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ARTICLE INFO ABSTRACT

Keywords: Increasing greenhouse gas (GHG) emissions in the atmosphere and the scarcity of fossil fuel
Phase ?hange material sources have encouraged car manufacturers to develop more environmentally friendly electric
geat pipe vehicles (EVs). The technology advancements of EVs—those with battery systems in partic-
attery

Passive cooling system

ular—have increased their travel distances. Therefore, increasing and maintaining the battery
capacity is a key concern in the development of sustainable EVs. In this study, passive cooling

systems were constructed with a heat pipe and phase change material (PCM), and their perfor-
mances were investigated with battery simulators. The aim was to determine the effectiveness of
the cooling system and to identify the optimal PCM (beeswax or Rubitherm RT 44 HC) for a
temperature range of 25-55 °C. The use of a heat pipe could decrease the battery temperature by
26.62 °C under a 60 W heat load compared to the case without passive cooling system.
Furthermore, the addition of RT 44 to a heat pipe resulted in a maximal temperature decrease of
33.42 °C. Thus, an RT 44 HC is more effective than beeswax because its melting temperature lies
within the recommended range of the battery working temperature, and its latent heat allows the

absorption of more heat compared to beeswax.

1. Introduction

Owing to the extensive use of fossil fuels, greenhouse gas (GHG) emissions—carbon dioxide (CO3) emissions in particular—have
increased tremendously in the atmosphere and drove scientists to find solutions [1]. Many solutions have been presented for this
problem, such as using renewable energy sources [2,3], biofuel [4] and energy-efficient policies [5-7]. However, some renewable
energies (e.g. solar and wind energy) are only available during specific times. One of the solutions for this problem is to store energy in,
e.g. batteries. However, this solution is limited in terms of storage capacity and material availability. Another popular solution employs
phase change materials (PCMs). One of the study attempts to characterized and analyse the thermal properties of nanoencapsulation

* Corresponding author. Department of Mechanical Engineering, Faculty of Engineering, Universitas Indonesia, 16424, Depok, West Java,

Indonesia.
E-mail address: nandyputra@eng.ui.ac.id (N. Putra).

https://doi.org/10.1016/j.csite.2020.100655
Received 9 February 2020; Received in revised form 10 May 2020; Accepted 12 May 2020
Available online 16 May 2020

2214-157X/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).


mailto:nandyputra@eng.ui.ac.id
www.sciencedirect.com/science/journal/2214157X
https://http://www.elsevier.com/locate/csite
https://doi.org/10.1016/j.csite.2020.100655
https://doi.org/10.1016/j.csite.2020.100655
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csite.2020.100655&domain=pdf
https://doi.org/10.1016/j.csite.2020.100655
http://creativecommons.org/licenses/by/4.0/

N. Putra et al. Case Studies in Thermal Engineering 21 (2020) 100655

Nomenclatures

Q: total absorbed heat (W)
m: mass (kg)

Cp: specific heat

Qin heat transferred by the heat pipe (W)
Rg: thermal resistance (K/W)
Te Tevaporator average (OC)

TC Tcondensor average (OC)

T;: initial temperature (°C)
T : melting temperature (°C)
Ty : final temperature (°C)
Ahy, : latent heat (kJ)

phase change materials via sol-gel method [8]. Then following by the preparation and characterization of palmitic acid/graphene
nanoplatelets composite with a remarkable thermal conductivity as a novel shape-stabilized PCM [9]. The research quite encouraging
but did not give an optimized result and therefore Amin et al. [10] attempt to analyse a new material from beeswax/graphene thermal
as PCM. This research then following by using beeswax/multi-walled carbon nanotubes and attempted to used novel thermoelectric
module based devices for thermal stability measurement of PCM [11,12].

One of the reasons for global warming is the increasing number of vehicle owners each year, which has consequences for emissions
and fuel availability [13]. Therefore, the interest in electric vehicles (EVs), including hybrid EVs (HEVs) and plug-in HEVs (PHEVs),
has significantly increased as environmental regulations on GHG emissions have been tightened. The development of EVs represents
one approach to reduce CO, emissions in the transportation sector. In addition to reducing emissions, EVs reduce the consumption of
fossil fuels, which are non-renewable energy sources.

In general, the introduction of EVs for mass transportation has not affected owners of conventional vehicles. One of the reasons is
the limited ability of EV batteries. These batteries have high-performance characteristics, including high specific energy, longer life
cycle, and short charging time. Research on these batteries must be continued before EVs can substitute conventional cars. Currently,
lithium-ion batteries are the most common choice for energy storage. They offer specific energies of 110-180 Wh/kg, lifetimes of more
than 1000 cycles, and charging times of 2-3 h [14]. To maintain the battery properties, which is crucial for sustainable EVs, the battery
temperature should remain between 25 °C and 55 °C [15].

To maintain the battery temperature in the optimal operating range, EV manufacturers are developing cooling systems for bat-
teries. Some methods have been proposed to manage the heat released by a battery during its working process, e. g. air-cooled and
liquid-cooled battery systems and PCMs [16-18]. Fan et al. [19] successfully used air-cooled for hybrid electric vehicle lithium-ion
battery while Mohammadian et al. [20] discussed hybrid electric vehicles thermal management of an air-cooled Li-ion battery. The
efficiency of air-cooled battery thermal management has been improved through the improvement of the pattern of flow [18]. Where
liquid-cooled battery has been discussed by Rao et al. [21]about implementing liquid cooling based thermal management for
Lithium-ion battery, where Li et al. [22], successfully used water for Lithium-ion battery cooling system and Xu et al. [23], applied
double-inlet and double-outlet channels for cooling electric vehicle battery using a liquid cooling system. The PCMs have also been
used by many researchers such as, by Chen et al. [18] conducted the experiment on PCM-heat pipe to cool power battery packs of a car.
Meanwhile, Bai et al. [17] combine water and PCM for cooling Lithium-ion batteries. However, the most complete discussion on the
subject presented by Akeiber et al. [16] who conducted a review on every aspect of using PCM for passive cooling.

Active cooling systems such as air-cooled circulating water and cooling towers are still used to cool EV batteries. The air-cooled
battery cooling system is influenced by an extended surface and turbulence flow pattern, and forced convection is used to increase
the convection heat transfer coefficient. However, the heat can usually not be dissipated timely from the battery module to the ambient
air, which has a poor heat transfer coefficient. Thus, air-cooled systems cannot meet the temperature requirements of these batteries.

Liquid cooling is another method that effectively reduces the surface temperature of a battery module. However, the method re-
quires a more complicated system and equipment (e.g. a pump and pipe system) and is, therefore, more expensive. Moreover, if the
liquid leaks from the pipe, the battery becomes easily short-circuited.

Alternatively, passive cooling systems such as heat pipes can be used to control the battery temperature which has been discussed
by Putra et al. [24]. In their research, batteries of the electric vehicle have been cooled using heat pipes as heat exchangers. The flat
plate loop heat pipe (FPLHP) in the thermal management for lithium-ion batteries. The working fluids used in this study are distilled
water, alcohol, and acetone with 60% filling ratio. The study found the best performance of all working fluid is acetone which yields
0.22 W/°C of thermal resistance with the evaporator temperature at heat and flux load of 50 °C and 1.61 W/cm?, respectively. A heat
pipe is a conductor consisting of a metal tube, capillary wick, and working fluid inside the pipe under vacuum conditions. A straight
heat pipe has a high equivalent thermal conductivity (approximately 3.8 x 10* W/m.K). Thus, it can transfer heat much faster than
copper bars of equal dimensions [25].

Phase change materials (PCMs) are widely used to control temperatures based on latent heat. They have excellent thermal energy
storage properties because they use sensible and latent heat. The level of latent heat depends on the type of PCM [16]. For example,
Amin et al. [10] reported a latent heat of 141.49 kJ/kg and a melting point of 62.28 °C for beeswax. However, the properties of paraffin
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PCMs depend on the number of carbon chains. Rao et al. [26] used paraffin as PCM with water mini channels. The best cooling
performance was obtained with eight channels with a mass water flowrate of 8 x 10~* kg/s and a PCM with a phase change tem-
perature of 308.15 K and thermal conductivity of 0.6 W/m.K. Furthermore, Wang et al. [27] immersed a battery in paraffin and added
a fin to the battery surface to control the battery temperature, which decreased with increasing fin number. One drawback of PCMs is
their low thermal conductivity. To overcome this problem, Wu et al. [28] added a porous copper sheet to paraffin, which enhanced the
thermal conductivity from 0.26 to 7.65 W/m.K and decreased the surface temperature of the battery by 3.9 °C.

Several researchers have evaluated heat pipe-assisted PCMs as passive cooling systems for batteries. To control the temperature of a
cylindrical battery, Zao et al. used six cylindrical heat pipes and fins and immersed the battery in paraffin. They achieved a temperature
reduction of 5 °C and maintained the battery temperature at values below 50 °C. Huang et al. [29] developed a flat heat pipe-assisted
PCM and investigated thermal management systems with serial-PCM-based batteries for cylindrical lithium battery modules. They
included pure PCMs, heat pipe-coupled and air-assisted PCMs (PCM/HP-Air), and heat pipe-coupled and liquid-assisted PCMs
(PCM/HP-Liquid). Their results showed that the heat pipe played an important role in transporting the heat promptly in the PCM-based
battery module. Moreover, the heat pipe-assisted PCM-based battery thermal management system exhibited excellent thermal per-
formance. Moreover, Wu et al. [30] investigated the thermal performance of heat pipe-assisted PCM plate-based battery thermal
management systems. They employed L-shaped heat pipes and paraffin/expanded graphite as PCM. During their experiments, the heat
generated within the batteries was first absorbed by the PCM and then conducted through the evaporator section to the condenser
section of the heat pipe. According to their results, the proposed system achieved maximal temperatures below 50 °C. Recently, Zhang
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et al., 2020 [31] have conducted research on battery thermal management system (BTMS) that combines heat pipes, copper foam and
PCM in order to balance the temperature in a LiFePO4 battery pack. In that research, the generated heat from battery is transferred in
serial configuration, first transmitted through heat pipes, and then is absorbed by the phase change material then dissipated to the
environment. Their results showed that the proposed system offers a more suitable temperature under 45 °C, which is considered as the
highest temperature of the optimum operating temperature range.

In this paper, a passive cooling system based on finned L-shaped heat pipes and PCM is proposed for a battery module. PCM and
heat pipes are arranged in parallel, where the heat from the battery on one side is absorbed by the heat pipe and on the other side is
absorbed by PCM and together released into the surrounding air. The low thermal conductivity of PCM will not dramatically reduce the
overall thermal resistance. A parallel configuration will produce a lower overall thermal resistance than a serial configuration. The
thermal performances of battery modules of three different thermal management systems were compared: without heat pipe and PCM,
with heat pipe, and heat pipe-coupled with PCM. Furthermore, beeswax and the Rubitherm RT 44 HC were selected as PCMs for the
thermal management of a power battery.

The objectives of our study were: (1) determining the effectiveness of a heat pipe as a passive battery cooling system; (2) evaluating
the ability of both heat pipe and PCM to reduce the battery temperature; (3) determining the optimal PCM for passive battery cooling.
The equipment is an integrated PCM and finned L-shaped heat pipe for a passive battery cooling system. To the best of our knowledge,
few studies have been performed on the development of integrated PCMs and finned L-shaped heat pipes in cooling applications.

2. Experiments
2.1. Experimental components

An integrated PCM and finned L-shaped heat pipe will be applied for EVs. Because of the limited space in EVs, the battery cooling
system must be compact and well-designed. The test cell of the integrated PCM and finned L-shaped heat pipe consist of three main
components: (1) two battery simulators with a heater and stainless-steel conductor, (2) PCM container, and (3) two finned L-shaped
heat pipes. The battery simulators are made from stainless steel and have dimensions of 137 x 82.5 x 46 (rnm3). A heater was placed
inside each battery simulator to simulate the heat generation in a real lithium-ion battery. Thus, the heat load of the battery simulator
could be controlled with a voltage regulator. The stainless-steel plate was inserted between the heat pipe holder and battery simulator.
The heat transferred to the heat pipe can be obtained by determining the temperature difference across the plates with the Fourier heat
conduction equation.

In the experiment, two battery simulators and conductors with heaters were placed inside an air duct. The heat generated by the
heater was transferred to the battery simulator and increased its temperature. Furthermore, the heat pipes were placed in a heat pipe
holder between the battery simulators. The thermal conductivity of the stainless-steel conductors was assumed to be 16.2 W/m.K [32].
Stainless steel was chosen owing to its sufficiently low thermal conductivity. Thus, the temperature difference between the surfaces
could be measured.

In this study, the battery simulator temperature was controlled by the heat pipe and PCM. Heat pipes have a very high equivalent
thermal conductivity because the heat transfer involves phase changes in the working fluid. The heat pipe has two components—an
evaporator and a condenser—and the fluid flow is a two-phase flow. The working fluid is in the liquid phase in the evaporator and in
the vapor phase in the condenser. The PCM uses both sensible and latent heats for the thermal storage, which results in efficient
thermal energy storage. Thus, the primary strategy to control the battery temperature is to quickly transport the battery heat to the
environment through the heat pipe and to simultaneously adsorb the heat with the PCM.

The employed heat pipes were finned L-shaped heat pipes with water as working fluid (filling ratio of 50%). Their geometries and
dimensions can be seen in Fig. 1. Fins were added to the condenser section to increase the total contact area, thereby increasing the
convection rate between the heat pipe and air moved by the fan. The evaporator sides of two heat pipes were placed on a copper heat
pipe holder to obtain a good contact surface between the battery simulator and heater. The performance of the heat pipe depends on its
properties, e.g. its thermal resistance. A heat pipe with a low thermal resistance performs best because it can transfer heat quickly. The
thermal resistance (Res) can be calculated from the temperature difference between the evaporator and condenser and the heat
transferred by the heat pipe [33]:

Res = Tevaporalor average Tcondenser average. (1)
Oin

Table 1

Thermal properties of Beeswax and RT 44 HC
Property RT 44 HC Beeswax
Melting temperature (°C) 44 [18] 62.28 [9]
Latent heat (kJ/kg) 250 [18] 141.49 (liquid) [9]

145. 62 (solid) [9]
Density (kg/m3) 700 (liquid) [18) 789.47 (liquid) [9]
800 (solid) [18) 819.75 (solid) [9]

Thermal conductivity (W/m K) 0.23 [18] 0.25 [9]
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Two PCM types with different melting temperatures were used in this study: (1) an RT 44 HH, the melting temperature of which is
within the desired working temperature of the battery [34] (2) beeswax [10], the melting temperature of which exceeds the desired
working temperature of the battery (Table 1). A total PCM mass of 0.4 kg was added to the battery. To ensure that the PCM was evenly
spread, the PCM was used in its liquid phase (i.e. heated to its melting point), to let it flow over the battery box.

The heat absorbed by the PCM increased the PCM temperature and phase change. The total energy can be calculated with:

Ty

T
Q:/ medT—i-mAhm-i-/ mC, dT. 2
T; T,

m

2.2. Experimental setup

The surface temperature of the battery was measured with 0.3 mm in diameter K-type thermocouples, which were attached to the
surface centre of each battery simulator, PCM, and heat pipe surface to record the temperature with a PC-based data acquisition unit
(NI System). Their positions are shown in Fig. 1. All thermocouples were calibrated in the temperature range 0-100 oCwith standard
thermometer, before the experiment and they have accuracy of +0.05 °C. The thermal energy of the battery simulator was controlled
with a voltage regulator (Yokogawa WT310; the accuracy of +0.1%). Moreover, a fan was used to blow the air through the finned array
of the L-shaped heat pipe for forced air convection. The velocity of the flowing air through the condenser section of the HP was
measured with a hot-wire anemometer. The uncertainties can be calculated based on the uncertainties of the primary quantities. The
uncertainty present in the estimation of thermal resistance of HP was calculated as

ARy | A(Te—Tc) > AQ?
Ro, Wn_m) ) ®)

Thus, the resulting uncertainty of the thermal resistance of the HP was estimated to be within +2%. The experimental setup is
depicted in Fig. 1.

2.3. Experimental procedure

These experiments were conducted to evaluate the performance of the PCM and heat pipes regarding the reduction of the battery
surface temperature. First, the battery simulator was run for 5500 s without a heat pipe or PCM to determine the maximal battery
simulator temperature. Subsequently, the heat pipes were installed on the battery simulators, and the battery simulator temperature
was measured to determine the effect of the heat pipe on the battery temperature. Next, the battery and heat pipes were covered with
PCM as a passive cooling system. Moreover, the PCM (Beeswax or RT 44 HC) was poured into the battery box. The PCM covered the
entire battery surface. Thus, the thermal energy on the entire battery surface could be absorbed. In the experiments, the battery
simulator was heated with heat loads of 40, 50, and 60 W for 5500 s.
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Fig. 2. Battery simulator surface temperature with and without heat pipes.
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3. Results and discussion

3.1. Heat pipe performance
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The heat generated by the heater caused the battery surface temperature to increase. Owing to the high thermal conductivity of the
heat pipe, the battery heat was quickly absorbed and transferred to the air. Fig. 2 shows the battery surface temperatures with and
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without heat pipes. Without heat pipes or PCM, the battery temperature needs a very long time to reach a steady-state condition.
However, with heat pipe, the battery temperature reaches a steady-state condition at about 5500 s. Without heat pipe, the maximal
battery surface temperatures at 40, 50, and 60 W were 60.9 °C, 67.1 °C, and 77.4 °C, respectively. The temperatures with heat pipe
were 18.0 °C, 20.7 °C, and 26.6 °C lower, respectively. The presence of the heat pipes increased the heat transfer rate, thereby resulting
in less internal energy of the battery simulator and a lower battery simulator temperature. Thus, the heat pipe effectively reduced the
battery temperature.

Moreover, the higher the heating power, the lower was the temperature of the battery simulator. At higher temperatures, the heat
pipes transferred more heat from the battery simulator to ambient air. However, the increase in heat transfer was smaller than the
increase in heating power. The thermal resistance of the heat pipe decreased with increasing heat load: at 40, 50, and 60 W, the thermal
resistances measured 0.108, 0.106, and 0.104 K/W, respectively. Putra et al. reported the same behavior for thermal resistance.

3.2. Heat pipe and beeswax PCM performance

In the next experiments, the heat pipe was covered with beeswax to further decrease the battery temperature. The melting tem-
perature of beeswax is 62.2 °C, which exceeds the recommended temperature range of the battery. It will be more effective if the PCM
has melting temperature point in the safe temperature range of battery. Although beeswax has a low thermal conductivity, it can store
much thermal energy because it stores sensible and latent heat. Fig. 3 compares the battery temperatures obtained with a heat pipe and
beeswax and those obtained with a heat pipe only.

The heat pipe and beeswax exhibited better performance than the heat pipe alone; the addition of beeswax to the battery simulators
reduced the battery temperatures by 20.8 °C, 23.6 °C, and 31.9 °C, at heat loads of 40, 50, and 60 W, respectively. The beeswax
enhanced the effect of the heat pipe by absorbing more heat from the battery. This phenomenon is attributed to the sensible heat of the
beeswax rather than the latent heat because the working temperature of the battery was below the melting temperature of beeswax
(Fig. 3). Furthermore, the beeswax temperature increased exponentially for 5500 s. Thus, the heat from the battery partially was
absorbed by the beeswax.

The combination of the heat pipe and PCM exhibited better performance than the heat pipe alone. This is because during the heat
exchange, the heat generated within the battery simulator was conducted through the PCM section and HP simultaneously. This heat
was absorbed by the PCM and subsequently conducted through the conductor plate to the evaporator section and condenser section of
the HP. The heat transfer and exchange process of this module is presented in Fig. 4. The three main steps are as follows: (1) The PCM
absorbed and stored heat generated within the cells through sensible or latent heat storage during the phase change and transferred it
to the assisted HP; (2) the assisted HP increased the heat absorption rate of the PCM; (3) the assisted HP dissipated heat from the
battery simulator to the ambient air. Accordingly, to decrease the battery surface temperature, a PCM with relatively high thermal
conductivity and an HP condenser section with a good heat exchange capacity are necessary to increase the thermal performance of the
entire system.

Table 2 lists the total energy absorbed by the beeswax during the 5500 s. The recommended maximal working temperature of
lithium-ion batteries is approximately 55 °C. The heat that can be absorbed by beeswax until the battery simulator temperature reaches
55 °C is 22.31 kJ. The battery simulator heat absorbed by the beeswax was 4.9% of the total heat generated by the heater. Therefore,
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Fig. 4. Heat transfer and exchange process in heat pipe and PCM.
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Table 2
Performance of beeswax as heat absorber.
No. Heater power (W) Beeswax temperature (°C) Q Absorbed (kJ)
1 40 36.9 7.21
2 50 39.6 9.45
3 60 41.2 10.79

beeswax can be used in combination with heat pipes for passive battery cooling.
3.3. Heat pipe and RT 44 HC performance

The thermal properties of RT 44 HC differ from those of beeswax. The melting point of RT 44 HC is within the recommended battery
temperature range. Fig. 5 shows the battery surface temperature when a heat pipe and RT 44 HC are used for passive cooling. The
battery temperature obtained with heat pipe and RT 44 HC was lower than that with heat pipe and beeswax. Thus, the RT 44 HC
absorbed more heat from the battery than the beeswax.

Moreover, the temperature reductions of the battery were 20.9 °C, 25.4 °C, and 33.2 °C for heat loads of 40, 50, and 60 W,
respectively. At 40 W, the battery surface temperature was 39.5 °C. Thus, the RT 44 HC did not reach its melting point. As shown in
Fig. 5(a), the temperature of RT 44 HC continued to increase during 5500 s. Thus, the heat was absorbed by sensible heat only. By
contrast, when the heat load was 50 or 60 W [Fig. 5(b) and (c)], the temperature of RT 44 HC increased at the beginning and then
remained constant at 38 °C. Thus, sensible and latent heats worked together to reduce the battery energy. Table 3 shows the heat
absorbed by the RT 44 HC. It absorbed heat up to 18.7 kJ at low temperatures. Furthermore, the battery temperature could be
maintained within the latent-heat temperature range of the RT 44 HC. The heat absorption did not cause its temperature to increase.
Instead, the heat changed the phase of the RT 44 HC until it was completely melted.

3.4. Comparison of RT 44 HC and beeswax PCM performances

Battery cooling systems that combine heat pipes with beeswax or RT 44 HC can maintain the battery simulator temperature below
55 °C. In this study, the temperature of the RT 44 HC increased faster than that of beeswax in the sensible-heat region because the
specific heat of RT 44 HC is lower than that of beeswax (specific heat of beeswax: 2081 kJ/kg.K; specific heat of RT 44 HC: 2,0 kJ/kg.
K). In addition, the temperatures of beeswax and RT 44 HC exhibited different trends. As shown in Fig. 6, the temperature of beeswax
increased until the process end, whereas the temperature of RT 44 HC remained constant at 38 °C. Furthermore, the RT 44 HC
experienced a phase change at 38 °C. Thus, the temperature remained constant while the heat was absorbed from the battery simu-
lator. Table 4 lists the properties of the RT 44 HC and beeswax performances. In order to compare to other researcher’s results, Huang
et al., showed that to reach the setting temperature, the heat pipe assisted PCM needs relatively longer working time than the present
study. This is because of the difference in geometry, types of heat pipe and volume of PCM.

In this study, the RT 44 HC employed latent heat to absorb the battery heat. Compared with beeswax, the RT 44 HC absorbed more
heat, which resulted in a greater battery temperature decrease. Thus, the combination of a PCM and heat pipe as a passive cooling
system efficiently reduced the battery temperature and maintained it below 55 °C. The performance of the RT 44 HC was superior to
that of beeswax because both sensible and latent heats were involved. According to Fig. 6, the combination of a heat pipe and RT 44 HC
resulted in a battery simulator temperature that increased to 38 °C and remained constant afterward. The heat transfer below 38 °C
was a sensible-heat transfer. Afterward, a latent-heat transfer occurred.

4. Conclusions

We investigated the effectiveness of combinations of heat pipes and PCMs as passive battery cooling systems with battery simu-
lators. The results show that the heat pipes can reduce the battery temperature for different experimental heat energies with respect to
a battery without a passive cooling system. The maximal reduction in the battery surface temperature was 26.6 °C for a heat load of 60
W. The use of heat pipes resulted in a quicker release of battery system heat to the ambient environment. Thus, the proper work
temperature could be maintained, and the risk of overheating was lowered.

Adding a PCM to the heat pipe further enhanced the performance of the passive cooling system. Compared with the temperature
without passive cooling, a combination of heat pipes with beeswax or RT 44 HC can reduce the battery simulator surface temperature
by 31.9 °C or 33.2 °C, respectively. Thus, the PCMs effectively enhance the performance of the heat pipe as a passive battery cooling
system by facilitating the heat absorption.

In addition, the RT 44 HC absorbed more heat from the battery simulator than the beeswax, thereby resulting in a greater reduction
in the battery temperature. The superior performance of the RT 44 HC is attributed to its melting temperature, which is within the
range of the battery working temperature. Thus, the RT 44 HC can use latent heat to store thermal energy. By contrast, beeswax can
only use its sensible heat in the battery working temperature range.
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Fig. 5. Temperature distribution of Battery surface with heat pipe and RT 44 HC at different heat loads: a) 40 W, b) 50 W, and c¢) 60 W.
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Table 3
Performance of heat pipe with RT 44 HC
No. Heater power (W) RT 44 HC temperature (°C) Q Absorbed (kJ)
1 40 38.2 8.0
50 38.7 14.3
3 60 39.2 18.6
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Fig. 6. Comparison of battery surface temperatures for heat load of 60 W.

Table 4
Comparison of RT 44 HC and beeswax performances.
Cooling system Battery temperature (°C) Battery temperature drop (°C) Absorbed energy (kJ)
RT 44 HC + heat pipe 39.5 20.89 8.025
43.08 25.42 14.261
45.85 33.19 18.55
Beeswax + heat pipe 40.81 20.75 7.208
44.9 23.57 9.447
47.45 31.93 10.787
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