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Abstract - Flexible heat pipes are highly desired in many applications, such as human body thermal management, cooling of flexible
electronic devices, and waste heat or renewable energy harvesting. In general, the thermal performance of flexible heat pipes is inversely
proportional to flexibility. In this paper, a flexible heat pipe with multiple heat transfer branches was fabricated by Teflon tubes in the
middle section and copper tubes in the heating and cooling sections based on the working principle of a pulsating heat pipe, which had
both good thermal performance and flexibility. The experimental results showed that the thermal performance of the heat pipe decreased
with increasing the bending angle or decreasing the inclination angle of the heat pipe. Furthermore, the apparent thermal conductivity of
the proposed flexible heat pipe increased with the increasing heat power, which was up to 4333 W/(m-K) at the heat power of 24.6 W.
In addition, as all the heat transfer branches had a large portion of the soft section (Teflon tube), they could deform independently with
excellent flexibility. Therefore, the proposed flexible heat pipe can contribute to advanced thermal management and energy applications,
which is beneficial to improve human thermal comfort as well as reduce fossil energy consumption and greenhouse gas emissions.
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1. Introduction

Heat pipes have high heat transfer capacity due to the high heat transfer coefficients of evaporation and condensation of
the working fluid (e.g., water)[1-3], which are widely used in electronics cooling, waste heat recovery, industrial heat
exchange, renewable energy harvesting, and even space/aircraft[4]. In general, the heat pipe is composed of a sealed pipe or
tube partially filled with a working fluid. As non-condensable gas (e.g., air) can slash the heat pipe’s thermal performance,
a vacuum pump is generally used to remove the air from the empty heat pipe, and thus the classical heat pipes usually have
a rigid structure to combat the vacuum. However, the rigid structure cannot meet the application demands in many cases
when the heat transfer surfaces are complex (e.g., human body surface) or the positions of the heating and cooling sections
are changeable or in different planes (e.g., flexible electronics).

To tackle this problem, flexible heat pipes have gained increasing attention[5]. One commonly used method to develop
flexible heat pipes is to connect the rigid heating and cooling sections of the heat pipe using a flexible tube[6], whereas the
flexibility of such heat pipes is limited due to the small fraction of the flexible sections. Hence, many studies are focused on
making flexible heat pipes with flexible materials such as polymers. Hsieh and Yang[7] used silicone rubber to make a
flexible heat pipe where a copper mesh was used as the wicking material, the thermal resistance of which varied from 5 to
7 K/W corresponding to the effective thermal conductivity from 98 to 137 W/(m-K). Oshman et al.[8] applied laminated
composite sheets to develop a flexible heat pipe where a sintered copper woven mesh served as the wicking layer, leading to
the lowest thermal resistance being up to 1.2 K/W [effective thermal conductivity: 824 W/(m-K)]. Furthermore, Liu et al.[9]
adopted an aluminum compound packing film to fabricate a flexible heat pipe with functional copper meshes as the wick
material, the thermal conductivity of which could be up to four times higher than that of copper. Nonetheless, the equivalent
thermal conductivity of the abovementioned heat pipes fabricated by flexible materials were limited that cannot meet the
demand for practical applications.
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In addition, the pulsating heat pipe is another promising approach to developing flexible heat pipes, since they can
work without the wicking layers[10]. Lim and Kim[11] proposed a flexible pulsating heat pipe made of a multilayer
laminated film and a low-density polyethylene sheet, the equivalent thermal conductivity of which was up to twice that
of copper. Der et al.[12] used plastic materials to fabricate a flexible pulsating heat pipe with a sandwiched structure,
where the plastic channels were sealed by two pieces of polypropylene sheets. The lowest thermal resistance was up to
2 K/W corresponding to the highest thermal conductivity of about 714 W/(m-K). Furthermore, by incorporating long
fluororubber tubes and the short copper heating and cooling sections, Qu et al.[13, 14] constructed flexible pulsating
heat pipes with the equivalent thermal conductivity being over 4000 W/(m-K). Inspired by the squid structure and the
working principle of a pulsating heat pipe, Kang et al.[ 15, 16] developed a flexible heat pipe with multiple heat transfer
branches, which has outstanding flexibility and excellent equivalent thermal conductivity up to 6750 W/(m-K).

Based on the squid-like heat pipe, we further fabricated a flexible heat pipe with Teflon tubes in the middle section
and copper tubes in the heating and cooling sections and then tested its apparent thermal conductivity without insulating
the middle section since the middle section of the heat pipe is generally not insulated in many applications (e.g.,
electronic cooling). To guarantee the universality of the proposed flexible heat pipe, the diameters of all the Teflon tubes
are the same. This study could guide the design of the squid-like flexible heat pipe as well as its efficient working
principles in practical applications, which is important for cooling flexible electronics, body thermal management, waste
heat recovery, and renewable energy harvesting.

2. Experimental Method

The envisioned flexible heat pipe is shown in Fig. 1(a), which consisted of three heat transfer branches that were
interconnected. Each branch was composed of the middle Teflon tube with inner and outer diameters of 1.8mm and
2.6mm, respectively, and the copper heating and cooling tubes with inner and outer diameters of Imm and 2mm,
respectively. The length of the Teflon tube was 107 mm, while the lengths of the heating and cooling sections were
66mm and 50mm, respectively. Hence, the equivalent heat transfer length of the heat pipe was 165 mm. Furthermore,
the copper tubes in the heating and cooling sections were embedded in the aluminum blocks to increase the heat transfer
area. Meanwhile, acetone was chosen as the working fluid and the filling ratio of 60% was tested in all the experimental
cases[17]. The whole heat pipe was first vacuumed by a vacuum pump to about 4 mPa, and then acetone was injected
into the heat pipe through the T-junction at the bottom. Moreover, three thermocouples (7', 7>, and 73) were used to
monitor the temperature development in the heating section, while the other three thermocouples of 74, Ts, and 76 were
adopted to monitor the temperatures of the three cooling pads from the left to right, respectively, as shown in Fig. 1(a).

e Bending shelf (b)

Temperature acquisition unit

DC power supply

Fig. 1: (a) The envisioned flexible heat pipe with temperature monitoring points and (b) the schematic chart of the experimental setup.
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In the experiment, a bending shelf was fabricated by 3D printing to adjust the bending angle of the heat pipe as indicated
in Fig. 1(b). Additionally, a DC electric power supply was used to heat the ceramic heater in the heating section. It should
be noted that an aluminum plate with width, length, and thickness of Smm, 8mm, and 1.5mm, respectively, was attached
between the heater and heating blocks to make the heat flux uniform. The electric voltage of 11 V was applied to study the
effects of the bending angle (from 0 to 90°) and inclination angle (from 30° to 90°) on the thermal performance of the
proposed heat pipe. Furthermore, the electric voltages from 11 to 15 V were used to investigate the effect of heat power on
its thermal performance. The electric power was calculated through the electric voltage multiplied by the electric current. It
should be noted that the heating section is insulated by insulation foam, so the heat power is assumed to be equal to the
electric power. A temperature data acquisition unit (Agilent 34970a) was used to monitor the time course temperatures from
T to Ts with the temperature acquisition time step of 10s. In this study, each case was tested for 15 min to make the heat
pipe reach a quasi-steady state, and then the average temperatures in the following 5 min were used to characterize the
heating and cooling temperatures.

The thermal performance of the flexible heat pipe was evaluated by the apparent thermal conductivity, which could be
calculated by

Q-L

k=—
A'(Th_Tc)

(1)

where Q is heat power, L is the equivalent heat transfer length, 4 is the cross-section area of the Teflon tubes in the middle
section, 7Tj is the average temperature in the heating section [i.e., 7y = (T1+ 7> + T3)/3], and T is the average temperature in
cooling section [i.e., Tc = (T4t Ts + Ts)/3].

3. Results and Discussion

In this study, the bending angles and inclination angles were varied to investigate the thermal performance of the
proposed flexible heat pipe under the bottom heating mode at the heating voltage of 11 V. As for the effect of heat power or
heating temperature, the electric voltages of 11, 12, 13, 14, and 15V were applied the evaluate the heat transfer performance
of the proposed heat pipe at the vertical orientation.

3.1. Effect of the bending angle

Fig. 2(a) shows the photos of the flexible heat pipe bending at the angles of 30°, 50°, 70°, and 90° from left to right,
respectively, where three short copper wires were used to confine the movement of the bending sections leading to harsh
bending of the three branches. It should be noted that the bending angle of 0 corresponded to the vertical orientation. Fig.
2(b) illustrates the temperatures in the heating section and the three cooling pads. The heating temperatures of 7', 7>, and T3
are close to each other, which means the heating surface had a uniform temperature distribution. Besides, the heating
temperatures increase with the increasing bending angle because the larger bending angle of the harsh bending section results
in higher flow resistance leading to lower heat transfer performance. Furthermore, the cooling pad temperature in the right
branch (7s) is the lowest, which is because the liquid plugs and vapour bubbles flowed from the right branch to the middle
and left branches successively. In other words, the fluid flowing up in the right branch came from the left branch through the
bottom tube connecting the T-junction. As the bottom tube was not connected to the heating surface and its backside was not
well insulated as shown in Fig. 1(a), some heat will be dissipated from the bottom tube, leading to the lower temperature of
the right cooling pad. In contrast, the temperatures of the middle and left cooling pads (74 and T5) are close to each other and
much higher than that of the right cooling pad since the backflow of the cooling fluid in these tubes was fully attached to the
heating surface with good insulation in the heating section.

Fig. 2(c) presents the apparent thermal conductivity of the proposed flexible heat pipe as well as the corresponding heat
flux from the aluminum heat-spreading surface. The heat flux was calculated by Q/S, where O was the heat power and S was
the surface area of the heat-spreading pad. Fig. 2(c) indicates that the apparent thermal conductivity of the heat pipe reduced
by about 43% from 3100 W/(m-K) to 1767 W/(m-K) when the bending angle increased from 0 to 90°. This is because the
harsh bending angle induced by the confined bending section led to large flow resistance for the fluid movement to transport
heat. Consequently, the heating temperature increases with the bending angle as shown in Fig. 2(b). As the electric resistance
of the heater is generally inversely proportional to its temperature, the heat flux decreases slightly by about 3.7% from 3753
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W/m? to 3613 W/m? with the increasing bending angle as shown in Fig. 2(c) although the electric voltage is kept constant
at 11 V. However, Kang et al.[15] had reported that if the branches bent naturally and smoothly without strict
confinement, the bending angle could have a small effect on the flow resistance so the decrease in the heat transfer
performance caused by the bending angle was very limited. Nonetheless, the apparent thermal conductivity of the
proposed flexible heat pipe under bending was still 4~8 times higher than that of copper in this study.
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Fig. 2: The effect of bending angle at the heating voltage of 11V. (a) Photos of the flexible heat pipe at bending angles of 30°, 50°, 70°
,and 90° from left to right; (b) the temperatures in the heating and cooling sections; (c) apparent thermal conductivity and the
corresponding heat flux at different bending angles.
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3.2. Effect of the inclination angle

Fig. 3(a) shows the photos of the flexible heat pipe under the inclination angles of 70°, 50°, and 30° from left to
right, respectively. It should be noted that the inclination angle of 90° corresponded to the vertical orientation of the heat
pipe. Fig. 3(b) depicts the temperatures of the heating section and the cooling pads with respect to the inclination angle,
which shows that the right branch still has the lowest cooling pad temperature indicating the flow direction from the
right branch to the middle and left branches successively. In addition, with the increasing inclination angle, the heating
temperatures decrease, while the cooling temperatures increase. This is because gravitational force plays an important
role in the fluid movement process. The larger inclination angle results in a stronger gravitational force component,
which is beneficial to the backflow of the condensed liquid leading to a lower heating temperature at a higher inclination
angle. Furthermore, due to the mass conservation of the fluid movement in the tubes, the fluid velocity from bottom to
top in the hot tube will also increase owing to a large amount of liquid vaporization at a higher inclination angle, resulting
in higher cooling side temperatures.

Fig. 3(c) demonstrates the development of the apparent thermal conductivity and the corresponding heat flux with
respect to the inclination angle. As the inclination angle increases from 30° to 90°, the apparent thermal conductivity of
the heat pipe is doubled from 1537 W/(m-K) to 3100 W/(m-K) since the larger gravitational force component facilitates
the fluid flow within the tubes. Meanwhile, the heat flux increases slightly from 3657 W/m? to 3753 W/m? with an
increasing rate of about 2.6% due to the lower heating temperature at a larger inclination angle as shown in Fig. 3(b). It
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should be noted that the proposed heat pipe did not work when the heat pipe was located at the horizontal orientation, which
further denotes that gravity is significant for the thermal performance of the proposed heat pipe. Nevertheless, the proposed
heat pipe still could work in a wide range of inclination angles, which is very useful in many application scenarios such as
human body thermal management.
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Fig. 3: Effect of the inclination angle at the heating voltage of 11V. (a) Photos of the flexible heat pipe at the inclination angles of 70°,
50°, and 30° from left to right; (b) the temperatures in the heating and cooling sections; (c) apparent thermal conductivity and the
corresponding heat flux at different inclination angles.

3.3. Effect of the heat power

Fig. 4 describes the effect of heat power on the thermal performance of the proposed heat pipe when heating at the
vertical orientation. The inserted figure in Fig. 4(a) shows the heat power increases from 15W to 24.6W when the electric
voltage increases from 11V to 15V. Consequently, the corresponding heat flux increases from 3754 W/m? to 6161 W/m? as
shown in Fig. 4(a). In addition, Fig. 4(a) further denotes that the apparent thermal conductivity of the heat pipe increases
from 3100 W/(m-K) to 4333 W/(m-K) with the increasing heat power or heating voltage. This is because large heat power
can intensify the boiling process in the heating section and enlarge the driven force for the fluid movement, which increases
the flow velocity of the liquid plugs and vapour bubbles within the heat pipe.

Fig. 4(b) shows all the temperatures in the heating and cooling sections increase with the electric voltage or heat power.
It is interesting to note that the right cooling pad (7s) has the lowest temperature at the heating voltage of 11V, whereas the
temperature of the left cooling pad (74) is the lowest at the other heating voltages, which is induced by the reversed flow
direction of the liquid plugs and vapour bubbles. As all the cooling branches had the same tube diameters in this study, the
fluid pressures in the adjacent tubes were similar to each other at the starting point of the working fluid movement. Hence,
the flow direction induced by the pressure perturbation became arbitrary at the starting point since the pressure imbalance is
the driving force of the fluid flow. Nonetheless, the flow direction has little effect on the heat transfer performance of the
proposed heat pipe.

All in all, the apparent thermal conductivity was larger at higher heat power or heating temperature, which is preferred
in practical applications for efficient heat transport. Meanwhile, the highest apparent thermal conductivity was up to 4333
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W/(m-K), over 10 times higher than that of copper, which has great potential in advanced thermal management and
energy applications.
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Fig. 4: Effect of heat power at the vertical orientation. (a) Apparent thermal conductivity and the corresponding heat flux with respect
to the heat power (inserted figure: heat power versus electric voltage); (b) the temperatures in the heating and cooling sections at
different heating voltages.

4. Conclusion

Based on the working principle of a pulsating heat pipe, a high-performance flexible heat pipe with three heat
transfer branches was fabricated by Teflon tubes with copper heating and cooling sections, which has excellent flexibility
since the three branches can deform independently. The effects of bending angle, inclination angle, and heat power on
the thermal performance of the proposed flexible heat pipe were investigated experimentally. The results showed that
the apparent thermal conductivity decreased with the increasing bending angle, while the thermal performance was
enhanced at a larger inclination angle. As the bending angle increased from 0 to 90°, the apparent thermal conductivity
declined by about 43% due to the confined bending section. Besides, its thermal performance almost doubled when the
inclination angle increased from 30° to 90°. Furthermore, the apparent thermal conductivity could be improved by
increasing the heat power or heating temperature, and the highest apparent thermal conductivity was up to 4333
W/(m-K), which is over 10 times higher than that of copper. Overall, the proposed flexible heat pipe has both good
flexibility and heat transfer performance, which is of great importance for human body thermal management, cooling
flexible electronics, waste heat recovery, and renewable energy harvesting.
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