and miner diameter 1.5 mm for each
alternating channel. The effect of alternative tube diameter in one OHP, working fluid (water, Methanol, and HFE-7100), and
variable heat input (20 to 140) W in both horizontal and vertical mode was examined. The results showed that the thermal
resistance for both types (alternative and uniform) OHP has the same trend, but the alternative one is lower than the uniform
type. Also, CLPHP with HFE-7100 gave the lowest thermal resistance at low heat input, and distilled water had the lowest
thermal resistance for high heat input (more than 60W).

The effects of inserting fins in OHP were studied by Rahman et al. [12] expedited a finned and un finned structure of OHP
made from copper tube meandering in 8 turns with an inner diameter of 2.5 mm and outer diameter of 3 mm. The length of the
evaporator, adiabatic, and condenser sections were 50, 120, and 80 mm, respectively. The copper wires with 1 mm diameter
were used as fins inserted along only in the condenser section at an equal distance between fins. Methanol and Ethanol fluids
were used as working fluids with a 50% filling ratio. The heat input was at three inclination angles (0, 30, and 45). The evaporator
section was insulated and heated by a heater at (10 — 80) W, while the condenser section was cooled by forced air. The results
demonstrated that Methanol had 0.4 oC/W lower thermal resistance than Ethanol 0.75 oC /W at 80W, and the finned—inserted
structure showed higher thermal resistance (0.33 and 0.7) °C /W than the normal structure (0.3 and 0.6) °C /W at 80W for
Methanol and Ethanol respectively.

The conventional heat pipe is a passive device transporting an amount of heat between two different temperature zones. It
has no moving parts and does not require electricity input. The heat pipe is constructed of three sections: the first end of the pipe
is the evaporator section where the heat is received from the heat source, the other end of the pipe is the condenser section where
the heat is rejected, and in between, the adiabatic section where the working fluid and heat transported inside the heat pipe, as
depicted in the figure 2.

If the heat energy is supplied to the evaporator, this heat will transfer from the heat source throughout the wall and the
internal wick to reach the working fluid (liquid). The resulted heat input vaporizes the liquid, and the vapor moves by pressure
difference driving force through the adiabatic section to reach the condenser. In the condenser section, the working fluid changes
its phase (vapor to liquid) due to the temperature cooling down and rejecting its latent heat of vaporization to the heat sink. The
liquid is pumped back to the evaporator section by the capillary pressure created by the wick. The heat pipe continuously transfers
the latent vaporization heat from the heat source to the heat sink as long as the heat input at the evaporator section is supplied.

Fadhil and Saleh [1]. Tested the performance of a copper heat pipe of 300 mm in length. The length of the evaporator, the
condenser, and the adiabatic section were 75mm, 75mm, and 150 mm, respectively, the inner and outer diameters were 14 mm,
and 16 mm, respectively, and the heat pipe was at a horizontal position. The water and ethanol were used as a working fluid, and
the heat flux changed in arange (2.8 -13.13) kW/m?. The results showed that when water was used as a working fluid, the thermal
resistance had a lower value. Manimaran et al. [5] used a copper tube with 20.8 mm inner diameter and 22 mm outer diameter
to form a heat pipe with the length of the evaporator, adiabatic, and condenser sections are 50 mm, 300 mm, and 250 mm,
respectively. They used distilled water as a working fluid with different filling ratios of 25%, 50%, 75%, and 100% of the
evaporator volume. The evaporator section was heated using an electrical heater (30 — 70) W. The water was used to cool the
condenser section. It was found that the lowest value of thermal resistance at vertical position (90°) and filling ratio of 70%. The
performance of heat transfer in the heat pipe with screen mesh wick was studied by Peyghambarzadeh et al. [13]. A copper heat
pipe of 400 mm in length with an evaporator diameter of 26.4 mm and adiabatic and condenser diameters of 20 mm was fabricated
and used water, Methanol, and ethanol as working fluids with a constant volume filling ratio of 50% and in a horizontal position.
The evaporator section was heated by low heat input of 20.7 W. The condenser section was cooled by a constant water bath
temperature (15, 25, and 35 °C). It was found that the heat pipe charged by Methanol produces the lowest value of heat transfer
coefficient. Ahmad et al. [14] manufactured two heat pipes from copper with a 32 mm inner diameter, and the lengths of the
evaporator, adiabatic, and condenser sections were 370, 230, and 400 mm, respectively. The first heat pipe (Thermosyphone)
circulates the working fluid by gravity, and the other heat pipe works by capillary force due to wick use. The ethanol was used
as a working fluid with a filling ratio (of 35 and 85 %). The heat input was varied by (200 — 700 W). The results were at aspect
ratio of 7.8 and an 85% filling ratio. The best heat pipe performance was obtained at 500 W, with a maximum heat transfer
coefficient of 9950 W/m2.0C. In contrast, the best performance of the two-phase thermosyphon was obtained at aspect ratio 4
for a 35% filling ratio and power input of 600W, with a maximum heat transfer coefficient of 4590 W/ m2.°C. The performance
of the heat pipe is better than that of the two-phase thermosyphon. As the overall comparison between the two pipes. Sachin et
al. [15] A copper thermosyphone with a 25.4 mm inner diameter and the working fluids used were a binary of Methanol and
ethanol with mixing ratios (50:50%), (30:70%), and (60:40%) at four tilt angles (0, 30, 60, and 90°). The analysis results of
experiments showed that the best thermal performance was for the binary fluid with a (60:40%) mixing ratio and at a 300 tilt
angle.Chandrasekaran et al. [16] investigated the operation of a copper heat pipe with a 9.25 mm inner diameter. The total length
of the heat pipe was 450 mm, and the wick was made of stainless steel with mesh sizes 100 and 200 pore/in. The distilled water
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was used as a working fluid, and the heat pipe was positioned at three orientations, horizontal, inclined, and vertical. The results
showed that the heat transfer coefficient and thermal resistance decreased using a wick with a 200 pore/mesh size. Mozumder
[17] studied heat pipe performance with 150 mm length and 5 mm diameter. The filling ratios are 35, 55, 85, and 100%. The
heat inputs were 2, 4, 6, 8, and 10 W. To evaluate the heat pipe's performance, experiments were done with and without working
fluid (dry run) under various thermal loads. The working fluids chosen for the study were water, Methanol, and acetone.
Compared to a dry run, the system reaches a steady-state early in the wet run. Compared to dry run, the functioning heat pipe
with wet run has a lower overall thermal resistance. The thermal resistance obtained in the dry test for a 2 W heat input capacity
was 10.5 oC/W, while it was 7.250C/W in the wet run. Working fluid filling ratios of more than 85% of evaporator volume
produce the best results in increased heat transfer coefficient and decreased thermal resistance. Bogarrasa and Khalifa [18]
conducted a comparative study on the performance of a conventional heat pipe with various working fluids. The working fluids
selected for the research were water and ethanol. The mixing ratio of ethanol in water varied between 25% and 95%. The heat
pipe material was copper with a stainless steel wicks structure. The results reported that the temperature of the evaporator section
charged by water was lower than other working fluids at high heating input. Though, the water transferred more significant heat
than ethanol and binary fluids. Review previous research and identify the types of tubes used, working fluids, how researchers
worked, and the results they reached. We found that most researchers used mixtures with thermosiphon and pulsating heat tubes.
Some of them used the separator, a piece of tube with a diameter less than the inner diameter of the heat pipe, which is fixed
inside the tube in the adiabatic section. Some used the separator in the thermosiphon, and the others used it in the traditional heat
pipe, but they used a wick only in the evaporator section. In this work, we manufactured a heat pipe. It contains a separator piece
with a fuse installed along the heat pipe, and for the first time, a small camera was installed with a diameter of 6 mm will be
fixed in a suitable position near the condenser. The study aims to conduct a practical study to verify the effect of experimentally
using binary mixtures of working fluids, water, ethanol, and Methanol, and their mixing ratios. On the thermal performance of
the heat pipe under the influence of the heat input variables, the degree of inclination of the heat pipe, and the evaporator and
condenser sizes, to get the best performance.

HEAT IN METAL WICK STRUCTURE HEAT OUT
llllll LIQUID FLOW TTTTTT
... m——— | <—1#.— .... vipes— ey
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Figure 2: Conventional heat pipe

2. The Experimental Setup

A model of heat pipe used in the present work was manufactured from a copper pipe provided with stainless steel wick with
(350) pore/in. The heat pipe assembly specifications and dimensions are shown in Table 1.

Table 1: The heat Pipe specifications and dimensions

Item Details

Heat pipe material Copper

Jacket material Copper

Total length of the heat pipe, Lt 950 mm

Outer diameter of the heat pipe, Do 22 mm

The inner diameter of the heat pipe, Di 20.8 mm

Adiabatic section length, (La) 300 mm

Evaporator section length, (Le) 300 mm

Condenser section length, (Lc) 350 mm

Wick stainless steel with d,, (22.8 um) & N ( 350 pore /in)

The working fluids used were water, Methanol, ethanol, and binary mixture fluids. Table 2 shows the working fluids used
with their properties. The heat supplies are done by a flexible heater wrapped around the evaporator section. The heat input is
controlled by a voltage regulator device. A multimeter was used to measure the amount of supplying electrical power. The value
of heat input was simply calculated as the product of the current and voltage as:

Qin=1xV (€Y)

Where, | = electrical current, and V = voltage difference.

The adiabatic section was isolated by a 25 mm glass wool layer to ensure no heat transfer in or out of the heat pipe. The
heat rejected from the condenser section occurs by using a water jacket. Where the cooled water circulated at a constant mass
flow rate. The value of heat rejected was simply calculated as:
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szmwxcwaTw (2)

Thermocouples (K-Type) were fixed at different positions to measure the external surface, inside heat pipe, inlet, and outlet
water temperatures and connected with data acquisition and PC interface to record data. Figure 3 and Figure 4 show a schematic
diagram and photograph of the test rig.

Experimental tests were conducted using different pure and binary working fluids at a 50 % filling ratio and for different
heat inputs (20, 30, 40, and 50 W). At a specific heat input, the temperatures were recorded at evaporator, adiabatic, and
condenser sections after reaching a steady state.

The merit number provides the approach for comparing the thermal performance of working fluids used in heat pipes, as
shown in Table 2.

A high merit number is not the only factor in choosing a working fluid. There are many important factors taken into
consideration in choosing the working fluid, including:

1) Compatibility with wick and wall material.

2) Stabile thermal properties.

3) Wettability wick and wall material.

4) Vapor pressure is not too high or low over the operating temperature range.
5) High thermal conductivity.

water inlet

water pump

jacket
AR L

Condenser seetion

thermocouple

L water outlet

Adiabatic section | ‘ |

Evaporator section power supply & variac

{#) Mvoin

——08

Laptop

Figure 4: A photograph of the test rig

The properties of the used working fluids, whether pure or mixtures, were extracted and calculated according to their
properties table and to, the equations and laws of mixtures, and from the application of the merit number law.

M.N=po hg / 1 ©)

It was found that the highest value of merit number is (45.56 *107 W/m2) for water [19].
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Table 2: working fluids properties

. . Tro Density hig p* 108 c M.N
Working Fluid C) (kg/m?) (kJ/kg) (N.s/m?) (N/m) (Wim?)
Water 100 950 2251 892 0.0589 4556 *107
Ethanol 78 758 962 445 0.0173 2.83+107
Methanol 64.7 789 1120 329 0.0188 5.04+107

0,
peaters0%& Ethanol 94.708 910.605 1944.545 317.897 0.049023 27.3*107
0,
peaver 50% &Methanol g 73 904.6093 1887.321 294 0.04622 30.96*107
Ethanol 50% *
ol O e 70.029 830.307 1056.498 375.506 0.018196 4.25+107
yoater 30% & Ethanol 90,775 874.6019 1710.622 348.5738 0.04146 17.79%107
Water 30% & «
Vo S0 S 81.686 870.662 1664.351 304.897 0.038102 18.1%107
0,
yoater 70% & Ethanol - g7.416 935.21 2099.861 298.394 0.0540269 35.55%107
Water 70% & *
Vrater 10% & 94.1658 930.717 2064.114 287.246 0.052274 34.96*107
Ethanol 70% & *
Cihanol 70% & 72581 770.0855 1023.626 399.743 0.017884 352+107
Ethanol 30 % & 67.666 782.0763 1084.74 354875 0.018465 4.41*107

Methanol 70 %

3. The Experimental Calculation:

3.1 Thermal Resistance Calculation
The thermal resistance measured in oC/W could be determining from [5] [13]:

Rin = (Te - Tc) /Qin (4)

Where Te & Tc are the average evaporator and condenser temperatures measured at three different locations around them.
The experimental results show that the input power (Qin) calculated from Eq.1 is almost equal to the heat rejected from the
condenser (Qw) at steady-state conditions. Therefore, the small difference can be neglected.
3.2 The Heat Transfer Coefficient Calculation

The heat transfer coefficient in the evaporator can be evaluated by using the following equation [13]:

h=Qin/ As (Te-Tv) 5)

Where:(As): The evaporator surface area equals (n Di Le).Tv: The HP inside average vapor temperature at the evaporator

4. Uncertainty Analysis

The least count of the respective measurement devices can represent the uncertainty associated with measuring parameters,
such as voltage and current. Regarding temperature measuring, there are a few options in Table3. It may be deduced from the
calibration that the temperature value is £0.42°C, and accuracy is guaranteed. However, the derived quantity power, which is a
product of the voltage and current, requires an uncertainty calculation; the uncertainty in power (50 W) can be calculated as:

_ dp 5 dp 5
o, = % (aVaV) +(61 al)

= +./(0.75 x 3.09 )2 + (68 x 0.01)2

=+2415
op -4 2.415
p T 50

==+0.048
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Table 3: Summary of the uncertainty related to the used devices

No. Quantity measured Uncertainty Unit
1 Temperature + 0.42 co

2 Voltage +3.09 V

3 Current +0.01 A

4 Power + 0.048

5. Results and Discussion

The performance of the heat pipe is determined indirectly in terms of thermal resistance and heat transfer coefficient. The
thermal resistance values were determined at the different heat input values of 20, 30, 40, and 50 W.

Figure 5 shows the thermal resistance values plotted as a function of heat input. In general, the thermal resistance decreases
with increasing the heat input for all working fluids.

2.5 25

s a d=0 FR=50% ——ater m— b $=0 FR=50% —— e 0% eth.50%
. —&—meth. 51 —— water50%:meth S0%
i5 *—cth. 19 | e eth 50% meth 50%

°CHV

hou

R (°C/W)
A

=13
=4
1.1 -
0.9
0.7 - 0.7
0.5 " g T 0.5
15 25 35 45 55 15 25 35 45 55
2.5 2.5
s O D=0 FR=50% ——wrater 0% meth. 30% 05 d P=0 FR=50% —water70% th 30%
21 B w7t o 3 0%: meth %570 21 B it er 3 0%0: eth 70%%
1.9 s 7t 5 0% meth 5 0%% 1.9 e gt er 5 0%6: 2t 50 %
= 17 = 1.7
Y 1s Yas
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QW)

Figure 5: Thermal resistance vs. heat input using: (a) pure working fluids, (b) binary fluids with (50%: 50%) mixing ratio, (c)
binary fluids water& Methanol, (d) binary fluids water & ethanol, and (e) binary fluid ethanol & Methanol
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Thermal resistance values for Methanol, water, and ethanol, decreased as heat input increased, as shown in Figure 5a. The
thermal resistance of the fluid depends on the working fluid properties. When the surface tension decreases, the vapor bubble
forms a smaller bubble instead of a long vapor plug since the smaller bubble has a lower vapor mass than the longer bubble. This
causes the buoyancy force to be higher, and the vapor plug can flow from the evaporator to the condenser section. Methanol has
a lower boiling temperature than the other working fluids. Therefore, the Methanol has the lowest thermal resistance values at
all heat inputs compared to the other working fluids. Also, it was observed from the obtained results that the temperature
difference between the evaporator and the condenser reduces as the values of heat input increase, and the minimum value of
thermal resistance of Methanol was recorded as (0.85166 °C/W) at 50 W heat input value. Figure 5.b. illustrates that the thermal
resistances values for (water: Methanol), (ethanol: Methanol), and (Water: ethanol) binary mixtures (50: 50) % are decreased as
the heat input increases. The thermal resistances of (ethanol: Methanol) result in the lowest value of other binary mixtures (0.785
°C /W). Figure 5.c. illustrates that the thermal resistance values decreased as the heat input increased for (50% water: 50%
methanol), (30% water: 70% methanol), and (70% Water: 30% methanol) binary mixture. The lowest value of thermal resistances
was (0.85 °C /W) for (30% water: and 70% methanol). Figure 5.d. illustrates that the thermal resistance values decreased for
(50% water: 50% ethanol), (30% water: 70% ethanol), and (70% Water: 30% ethanol) binary mixture as the heat input increased.
The lowest value of thermal resistances is (0.85°C /W) for (30% water: 70% ethanol). Figure 5.e. illustrates that the thermal
resistance values decreased for (50% ethanol: 50% methanol), (30% ethanol: 70% methanol), and (70% ethanol: 30% methanol)
binary mixtures as the heat input increased. The lowest value of thermal resistances is (0.8166°C /W) for (30% ethanol: 70%
methanol). From the results summary, the HP charged with Methanol has thermal resistance (0.85166°C /W), which is the lowest
value of thermal resistance and achieved at 50 W. Also, the thermal resistance value of the mixing at a mixture of (50 % methanol:
50% ethanol) at a value of (0.785°C /W). The lowest value at all mixing ratios was achieved at 50 W. This is because, at low
heat input, the effective thermal resistance increases. After all, the increase in the evaporator boiling temperature is at a higher
rate than that in the condenser. This is usually because of nucleate boiling at high heat inputs. Moreover, the surface tension of
the working fluid is significant at low heat input, and its amount decreases with increasing heat input. Also, in the evaporator
section, the thickness of the film of the liquid layer is high at a low heat supply. So this leads to an excessive thermal resistance,
but the film thickness tends to reduce with increasing the heat supply. A similar result obtained by [20,21].

The relationship of the fluid’s effective thermal conductivity with the heat input is the opposite of the thermal resistance
relationship.

Figure 6 illustrates the variation of the heat transfer coefficient under the Influence of using water, ethanol, and Methanol
pure and their mixtures as the working fluids. As observed, there are increases in the heat transfer coefficient values with
increasing the heat input values for all working pure fluids and mixtures. Figure 6.a. illustrates that the heat transfer coefficient
values for Methanol, water, and ethanol increased as heat input increased, and the water produced a higher heat transfer
coefficient (510.386 W/m?2.°C) at 50 W heat input. From Figure 6a., the increase in the value of the heat transfer coefficient at
50 W s greater than the increase between the heat inputs from 20 to 40 W. This is because, at high heat inputs, the thermal
conductivity is high and fast. Therefore, the difference between the surface temperature of the evaporator and the temperature of
the vapor inside the evaporator it is small compared to the lower heat inputs, and according to Equation 5 the value of the heat
transfer coefficient is greater. Figure 6b illustrates that the heat transfer coefficient values for (water& Methanol), (ethanol &
Methanol), and (Water & ethanol) binary mixtures (50%: 50%) are increased as the heat input increases. The heat transfer
coefficient of using (water: Methanol) is higher than other binary mixtures (480.957 W/m2, °C).Figure 6.c. illustrate that the heat
transfer coefficient values for (50% water: 50% methanol), (30% water: 70% methanol), and (70% Water: 30% methanol) binary
mixtures are increased as the heat input increases. The heat transfer coefficient of using (70% water: 30% methanol) is higher
than other binary mixtures (556.78 W/m?2. °C). Figure 6d illustrates that the heat transfer coefficient values for (50% water: 50%
ethanol), (30% water: 70% ethanol), and (70% Water: 30% ethanol) binary mixtures are increased as the heat input increases.
The heat transfer coefficient of using (50% water: and 50% ethanol) is higher than other binary mixtures (364.561 W/m?. °C).
Figure 6.e. illustrates that the heat transfer coefficient values for (50% ethanol: 50% methanol), (30% ethanol: 70% methanol),
and (70% ethanol: 30% methanol) binary mixtures are increased as the heat input increased. The heat transfer coefficient of
using (30%ethanol: 70% methanol) is higher than other binary mixtures (456.785 W/m?2. °C).

From the results summary, the water-charged HP has a higher heat transfer coefficient at a value of (510.386 W/m?2.°C)
achieved at 50 W. Also, the heat transfer coefficient of the mixing at a mixture of (70 % water: and 30% methanol) is (556.78
W/m2, °C) the highest value at all mixing ratios achieved at 50 W. This occurs because the increased heat input increases the
active temperature and heat transfer rates. High heat input can also explain that the working fluid temperature of the evaporator
section will be high enough to increase the liquid boiling rate and the working fluid flows smoothly in one direction. And the
heat transfer coefficient depends primarily on the latent heat, surface tension, and viscosity of the working fluid.

6. Comparison with the Available Literature

Figure7 Show a comparison between the present experimental results with those reported by Manimaran [5] in the case of
using pure water as a working fluid with FR equal to 50%. It can be observed that the thermal resistances as a function of heat
input have the same trends with lower values. The difference between both results when using pure water may be attributed to
the difference in heat pipe geometry and the used separator in the present work.
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7. Conclusions

The heat pipe performance has been experimentally obtained using pure and binary mixtures as working fluids. The
following main conclusions can be drawn from the experiment:

The thermal resistance decreases with the increasing heat inputs for heat pipes charged with pure and binary mixtures of
working fluids. When using pure fluids, Methanol has the lowest thermal resistance values for all heat inputs compared to water
and ethanol. For example, using a (50: 50 %) mixture of Methanol and ethanol produces the lowest value of thermal resistance
(0.785 °C/W) compared with the other working fluids (pure and mixture). Thus, thermal resistance improvement when using
mixtures is 7.8%.

The heat transfer coefficient increased as the heat inputs increased for all working fluids. The heat transfer coefficient of
water was found to have the highest value when using pure working fluids. The heat transfer coefficient of a mixture of (70%
water: and 30% methanol) is (556.78 W/m?. °C), which is the highest value at all mixing ratios. Thus, the percentage of
improvement in the heat transfer coefficient when using mixtures is 8.5%.

The overall experimental results show that the thermal resistance and heat transfer coefficient values for using binary
mixtures as the working fluid are better than that for single fluids.

Nomenclature

Symbol Definition Units

c Specific heat J/kg.°C
Din Inner diameter m

dw Mesh wire diameter um

hfg Latent heat of vaporization J/kg
hexp heat transfer coefficient W/m2.°C
L heat Pipe length m

M.N Merit number W/m2
m Mass flow rate kals

N Mesh number pore/in
Q Heat transfer rate W

Rth Thermal resistance °C/W
T Average temperatures °C

As Surface area of the evaporator m2

p Density kg/m3
c Surface tension N/m2
u Viscosity kg /m.s
Tho Boiling temperature °C
Subscripts Symbol Definition

a Adiabatic

c Condenser

e Evaporator

w Water

in Inlet

Y Vapor

Abbreviations Symbol Definition

eth ethanol

meth methanol
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