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ARTICLE INFO ABSTRACT

Handling Editor: Huihe Qiu Heat pipes are a practical and powerful tool for recovering thermal energy and conserving energy
Keywords: sources. Thermosiphon is one of the most widely used devices that can transfer large amounts of
Heat pipe heat at high rates between hot and cold sources without the use of external energy. The amount of
Nanofluid vacuum in the pipe, the percentage of fluid filling, the type of operating fluid, the pipe’s length
Effective thermal conductivity and the quantity of heat flux are the factors affecting the efficiency and effectiveness of the
Internal adiabatic wall thermosiphon heat pipe. In this paper, the effects of different variables in the construction of heat

pipes such as working fluid, pipe length, the use of mesh screen wick structure and the use of
internal adiabatic wall on the thermosiphon heat pipes performance are investigated. The results
show that using of an internal adiabatic wall eliminates and reduces limitations such as boiling,
evaporator drying, thermosiphon flooding and vapor pressure and significantly improves the heat
pipe’s performance. So that, the effective thermal conductivity (K) is increased up to 350% using
the internal adiabatic wall. However, in some nanofluids, such as water/multi-walled carbon
nanotubes (MWCNT), with increasing the nanofluid’s mass fraction, the startup speed in heat
pipes with internal adiabatic wall is reduced by up to 20%.

1. Introduction

With the fast enlargement of technology in modern societies, the demand for thermal energy is affected by the energy crisis and
environmental pollution. Energy conservation has become an important factor in problem-solving. Energy consumption in the industry
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includes heat loss by equipment and a large number of chemical reactions. The transfer of this heat to better use of energy or its
discharge to other environments is essential in the industry. The heat pipe is a device with low thermal resistance and high efficiency
that is widely used in chemical, metallurgical, electronics, geotechnical, petroleum and other fields [1-3].

So far, heat pipes have been used for heat transfer between hot and cold sources, and the development of technology to improve the
performance of these devices has been considered by researchers. The first idea for heat pipes dates back to the mid-eighteenth century
when it was developed by Perkins [4]. The first serious attempt at this technology was made by Gaualer, but this action also remained
at the level of ideas and theoretical discussions, and finally in 1962 by Grover, the first heat pipe was designed, created and used [5]. In
a study, Kumarisan et al. conducted the changing of the working fluid, heat flux and pipe angle effects on the heat pipe’s performance
with sintered and mesh wick. The findings indicated that the thermal resistance reduction for sintered heat pipe was 13.92% more than
the mesh state under the same condition. Also, the maximum surface temperature reduction is obtained for the sintered wick at an
angle of 45° and the mesh wick at an angle of 60°. Shafahi et al. [6] surveyed the effect of using nanofluids in the heat pipe. The
findings showed that the use of Aly03, TiO2 and CuO nanoparticles improves the heat pipes’ heat capacity by 5, 7 and 15%,
respectively. Mishra et al. [7] investigated the high porosity wick effect on heat transfer of heat pipe. Jiang et al. [8] found that the
sintering process is very important for porous wicks for use in heat pipes. Four steps of the sintering process were considered to join
porous wick with heat pipe and sintering parameters including temperature, time, pressure and sintering direction were discussed. The
findings indicated that the suitable sintering temperatures for copper powder were 159 pm and 81 pm at 950 and 900 °C, respectively.
They also found that vertical sintering could effectively prevent gaps between the wick and the pipe’s inner wall. Wang et al. [9]
considering the advancement of equipment at sub-zero operating temperatures, investigated the heat pipes working fluid in different
temperature ranges. They experimentally investigated the heat pipe’s performance with CO, working fluid and the effect of heat
capacity, filling ratio and condenser conditions on the heat pipe. The findings illustrate that the heat pipe’s performance with CO5
working fluid is satisfactory. In contrast, a comparison was made with the working fluid R134a and the results showed that its thermal
resistance is 2-5 times that of the heat pipe with the CO5 working fluid. Weibel et al. [10] experimentally investigated boiling from the
surface of a heat pipe and proved that the heat loss was more than 500 W/cm?. In an experimental study, Zhao et al. [11] surveyed the
thermal power and the number of modules used in the condenser effects on thermoelectric performance, thermal resistance and
generator temperature uniformity. The results show that with increasing thermal power in the evaporator, thermal resistance de-
creases and thermoelectric efficiency increases. Tsai et al. [12] utilized DI water and water-gold nanofluid in the heat pipe. They
indicated that the heat resistance of a heat pipe applying nanofluid is lower than that of water. Liu et al. [13] investigated using the
heat pipes in the cooling system of an optical telescope. The purpose of that study was to plan a heat pipe in the absence of gravity.
Empirical outputs showed that the designed heat pipe starts at a temperature between 80 and 120 K and runs normally. Smoot et al.
[14] experimentally conducted a three-layer heat pipe to study the layer effect on heat transfer capability. The addition of layers
increases the total power and thermal conductivity. Seo et al. [15] studied the limitations in long-length heat pipes and found that the
limitations in these pipes depend on the ratio of diameter to pipe length. And by including this modifier in the previous equation, they
were able to obtain more accurate results. Wang and Nishio [16] observed the effect of the parameters such as internal diameter, filling
ratio and its properties on a heat pipe and concluded that the smaller inner diameter of the pipe caused to higher amount of heat
transfer. They also performed a numerical simulation to explain heat transfer and the behavior of the two-phase flow. One of the
concerns of researchers is the heat pipes working conditions in the temperature between 350 and 500 °C. Therefore, Werner et al. [17]
conducted the operation of a copper/nickel heat pipe with water at temperatures above 280 °C. The findings depicted that the thermal
resistance at vapor temperature increases significantly. Ma et al. [18] developed a high-performance cooling device using nano-
particles in a heat pipe. The outputs of their experiments showed that when nanoparticles are used, the heat transfer capacity is
remarkably enhanced. For instance, at power of 81 W, using the nanofluid can decrease the temperature gradient between the
condenser and evaporator. Siricharoenpanich et al. [19] experimentally conducted the use of heat pipes in the CPU cooling system.
Heat pipe angle, wick type and working fluid were investigated to identify the thermal behavior of the heat pipe. Working fluids R11,
ethanol and R134a with a 50% filling ratio were used. Temperature changes of CPU derived from cooling system of heat pipe were
compared with the conventional cooling systems temperature. It was observed that the physical properties of the working fluid have a
remarkably effect on the thermal resistance. Khazaee et al. [20] researched the parameters effect such as pipe slope angle and heat flux
input on the coefficient of heat transfer of a two-phase thermosiphon with ethanol working fluid and finally proposed a correlation for
coefficient of heat transfer for the tested conditions. Guichet et al. [21] theoretically and experimentally investigated the heat pipe
effect on cooling applications. Their aim was to study the thermal power effect from 0 to 1500 W on the evaporator and condenser
performance. The effect of slope angle was also investigated and infrared imaging was performed from the heat pipe’s surface. Sarmasti
et al. [22] empirically studied the filling ratio effect on the thermal efficiency of a sloping two-phase thermosiphon. They performed
experiments at fill rates of 20-60% at an angle of 15-90° to the horizon and used water. They illustrated that the highest thermosi-
phon’s thermal efficiency is achieved at an angle of 60°. Srimuang et al. [23] Examined the ratio of fluid filling effect on the heat
transfer properties of a flat thermosiphon. They used water, freon 123 and ethanol as the working fluid and performed experiments at
filling rates of 20, 40, 60 and 80%.

Extensive numerical studies on the thermal behavior of heat pipes have also been performed. Borujerdi and Layeghi [24] presented
a model for the analysis of the flow of vapor in a concentric annular heat pipe. Gupta et al. [25] optimized the heat pipe’s efficiency
with nanofluid using the response surface method and considered parameters such as power, nanofluid filling ratio, nanofluid con-
centration and slope angle. Benne and Homan [26] used a numerical method to investigate the behavior of a thermal storage device
combined with a thermosiphon at a constant heat flux. Nemec et al. [27] suggested a model for calculating heat transfer limitation in
which various types of fluid and wick structures were considered. Fadhl et al. [28] proposed a model to simulate the two-phase flow
and heat transfer effect during thermosiphon operation. The simulation results showed that the temperature distribution and mass



G. Yan et al. Case Studies in Thermal Engineering 50 (2023) 103397

transfer are in good agreement with the empirical findings.

The primary objective of this study is to achieve the highest possible effective thermal conductivity through modifications in both
the variables and the configuration of heat pipes. Enhancing the efficiency of heat pipes involves employing diverse working fluids and
overcoming the limitations associated with them through the novel and inventive technique of incorporating an internal adiabatic
wall. The impact of heat pipe dimensions and fluid composition on their performance was also examined.

2. Experimental procedure

This part describes the structure of the laboratory setup and how the experiments are performed. One segment pertains to the
constituents of the testing apparatus utilized for evaluating the initial thermal activation rate of the heat pipes, while the other segment
encompasses the computation of the effective thermal conductivity.

2.1. Material

2.1.1. Heat pipe material

The tests were conducted on heat pipes made of oxygen-free copper (OFC) with a purity of 99.99% and inner and outer diameters of
6.4 mm and 8 mm, respectively and lengths of 100- and 200-mm. Fig. 1a illustrates various analyzed heat pipes, and Fig. 1b displays
cross-sectional views of a heat pipe featuring a wick structure.

2.1.2. Working fluid

One of the effective methods to enhance the heat transfer performance in thermal applications is to increase the thermal con-
ductivity of fluids. The K of fluids in which solid particles are dispersed is far greater than that of ordinary fluids. Also, in the heat pipe
design, the high surface tension is very important because it causes the heat pipe to act against the gravitational field and a capillary
pump is created [29]. High latent heat also causes to transfer of heat to a small amount of fluid flow, resulting in a small pressure drop
in the pipe. Therefore, in this paper, different working fluids effect was investigated. The used working fluids in this study include
deionized water, Multi-Walled Carbon Nanotubes (MWCNT) with different mass fractions, water-silicon dioxide (SiO») and acetone.
These fluids were used in different works by other scientists [31-33]. The pressure inside the heat pipes during charging was 10 mbar,
which was created by a vacuum system equipped with a diffusion pump.

2.2. Structure of heat pipes

2.2.1. Thermosiphon

A thermosiphon is a non-wicked heat pipe in which gravity is used to establish the fluid flow between the condenser and evap-
orator. The performance of the thermosiphon depends on the operating fluid. Therefore, in this study, 4 different fluids were compared
in terms of thermal performance.

2.2.2. Heat pipe with wick
The production of the capillary pump to transfer the fluid from the condenser to the evaporator can be created by using a wick in the
heat pipe. In this paper, a copper mesh screen was used as a wick in the heat pipe.

2.2.3. Thermosiphon with internal adiabatic wall

The main idea of this research is to use the internal adiabatic wall in the heat pipe. In this type of pipe, an insulated inner wall made
of bone fiber in the adiabatic part was used to remove some of the limitations of thermosiphon heat pipes. Fig. 2 illustrates a heat pipe
section view with an internal adiabatic wall.

The tests of this study were performed in a laboratory with an ambient temperature of 23-28 °C and relative humidity of 50%. In
this study, two different experiments were considered to study the working fluid and heat pipe type effects. Table 1 depicts the

a)

Fig. 1. a) Heat pipe samples and, b) heat pipe section.
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considered parameters in the heat pipe.

2.3. Heat pipe startup speed

Fig. 3 shows the schematic of the empirical setup to test the heat pipe startup speed. To perform this test, the evaporator part of the
manufactured heat pipes, which are at ambient temperature, is inserted into the boiling water container at once, and at the same time,
the temperature changes over time are measured in the heat pipe’s condenser for 20 s by a Multi-Input Thermometer.

2.4. Effective thermal conductivity of heat pipes

In this research, the thermal conductivity was investigated by generating heat with different input powers using a DC power supply
in the evaporator part and using a fan as a heat sink in the condenser part. Fig. 4 illustrates the experimental configuration employed
for assessing the value of effective thermal conductivity. The diagram displays the utilization of multiple thermocouples to monitor
temperature variations. Additionally, a fan and power supply were incorporated in the condenser and evaporator sections of the heat
pipe to control heat input and output. Ultimately, a data logger facilitated the recording of pertinent information. The powers
considered included 1, 3, 5, 10, 15 and 20 W. As shown in Fig. 4, the position of the sensors is as follows:

Sensor 1: Heat sink temperature.

Sensor 2: Heat pipe temperature at the beginning of the evaporator part.

Sensor 3: Heat pipe temperature at the end of the evaporating part and the beginning of the adiabatic part.
Sensor 4: Heat pipe temperature at the end of the adiabatic part and the beginning of the condenser part.
Sensor 5: Heat pipe temperature at the end of the condenser part.

Sensor 6: Ambient Temperature.

2.5. Thermal analysis

The following equation was utilized to calculate the K in the tested heat pipes.

K= (QH - QL)L (1)
Ax (Tp3 - Tl’4)
In the above equation, K is the effective thermal conductivity, Qg is the input heat, Q; is the heat loss from the heat pipe’s adiabatic
part (Eq. (2)), Ax is the cross-section along the length of the heat pipe (Eq. (3)), L is the distance between temperature sensors 3 and 4,
Ty3 and T4 are the temperatures of points 3 and 4, respectively [30].

0L =hA\(T, - Ts) 2
DZ
Ax=" @)
Ay =zaDL (4)
T3+ T,
=" (5)

In the above equations, h is the coefficient of convection heat transfer, Ty is the average temperature of the surface on the heat pipe
in the adiabatic part, and Ay is the cross-sectional area in the circumferential direction between points 3 and 4 on the heat pipe.

A DC power was used to apply heat flux to the evaporator. The manufactured heat pipe is shown in Fig. 5 in the test of applying
different powers to obtain the effective thermal conductivity. The procedure for applying input power involved several steps. Initially,

a) b)

(’ i |

_’ f,/’\ / CJTE Internd

adiabatic wall

66,7

Ee

Fig. 2. Thermosiphon equipped with internal adiabatic wall a) heat pipe section b) heat pipe dimensions and insulation wall.
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Table 1
Specifications of heat pipes for testing.

Sample Pipe length (mm) Fluid type Type of heat pipe
2 200 DI water Without wick
3 200 Acetone Without wick
5 200 DI water Without wick
6 200 DI water Mesh wick
9 200 DI water Without wick
10 100 DI water Without wick
11 100 Acetone Without wick
12 100 Water_ MWCNT 0.8% Without wick
13 200 Water_ MWCNT 0.8% Without wick
14 100 Water_. MWCNT 0.5% Without wick
15 200 Water_. MWCNT 0.5% Without wick
16 100 Water_ MWCNT 0.3% Without wick
17 200 Water_. MWCNT 0.3% Without wick
18 100 Water_ SiO, 0.8% Without wick
19 200 Water_ SiO, 0.8% Without wick
20 200 Acetone Internal adiabatic wall
21 200 Water_. MWCNT 0.8% Internal adiabatic wall
22 200 Water_. MWCNT 0.5% Internal adiabatic wall
23 200 Water_ MWCNT 0.3% Internal adiabatic wall
24 200 Water_ SiO» 0.8% Internal adiabatic wall
crs 200 DI water Mesh wick
rod 100-200 - Without wick

a) b) Temperature Sensor 3~6 Environment Temperature

‘ 1 N A v Temperature Sensor 2

HERMOMLILR
DATALOGGER

PARTS LIST . =
DESCRPTION 1 COMPUTER
Boiling water tank
[Heat pipe holder and sfeam flow separator

heat pipe |
Fig. 3. Startup speed tests a) test setup b) setup of the laboratory and the location of the temperature sensors.

the appropriate length of the wire for the desired component was determined to encircle the heat pipe. Subsequently, the resistance
value of the wire was measured using an ohmmeter. Finally, a power supply capable of adjusting the voltage was employed to achieve
the intended input power.

3. Results

In this paper, to study the different fluid effects and the presence of an internal adiabatic wall in the two-phase thermosiphon heat
pipe on the thermal conductivity and the startup speed, the pipes were compared under the same conditions.

3.1. Heat pipe startup speed

Figs. 6 and 7 show the temperature changes over time in 20 s for 100 mm and 200 mm heat pipes, respectively. The obtained results
are related to temperature changes in the condenser part after placing the heat pipe in boiling water. According to Fig. 6, sample 18
with working fluid containing Water-SiO, has been able to transfer more heat to the condenser part. Also, by comparing the heat pipe
with DI water and acetone (samples 10 and 11), it can be apperceived that the heat pipe with DI water has reached a higher tem-
perature due to the high thermal conductivity and the low specific heat capacity than water has compared to acetone.

Samples 2, 5, and 9 have a length of 200 mm and operate with DI water as the working fluid. With the difference that samples 2 and
5 are charged with an internal pressure of 10°> mbar, but sample 9 is charged at ambient pressure. As it is clear in Fig. 7, the graphs
related to heat pipes 2 and 5 are exactly matched and this shows the reproducibility of the method of producing heat pipes. On the
other hand, sample 9 has a low startup speed compared to samples 2 and 5, which is due to the pressure difference during charging.

As a result of nucleate boiling in heat pipes, a vapor bubble connected to the pipe wall is formed which leads to the creation of
thermal resistance between the thermosiphon’s wall and the working fluid in the evaporator part. Therefore, to decrease the thermal
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! Temperature Sensor 4
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Fig. 4. Laboratory setup to calculate the K (schematic).

Fig. 5. Heat pipe in input power test.

resistance, a wick was utilized in the heat pipe. By comparing samples 2 and 6, the wick effect on the heat pipe’s thermal behavior can
be seen. As shown in this figure, utilizing the copper mesh wick has improved the heat pipe startup speed due to the capillary pump and
returned fluid, and also reduced thermal resistance.

Fig. 8 shows the maximum temperature in 20 s in the condenser part for different heat pipes. Samples 3 and 20 have both lengths of
200 mm and the acetone as a working fluid, with the difference that sample 20 is made with an internal adiabatic wall. As it is clear in
Fig. 8, the presence of an internal adiabatic wall led to an increase in temperature in the heat pipe condenser. By comparing the
maximum temperature in heat pipes with Water. MWCNT in the state with and without an adiabatic internal wall, it can be concluded
that the use of an internal wall led to a decrease in temperature in these pipes.

3.2. Effective thermal conductivity

To check the stability of heat pipes after applying different input power in the evaporator part, the time that the heat pipe spends
after applying power until its temperature changes in the evaporator part is less than 1 °C in 100 s which was measured. To test the heat
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Fig. 6. The speed of startup of heat pipes (100 mm in length).
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Fig. 8. Maximum temperature in the condenser part of different heat pipes.
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pipe efficiency, the temperature of 5 different points of the pipe was measured at various times after applying the input power. Fig. 9
shows the comparison of the performance of the thermosiphon (sample 2) and the heat pipe with a wick (sample 6) in different input
powers. At each stage, after achieving temperature stability in the evaporator part by applying more power, the temperature values
were recorded for time. As can be seen in Fig. 9, temperature stability in the heat pipe with the wick has been obtained at lower times,
which is due to the improvement of the returned fluid operation.

The performance comparison of heat pipe with acetone working fluid with and without an internal adiabatic wall in different
powers is depicted in Fig. 10. As it is clear in the figure, the use of the internal adiabatic wall has increased the heat pipe’s temperature
at the end of the condenser part (point 5) at different powers. This increase in temperature shows that the use of an internal adiabatic
wall led to a reduction in the pipe’s thermal resistance. Also, using the internal adiabatic wall (sample 20) caused a decrease in the pipe
surface’s temperature in the evaporator part (point 2). This phenomenon shows that the use of the internal adiabatic wall increases the
heat exchange between the fluid and the pipe wall.

One of the main goals of this paper was to peruse the effect of MWCNT with different mass fractions in water base fluid in heat
pipes. Fig. 11 shows the trend of temperature changes versus time at different input powers with nanofluid containing water and
MWCNT with mass fractions of 0.3 and 0.5%. In the boiling process, the solid phase of nanofluids is separated from the liquid and
vapor phases, and over a long time, especially when the heat pipes are not active, the nanofluid used becomes unstable and its solid
phase settles. As can be seen in the figure, in sample 15, with increasing power, the temperature also increased at different times, but at
20 W, the temperature drops significantly. This indicates the nanofluid’s stability because of the deposition of MWCNT particles
prevents contact between the pipe wall and working fluid, this factor led to the enhancement in the pipe wall’s temperature in the
condenser part.

The thermal conductivity of a material is constant at a certain temperature. However, by using heat pipes, the effective thermal
conductivity of the pipe can be increased many times. The K of the examined heat pipes with a length of 200 mm is depicted in Fig. 12.
By using Water. MWCNT with a mass fraction of 0.3% and an internal adiabatic wall (sample 23), the effective thermal conductivity
has increased about 350% compared to the copper rod at a power of 20 W. By comparing samples 2 and 6, it can be concluded that the
presence of a wick has caused an enhancement in the thermal conductivity only in 20 W. Because of the increase in heat flux, vapor
bubbles are produced on the evaporator’s wall and they grow with the increase in temperature. The increase of bubbles near the wall
prevents contact between the fluid and the pipe wall, so the use of a wick can reduce the thermal resistance and boiling limitation. By
comparing the coefficient of thermal conductivity of samples 3 and 20, it can be seen that the use of the internal adiabatic wall brought
about a decrease in heat loss and an enhancement in the thermosiphon’s thermal conductivity coefficient. The working fluid is
responsible for the main part of receiving, transferring and dissipating heat. In fact, as the main mediator of heat transfer, it plays a
significant role in the heat pipe’s efficiency. Although the use of SiO, particles enhances the working fluid’s thermal conductivity, due
to the settling of solid particles in the evaporator, leads to the instability of the heat pipe and the loss of thermosiphon performance. As
seen in Fig. 12, the heat pipe with Water-SiO nanofluid (sample 19) has a lower thermal conductivity than DI water (sample 2). In
general, to use nanofluids as the working fluid in heat pipes, in addition to the high thermal conductivity, things such as nanoparticle
mass fraction, nanofluid latent heat, surface tension, thermal stability, pressure and vapor viscosity should also be considered.

As already mentioned, this study’s objective was to enhance heat pipes’ thermal conductivity by exploring variable and config-
uration modifications. Additionally, it introduced a unique approach by incorporating an internal adiabatic wall. Furthermore, the
research has analyzed the effects of heat pipe dimensions and working fluid on their overall performance. On the other side, various
subjects, including fundamental research, design optimization, performance analysis, and practical implementations, are covered in
published papers on heat pipes. However, the original use of an internal adiabatic wall and the dual emphasis on variable and
configuration adjustments make this study stand out. By examining the influence of heat pipe dimensions and working fluid, the study
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Fig. 11. Performance of heat pipes by applying different input power a) Sample 15 b) Sample 13.

offers valuable insights that can contribute to further advancements in the field.

4. Conclusion

In this paper, the effect of the working fluid, internal adiabatic wall, wick and pipe length on the startup speed, thermal stability and
heat pipe’s effective thermal conductivity were investigated. Some of the results of this research are as follows:

Increasing the length of the pipe and using the wick increased the startup speed.

Using an internal adiabatic wall in a pipe whose working fluid was acetone, water along with nanoparticles of SiO, and MWCNT
with a mass fraction of 0.3% increased the startup speed of the heat pipe.

The use of a copper mesh screen in the heat pipe had a significant effect in reducing the thermal resistance and caused a capillary
pump in the pipe.

e Due to the reduction of heat loss, using the internal adiabatic wall in the heat pipe with nanofluid containing Water-MWCNT led to
an enhancement in K to 1961 W/m °C.

Increasing the mass fraction of nanofluid didn’t always have a positive effect on the heat pipe performance, and due to the settling
of the solid phase of the working fluid in the evaporator, the mass fraction and applied power are significantly important in the heat
pipe’s stability.
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