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ABSTRACT: With increasing concerns about carbon emissions and the

resulting climate impacts, Li-ion batteries have become one of the most
attractive energy sources, especially in the transportation sector. For Li-ion
batteries, an effective thermal management system is essential to ensure
high-efficiency operation, avoid capacity degradation, and eliminate safety
issues. Thermal management systems based on heat pipes can achieve
excellent cooling performance in limited space and thus have been widely
used for the temperature control of Li-ion batteries. In this paper, the
thermal management systems of Li-ion batteries based on four types of
heat pipes, i.e., flat single-channel heat pipes, oscillating heat pipes, flexible
heat pipes, and microchannel heat pipes, are comprehensively reviewed
based on the studies in the past 20 years. The effects of different
influencing factors on the cooling performance and thermal runaway
behavior of Li-ion batteries are thoroughly discussed in order to provide an in-depth understanding for researchers and engineers. It
is concluded that for all types of thermal management systems based on heat pipes, water spray cooling could achieve better cooling
performance than forced air cooling and water bath cooling, while its energy consumption is obviously smaller than forced air
cooling. For thermal management systems based on oscillating heat pipes, improved heat transfer characteristics could be achieved
by increasing the number of turns, using a relatively larger inner hydraulic diameter and using a length ratio between the evaporator
and condenser higher than 1.0. Heat pipes fabricated by flexible materials suffer from permeation of noncondensable gases from
ambient and leakage of working fluid. These issues could be partly resolved by adding thermal vias filled with metallic materials and
covering the sealing part with indium coating or designing a multilayered structure with metallic materials in it. Moreover, the
limitations and future trends of Li-ion battery thermal management systems based on heat pipes are presented. It is pointed out that
the thermal runaway behavior and heating performance of battery thermal management systems based on heat pipes should be
further elaborated. The analysis of this paper could provide valuable support for future investigations on Li-ion battery thermal
management systems based on heat pipes; it could also guide the choice and design of Li-ion battery thermal management systems
based on heat pipes in commercial use.
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1. INTRODUCTION The charging and discharging processes of Li-ion batteries
From 1980 to 2023, globally averaged mole fraction of CO, are accompanied by heat production. The total heat
has increased from 338.9 to 416.8 ppm over marine surface production consists of the reversible heat generated caused
sites. Meanwhile, the averaged annual growth of CO, has been by electrochemical reactions, together with the change of
more than 2.0 ppm in the recent ten years," which increases entropy, along with the irreversible heat caused by Ohmic
the tendency of global warming and may lead to more frequent resistance, polarization resistance, and side reactions.’”"
occurrence of natural disasters. According to statistics, more Thereby, the temperature of Li-ion batteries would increase
than 20% of the global CO, emissions is contributed by the gradually if no heat removal method was employed. As

transportation sector.” Due to the increasing requirements of
carbon emission reduction, vehicles have been continuously
electrified in recent decades. For electrified vehicles, including -
electric vehicles (EV) and hybrid electric vehicles (HEV), Rec_e“'Ed: October 14, 2023
lithium-ion (Li-ion) batteries are superior to other batteries Revised:  November 25, 2023
due to their advantages in energy density, reliability, good Acce_pted’ November 28, 2023
discharging characteristics, and high voltage. Thus, Li-ion Published: December 26, 2023
batteries are the most widely used energy source in electrified

vehicles.”*

investigated, the most adaptive temperature range for the

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.3c08056

v ACS PUb| ications 97 ACS Omega 2024, 9, 97-116


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hanming+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ming+Niu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuankai+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maoxuan+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Menghan+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenguo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c08056&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08056?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08056?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08056?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08056?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c08056?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

EVE

http://pubs.acs.org/journal/acsodf

Boundary between

wall and liquid Heat dissipation by

Absorption of heat by

evaporator Coper body

JUO0T

Porous region

/ (Wick)

condenser

SO0

Boundary between
liquid and vapor

Evaporator(hot spot)

Latent heat transfer

Condenser(cold spot)

Adiabatic region

T Ui
T

e > TsatP) >

T U

Te

Figure 1. Schematic diagram of heat pipe. Reprinted with permission from ref 23. Copyright 2021 Elsevier.

operation of Li-ion batteries is 15 to 40 °C.” With
temperatures higher than 50 °C, the operation efficiency of
Li-ion batteries would become obviously lower and the life
span would be shortened accordingly.'” When temperature
rises to 70 °C or higher, thermal runaway and safety issues may
occur.'' Therefore, a thermal management system is essential
to avoid heat accumulation in Li-ion batteries, especially for
high-power Li-ion batteries applied to electrified vehicles.
The most commonly used cooling techniques in battery
thermal management systems (BTMSs) include air cooling,
liquid cooling, phase change material (PCM) cooling, heat
pipe cooling, and combinations of one or more of these
techniques. Among all kinds of BTMSs, air-cooled BTMSs are
superior to other kinds of BTMSs in view of their simple
structure, low cost, and easier maintenance.'? However, for
large battery packs, the heat transfer coefficients and cooling
uniformity of air-cooled BTMSs could not meet the require-
ments of heat removal; in this case, liquid-cooled BTMSs with
more efficient heat removal performance should be applied."
The structures of liquid-cooled BTMSs are more complex than
air-cooled ones as some components, such as cooling plates
with liquid channels and pumps, are added. This may in turn
increase the mass, volume, and cost of BTMSs. *~'¢ Besides,
leakage problems may exist in liquid-cooled BTMSs, which
could further lead to a short circuit and thermal runaway.
BTMSs based on PCM have been more attractive these years
due to their advantages in energy-saving and low maintenance
cost. PCM could absorb a large amount of latent heat when
changing from solid phase to liquid phase. Thus, batteries
could maintain around the phase change temperature for a
long time and prevent the quick temperature rise phenom-
ena.'”'® However, for Li-ion batteries used for long-run
operation, long discharging processes are inevitable, PCM will
turn into liquid phase completely, and the heat absorption
ability will become much weaker. Under this circumstance,
heat dissipation of Li-ion batteries is highly dependent on the
thermal conductivity of PCM. If paraffin is used as the PCM in
BTMSs, issues of low structural strength, low thermal
conductivity, and high leakage risk are associated, restraining
the commercial use of PCM cooled BTMSs."” Though adding
foam-metal or using expanded graphite(EG)/paraffin compo-
site instead of pure paraffin could raise the structural strength,
improve the thermal conductivity, and reduce the risk of
leakage of PCM cooling BTMSs, the heat stored in PCM could
not be easily evacuated. Consequently, if air-cooling and liquid
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cooling techniques are used in combination of PCM cooled
BTMSs, this kind of BTMSs could be more applicable.”"~**
In recent years, BTMSs based on heat pipes have been
extensively investigated owing to their advantages in thermal
conductivity, compactness, and maintenance effort. Generally,
heat pipes have three main sections, i.e., evaporator, adiabatic
region, and condenser (Figure 1). In the evaporator section,
heat will transfer from Li-ion batteries to heat pipes, and liquid
in the wick structure will experience the transition from liquid
phase to gas phase. The evaporated liquid then passes through
the adiabatic region and reaches the condensation section. In
the condensation section, the heat of vapor will dissipate from
the heat pipe to the outside and vapor will turn into liquid
again. Afterward, the condensate will return to the evaporator
section influenced by the capillary force of wick. It is apparent
that the efficiency of the condensation section is critical for the
cooling performance of the heat pipe based BTMSs. Hence,
other cooling methods should be used to aid in the heat
evacuation of the condensation section. In this case, optimized
performance of heat pipe cooled BTMSs could be achieved.
Generally, heat pipes applied to BTMSs could be classified
as flat single-channel heat pipes, oscillating heat pipes, flexible
heat pipes, and microchannel heat pipes. Flat single-channel
heat pipes have the advantages of easier manufacture and lower
cost. Oscillating heat pipes could achieve efficient cooling with
smaller volume and, thus, are more adaptable to BTMSs with
condensed space. Flexible heat pipes being lightweight could
achieve different configurations and, thus, to some extent,
could lead to space-saving BTMSs. Microchannel heat pipes,
normally manufactured in a flat shape, have higher heat
transfer capability and improved cooling uniformity than flat
single-channel heat pipes with raised manufacture complexity.
All of these types of heat pipes have their advantages and,
therefore, have been widely used in BTMSs for Li-ion batteries.
Though BTMSs based on heat pipes have drawn great
attention in recent years, systematic review work focused on
this type of BTMSs has not yet been conducted yet. In this
paper, investigations concerning the application of BTMSs
based on four different types of heat pipes, i.e., flat single-
channel heat pipes, oscillating heat pipes, flexible heat pipes,
and microchannel heat pipe, have been analyzed from the
effects of cooling method, geometry parameter, working fluid,
filling ratio, etc. The techniques for the visualization of the flow
behavior inside oscillating heat pipes and the methods for the
realization of heat pipe flexibility have also been summarized.
The contents of this paper could give guidance for the choice
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Figure 2. Schematic diagram of cooling systems based on heat sink and heat sink combined with heat pipe. Reprinted with permission from ref 25.

Copyright 2014 Elsevier.

and design of BTMSs based on heat pipes for Li-ion batteries.
Besides, the research limitations of the current research works
have also been pointed out, and directions for the future work
have been given.

2. BTMSS BASED ON FLAT SINGLE-CHANNEL HEAT
PIPES

Since the geometry of flat single-channel heat pipes is simple,
most studies focused on BTMSs based on flat single-channel
heat pipes are concentrated on the evaluation and choice of the
cooling method. There are two primary research focuses when
different cooling methods are applied, one is cooling
performance, and the other is thermal runaway characteristics.
Investigations of BTMSs based on flat single-channel heat
pipes are summarized in Table 1.

2.1. Effects of Cooling Method on Cooling Perform-
ance. Cooling performance is the most concerning point of
BTMSs based on flat single-channel heat pipes with different
cooling methods. Tran et al.”> compared the cooling
performance of BTMS with only heat sink and BTMS with
both heat sink and heat pipe(Figure 2); as indicated by their
results, the thermal resistance of cooling system could be
reduced by 30% when a flat single-channel heat pipe is added
at conditions with natural air convection; when forced air
convection is applied, the positive effects of the heat pipe will
be reduced; they also pointed out that the inclination angle
affects the cooling performance slightly when heat pipes are
not over charged, implying that the position and road grade
have limited effects on cooling performance of BTMSs based
on flat single-channel heat pipes with lower filling ratios. Rao et
al.”* analyzed the temperatures at different locations and the
maximum temperature differences of a LiFePO, battery based
on heat pipes with flat shaped evaporator and water cooling
method; as indicated by their results, the temperatures of the
battery could be controlled within 50 °C and temperature
differences could be maintained within 5 °C if input power is
lower or equal to 30 W; besides, smaller temperature
differences compared to those with horizontally placed heat
pipes could be achieved when the heat pipe is placed vertically.
Ye et al.”® along with Alihosseini and Shafaee® found that
increasing mass flow rate of cooling water as well as adding
copper fins could improve the cooling performance in terms of
reducing temperature rise and improving temperature
uniformity; raising the number of heat pipes could lead to

100

increases in the heat transfer area; however, deteriorated
thermal uniformity is associated with this. Adding the vortex
generator has beneficial effects on thermal uniformity, whereas
the heat transfer coefficient would be lower. As also suggested
by their results, forced air cooling may be feasible for battery
units but could not meet the cooling requirements of battery
packs with high discharge rates. In the study of Zhang and
Wei” as well as Jang et al.,”” the superiority of BTMS based on
a flat single-channel heat pipe with respect to the control of
temperature rise and temperature uniformity was further
confirmed; the authors pointed out that the temperature
increase of the batteries is lower than 15 °C at discharge rates
in the range of 1C to 6C (C-rate is the measurement of the
charge and discharge current with respect to its nominal
capacity) and the temperature difference within the battery
pack is below S °C at discharge rates of 2C and 4C or during
cyclic operation when flat single-channel heat pipes combined
with natural air convection or water cooling are adopted.
These, however, could not be realized by aluminum plate
cooling combined with natural air convection. Nevertheless, as
indicated by the research work of Wang et al,”” when a
transient cycle with periods of high discharge rates (higher
than or equal to 4C) are considered, temperature rise could
not be controlled below 27 °C when a BTMS based on flat
single-flat heat pipe combined with liquid cooling is adopted;
this implies that better designs or improved cooling methods
should be considered for BTMSs based on flat single-channel
heat pipes.

For a larger battery pack investigated by Xu et al,”' using a
flat single-channel heat pipe combined with water cooling is
not sufficient for the requirement of heat dissipation, additional
coolers are essential. Meanwhile, as found by Liang et al,** the
cooling demand will increase markedly when a battery pack
with large manufacture tolerance and aged cells is applied. To
achieve better control of temperature for large battery packs
operating at transient cycles, Wu et al,*® Zhang et al,,”® Abbs
et al,*® and Tang et al.>® adopted BTMSs based on flat single-
channel heat pipes combined with a phase change material
(PCM) plate and air cooling or water cooling method (Figure
3); their results showed that when this new type of BTMSs is
applied, battery temperature could be much lower than that of
the BTMS based on only PCM, implying that the application
of a hybrid cooling method is beneficial for the heat evacuation
for Li-ion batteries. It should also be noticed that most studies

https://doi.org/10.1021/acsomega.3c08056
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Figure 3. Schematic diagram of BTMS based on heat pipe combined
with PCM plate and forced air cooling method. Reprinted with
permission from ref 28. Copyright 2017 Elsevier.

regarding BTMS based on flat single-channel heat pipes are
designed for prismatic or pouch batteries. For cylindrical
batteries used in the study of Abbs et al.*® and Tang et al.,*°
the gap between the flat single-channel heat pipes and
cylindrical batteries and the gap between cylindrical batteries
are important influencing factors; as indicated by their results,
the spacing between cells and the spacing between cells and
heat pipes should be appropriately designed to ensure cooling
performance and temperature uniformity and system compact-
ness. In summary, for BTMSs based on flat single-channel heat
pipes, using liquid cooling could achieve improved heat
transfer characteristics compared to natural/forced air cooling;
for large battery packs with high power-output, the addition of
PCM and additional cooler may be essential.

2.2. Effects of Cooling Method on Thermal Runaway.
With the benefits in heat conductivity, BTMS based on the flat
heat pipe and water cooling method was also proven to be
capable of preventing the propagation of thermal runaway by
Wang et al.” and Li et al.” As indicated by their results, once
thermal runaway occurs in one cell, the heat generated could
dissipate rapidly and will not trigger the thermal runaway of

other cells. Besides, as pointed out by Zhang et al,*’ the
cooling performance of BTMS based on the PCM and water
cooling method could be improved when the heat pipe is
adopted, and heat dissipation could be further promoted when
the key parameters are systematically optimized. In this case, it
could be concluded that the risk of thermal runaway could be
reduced with the application of BTMS based on the combined
used of PCM, heat pipe, and water cooling.

3. BTMSS BASED ON OSCILLATING HEAT PIPES

Oscillating heat pipes are featured by structures consisting of
winding capillary tubes or channels, which are partially filled
with liquid working fluids. Different from BTMSs based on flat
heat pipes, BTMSs based on oscillating heat pipes could avoid
the use of wick structures and could reduce the cost of
manufacture. Additionally, more efficient heat dissipation
could be achieved by using an oscillating heat pipe instead
of a conventional heat pipe.

BTMSs based on oscillating heat pipes could be classified as
open loop systems and closed loop systems. Closed loop
systems are more attractive due to their better cooling
performance. A typical schematic of BTMS based on
oscillating heat pipe is shown in Figure 4 and investigations
on the cooling performance of BTMSs based on oscillating
heat pipes are summarized in Table 2.

3.1. Effects of Geometry Parameters. For oscillating
heat pipes, the geometry of the tubes has significant effects on
the cooling characteristics. Important geometry parameters of
oscillating heat pipes include number of turns, the length of
different sections, inner hydraulic diameter etc. Normally,
increasing the number of turns could result in enhanced
oscillation and circulation of the liquid slugs and vapor plugs;
subsequently, the thermal resistance at high heating power
would be reduced.”*** Expect for increasing number of turns,
heat transfer of oscillating heat pipes could be improved by
using a smaller ratio between the length of evaporator section
and hydraulic diameter.”® It was also pointed out that quick
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Table 2. continued

Focus of investigation

Working fluid

Cooling method

Heating power
S—40 W

Heat source

Effects of heating power, inclination angle and  Experiment

Ethanol-pentane mixtures

Constant temperature water

Electric heating plate

working fluid.

bath

2020°"!

Liu et al.
Zhou et al.

Experiment

Effects of heating power and inclination angles.

40—640 W Forced air cooling Acetone

Four heating blocks

Experiment

Effects of heating power and working fluid.

Ethanol—water mixture/ethanol aqueous solutions of carbon

nanotubes

8—56 W Forced air cooling

Rectangular electric

20214
Singh and

heater

Experiment

Effects of heating power and filling ratio.

Deionized water/hexanol solution

20—-140 W Constant temperature water

Heating wire

Kumar

bath

2021%¢
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start up and reduced thermal resistance could be achieved by
using a length ratio between the evaporator and condenser
higher than 1.0.°° Adopting a larger hydraulic diameter, shorter
length of adiabatic section, and rougher inner surface of the
capillary tube could also improve the start-up performance,
whereas an excessive large hydraulic diameter would lead to
increased working fluid and increased thermal resistance when
an oscillating heat pipe is horizontally placed.”*~** Addition-
ally, using a larger hydraulic diameter and square channel
instead of circular channel could extend the upper operating
limit, which means the oscillating heat pipes with larger
hydraulic diameter and square channel could be adaptable to
batteries with higher power output.”® Furthermore, when heat
pipes are horizontally placed, the thermal resistance of the
oscillating heat pipe is larger than multiple single-channel heat
pipes, whereas, an opposite trend could be observed when the
heat pipes are vertically placed at high heating powers,** which
means that the advantages of oscillating heat pipes are more
obvious when BTMSs are horizontally placed.

3.2. Effects of Battery Placement Method and
Inclination Angle. To disclose the effects of the placement
method of BTMS based on an oscillating heat gipe, Rao et
al,*™* Hu et al,* Wang et al,*® and Chi et al® 56 designed
BTMS based on oscillating heat pipes cooled by water bath or
cooling plate. They found that the cooling performance could
be improved when the battery terminal is placed upward with
appropriate distance between the evaporator section and
condensation section. Meanwhile, the reflow of working fluid
could be aided if the oscillating pipe is vertically placed, and
heat resistance would be increased if the oscillating pipe is
inclined to the horizontal direction. However, during the real
operation process of BTMS based on oscillating heat pipes
equipped on electric vehicles, the inclination of the oscillating
heat pipes is inevitable; thus, it is recommended that the road
slope should be taken into consideration when evaluating the
cooling performance of oscillating heat pipes.

3.3. Effects of Working Fluid. For oscillating heat pipes,
the working fluid has great influences on the heat transfer
characteristics. The frequently used working fluids of
oscillating heat pipes include water, acetone, alkanes with
high carbon numbers, alcohols, nanofluids, surfactant aqueous
solutions, and fluorinated liquid. Properties for the most
frequently used working fluids in oscillating heat pipes are
listed in Table 3. Generally, the working fluid chosen for
oscillating heat pipes should have lower latent heat to ensure
the fast bubble generation and growth processes, high specific
heat to raise the total heat brought by the working fluid, and
lower dynamic viscosity and surface tension to reduce flow
resistance. Zhang et al.”” compared the cooling performance of
copper oscillating heat pipe charged with FC-72, ethanol, and
water at a heating power lower than 60 W; their results
suggested that FC-72 is more adaptable to batteries with power
lower than 20 W while for batteries with power hi§her than 20
W, water is a more preferable choice. Qu and Ma®' compared
the start-up characteristics of a glass oscillating heat pipe
charged with water, methanol, ethanol, and acetone; they
found that the heat flux needed for the start-up of the
oscillating heat pipe charged with water is much larger than
those for the start-up of oscillating heat pipe charged with
methanol, ethanol, and acetone; when methanol is selected as
the working fluid, the heat flux needed for start-up would be
the lowest among all these working fluids. Hao et al>*
compared the cooling performance of polytetrafluoroethylene

https://doi.org/10.1021/acsomega.3c08056
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Table 3. Properties of the Working Fluids Used in Oscillating Heat Pipes®”>*%°

Boiling Liquid Latent heat of Liquid dynamic Specific Liquid thermal
point densitz Surface tension ~ Vapor pressure vaporization viscosity (X 10°) heat conductivity
Fluids (°C) (kg/m”) (x10%) (N/m) at 100 °C(Pa) (kJ/kg) (Pa-s) (J/kg-°C) (W/m-°C)
Water 100 958 5891 1.01 X 10° 2256.7 1.01 4217
Ethanol 78.3 757 17.46 226 X 10° 960.0 1.15 2580 0.172
FC-72 56.6 1600 8.35 94.8 1102
Pentane 36.06 625.5 15.8 366.9 0.242 2330 0.138
Acetone 56.2 792 23.7 443 x 10° 523 0.320 2350 0.170
1.0 1.0
09 FR=30% 09 FR=40%
— —=— ethanol —_ i —=— ethanol
<08 o MR=4'1 -73 0.8 - —e— MR=4:1
z —A— MR=3:1 —4— MR=3:1
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E 0.6 \3 0.6 - I
ENT £ o5l
i'-u: 0.4 E 04
= =
E o3l E o3l
@ W
= =
oozt B —1 oozt Tt
011 1 1 1 1 1 1 1 0-1 1 1 1 1 1 1 1
0 8 16 24 32 40 48 56 64 0 8 16 24 32 40 48 56 64

Heating power input / W
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Heating power input / W

(b)
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(c)

Figure S. Variations of thermal resistance for oscillating heat pipe charged with ethanol—water mixtures at different mixing ratios: (a) FR = 30%;
(b) FR=40%; (c) FR = 50%. Reprinted with permission from ref 55. Copyright 2019 Elsevier.

oscillating heat pipe charged with water, ethanol, and acetone
at a heating power in the range of 60—300 W; as indicated by
their results, acetone reveals the highest heat transfer
coefficient and the lowest heat resistance in the whole heating
power range tested, while water seems to be the worst choice.
The diversities in the conclusions of these studies may be due
to the differences in the material and size of oscillating heat
pipes; the better cooling performance observed when water is
used as the working fluid in the copper oscillating heat pipe
could be attributed to the reduced capillary resistance of water
when contacted with the hydrophilic copper surface. It could
be also allowed that the choice of working fluid is highly
dependent on the surface treatment method of the capillary
tube inner surface, as the hydrophilicity and the subsequent
capillary resistance could be easily changed by the surface
treatment method.

104

Since each liquid has its pros and cons, binary mixtures of
the above-mentioned working fluids may have better thermos-
physic properties and thus could gain better cooling perform-
ance. To disclose the potential of the binary mixtures, Zhu et
al.” investigated the operation characteristics of an oscillating
heat pipe filled with different mixing ratios of water and
acetone. As manifested by their results, the addition of acetone
into water could lead to improved start-up performance. At
lower filling ratios, mixing acetone into water could result in
reduced thermal resistance at higher heating powers; however,
at higher filling ratios, mixing acetone into water would result
in increased thermal resistance at higher heating powers. Wei
et al.> tested the heat transfer performance of an oscillating
heat pipe filled with different mixing ratios of ethanol and
water. They found that ethanol—water mixtures have better
transport characteristics than pure water or ethanol and thus
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could be regarded as a promising choice of working fluid for
oscillating heat pipes (Figure S). Among all the ethanol—water
mixtures, the mixture with 1:1 mixing ratio seems to have the
lowest thermal resistance at the most heating power. Markal
and Varol® investigated the working behavior and cooling
performance of an oscillating heat pipe charged with an
ethanol—pentane mixtures; they found that using a mixture
with a high pentane fraction (i.e., 75%) as working fluid could
attain better cooling performance than other mixtures with a
lower pentane mixing ratio (25% and 50%).

When nanoparticles are added into the liquid, the thermal
conductivity of the working fluid is improved owing to the
effects of Brownian motion and the large specific surface area.
Goshayeshi et al.* investigated the cooling performance of a
BTMS based on oscillating heat pipes filled with a kerosene/
Fe,0; nanofluid. As indicated by their results, use of a heat
pipe charged with the kerosene/Fe,0; nanofluid could achieve
up to 14% reduction in heat resistance compared with that of a
heat pipe charged with pure kerosene when a magnetic field is
not present, while up to 27% reduction in heat resistance could
be achieved when a heat pipe charged with kerosene/Fe,O;
nanofluid is exposed to a magnetic field, implying that the
combined use of kerosene/Fe,O; nanofluid and external
magnetic field could improve the cooling performance by a
large extent. TiO, particles have similar beneficial effects on
heat transfer as Fe,O; particles. As pointed out by Chen and
Li>® after adding TiO, particles into deionized water, the
thermal resistance could be reduced by more than 30% and the
temperature uniformity could also be substantially improved.
Apart from metal oxide nanoparticles, nanoparticles made by
carbon materials are also considered to be capable of
enhancing the heat transfer performance of working fluids
used in oscillating heat pipes. Hu et al,** Su et al,*” and Zhao
et al.> as well as Singh and Kumar®® compared the cooling
performance of BTMS based on oscillating heat pipes filled
with water, ethanol, rewetting fluids, water-based graphene
oxide nanofluids, and self-rewetting nanofluids. As indicated by
their results, adoption of self-rewetting fluids instead of water
or ethanol as well as adding graphene oxide nanoparticles into
water or self-rewetting fluids could improve heat transfer
characteristics. The beneficial effects of self-rewetting fluids
(aqueous solutions of alcohols with carbon number higher
than 4) on heat transfer are mainly attributed to the nonlinear
behavior of surface tension with the increase of temperature,
which could enhance the movement of liquid from the
condenser section to the evaporator section at high temper-
atures.”” However, the improvement of heat transfer when
graphene oxide nanoparticles are added could be attributed to
the increase in thermal conductivity. Since using mixtures of
ethanol and water as well as nanoparticles could both lead to
enhanced heat transfer, it could be allowed that adding
nanoparticles to ethanol—water mixtures could reduce thermal
resistance and improve cooling performance. Xu et al.”” and
Zhou et al.’” mixed graphene nanoparticles or multiwall
carbon nanotubes with an ethanol—water mixture and found
that the cooling performance could be significantly improved if
the proportion of nanoadditives is appropriately selected.
However, most of the studies mentioned here concerning the
use of nanofluids in oscillating heat pipes were focused on the
heat transfer enhancement behavior; the possibly induced
negative effects, such as the stability of the nanofluids, the
deposition of nanoparticles on inner walls, and the wear of the
inner wall material, were not systematically studied.
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3.4. Effects of Filling Ratio. Filling ratio is also regarded
as a key influencing factor for oscillating heat pipes as indicated
by the results of Su et al,’ Jang et al,>’! Singh and Kumar,*®
and Chi and Rhi.*® The optimum filling ratio is dependent on
the type of working fluid, heating power, inner hydraulic
diameter, and temperature difference in the evaporator section.
It is indicated by the results of Chi et al.>>*® that when ethanol
or methanol is adopted as the working fluid in oscillating heat
pipes and heating power is lower than 25 W, optimized cooling
performance could be obtained when the filling ratio is in the
range of 2%—26%, and the optimum filling ratio decreases with
the increase of inner h(?fdraulic diameter. As concluded by
Zhang et al,” Sun et al,”® and Kang et al,*” if FC-72, ethanol,
and water are adopted as the working fluid for oscillating heat
pipes at a heating power up to 110 W, using a filling ratio of
70% could obtain the best cooling performance. When HFE-
7100 is chosen as the working fluid, an oscillating heat pipe
with a lower filling ratio of 50% seems to perform better with
lower heating powers and smaller temperature differences in
the evaporator section. At higher heating powers and larger
temperature differences in the evaporator section, using higher
filling ratios of 60% or 70% tends to be a more preferable
choice in terms of heat transfer and elimination of early dry-
out.”’ For binary mixtures, such as ethanol—water mixtures
and ethanol—pentane mixtures used in the studies of Wei et
al.>® as well as in those of Markal and Varol,”’ the optimum
filling ratio is 30% (Figure S). As could be induced from the
above studies, the optimum filling ratio obtained for one
working fluid could not be used for another, which means that
the effects of the filling ratio should be evaluated for different
working fluids. However, detailed studies regarding the effects
of filling ratio have not been conducted for nanofluids and self-
rewetting fluids yet.

3.5. Effects of Adding PCM and Structure Optimiza-
tion. Except for the optimization of the placement method,
working fluid, and filling ratio, measures such as adding PCM
and structure optimization could also be taken to further
improve the cooling performance of BTMS based on
oscillating heat pipes. Wang et al.** used PCM combined
with oscillating heat pipe in the BTMS system. As indicated by
their results, temperature rise could be restrained by the
combined use of oscillating heat pipe and PCM, whereas the
temperature difference may be enlarged. Thompson et al.”’
proved that adding Tesla check valves to an oscillating heat
pipe could promote the circulation of liquid slugs in the
evaporation section and subsequently reduce the thermal
resistance. Qu et al.”’ designed oscillating heat pipes with
PCM and 3-layer or 4-layer 3D structures; their results showed
that better cooling performance could be achieved if 3D
oscillating heat pipes are adopted instead of multiple 2D
oscillating heat pipes (Figure 6). Ling et al.>* compared the
heat transfer characteristics of oscillating heat pipes with a 4-
layer 3D structure and leaf-shaped structure (Figure 7); as
indicated by their results, lower thermal resistance and 2%
improvement in cooling efficiency could be achieved when a
leaf-shaped structure is adopted. Liu et al’' designed an
oscillating heat pipe with dual-serpentine-channel (Figure 8);
they compared the thermal resistances of an oscillating heat
pipe with dual-serpentine-channel to those of an aluminum
alloy plate with the same geometry and found that at most
heating powers, the thermal conductivity of the oscillating heat
pipe with dual-serpentine-channel are 5.8 times (averaged
value) larger than those of aluminum alloy plate with less
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2D-OHP 3 layers 3D-OHP 4 layers 3D-OHP
Figure 6. Schematic of two-dimensional (2D) oscillating heat pipe
(OHP), 3 layers three-dimensional (3D) OHP, and 4 layers 3D OHP.

Reprinted with permission from ref 53. Copyright 2019 Elsevier.

weight; however, they did not compare the cooling perform-
ance of the oscillating heat pipe with a dual-serpentine-channel
to that of an oscillating heat pipe with a single-serpentine-
channel, which is a more frequently used structure of
oscillating heat pipes.

Different from the above studies, which used electric heaters
or heating wires as the heat source, Chen and Li** adopted an
oscillating heat pipe with a Li-ion battery as the heat source;
under this circumstance, the working condition is more
realistic as temperatures near the anode and cathode are
higher for a real battery. It is manifested by their results that
the temperature rise and temperature uniformity of a battery
equipped with BTMS based on an oscillating heat pipe could
be controlled within acceptable range if the discharge rate is
not higher than 1.5C. Liu et al.”' managed to use oscillating
heat pipes on a Li-ion battery pack. They adopted two different
schemes, i.e., multiple small-scale oscillating heat pipes and one
large-scale oscillating heat pipe. Their results indicated that
multiple small-scale oscillating heat pipes showed better
performance in terms of temperature rise inhibition, while
one large-scale oscillating heat pipe could achieve better
temperature uniformity. Kang et al.” tried to enhance the heat
transfer of the oscillating heat pipe by adding separating walls
in the flow channel. Their results indicated that the optimal
location of separating walls varies with filling ratio; at high
filling ratio of 70%, the highest thermal conductivity of the
oscillating heat pipe could be obtained when the separating
walls were located at the middle of the flow channel, whereas
at lower filling ratios, better heat transfer performance could be
obtained when the separating walls were located near the inner
side of the flow channel.

3.6. Visualization of Inside Flow Movement. The
above-mentioned works were focused on the investigations of
temperature distribution, temperature rise, heat flux, and heat
transfer resistance in oscillating heat pipes. The detailed fluid
movement was not included. To disclose the flow character-
istics of the oscillating heat pipes, Tong et al,”> Kim et al,®
Xu et al,”* and Senjaya and Inoue’* along with Sun et al.*®
used oscillating heat pipes made by Pyrex glass to realize the
visualization of the inside flow patterns (Figure 9); as indicated
by their results, fierce oscillations in the heat pipes occur
during the start-up period, after which, the flow pattern would
change to continuous circulation with local oscillations. The
size and movement of bubbles in the oscillating heat pipes are
closely associated with the type of working fluid, while the heat
transfer could be highly enhanced only during the generation
and growth of tube-sized bubbles or vapor glu s rather than
the generation of small bubbles. Kim et al.”**>”>’® investigated
the inside flow movement of oscillating heat pipes by engraving
the flow channels on the silicon wafer and covering the
channels with a Pyrex glass plate. By analyzing the positions of
the vapor plug and liquid plug as well as the transient meniscus
position, it was found that the liquid transfer from the
condensation section to the evaporation section is highly aided
by gravity.

Though using oscillating heat pipes partly or wholly made by
glass could lead to easier observation of the inner flow patterns,
copper or aluminum oscillating heat pipes, which are made by
opaque material, are more frequently used in BTMSs during
real application. For copper or aluminum oscillating heat pipes,
neutron radiography and an infrared technique could be used
to realize visualization of inside flow movement during
experiments. Perna et al.”’ realized the visualization of the
liquid slugs by an infrared technique and calculated the
transient flow velocity according to infrared images; they found
that both the frequency of pressure signals and oscillating flow
velocity increase with the rising heating power. Thompson et
al,”® Yoon et al,”® and Yasuda et al.”’ visualized the transient
working fluid distribution by neutron radiography and
calculated the liquid volume fraction in the evaporation
section; as indicated by their results, no matter whether the
heater is placed at the bottom or top side, the working fluid
would distribute in the condensation section during operation
at high heating power; besides, with the increase of heating
power, increases in the oscillation amplitude and oscillating
frequency of the liquid slugs will be accompanied.

Besides experiment methods, the visualization of the inside
flow pattern can also be realized by numerical methods, such as

(a)
f

(b)

\

Figure 7. Schematic of a leaf-shaped oscillating heat pipe. Reprinted with permission from ref 59. Copyright 2020 Elsevier.
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Figure 8. Structure of a dual-serpentine-channel oscillating heat pipe. Reprinted with permission from ref 61.

Copyright 2020 Elsevier.
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Figure 9. Experiment set up for the visualization of the inside flow pattern of oscillating heat pipe(a) and the image of bubble generation and
growth(b). Reprinted with permission from ref 74, Copyright 2013 Elsevier.

simulations based on 1D models, 2D models, and 3D models.
Zhao et al.* captured the transient pressures of vapor plugs
and locations of liquid slugs by a 1D model; they found that
the transient movement of the fluid in the oscillating heat pipe
is highly associated with heating modes; thus, heating modes
should be taken into consideration when designing oscillating
heat pipes. Nevertheless, the detailed distribution, length, and
shape of all the liquid slugs and vapor plugs could not be
accurately described by the 1D model. The spatial distribution
of liquid slugs and vapor plugs in the whole oscillating heat
pipes could be more clearly captured by 2D or 3D models;
however, 2D models are not adaptable to investigations
focused on the effects of the cross section geometry of
channels and could not be used for the simulation of oscillating
heat pipes with 3D structures.”>*"*> 3D models could be used
to simulate oscillating heat pipes with different structures and
investigate the effects of different influencing factors, but the
computational consumption would be raised significantly.”"

As could be summarized from the above studies (Table 4),
visualization of the flow field inside the oscillating heat pipes
has been realized with constant or pulsed heating power and
pure liquid as the working fluid. The visualization studies
regarding oscillating heat pipes charged by nanofluids and
heated by a transient heating cycle have not been conducted
yet. In addition, visualization studies of oscillating heat pipes
with different structures are still needed.

4. BTMSS BASED ON FLEXIBLE HEAT PIPES

Generally, heat pipes are made of rigid copper tubes due to the
high thermal conductivity, which means the shape of the heat
pipe could not be changed, which may cause difficulties in the
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arrangement of the BTMS. Heat pipes made of bendable
materials are capable of changing different configurations; thus,
they have higher spatial flexibility. Originally, flexible heat
pipes were designed for the thermal management of sensors,
charge coupled device, or mechanical systems in aerospace
field as location change could not be avoided and the
arrangement of space is more difficult in a space shuttle or
aircraft.®” Nowadays, flexible heat pipes have been used in land
electric devices, such as Li-ion batteries, to meet the demand of
space optimization. The investigations of BTMSs based on
flexible heat pipes are summarized in Table S.

4.1. Methods for the Realization of Flexibility. In
general, flexibility of heat pipes could be improved by two
methods, i.e., using flexible materials as the casing material of
the whole heat pipe and using flexible materials as the material
of the adiabatic section. However, if the whole or part of the
heat pipes are produced from flexible materials, the thermal
conductivity would be high, leading to poor cooling perform-
ance; thus, flexible materials combined with metal wick
structures have become a preferable choice in flexible heat
pipes. Oshman et al,,** ™ Hsieh and Yang,"” and Liu et al.”*
used liquid crystal polymer with copper filled thermal vias,
silicone rubber with copper filled thermal vias, or multilayer
polymer/aluminum as the casing material and copper or
stainless steel as the material for the wick structure to realize
the flexibility of heat pipes; besides, they proved that the
thermal conductivity of flexible heat pipe could be significantly
higher than copper plate with the same size. For flexible
oscillating heat pipes, the wick structure could be omitted;
thus, only the materials for the case structure are necessary.
However, for polymer-based heat pipes both with and without
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wick structure, the problem of noncondensable gas permeation
from ambient and leakage of working fluid are big issues for the
long-term application. These issues could be partly resolved by
adding indium coating to aid the sealing of flanges and could
be well resolved by using copper-foil or other metallic material
as the innermost layer of the case material.”""*

Yang et al,’® Qu et al,**° and Huang et al”>% used
evaporation and condensation sections made of copper along
with adiabatic sections made of rubber tube (Figure 10) or

[

Agilent 34972A

J
%

= 150mm — |[=——Le = 150mm —

Hydrophilic Copper Mesh
Fluororubber

Spring

Figure 10. Structure of flexible heat pipe with rubber adiabatic
section. Reprinted with permission from ref 88. Copyright 2016
Elsevier.

several copper tubes stuck to a continuous flexible polymer
shell to realize the creation of flexible heat pipes. Using these
methods to realize flexibility, better thermal conductivity could
be achieved as metallic material is adopted for the evaporation
and condensation sections. However, the sealing problem
between the flexible materials and the metallic materials still
exists and could prevent the use of flexible heat pipes with
these structures in commercial applications.

4.2. Effects of Bending Angle and Configuration.
Working with different bending angles and configurations is
inevitable for flexible heat pipes; thus, investigations for the
effects of bending angle and configuration are involved in most
of the studies regarding flexible heat pipes. As indicated by the
results of Oshman et al,* Hsieh and Yang,87 Lim and
Kim,”"”* and Liu et al,,”” if the flexible heat pipe is horizontally
placed, bending the adiabatic section to make the evaporation
section upward would lead to increased thermal resistance
while bending the adiabatic section to make the condensation
section upward with a small angle (e.g,, 15°) could improve the
cooling performance. Besides, if the flexible heat pipe is
vertically placed and the evaporation section is below the
condensation section, bending the adiabatic section to make
the condensation section downward or make the evaporation
section upward would lead to impaired cooling perform-
ance SH2173795 Generally, bending the flexible heat pipes
would lead to increased flow resistance and decreased thermal
conductivity; however, if the evaporation section becomes
much lower than the condensation section after bending, the
beneficial effects of gravity would be more significant, and
subsequently, the cooling performance could be improved. In
views of configuration, Qu et al.*””® investigated the cooling
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performance of a flexible heat pipe with different config-
urations (Figure 11). As indicated by their results, the bending

‘/I A
Condenser | !

Adiabatic
section

Evaporator

Figure 11. Photo of different configurations of flexible heat pipe: (i) I
shape, (ii) stair-step shape, (iii) inverted-U shape, and (iv) N shape.
Reprinted with permission from ref 89. Copyright 2017 Elsevier.

of the adiabatic section would lead to increased flow resistance
and the subsequent thermal resistance; in this case, the cooling
performance of the “I” shape flexible heat pipe is the best while
that of the “N” shape is the worst owing to the negative effects
of two bendings. For configurations with one bending (“stair-
step” shape and “inverted-U” shape), the cooling performance
of the inverted-U shape is worse due to the elimination of the
positive effects of gravity.

5. BTMSS BASED ON MICROCHANNEL HEAT PIPES

Microchannel heat pipes, ie., also known as micro heat pipe
arrays (MHPA), have an array of multiple parallel channels in
them and could be adapted to ultrathin structures. Micro-
channeled heat pipes are superior to flat single-channel heat
pipes with respect to heat transfer efliciency, cooling
uniformity, and reliability and, thus, have gained more
attention in recent years (Table 6).

5.1. Effects of Cooling Method. Zhao et al,”® Liu et
al,”””® Ye et al,”'%° Dan et al.'”!, and Mo et al.'** adopted
microchannel heat pipes in BTMSs and compared the cooling
performance of different cooling methods. According to their
results, at high discharge rates, using BTMSs with a
microchanneled heat pipe combined with natural convection
could not realize acceptable cooling performance. Better
cooling performance could be achieved by using forced air
convection or water cooling, while when water bath cooling is
applied, reduced thermal conductivity compared to forced air
convection may be induced by unstable transitional film
boiling. The best cooling method seems to be microchanneled
heat pipe combined with water spray, and this cooling method
was proven to meet the cooling requirements with respect to

https://doi.org/10.1021/acsomega.3c08056
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Figure 12. Configuration of U-shaped microchannel heat pipe. Reprinted with permission from ref 104. Copyright 2021 Elsevier.

temperature rise and temperature uniformity. When water
spray is used with the aid of forced air convection, the cooling
performance could be further improved; meanwhile, the
energy consumption is much less than that of pure forced air
convection.'%°

5.2. Effects of Other Factors. The effects of cooing air
velocity, cooling water velocity, and inclination angle on the
cooling performance of microchannel heat pipes are similar to
those of flat single-channel heat pipes, i.e., increasing cooling
air/water velocity or lifting the condensation section up could
improve the heat transfer characteristics.'”® Generally, micro-
channel heat pipes are featured by a flat plate structure;
however, when a U-shaped microchannel heat pipe is adopted
instead of a flat plate microchannel heat pipe (Figure 12),
smaller temperature rise could be obtained with sacrifices in
temperature uniformity. Though temperature differences
would be enlarged with the application of U-shaped micro-
channel heat pipe, the temperature differences within a cell or a
module could be maintained below 5 °C at high discharge
rates when forced air convection or cooling plate with
circulating cooling water is used.'**'% Tn addition, it should
be noted that low-temperature operation is inevitable for the
Li-ion battery, and the heating performance is also important
for BTMSs. However, most studies concerning BTMSs based
heat pipes are focused on cooling performance rather than
heating performance, and Wang et al."”” pointed out that the
equipment of microchannel heat pipes have negative effects on
temperature rise. To improve the heating 8performance under
low-temperature conditions, Liang et al."”* designed bending
(Z-shape) flat micro heat pipe array and systemically explored
the preheating performance of BTMS based bending flat micro
heat pipe array; as indicated by their results, temperature rise
rate can reach about 1 °C/min at ambient temperatures of —20
°C, —10 °C, and 0 °C with temperature differences within 5
°C. However, the related research is still rare and heating
performance should be considered for all types of BTMSs
based on heat pipes.

6. CONCLUSIONS AND PROSPECTS

6.1. Conclusions. (1) For all types of BTMSs based on
heat pipes, the cooling method exerted on the condensation
section has great impacts on heat transfer behavior and cooling
performance. Generally, natural air convection could not
control the temperature rise and temperature difference within
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the acceptable range for high-power Li-ion batteries. Using
forced air convection, water bath cooling or water cooling plate
could improve the cooling performance of BTMSs based on
heat pipes; however, the control of cooling charge mass flow
rate (or velocity) is a key issue.

(2) For BTMSs based on oscillating heat pipes, improved
heat transfer characteristics could be achieved by increasing
number of turns, using relatively larger inner hydraulic
diameter and using length ratio between the evaporator and
condenser higher than 1.0. It was also found that the choice of
working fluid is highly dependent on the material of oscillating
heat pipes.

(3) If the basic geometry parameters, working fluid, and
filling ratio are optimized, the cooling performance of BTMSs
based on oscillating heat pipes could be further improved by
adding PCM or designing new structures, such as 3D
structures, dual-serpentine-channel, channels with Tesla valves
etc. It was also pointed out that adding separating walls in the
capillary channels has beneficial effects on the cooling
performance, whereas the location of the separating walls
should be carefully designed to obtain optimum cooling
performance.

(4) Visualization of BTMSs based on oscillating heat pipes
could be realized by fabricating the oscillating heat pipes by
transparent material (e.g, Pyrex glass) in whole or part. For
oscillating heat pipes fabricated by opaque material (e.g,
copper and aluminum), infrared technique or neutron
radiography could be adopted for the investigation of detailed
inside flow patterns.

(5) Flexibility of BTMSs based on heat pipes could be
realized by using flexible material as the case material or
changing the material of adiabatic section from rigid material
to flexible material. However, compared to metallic materials,
flexible materials have lower thermal conductivity; meanwhile,
oscillating heat pipes fabricated by flexible materials suffer from
permeation of noncondensable gases from ambient and leakage
of working fluid. These issues could be partly resolved by
adding thermal vias filled with metallic materials and covering
the sealing part with indium coating or designing multilayered
structure with metallic materials in it.

(6) BTMSs based on microchannel heat pipes could achieve
better cooling performance than flat single-channel heat pipes
with the same size if appropriately designed. The effects of
cooling methods, cooling charge velocity, and inclination angle
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on the cooling performance on microchannel heat pipes are
similar to those on flat single-channel heat pipes.

6.2. Limitations and Prospects. (1) It is concluded that
water spray cooling is an effective and energy saving cooling
method. However, detailed investigations focused on the
combined use of heat pipes and water spray cooling are still
rare. Studies regarding the effects of the injection frequency,
injection mass flow rate, and injector parameters of water spray
cooling system equipped on BTMSs based heat pipes should
be conducted in the future.

(2) For Li-ion batteries, it is important to prevent the
propagation of thermal runaway. However, only a few studies
have been performed to explore the thermal runaway behavior
of BTMSs based on flat single-channel heat pipes. The effects
of other heat pipes on the thermal runaway behavior of Li-ion
batteries have not been systematically clarified yet.

(3) For BTMSs based on oscillating heat pipes, the
nanofluids adopted have been proven to have the capability
of heat transfer improvement. However, the operation stability
and heat transfer characteristics in the long-run have not been
systematically studied for BTMSs based on oscillating heat
pipes charged with nanofluids. Additionally, visualization
investigations on BTMSs based on oscillating heat pipes
charged with nanofluids are essential to clarify the inside flow
pattern and the movement of the nanoadditives.

(4) In view of BTMSs based on flexible heat pipes, the issues
of low thermal conductivity, working fluid leakage and
permeation of noncondensable gases from ambient have
been pointed out. However, the long-term cooling perform-
ance of BTMSs based on different flexible heat pipes has not
been thoroughly investigated. In this case, comparisons
between the cooling performance and long-term reliability
between flexible heat pipes fabricated by different flexible
materials could be a future research focus. Besides, for flexible
heat pipes with rigid evaporator and condenser as well as a
bendable adiabatic section, efforts to solve the sealing issue
between the metallic part and the flexible part are required.

(5) It is pointed out that the design and geometry
parameters of the BTMSs based on heat pipes have significant
effect on their heat transfer characteristics and cooling
performance. Meanwhile, the optimizations for the structure
and geometry parameters are more meaningful when the
BTMSs based on heat pipes are equipped on real batteries
rather than electric heaters. From this point of view, studies
regarding the performance of new structures and the effects of
geometry parameters are still needed for different heat pipes
used in BTMSs.

(6) As heat pipes demonstrate superior cooling perform-
ance, the studies regarding BTMSs based on heat pipes are
concentrated on their cooling performance. However, when
operating at low temperatures, the heating performance of
BTMSs becomes a key issue. Hence, the effects of heating
method on the heat pipe based BTMSs and the evaluation of
the heating performance of BTMSs based different heat pipes
should be regarded as future research interests.

(7) For all types of BTMSs based on heat pipes, additional
cooling methods are needed for efficient battery cooling, which
may increase space occupation. Moreover, raised maintenance
complexity and manufacturing cost are inevitable when heat
pipes are adopted, which further limits their commercial use in
BTMSs.

(8) As indicated by the study of Ginting et al,'” the
performance of heat pipes could be significantly influenced by
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inner surface treatment. Superhydrophilic surface modification
to the inner surface could enhance the cooling performance of
heat pipe. However, studies focused on the application of
surface modified heat pipes to BTMSs are rare. Thereby, such
studies are still needed.
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B NOMENCLATURE

T. temperature of evaporation section
T, saturation temperature

T. temperature of condensation section

Bl SUBSCRIPTS

e evaporation section
sat saturation
¢ condensation section

Acronyms

1D one-dimensional

2D two-dimensional

3D three-dimensional

BTMS battery thermal management system

EV electric vehicle
EG expanded graphite
HEV  hybrid electric vehicle
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MHPA micro heat pipe array

OHP  oscillating heat pipe
PCM  phase change material
SOC  state of charge
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