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With the rapid consumption of traditional fossil fuels and the exacerbation of environmental pollution,
the replacement of fossil fuels by new energy sources has become a trend. Under this trend, lithium-ion
batteries, as a new type of energy storage device, are attracting more and more attention and are widely
used due to their many significant advantages. However, lithium-ion batteries are temperature-sensitive,
and a battery thermal management system (BTMS) is an essential component of commercial lithium-ion
battery energy storage systems. Liquid cooling, due to its high thermal conductivity, is widely used in
battery thermal management systems. This paper first introduces thermal management of lithium-ion
batteries and liquid-cooled BTMS. Then, a review of the design improvement and optimization of liquid-
cooled cooling systems in recent years is given from three aspects: cooling liquid, system structure, and
liquid-cooled hybrid system. In terms of cooling liquids, a review of different liquids, such as oil,
electrical media, and added liquid metals and nanoparticles as different coolants, is given with regard to
their performance and applications. In terms of the system structure, the research and advantages of
different designs of cooling plates, coolant channels, and thermal jackets are introduced. In terms of
liquid-cooled hybrid systems, the phase change materials (PCMs) and liquid-cooled hybrid thermal
management systems with a simple structure, a good cooling effect, and no additional energy
consumption are introduced, and a comprehensive summary and review of the latest research progress
are given. The optimization of the lithium-ion battery liquid-cooled BTMS in the future is prospected.

Received 14th June 2023,
Accepted 18th July 2023

Based on our comprehensive review, we have outlined the prospective applications of optimized liquid-
cooled Battery Thermal Management Systems (BTMS) in future lithium-ion batteries. This encompasses
DOI: 10.1039/d3ma00299¢ advancements in cooling liquid selection, system design, and integration of novel materials and
technologies. These advancements provide valuable insights and knowledge for the progress and

rsc.li/materials-advances optimization of liquid-cooled cooling systems in the thermal management of lithium-ion batteries.

does not meet the temperature range or the temperature of a
single cell in the battery module exceeds 55 °C, the perfor-

1. Introduction

There are various types of renewable energy,"” among which
electricity is considered the best energy source due to its ideal
energy provision.>* With the development of electric vehicles
(EVs), developing a useful and suitable battery is key to the
success of EVs.>” The research on power batteries includes
various types of batteries such as lithium-ion batteries, nickel-
zinc batteries, lead-acid batteries, etc.®® Lithium-ion batteries
are widely used in battery electric vehicles (BEVs) due to their
high energy density, low self-discharge rate,'® nearly zero
memory effect, high open-circuit voltage, and long cycle
life.""'* However, the use of lithium-ion batteries may some-
times pose potential dangers.'® Research shows that lithium-
ion batteries must operate within a strict temperature range of
20 °C to 55 °C.M If the operating temperature of the battery
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mance of the battery will be seriously affected and thermal
runaway (TR) may occur, resulting in safety issues such as short
circuit, combustion, explosion, etc.'>'®

Thermal runaway is a key issue that hinders the application
of lithium-ion batteries,"”*® caused by mechanical, electrical,
and thermal abuse.'** Hu et al.”* found that the main factors
causing thermal runaway are the low thermal stability of
materials and the battery thermal management system not
being able to alert in time. Rai jmakers et al®! designed
comprehensive studies on the temperature of lithium-ion bat-
teries, including various temperature measurement methods
such as impedance-based temperature indicators and fiber
Bragg grating technology. Understanding the contribution
of chemical reactions and internal short circuits to thermal
runaway is crucial for the development of safer lithium-ion
batteries. Ren et al.>® proposed that the heat release reaction
between the anode and the electrolyte is the main trigger for
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the thermal runaway, which is different from the traditional
view that high-activity oxygen release from the cathode or an
internal short circuit is the key factor. An effective battery thermal
management system (BTMS)*® can ensure that lithium-ion bat-
teries operate within appropriate temperature ranges. He et al.”’
studied the thermal runaway mechanism of a commercially
available Li [NisCo,Mnj;] O,/graphite 18650 cylindrical battery
and established a 3D thermal runaway model to predict the
thermal runaway behavior of the battery under different state-of-
charge conditions. The results showed that the anode and the
cathode as well as the cathode electrolyte are the main heat
sources during the thermal runaway process, with the heat ratio
decreasing as the state-of-charge decreases.

In terms of BTMS experiments/thermal modelling, many
advances have been made so far.”*** According to research, the
BTMS cooling system is classified into four modes based on the
heat transfer medium®*~”: air cooling, liquid cooling, phase
change material (PCM), and heat pipe (HP). Air cooling systems
can be divided into forced air cooling and natural air cooling.
Air cooling systems have low effectiveness and cannot meet the
requirements of long-range electric vehicles and hybrid electric
vehicles.?**° There has also been a lot of research in PCM
experiments/thermal modelling.***> PCM systems can effec-
tively remove heat and maintain a more uniform internal
temperature distribution; however, its packaging difficulties
and volume changes limit its application in engineering.*®™*°
As a special liquid cooling method, heat pipes can provide a
high heat transfer rate and dissipation rate without an external
power source through the evaporation of the liquid coolant.
However, its large volume requires more HPs to be installed to
provide enough cooling capacity, making it not suitable for any
commercially available vehicle.’*>* Compared to air cooling
and PCM, liquid has better thermal conductivity, making
liquid cooling systems more suitable for cooling lithium-ion
batteries and large batteries in engineering and commercial
applications. It is therefore the most used battery thermal
management system by major car manufacturers such as Tesla
and BYD.

In recent years, many literature authors®” have summar-
ized the high-performance lithium-ion battery thermal man-
agement systems (BTMSs) based on phase change materials
(PCMs),>®* which covers some liquid cooling BTMS.*%°!
However, their summaries on liquid cooling BTMSs are not
sufficiently comprehensive and do not delve into the improve-
ment of liquid coolants and optimization of system design.
This paper provides a comprehensive literature review of liquid-
cooled BTMSs for lithium-ion batteries. This paper summarizes
the impact of different coolants, improved cooling system
structures, and improved hybrid systems based on liquid
cooling on the thermal performance of lithium-ion batteries.
The advantages and disadvantages of different coolants,
cooling plates, channels, heat exchanger jackets, and hybrid
systems are analyzed and conclude that improvements in
coolants, cooling channels, and liquid-PCM mixed cooling are
the most effective ways to improve the performance of lithium-
ion batteries.
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2. Liquid cooling system lithium-ion
battery pack structure

Typically, lithium-ion battery systems are composed of indivi-
dual lithium-ion cells that meet the requirements of voltage
and power. In addition to the cells, a lithium-ion battery system
also includes other components such as a battery casing, an
electronic controller, sensors, busbars, and piping. Lithium-ion
cells can be categorized into prismatic cells, pouch cells, and
cylindrical cells. Pouch cells consist of multiple individual cells
that are parallelly connected within the casing.®>®® Each unit
features a negative electrode, a separator, and a positive elec-
trode, which are surrounded by collectors on both sides.
Prismatic cells boast considerable, if not even higher, volume
and energy density, and can also accommodate a sufficient
amount of electrode material.** Prismatic or pouch cells are
also more amenable to assembly. Cylindrical lithium-ion cells,
due to their compact volume and high power density, have
been widely adopted as power sources for electric and hybrid
vehicles.

An electric vehicle battery pack is typically composed of
hundreds of cylindrical lithium-ion battery cells. Yuqi Huang
et al.®® conducted a study on flow and convection at spacing.
The research focused on exploring the transient thermal inter-
actions and convection phenomena between adjacent battery
cells, as well as the influence of spacing and transient heat
release patterns on the system. The study focused on a cylind-
rical lithium-ion battery package arranged in a 4 x 5 configu-
ration, with four lines of cells connected in series, and each line
containing five cells connected in parallel, as depicted in
Fig. 1(a). The cells were positioned compactly, and any
gaps between them were filled using a thermally conductive
adhesive. For simulation purposes, the individual cells were
simplified into smooth cylindrical shapes using CATIA software.
The geometry of each cell was represented by a cylinder with a
height of 65 mm and a diameter of 18 mm, as illustrated in
Fig. 1(b). The distance between the cells is only a few millimeters,
so the thermal state of the battery directly affects the efficiency of
the current and the lifespan of the battery. Sefidan et al.*® studied
the electrochemistry and thermal conditions of commercial 18650
lithium-ion batteries using a pseudo-two-dimensional electro-
chemical model and analyzed the critical and thermal hazard
arrangements of the lithium-ion batteries by testing individual
batteries of different sizes with this new technology. Table 1
presents the geometrical dimensions and electrical parameters
of various components in the cell, including the current collector,
electrodes, separator, and other relevant dimensions. Tan et al.®®
designed a DLC fast-charging battery pack using hydrogen fluoride
ether (HFE-6120) as the coolant. The structure of the DLC battery
pack is shown in Fig. 2(a), which consists of 10 sheets, each
composed of 16 modules, each module composed of 32 cylindrical
batteries connected in parallel. 12 units were selected for tempera-
ture characteristic analysis of the battery block, with the tempera-
ture monitoring points located on the battery back along the fluid
direction, as shown in Fig. 2(b). The side view configuration block
of various channels is shown in Fig. 2(c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a)

Fig. 1 The photo and scheme of mesh for the 4 x 5 battery package.®®

Table 1 Parameters of lithium-ion batteries®”-%®
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(b)

Value Parameter

Value Parameter

398 Wm 'K !

0.6 Wm 'K '  Electrolyte thermal conductivity

0.3344 Wm ' K Separator thermal conductivity

1.5 x 107> m Positive electrode current collector thickness
1x10°m Negative electrode current collector thickness
1x10°m Separator thickness

1.5 x 107" m Positive electrode thickness

1.2 x 107" m Negative electrode thickness

5.52 x 10> m Positive electrode height

0.895 m Positive electrode length

571 x 10> m Negative electrode height

0.936 m Negative electrode length

571 x 10> m Separator height

1.06 m Separator length

5.52 x 10> m Positive electrode current collector height
0.95 m Positive electrode current collector length
571 x 107> m Negative electrode current collector height
1.004 m Negative electrode current collector length

A large body of research has shown that when the temperature
of a lithium-ion battery exceeds 50.00 °C,”*”* the degradation rate
and aging phenomenon of the battery will accelerate. This is a
major challenge for the battery to cope with extreme environ-
mental temperatures or during fast charging or discharging,
without affecting the cycle life and output performance. There-
fore, an appropriate battery thermal management system (BTMS)
is crucial and necessary to maintain the optimal operating
temperature range, improve durability, and extend the life cycle.

3. Lithium battery thermal
management system

A reliable battery thermal management system (BTMS) can effec-
tively address extreme operating conditions” and is one of the key
components of a lithium-ion battery pack.”® It can maintain the
operating temperature within the desired range specified by the
battery manufacturer and minimize the temperature difference
between the battery cells within the module.

3.1. Classification of battery thermal management system

An effective Battery Thermal Management System (BTMS) can
prevent the heat runaway phenomenon by controlling the

© 2023 The Author(s). Published by the Royal Society of Chemistry

Negative electrode current collector thermal conductivity 3.7 V

Nominal voltage

1.5Ah Nominal capacity

2 %10 m Can thickness

4.54 x 10 > kg Cell mass

2770 kg m > Positive current collector density
8933 kg m Negative current collector density
1500 kg m ™3 Positive electrode density

1347 kg m > Negative electrode density

1130 kg m Electrolyte density

659 kg m* Separator density

700J kg ' K' Positive electrode heat capacity

1437 J kg ' K' Negative electrode heat capacity

875J kg ' K" Positive electrode current collector heat capacity
385J kg ' K'' Negative electrode current collector heat capacity
2055 ] kg ™' K~' Electrolyte heat capacity

1978 J kg™ ' K™' Separator heat capacity

5Wm "K' Positive electrode thermal conductivity

5Wm 'K ' Negative electrode thermal conductivity

temperature within a safe range and managing the heat
behavior of the battery.”” A BTMS can ensure that the battery
operates within a safe working temperature and has uniform
temperature distribution. There are various cooling strategies
for the BTMS including air cooling, liquid cooling, phase
change material (PCM) cooling, thermal pipe and composite
cooling strategies. Table 2 summarizes the advantages and
disadvantages of the current BTMS.

The simplest and most efficient cooling systems for lithium-ion
batteries are passive systems like thermal conductive pipes and
phase change materials (PCMs).”*® These systems are simple in
structure and don’t require complicated or large auxiliary equip-
ment, and don’t consume additional energy.***> The thermal
conductive pipes use their excellent heat conductivity to quickly
remove heat generated by the battery, achieving the cooling effect.
PCMs are an important heat management material because of their
high latent heat, compact structure, and efficiency.***® By using
composite PCMs made from porous materials and high thermal
conductive fillers, the composite PCMs have the advantages of being
leak-proof, high in heat conductivity, and able to be processed into
any shape. Therefore, PCM cooling systems can be applied to
batteries of any shape with good temperature uniformity. In recent
years, research on this cooling method has focused on improving
the effective thermal conductivity of PCMs.****

Mater. Adv., 2023, 4, 4011-4040 | 4013
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Fig. 2 Construction diagrams of (a) the DLC battery pack, (b) battery block, and (c) side views of the battery blocks with different flow channel

configurations.69

In active battery cooling systems, the main methods are air
cooling and liquid cooling. Air cooling is a common method
used in lithium-ion batteries and has been widely studied and
researched.”® > Air cooling modules are widely used in com-
mercial electric vehicles due to their advantages of simple
components and parts, easy maintenance, low cost, and light
weight.’® To improve the cooling efficiency of air cooling, many
studies have been conducted to achieve this goal.”” '

However, air cooling has poor thermal conductivity and
smaller heat capacity, leading to lower cooling capacity of the
battery thermal management system (BTMS) and poor tem-
perature uniformity among batteries. It loses efficiency when
operating under high-temperature conditions."** Additionally,
there are challenges in practical application such as difficulty in
using phase change materials (PCMs), increased weight of
battery packs, and safety concerns. The shape of the heat pipe
also limits its use to specific battery shapes. Many experimental
results show that liquid cooling can better suppress the tem-
perature rise compared to PCM and air cooling, as it can absorb
more heat and has a smaller volume."%>"%?

3.2. Liquid cooling

The basic principle of liquid-cooling BTMS is to transfer and
dissipate the heat generated by the battery during operation into a
liquid coolant and then dissipate it into the environment.'**

4014 | Mater. Adv, 2023, 4, 4011-4040

Liquid cooling can be divided into two different methods: direct
cooling and indirect cooling. Immersing the battery cells in an
electrically insulated material is a direct liquid cooling method,
while indirect cooling can be achieved through liquid flowing over
a cool plate or a unit that holds the cells.'® In order to take
advantage of the superiority of both direct cooling and indirect
cooling methods, a new concept for battery thermal management
system has also been proposed in recent years: the hybrid battery
thermal management system. PCM cooling, as a passive thermal
management method, can be integrated into the battery BTMS,
and the integration of PCM and liquid cooling is increasingly
being studied as a new and emerging solution for lithium-ion
battery hybrid thermal management (HTM).

Direct liquid cooling, also known as immersion cooling,
has a simple system design with low thermal resistance and high
cooling efficiency. This method uses a heat transfer fluid (HTF) to
remove heat from the battery, resulting in a faster and more
compact cooling rate than an air-based battery thermal manage-
ment system (BTMS). As an HTF, it should have superior thermal
performance characteristics, such as high thermal conductivity,
low viscosity, low density, and better thermophysical properties,
and should not react with the battery material.”® Mainly water and
oil, such as mineral oil and silicone oil, are used as coolants.
Although the coolants are in direct contact with the battery,
systems designed with mineral oil and silicone oil are simpler

106,107
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Table 2 Existing BTMS technologies
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Cooling Method Advantages

Limitations

Air cooling

Liquid cooling
(indirect)

Liquid cooling
(direct)

Phase change
material (PCM)
cooling

Heat pipe
cooling

Hybrid cooling

1. Relatively simple structure, low cost and light weight.

2. The design is easy to realize and adaptable.

1. The specific heat capacity and thermal conductivity of
liquids are usually greater compared to air, and cooling is
usually better for the same power consumption.

2. Cooling effectiveness can be effectively improved by coolant
flow, channel design and material properties. The potential for
improvement is relatively high.

3. Temperature uniformity is usually better when the ducts or
cooling plates are in contact with the cell side.

1. Simple and compact structure, light weight and low cost.

2. The coolant is in direct contact with the battery cells,
convection heat transfer is stronger, and the cooling effect
is further improved.

3. The coolant as a medium can avoid short circuits and
inhibit the spread of thermal runaway.

1. PCM absorbs heat and cools down without an additional
cooling system.

2. The shape of PCM is easy to change, the system
arrangement is simple, and the temperature uniformity is
better.

3. PCM usually has good insulation resistivity and can be used
as insulation material to reduce the risk of short circuits.

1. Excellent thermal conductivity, a wide range of applications.
Sensitive to temperature changes, can effectively control the
temperature in real-time.

2. Heat pipes work alone without additional power
consumption.

1. The hybrid thermal management system can supplement its
advantages and limitations, and help improve the overall
performance of the system.

2. It can greatly reduce system power consumption to a certain
extent.

1. The heat conduction coefficient of the air is low, smaller
than the heat capacity, and the temperature control capacity
under high magnification is relatively weak. The temperature
uniformity in the battery pack is relatively poor.

2. When the active cooling method meets the heat
management requirements, the power consumption is greater,
the space required for the system is larger, and the energy
density of the battery pack is smaller.

3. The potential for improvement is relatively small, and the
limited temperature control limit is relatively low. It is mainly
suitable for battery packs with small energy density and low
charging rates.

1. The system structure is more complex, the overall weight is
large, and the cost is higher.

2. In order to prevent leakage and short-circuit, the coolant
needs to be in indirect contact with the battery cells, which
increases the thermal resistance and inhibits the cooling
effect.

3. The thermal conductivity of the pipeline or cooling plate is
large, which is not conducive to suppressing the thermal
runaway of the battery pack.

1. Higher sealing requirements for the battery pack do not
allow conductive media to enter the system.

2. Pumps and cooling systems are often required to drive the
coolant and reduce its temperature.

1. The volume of the PCM usually changes significantly after a
phase change, increasing the potential for leakage.

2. Most PCMs have low thermal conductivity and are less
sensitive to temperature changes.

3. In the case of continuous circulation, the cooling effect will
be reduced, and an additional cooling system is needed to take
away the heat absorbed by the PCM.

1. Complex system structure and difficult to manufacture.

2. High cost and risk of leakage and small thermal capacity.
3. Small contact area with the battery, usually requiring
additional cooling plates to improve temperature uniformity.
1. The increased size and structural complexity of hybrid
cooling systems compared to a single thermal management
approach, with a corresponding increase in manufacturing
and maintenance costs.

2. The greater control difficulty of hybrid cooling systems.

and more compact, saving manufacturing and maintenance costs.
However, these coolants have a higher viscosity, consuming more
pump power to deliver the same mass flow. Despite recent
proposals for direct liquid cooling and limited research, there is
still a large gap in the development of direct contact battery
thermal management systems.

Despite the high thermal performance of direct contact
modes, direct contact between the battery and the HTF may
not be practical in battery packs and indirect liquid-based
systems are more readily implementable. Effective heat transfer
by the coolant is typically achieved through structural design,
including separate coolant channels, heat transfer jackets, cold
plates, heat pipes (HP), and the like. Indirect contact liquid
cooling systems typically require a miniaturized coolant
channel for the flow of the coolant, with the battery being

© 2023 The Author(s). Published by the Royal Society of Chemistry

surrounded by a cooling plate exterior. Water/ethylene glycol,
with its lower viscosity and higher thermal conductivity, is the
most common coolant for liquid-cooled BTMS as it is more
easily able to provide higher mass flow and lower power
consumption. Other cooling systems commonly used include
oil, water, nanofluids, liquid metals, and boiling liquids.
Wang et al."®® conducted control tests on several competing
cooling strategies, including unidirectional cooling flow,
constant-period reciprocating cooling flow, and actively con-
trolled reciprocating cooling flow. It was found that the reci-
procating cooling flow could effectively reduce the maximum
temperature rise and temperature non-uniformity in the battery
pack of actual size. De Vita et al.'*® proposed a computational
modeling method to characterize the internal temperature
distribution of a lithium-ion battery pack, which was used to

Mater. Adv,, 2023, 4, 4011-4040 | 4015
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Fig. 3 (a) Battery pack render for liquid cooling solution (on the right) and the cross-section view of the cooling channels,'®° (b) temperature evolution
during a discharging/charging process for liquid cooling simulation,'°® (c) 3D model of the battery module and actual picture of single-cell,*° (d) flow

characteristics of D-tesla valve design and (e) coolant flow channel with different width of the cooling plate.

simulate the liquid cooling strategy for thermal control of
the battery pack in automotive applications, highlighting the
advantages and disadvantages of the strategy. Fig. 3(a) shows a
liquid-cooled battery pack with six adjacent batteries, each with
a liquid cooling plate between the six cells. In Fig. 3(b), the
difference between the highest and lowest average temperature
appears to increase over time, which is why a thermal manage-
ment system (TMS) is required. Shang et al™'® designed a
lithium-ion battery liquid cooling system with a changing
contact surface, determined by the width of the cooling plate.
The cooling performance and pump power consumption were
evaluated through mathematical derivation and numerical analy-
sis. The results showed that the temperature was proportional to
the inlet temperature, but inversely proportional to the width of the
cooling plate. Through single-factor analysis and orthogonal experi-
ments, three factors affecting the thermal performance of the
battery (mass flow rate, inlet temperature, and width of cooling
plate) were optimized. The battery model is illustrated in Fig. 3(c).
The battery casing and cooling plate are made of aluminum and
are very light. The width of the cooling plate varies from 55 mm to
75 mm with an interval of 5 mm. As shown in Fig. 3(d), the width
and length of the cooling plate are the same as those of the heat-
conducting pad. By using this optimization method, the tempera-
ture lower limit and temperature uniformity of the battery were
achieved, and the consumption of the pump was reduced.

4016 | Mater. Adv., 2023, 4, 4011-4040
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As demonstrated by the above experiments, it is imperative
to study the performance of the cooling system due to the
presence of contact thermal resistance between the cooling plate
in indirect contact with the cooling system and the battery.*****?
To enhance the thermal performance of lithium-ion batteries, on
the one hand, the cooling effect of the coolant on the battery
thermal management system (BTMS) is crucial, and some research-
ers have investigated ways to improve the thermal conductivity of
the coolant, such as adding solid particles with high thermal
conductivity coefficients to the coolant. On the other hand, the
contact area between the battery and the cooling plate and the
number of cooling channels also affect the temperature distribu-
tion of the battery, so optimizing the system structure can also
significantly improve the cooling performance of the BTMS. Mean-
while, the mixture of liquid cooling and other methods is becoming
an effective solution to achieve the highest cooling efficiency.

4. Liquid cooling BTMS improvement

The optimization methods for liquid cooling BTMS can be
divided into three categories: coolant, system structure, and
improvement of liquid cooling-based hybrid systems. The
system structure includes the cooling fluid channel, cooling
plate, and heat transfer casing.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.1. Coolant improvement

The liquid cooling system has good conductivity, allowing the
battery to operate in a suitable environment, which is impor-
tant for ensuring the normal operation of the lithium-ion
battery. Commonly used coolants in cooling systems include
oil, water, nanofluids, liquid metals, and boiling liquids."*****
The four advanced coolants reviewed in this section are oil,
electrically conductive coolants, liquid metal or nanoparticle-
added coolants, and special coolants.

4.1.1. Oil. Oil is not electrically conductive and not easily
combustible, and its thermal conductivity coefficient is typically
1.5-3 times that of air. Due to its high thermal conductivity
coefficient, oil is commonly used in direct liquid cooling BTMS,
allowing heat to be transferred directly from the battery to the oil.

In recent years, the concept of immersion cooling has been
put forth and validated through numerical studies. Zhou et al.'*®
immersed lithium-ion batteries in non-conductive coolant
dimethyl silicone oil and employed an electrically coupled heat
transfer model to obtain the heat generation rate and temperature
distribution of the battery during discharge, as well as to deter-
mine the performance of the system via numerical calculation.
The BTMS structure of the immersed cooling is illustrated in
Fig. 4(a). The results showed that compared to natural cooling,
immersion cooling can significantly reduce the maximum
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temperature (Tax) Of the battery during 3C (C-rate is the measure-
ment of the charge and discharges current with respect to its
nominal capacity.) discharge. Liu et al.'*® found that the cooling
and homogenization performance of transformer oil is superior to
that of silicone oil. They used new 18650 lithium-ion batteries/
graphite as test subjects, with nominal capacities and charging/
discharging cut-off voltages of 2600 mA h and 4.2 V/2.75 V,
respectively. Prior to testing, the used batteries were charged and
discharged using the Constant Current Charging (CCC) - Constant
Voltage Charging (CVC) - Constant Current Discharging (CCD)
mode (at a constant rate of 0.5C), through 5 cycles. Fig. 4(b) shows
that not only does the transformer oil control the battery tempera-
ture below 35 °C, but the temperature deviation is less than 3 °C
at discharge rates of 1 to 2C. Wang et al.™” used high insulation
No. 10 transformer oil as the immersion-style cooling fluid and
built an experimental platform consisting of 5 parallel 10 A h
lithium-ion pouch batteries with a total capacity of 10 A h. They
studied the cooling performance of liquid-immersed BTMS (Battery
Thermal Management System) and its influencing factors. The
experimental setup design of the liquid-immersed BTMS is shown
in Fig. 4(c). The results showed that under the conditions of a
discharge rate of 2C (100 A) and an ambient temperature of 25 °C,
the liquid-immersion cooling scheme with an immersion depth of
13.2 cm (full immersion height) and a flow rate of 0.8 L min " has
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Fig. 4 (a) Structure of the BTMS with immersion cooling,**® (b) schematic diagram of the experiment,*'® (c) schematic diagram of the experimental

system,'” (d) the experimental setup in this work. 18
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the best thermal management performance. In addition, there is
also research on mineral oil. Liu et al."'® discussed the thermal
behavior of dynamically cycled batteries under static and flowing
mineral oil (MO). As shown in the right figure of Fig. 4(d), the
experimental platform was filled with MO, the battery was fully
immersed in the oil, and connected to the battery cycling tester
(NEWARE CT-4008, 5 V/6 A) through nickel strips welded to the
positive and negative terminals of the battery. The battery tempera-
ture could be maintained below 35 °C at a flow rate of 5 mL min ™",
and even at a 4C discharge rate, it could be maintained below 30 °C
when the flow rate exceeded 15 mL min . Increasing the MO flow
rate could reduce the battery temperature, and this effect gradually
weakened due to the limit of the system cooling capacity.

The mass of liquid-immersed cooling systems in battery
packs is much higher compared to air cooling systems due to
the immersion of the battery packs. Leakage is a major hazard
of cooling systems and the advantages and disadvantages need
to be considered in the design process. Oil is a significant
refrigerant and is frequently utilized. In the process of design-
ing cooling systems in the future, variables such as the tem-
perature of the cooling fluid inlet (T3,), the outlet velocity (Vou),
the inlet velocity (Viy,), the flow rate of the cooling fluid (mc), the
pressure change rate (Ap), and the channel diameter (D;,) must
be taken into consideration.

4.1.2. Dielectric coolant. Dielectric coolants are stable,
non-flammable, and environmentally friendly even at high
temperatures. Based on research results, liquid cooling based
on dielectric coolants is an effective cooling technology that can
effectively cool the battery pack under high continuous dis-
charge cycle conditions. The lithium-ion battery thermal man-
agement system proposed by Al-Zareer et al."'® employs boiling
liquid propane to remove the heat generated by the battery,
while propane vapor is used to cool parts of the battery not
covered by liquid propane. The impact of the height of the
liquid propane inside the battery pack on the thermal behavior
of the battery pack was analyzed. The results show that the
propane-based thermal management system provides good
cooling control of the battery temperature under high contin-
uous discharge cycle conditions of 7.5C. However, safety must
be considered when using liquid propane as a coolant as it is a
flammable gas. In addition, the physical properties of liquid
propane must also be considered in the design of the cooling
system to ensure it can effectively cool the battery pack. An
et al."*° proposed a new thermal management system based on
the hydrophobic electrolyte hydrogen fluoride liquid at a boil-
ing point of 34 °C. Cooling experiments of the battery module
were performed under different discharge rates and flow recov-
ery numbers. NOVEC 7000 has a boiling temperature of 34 °C
under one atmosphere, which falls within the optimal operat-
ing temperature range of 25-40 °C for lithium-ion batteries.
The results showed that the highest temperature of the battery
pack (10 1 h battery strings in series) could be maintained at
35 °C even with a discharge rate as high as 20C. Wu et al.'*
used Novec 7000 as a boiling-cooling thermal management
system for a large format 20 A h LiFePO, lithium-ion battery.
The results showed that the boiling-cooling system had a good
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ability in reducing the highest temperature and improving
temperature uniformity, even during a 4C discharge process.
And then Wu et al."** evaluated the thermal control capability
of a boiling cooling system with Novec 7000 as a coolant for
large format 20 A h lithium-ion batteries, paying particular
attention to the cooling performance under harsh operating
conditions such as high-rate cycling and coolant starvation.
The experimental results showed that the boiling cooling
system with uninterrupted/low coolant flow has good cooling
ability, and the battery temperature can be controlled at around
35 £ 2 °C during high-rate cycling.

4.1.3. Liquid metal and nanoparticle coolant were added.
Water-based coolants have a lower viscosity and a higher heat
transfer coefficient than most oil coolants. Metal particles or
metal oxides such as Al, Cu, Ag, Ni, aluminum oxide, titanium
dioxide, silicon dioxide, etc. can be added to conventional
liquid coolants to further improve thermal conductivity. Cool-
ants that have been added with liquid metals and nanoparticles
can be considered as upgraded alternatives to indirect liquid
cooling BTMS water or water/ethylene glycol solution coolants.

When metal particles are added to traditional fluids, they
become nanofluids. When added, the thermal conductivity
increases significantly. As a result, the thermal conductivity
of metal is much higher than that of traditional heat transfer
fluids. Liu et al'*® investigated the thermal performance
enhancement of different base fluids, including water, ethylene
glycol (EG), and engine oil (EO), by incorporating nanoparticles
to explore the effect of nanofluids on the thermal performance
of base fluids. The performance of nanofluids was calculated
and verified using experimental data. It was found that the
thermal performance of water, EG, and EO was improved by
incorporating aluminum oxide nanoparticles, but the fluid
pressure drop also increased at different discharge rates
(i.e., 1C, 2C, 3C). The improvement was more pronounced for
base fluids with lower thermal conductivity. The geometric
dimensions of the battery pack and the microchannel cooling
system are shown in Fig. 5(a). The addition of 2% aluminum
oxide in EO and its nanofluid coolant are shown in Fig. 5(b) and
(c) at a discharge rate of 1C. In addition to the selection of the
base fluid, the thermal performance improvement by different
nano-additives also differed. Kiani et al."** tested various oxide
nanofluids, with three types of nanoparticles, aluminum oxide
(Al,03), copper oxide (CuO) and silver oxide (AgO). The nano-
fluids prepared from Al,O; and CuO are shown in Fig. 6(a). The
experimental results indicated a significant improvement in
the cooling efficiency of the nanofluid system, among which
AgO was the best candidate. Compared to a battery thermal
management system based on pure water, a nanofluid system
with a 2% vol concentration of AgO/water reduced the highest
temperature of the battery by approximately 4.1 K. As shown in
Fig. 6(d), the addition of nanoparticles significantly enhances
the heat transfer rate. Fig. 6(e) shows the change of the highest
temperature of the battery under different volume fractions of
AgO nanoparticles at three different concentrations. Zhou
et al.'® also chose a carbon nanotube (CNT) ethanol-water
solution as the working fluid, as described in Fig. 6(b), which

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(b) maximum temperature rise and (c) temperature difference at a discharge rate of 1C and Vi, = 0.1 m s

shows a transmission electron microscopy (TEM) image of the
dispersed CNT fibers’ size and shape. A water—-ethanol mixed
base CNT nanofluid was obtained in different mass concentra-
tions of 0.05-0.5% as shown in Fig. 6(c). The results showed
that compared to the ethanol-water mixture, the CNT-based
nanofluid has better starting and heat transfer performance
for the vertical OHP. The average evaporator temperature and
thermal resistance of the OHP were reduced to 43.1 °C and
0.066 °C W', respectively, which were 9.8 °C and 0.278 °CW ™"
lower than the ethanol-water mixture. Fig. 6(f) lists the overall
size and geometric parameters of the mixed OHP. To simulate
the battery cooling on the basis of the OHP, the evaporator part of
the mixed OHP was sandwiched between two flat heating plates of
the same size as the evaporator plate, as shown in Fig. 6(g).

In order to study the effect of volume fraction of nano-
particles and flow velocity of nanofluids on cooling perfor-
mance, Bin-Abdun et al.'?*® investigated the thermal physical
properties and heat transfer rate of CuO/deionized water nano-
fluids containing and not containing sodium dodecyl sulfate
(SDS) surfactant. They analyzed the effect of flow velocity and
surfactant on the heat transfer rate of nanofluids at different

© 2023 The Author(s). Published by the Royal Society of Chemistry
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volume concentrations of 0.08%, 0.16% and 0.40%. The size
and morphology of copper oxide nanoparticles are shown in
Fig. 7(a). To ensure no settling occurred, the nanofluids were
observed for 96 hours, as shown in Fig. 7(b). The results showed
that the highest heat transfer rate was obtained for CuO/
deionized water nanofluid with a volume concentration of
0.40% and SDS surfactant. The results of the heat transfer rate
for deionized water and copper oxide nanoparticles with
volume concentrations of 0.08%, 0.16% and 0.40% at different
flow velocities are shown in Fig. 7(c). To further investigate the
impact of nanofluids on the thermal management of lithium-
ion batteries, Yetik et al.'*” studied two different base liquids
(water and ethylene glycol) and three different volume fractions
(1%, 2%, and 5%) of nanoparticles (iron oxide). The batteries
were connected in series, and the battery module is shown in
Fig. 8(a). The results showed that the cooling effect of the
module was better when the volume fraction of the nanofluid
and the coolant increased. The impact of the inlet velocity of
the cooling fluid on the highest temperature at the outlet of the
battery module is shown in Fig. 8(b) under the conditions of a
5C discharge rate and a mixture of water-based 5% iron oxide
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nanofluid. Fig. 8(c) shows the highest temperature at the end of
the 2.5C discharge for the battery module. In their research,
prepared nanofluids using multi-walled carbon
nanotubes (MWCNTs) with three different volume fractions (Vf)

Mitra et al.*?®
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(0.15%, 0.3% and 0.45%) in a mixture of ethylene glycol and
water and compared the cooling performance of the nanofluids
with that of water and ethylene glycol-water mixtures. The
assembly of serpentine channels is described in Fig. 8(d), where
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aluminum channels are stacked on top of each other between
the batteries to allow maximum contact with heat extracted
from the laboratory. Fig. 8(e) describes the temperature profile
of the batteries and serpentine channels for different working
fluids at a discharge rate of 2.1C. It can be observed that due to
the lower temperature of the working fluid, the starting tem-
perature of the battery module is lower. The results show that
the use of nanofluids significantly reduces the temperature
deviation of the battery module and the temperature profile
helps to study the temperature difference at different discharge
rates, where the cooling performance is best for the nanofluid
with Vf of 0.45% (0.45% of the volume in the nanofluid is nano-
particles, and the rest is the base fluid), as shown in Fig. 8§(f).

In recent research, Ouyang et al.">° proposed an efficient and
energy-saving battery thermal management system that integrates
phase change cooling, nanofluid cooling, and insulation materials.
The effects of the volume fraction of nanoparticles and the flow rate
of nanofluids on cooling performance were studied. Furthermore,
to further improve cooling performance, a uniformly accurate
rotatable composite material with a uniform precision was adopted
and a regression equation was established to determine the
optimal combination factor. First, the flow rate of the nanofluid
was set at 0.01 m s~ '. Observing Fig. 9(a), the trend of battery
temperature change at different volume fractions is the same, but
the highest temperature is different. In Fig. 9(b), the maximum
temperature of the battery rises and then decreases, but the

© 2023 The Author(s). Published by the Royal Society of Chemistry

decreasing range gradually decreases. Using the regression
equation, an improved plan was obtained. The flow rate of
the nanofluid, the volume fraction of the nanoparticles, the
thickness of the phase change materials, and insulation mate-
rials were 0.05 m s~ %, 1%, and 3 mm, respectively. By compar-
ing the improved plan with the original plan, the highest
temperature of the battery was reduced by 23% and the
economic index was reduced by 22%.

In recent years, experimental and theoretical studies on
the performance and properties of nanofluids have been
conducted.”*"* It can be concluded from the existing litera-
ture that the improvement in the heat transfer rate of nano-
fluids depends on certain factors such as temperature, particle
volume concentration, shape and size of nanoparticles, and
heat transfer characteristics of the base fluid. However, the
development of nanofluid technology is hindered by several
challenges including stability issues, higher pumping power
requirements due to increased viscosity, and the high cost of
synthesizing nanoparticles.

4.1.4. Unconventional coolant materials and coolants.
Novel unconventional coolants and coolant control strategies
have also been studied for the specific lithium-ion battery
thermal management. Yang et al.'*® proposed a new type of
subcritical CO,, which is used to control the temperature of
lithium-ion batteries. The feasibility and superiority of subcri-
tical CO, as a thermal management medium were investigated

Mater. Adv., 2023, 4, 4011-4040 | 4021
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through numerical simulation. It was found that the super-
critical CO, near the critical point has the advantages of phase
change material and liquid medium combined, becoming an
important medium in the battery thermal management system.
Chang et al'® established a battery thermal management
system (BTMS) with reciprocating liquid flow. The effect of
reciprocating cycles, cooling fluid flow rate of the battery
module, and environmental temperature on battery tempera-
ture and temperature imbalance were studied. Compared to
unidirectional flow, the average temperature difference and
heat consumption of the reciprocating liquid flow heating
system can be reduced by 1.2C and 14 kJ, with a cycle of
295 seconds. Therefore, by adopting the reciprocating liquid
flow BTMS, the thermal characteristics and temperature uni-
formity can be effectively improved, and the parasitic power
consumption can be significantly reduced. Chen et al'3®
proposed a new cooling dispatch research method to arrange
the cooling fluid flow rate of different cooling stages. The
temperature rise, temperature difference, and energy consump-
tion of all cooling scenarios were experimentally measured. The
experimental results show that proper cooling dispatch realizes
thermal targets and reduces energy consumption by scheduling
the cooling fluid flow rate during the cooling process.

4.2. Optimization of liquid cooling system structure

In the case of indirect cooling methods, thermal resistance needs
to be taken into account more carefully due to the addition of
channel materials and electrical insulation coatings. To improve
the cooling performance of the cooling system, the system struc-
ture can be optimized. The optimization of the cooling system
structure starts with the improvement of the cooling plate, channel
shape structure, and heat exchanger.

4.2.1. Cold plate improvement. A liquid-cooled BTMS is a
major design improvement for thermal management in battery
cooling, due to the high thermal resistance of cooling plates
which reduces the heat transfer efficiency of the package. In
recent years, related research on this topic has been very

4022 | Mater. Adv., 2023, 4, 4011-4040
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popular. Wang et al."*® designed a novel battery cooling system
based on a thermal silicon plate. Fig. 10(a) shows three differ-
ent cooling systems with varying numbers of thermal silicon
plates, and Fig. 10(b) compares the performance of these three
systems in terms of Ty« achieved within a lithium-ion battery
during charging at 1C and 3C rates. The results show that the
maximum temperature inside the battery decreases with
increasing numbers of thermal silicon plates and liquid channels.
Flow direction does not have a significant impact on cooling
performance. At a discharge rate of 5C, the temperature reduction
is even more significant when adding thermal silicon plates.
However, even with double-sided plates, Ti,ax still exceeded
60 °C (Fig. 10(c)). The addition of a hot silicon plate can
significantly improve the cooling capability, but it is still out-
side the optimal operating temperature range. Therefore,
Wwang et al.'*® have developed a new liquid cooling strategy
based on the hot silicon plate. The excellent thermal conduc-
tivity of the silicon plate, combined with the good cooling effect
of water, has formed a feasible and effective composite liquid
cooling system in long-cycle tests. The hot silicon plate/liquid-
coupled cooling plate (SLCP) is used to reduce the temperature
of a prismatic battery module. The battery and SLCP are arranged
with a certain interval to form a battery module (Fig. 10(d)). When
the flow rate increases to a critical value, further increases in water
flow rate have little impact on the system’s cooling performance.
Similar phenomena can also be observed in Fig. 10(e), which
shows the temperature distribution and maximum T of the battery
module under different flow rates. Experimental results show that
adding a hot silicon plate can significantly improve cooling
capability, allowing for maximum temperature difference to be
controlled within 6.1 °C and the highest temperature of the battery
module to be reduced by 11.3 °C, but it is still outside the optimal
operating temperature range. Water flow significantly improves
cooling performance/stability, and as the flow rate increases,
cooling performance improves significantly.

The cooling effect of a microchannel cold plate is superior
to that of a conventional water-cooled plate. Tang et al'*'

© 2023 The Author(s). Published by the Royal Society of Chemistry
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proposed a water-cooling strategy combining microchannels to
achieve heat dissipation for a lithium-ion battery pack and
further optimized the cooling plate. The designs of the three
cooling structures are shown in Fig. 11(a), and the maximum
temperature (Tpax) Of the battery under different cooling struc-
tures at a discharge rate of 1C is shown in Fig. 11(b). As can be
seen from the figure, the cooling plate structure at the bottom
and on both sides of the battery module can achieve optimal
cooling performance. This study can provide guidance for the
thermal management of large-capacity square batteries. For the
placement of cooling plates, Wu et al.'** studied a 30 A h
LiFePO, (LFP) pouch cell and designed a three-sided liquid
cooling structure that takes into account the preheating of the
battery module. The cooling plate structure and the preheating
structure of the battery pack are shown in Fig. 11(c).

© 2023 The Author(s). Published by the Royal Society of Chemistry

The research results show that the arrangement of the cooling
plate and the inlet temperature has a significant impact on
the preheating effect, and the optimized external preheating
structure can keep the preheating temperature difference of
the battery module below 5 °C. Based on this, the proposed
combined internal and external preheating strategy saves 50%
of the preheating time compared with the three-sided preheat-
ing strategy. To further investigate the two designs with
superior cooling performance and the baseline cold plate,
Yang et al.*** systematically analyzed nine different cold plate
designs, including a baseline cold plate without PCM compo-
site material and eight mixed cold plates containing PCM
composite materials, to demonstrate that the proposed cooling
designs have superior cooling performance. Fig. 11(d) shows a
schematic of the lithium-ion BTMS, which consists of a battery
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cell, a mixed cold plate integrated with PCM/aluminum foam
composite material, and a liquid delivery manifold with multi-
ple inlets and outlets. The results show that the optimal mixed
cold plate design, which is only half of the baseline cold plate,
can reduce the total pumping power by more than 50% while
achieving the same cooling performance (i.e., controlling the
average battery temperature within 40 °C).

The optimization of cooling plates for liquid cooling systems
has been extensively studied, but further research is needed
to improve the temperature uniformity of batteries. Chung
et al."** investigated the structural features that affect cooling
performance and temperature uniformity using a typical bat-
tery pack design as a reference model. They proposed two
strategies, including alternative combinations of battery stack
and cooling plates, and a symmetric stack arrangement.
Fig. 12(a) shows a schematic diagram of a practical and typical
battery pack structure with metal fins and cooling plates. The
main reason for the poor thermal conductivity of the battery
pack design with metal fins and cooling plates was found to be
the thermal resistance between the bottom of the stack and the
cooling plate. The adoption of a D-type (D-2 type) symmetric
stack arrangement reduced the increase in the equivalent
thermal conduction of the system volume to 38%, and the maxi-
mum temperature difference was reduced to 5.4 °C. However,
designing a suitable Battery Thermal Management System (BTMS)
is essential for the reliability and safety of the energy storage

4024 | Mater. Adv, 2023, 4, 4011-4040

system (ESS) in electric vehicles. In Karimi et al’s study,'*® a

liquid-based BTMS was designed for a prismatic high-power
Lithium Capacitor (LiC). The proposed BTMS integrates a LiC
unit surrounded by two cooling plates, as shown in Fig. 12(b),
with the coolant flowing through a serpentine channel. The effect
of the selected Thermal Interface Material (TIM) was also studied,
as the gap filler eliminates the air gap barrier between the battery
and cooling plate. Li et al.*® proposed a composite liquid cooling
system that combines a grooved aluminum vapor chamber with a
single-pass cold plate and experimentally studied its thermal
performance. Fig. 12(c) shows the mass transfer cycle of the phase
inside the vapor chamber, representing the cross-section of the
grooves. The results indicate that a vapor chamber with 20% to
30% of the horizontal structure has the lowest thermal resistance
and better temperature uniformity. Due to the thermal and
mass transfer of the phase along the vertical direction inside
the vapor chamber, the temperature difference of the heated
surface caused by the temperature rise of the coolant can be
effectively suppressed.

To discuss the influence of key structural parameters and
operating conditions of battery modules on the thermal per-
formance, including the shape of the cooling plate and the
number of cooling plates and tube joints, Yang et al'"’
proposed a new honeycomb-shaped Battery Thermal Manage-
ment System (BTMS) that integrates hexagonal cooling plates
with bio-inspired liquid microchannels inspired by the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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structures of spider webs and honeycombs. (Fig. 13) shows the
honeycomb-shaped BTMS integrated with hexagonal cooling
plates and PCM. Compared with rectangular cooling plates, at
an inlet flow rate of 0.001 kg s, Tihax, AT, and pressure drop of
the battery module with hexagonal cooling plates were reduced
by 0.36 K, 2.3 K, and 4.37 Pa, respectively.
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Fig. 13 Scheme of battery thermal management system.*4”
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Cooling plate

4.2.2. Coolant channel improvement. The liquid coolant
channel is an essential component of the Liquid-Cooled BTMS,
which is used to transfer heat from battery cells to the reservoir
or the environment.'**'*° Improvements in the design of the
coolant channels are mainly focused on increasing heat trans-
fer efficiency and reducing the energy consumption of the
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coolant pump. Deng et al.*>® developed a U-shaped serpentine
channel structure for cooling plates and analyzed the effects of
the number of cooling channels, channel layout, and coolant
inlet temperature on the cooling performance of a battery
thermal management system. The flow direction of the channel
layout is designed in the width and length directions (Y-axis
and X-axis), as shown in Fig. 14(a). The results showed that the
lengthwise layout of 5 channels had the most effective cooling
performance. Compared to the 2 channels flowing along the
width direction, this design can reduce the maximum tempera-
ture by 26 °C. Zhou et al.">' proposed a liquid cooling method
based on a semi-spiral tube to improve the temperature uni-
formity of cylindrical lithium-ion batteries and maintain the
highest temperature in the optimal range. A three-dimensional
thermal model was established to verify the effects of liquid
mass flow rate, pitch, number and diameter of spiral tubes,
and flow direction on the cooling performance of the battery
thermal management system (BTMS). Fig. 14(b) shows the
liquid cooling method with a semi-spiral tube for a cylindrical
18650 cell. The results showed that the changes in the maxi-
mum temperature and temperature difference decreased with
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increasing inlet mass flow rate. Xu et al'®* optimized the
design framework to reduce the maximum temperature differ-
ence (MTD) in automotive lithium-ion battery packs. They
analyzed two cooling structures, namely, serpentine cooling
channels and U-shaped cooling channels, and the cooling
channel structure of the heat dissipation structure. The ser-
pentine cooling channel structure is shown in Fig. 14(c). The
results showed that the serpentine cooling channel has a better
cooling effect. They also proposed an adaptive surrogate model-
integrated algorithm based on an improved particle swarm
optimization algorithm to assist in the optimization design of
the serpentine cooling channel. The results showed that the
maximum temperature difference of the optimized solution
was reduced by 7.49% compared to the initial solution, and
the temperature field distribution of the lithium-ion battery
pack was more uniform.

Microchannels or sub-microchannels have been widely used
for cooling microelectronic components. It has been reported
that heat sinks with microchannels are typically used to enhance
cooling in high heat flux areas. To improve the heat transfer
capability of microchannels, new or improved design features of
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Fig. 14 (a) The CFD model of the cold plate,**° (b) schematic diagram of battery module using half-helical duct,*! (c) the structure of the serpentine
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liquid cooling lithium battery pack.*>®
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d) planar diagram of a serpentine liquid cooling BTMS; top view,

154 and (e) structure of a
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microchannels are often adopted. Liu et al.'>® proposed a T-Y
microchannel heat sink (MCHS) based on T-shaped and Y-shaped
channel designs. Compared with traditional straight channels,
the T-Y microchannel has a stronger heat transfer enhancement
ability due to its additional corners, junctions, and shortened flow
path. Through Fluent-3D numerical simulation, they system-
atically studied the heat transfer performance of the T-Y heat
sink with different inlet mass flow rates and other structural
parameters using liquid GaInSn coolant. Wang et al.™** studied
a liquid-cooled BTMS with microchannels featuring a serpen-
tine design. They investigated the arrangement of the serpen-
tine microchannels on the cooling plate. As shown in Fig. 14(d).
Xie et al.'>® proposed an improved method for enhancing the
cooling performance by adding baffles in microchannels. The
battery pack under consideration consisted of 48 18 650-type
2.2 Ah LIBs, as shown in Fig. 14(e). The position and number of
baffles were discussed, and the cooling efficiency in the battery
module was optimized. It was found that the heat transfer
performance of the battery pack could be further enhanced
with increasing baffle height and number. Microchannel tech-
nology is a promising solution for battery thermal management
systems (BTMS).

Due to the large number of parameters involved in the
design space of BTMS using microchannel technology, con-
ducting parameter studies and optimization for the system is
challenging. Li et al.'>® proposed a comprehensive approach
to designing an efficient microchannel cooling system that
includes thermodynamic, fluid dynamics, and structural ana-
lysis. The energy conservation eqn (1), the energy conservation
eqn (2) of cooling water, the continuity eqn (3) and the
momentum conservation eqn (4) are used to solve the tempera-
ture of a single battery cell:

oT
ppCoy- =V (koVT) + 0 @)
oT, _
chwa—l“ + V(pyew VTy) =V - (kyVTy) (2)
V=0 (3)
dv s
gy = =Vp+uVoy (4)

where p;, denotes the mass density, C,, denotes the specific
heat, &, denotes the thermal conductivity of the battery, and Q
denotes the heat generation rate of the cell. py, Cw, kw, Tw, U, P,
and u denote the mass density, specific heat, thermal conduc-
tivity, temperature, velocity, static pressure, and dynamic
viscosity of the cooling water, respectively.

The design of the development method mainly includes four
steps: the design and computational fluid dynamics analysis
of the microchannel cooling system, the selection of the
experimental design and surrogate models, the formulation
of optimization models, and the multi-objective optimization
of the microchannel cooling BTMS optimization scheme.
The research results showed that the temperature difference
decreased from 8.0878 to 7.6267 K (5.70%), the standard

© 2023 The Author(s). Published by the Royal Society of Chemistry
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temperature deviation decreased from 2.1346 K to 2.1172 K,
and the pressure drop decreased from 302.14 Pa to 167.60 Pa.
Sheng et al."> used the FIOEFD software for numerical analysis
to study the effects of flow direction, flow rate, and channel
width of the cooling plate on the cell temperature distribution
under different operating conditions. The results showed that
the inlet and outlet positions, as well as the flow direction, had
a significant impact on the battery temperature distribution
and the cooling plate power ratio. The channel width also had a
significant effect on its power ratio and battery temperature
distribution. Wang et al.'*® proposed a simplified yet effective
strategy that coupled one-factor-at-a-time analysis with ortho-
gonal testing to systematically study the effects of inlet velocity,
number of channels, and contact angle on cooling performance
and optimize the structure. The influence levels of these factors
followed the order of contact angle > inlet velocity > number
of channels, indicating that the contact angle had the greatest
impact on the cooling performance and should be fixed at
around 70 degrees. Patil et al.’> recommended an optimal
cooling strategy by considering the effects of various para-
meters, including different discharge rates, inlet coolant mass
flow rate, and inlet coolant temperature, by changing the sur-
face area coverage of the cooling channels, a maximum width
of the cooling channels, and flow pattern layout. Yang et al.*®°
designed a parallel liquid-cooled battery thermal management
system with different flow paths by changing the positions of
the coolant inlet and outlet and studied the effect of the flow
paths on the heat dissipation performance of the battery
thermal management system. The results and analysis showed
that the system could achieve the best heat dissipation perfor-
mance when the inlet and outlet were located in the middle of
the first and second main branches, with a maximum tempera-
ture decrease of 0.49 °C and a maximum temperature difference
decrease of 0.52 °C. Duan et al.*®" conducted a numerical study on
the three-dimensional temperature distribution in a liquid-cooled
battery system and evaluated the influence of channel size and
inlet boundary conditions on the temperature field of the battery
module. The results showed that the channel width of the cooling
plate has a significant impact on the maximum temperature of
the battery module. The study also showed that increasing the
inlet flow rate can significantly improve the heat transfer capacity
of the battery thermal management system, but the relationship
between the two is not proportional. Yates et al.'®* studied the
performance of two liquid cooling designs for lithium-ion battery
packs by establishing a series of numerical models. The effects of
channel number, aperture, mass flow rate, and inlet position on
the small channel cooling cylinder (MCC) and the channel cooling
heat sink (CCHS) were investigated. The results showed that for
designs with mass flow rates greater than 5 x 107> kg s, the
highest temperature can be controlled below 313 K, and the
maximum temperature variation for both designs can be con-
trolled within 3.15 K. Considering the highest temperature and
temperature uniformity, the MCC design provided better perfor-
mance than the CCHS design.

Gao et al."®® developed a new liquid cooling structure based
on a flow-gradient channel (GCD) design and applied it to a

Mater. Adv, 2023, 4, 4011-4040 | 4027
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cylindrical lithium-ion battery module (Fig. 15(a)). The GCD
design, consisting of cooling pipes and multiple cell rows,
significantly changed the basic feature of monotonically increa-
sing temperature along the flow direction compared to the
uniform channel design. The combination of the number and
length of the optimized sections was also improved. Ke et al.*®*
used a serpentine channel Liquid-Cooled BTMS in parallel to
analyze the effect of different cooling liquid flow rates (0 L h™",
32Lh ", 64 Lh™", and 96 L h™ ") on the propagation of TR in
the battery pack. The battery module consisted of 10 batteries
equipped with a serpentine cooling channel, an electric heater,
and some thermocouples, as shown in Fig. 15(b). The final
relationship between TR prevention and the flow rate was
studied. For lower cooling liquid flow rate values (0 L h™7,
32 Lh", and 64 L h™"), the TR rate in the battery was almost
random, but for 96 L h™*, TR propagation could be effectively
prevented. Sarchami et al.'® studied a new thermal manage-
ment system that includes a wave/staircase channel liquid
cooling and a copper casing to control the temperature of
cylindrical lithium-ion batteries. They investigated the effects

4028 | Mater. Adv., 2023, 4, 4011-4040

of different variables on the cooling performance during charge
and discharge operation, such as the carbon rate, the alumina
nanoparticle concentration, the inflow rate, and the geometric
shape of the staircase channels. Khoshvaght-Aliabadi et al."®®
proposed a wave microchannel structure with co-current
and counter-current working modes and studied its perfor-
mance using a 3D conjugate numerical model and experimental
verification. Fig. 15(c) shows a schematic diagram of the studied
case, which includes both conventional and non-uniform wavy
microchannels. The current operating mode was found to be the
key factor affecting temperature uniformity. Increasing the cool-
ant velocity from 0.106 to 0.951 m s~ in the co-current mode
reduced the temperature non-uniformity from 14.79 to 1.10 K,
while the range in the counter-current mode decreased from
6.73 to 0.43 K. Mohammed et al'® investigated a BTMS
composed of a fluid channel heat sink and phase change materi-
als (PCMs). The results showed that, compared to increasing the
fluid channel width, the BTMS had better temperature uniformity
with a temperature increase of more than 2.85 K for the same
volume of heat sink and battery cells. Ren et al.'®® developed a

© 2023 The Author(s). Published by the Royal Society of Chemistry
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bottom liquid cooling (BLC) method based on a multi-channel flat
tube (MCFT). A comparative experiment with passive cooling was
conducted to analyze the temperature distribution of the battery
module according to the BLC method. Fig. 15(d) shows the
outline of the module, which consisted of a LIB, MCFT, and an
aluminum shell. The results demonstrated that the MCFT-based
BLC TMS significantly improved the temperature uniformity of
the module while effectively reducing the temperature rise of the
battery module.

From the summary of the literature above, we can conclude
that microchannel cooling technology has been widely applied
in high heat flux areas with weight and volume limitations to
address the cooling issue of high-speed integrated circuits.
Its heat dissipation performance is significantly better than
traditional cooling methods.

4.2.3. Heat transfer jacket improvement. In a typical liquid
cooling BTMS, the thermal interface material (TIM) acts as a
bridge between the battery cells and the liquid coolant, and
its thermal transfer efficiency largely determines the cooling
performance of the system. Improvements to the cooling TIM
are typically achieved through substituting the thermally con-
ductive material or modifying the geometrical structure. Zhang
et al."® designed a liquid thermal exchange structure with an
aluminum flat tube array and improved the thermal manage-
ment of the battery by introducing flexible graphite. The battery
pack with an aluminum flat tube array and flexible graphite, as
shown in Fig. 16(a), demonstrated good cooling performance
and lightweight. The maximum temperature difference of
the battery was maintained below 5 °C. To increase the heat
transfer surface area, Lyu et al.’”® proposed a new battery pack
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design, which includes an acrylic battery container, a copper
battery bracket, a liquid cooling medium, and battery cells.
Each cell has a copper bracket, as shown in Fig. 16(b), to protect
it from the influence of the circulating coolant. A container was
specially prepared for heat exchange between the battery pack
and the selected coolant. To manage the thermal distribution
of typical format 21700 lithium-ion batteries, Sheng et al. """
developed a liquid cooling sleeve for the battery, called the
honeycomb cooling sleeve, as shown in Fig. 16(c). Experimental
results demonstrate that the developed honeycomb cooling
sleeve has a good control effect. Numerically, the honeycomb
cooling sleeve’s staggered flow direction can capture a lower
temperature standard deviation and a more uniform heat
distribution. Xu et al.'”® proposed a new composite silicone
gel plate (CSGP) to optimize the structure of liquid cooling
technology. The CSGP can improve heat dissipation efficiency
and greatly enhance safety while reducing the complexity of the
liquid cooling system. Wu et al.’”® designed a microchannel flat
tube-assisted composite silicone gel (CSG-LC) to improve heat
uniformity and stability. The preparation process of high thermal
conductivity composite silicone gel (CSG) is shown in Fig. 16(d).
The results show that the thermal conductivity of CSG is 240%
higher than that of pure silicone gel, indicating that the prepared
CSG has high thermal conductivity and can effectively transfer the
heat generated by the battery in the module.

In addition to changes in the external structure, there are
also changes in the internal geometry. Lai et al."’* developed a
thermal conduction structure (TCS) with three curved contact
surfaces to cool cylindrical cells, which is a compact and light-
weight cooling structure to increase the heat transfer coefficient
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between cylindrical cells and coolants, as shown in Fig. 17(a).
The designed TCS can control Ty, at 313 K with a DT of
4.137 K. Compared with the original TCS, the designed TCS
reduces DP, DT, and weight by 80%, 14%, and 46%, respec-
tively. Tang et al.'’® used straight microchannel flat tubes and
heat-conducting blocks with gradient contact angles to improve
the temperature uniformity of cylindrical lithium-ion battery
modules. The key parameters of the heat-conducting block are
shown in Fig. 17(b). Liu et al.*’® proposed a novel liquid cooling
system, named BTMS, based on a tube vertical layout (VLT) and
the combination of gradient incremental tube diameter and
the gradient ratio of the fluid medium flow rate, as shown in
Fig. 17(c). The results showed that the battery module with a
tube vertical layout had better performance than the horizontal
layout within a certain range of flow rate.

Based on the literature review above, we can conclude that if
the coolant channels for liquid-cooled BTMS are the arteries
and veins, then the heat transfer sheath can be regarded as a
capillary system connecting the channels and battery cells,
which can further improve the heat transfer coefficient of the
basic coolant channels.

4.3. Liquid-cooling based hybrid system improvement

Liquid can provide ideal cooling performance, and PCM can
improve temperature uniformity. Therefore, this section mainly
introduces the active (liquid) and passive (PCM) cooling methods
that have been commonly used for the thermal management of
lithium-ion batteries in recent years.

Although the use of PCM can keep the temperature of the
package within a certain range, some auxiliary mechanisms
are needed to smoothly dissipate the heat to improve the
thermal performance of the package. Studies have shown that

4030 | Mater. Adv., 2023, 4, 4011-4040

the presence of a cooling plate can effectively improve the
temperature uniformity inside the unit. A mixed system with
phase change material embedded in the cooling plate is called
a “hybrid liquid-cooled plate”."””

Cooling plate/phase change material lithium battery module
provides a heating solution to mitigate the temperature loss of
batteries and has many advantages compared to traditional
cooling plates. Akbarzadeh®” found that the volume of the
new liquid-cooled plate (LCP) embedded with phase change
material (PCM) is 36% lighter than that of traditional alumi-
num LCP. In addition to cooling capability, the hybrid cooling
plate can also prevent the battery from rapidly cooling in cold
climates by releasing the latent heat of the PCM. The internal
design of the cooling plate is shown in Fig. 18(a). To reduce the
weight and volume of this battery thermal management system,
Ling et al.'’® developed an optimization method based on
response surface methodology (RSM) and numerical heat trans-
fer modeling to optimize the composition of phase change
material (PCM) and active cooling structure. To further inves-
tigate the cooling effect of hybrid cooling plates on lithium-ion
batteries, Bai et al.'’® designed a battery module with phase
change material/water cooling plates as shown in Fig. 18(b),
and conducted a numerical analysis based on energy-saving
and fluid dynamics. The effects of water cooling plate height,
adjacent cell spacing, inlet mass flow rate, flow direction,
thermal conductivity, and melting point on the temperature
field of the module and cooling water pressure drop were
discussed. Fig. 18(c) shows the highest temperature, lowest
temperature, and highest temperature difference of each group
under different heights of cooling plates at the end of 2C
discharge. It was found that PCM/water cooling plates provided
good cooling efficiency in controlling the temperature of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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lithium-ion battery module, and the 5 cm high cooling plate
had the best cooling performance. In order to improve the severe
temperature rise and non-uniformity of prismatic lithium-ion
batteries, An et al."® proposed a chocolate bar-shaped hybrid
battery thermal management system that combines a metal lattice
paraffin liquid cooling plate. By using a multi-objective optimiza-
tion method, the optimal structural parameters of the system
were obtained. Fig. 18(d) shows the three-dimensional geometric
model of the proposed HTMS. It was found that the metal lattice
plate with phase change material had the best cooling perfor-
mance and the highest mass group efficiency compared to other
hybrid cooling systems. The highest temperature, temperature
difference, and group efficiency of the module were 44.95 °C,
4.35 °C, and 78.98%, respectively.

In addition to being combined with traditional cooling
plates, recent research has found that coupling microchannel
cooling plates with PCM is also an effective solution to improve
the cooling properties of lithium-ion batteries. Mashayekhi
et al.*® used a combination of block refined paraffin and porous
copper metal foam as the passive part and used an aluminum
microchannel with coolant flow as the active part of the TMS.
The thermal responses of the battery were compared under
passive, active, and hybrid thermal management systems. The
results showed that at 3.7 W, the HTMS could reduce the
steady-state temperature of the battery by 19.5%. At 12.5 W,
the use of HTMS was effective enough to keep the temperature
at a stable level of 52 °C, far below the safety limit of Re = 340. It
was also found that at a discharge rate of 4C, the steady-state
temperature of the nano-fluids with 1% and 2% concentration
was 59.2 °C and 57.5 °C, respectively. Mousavi et al.'®' designed

© 2023 The Author(s). Published by the Royal Society of Chemistry

a novel hybrid mini-channel cold plate (HMCPs) by incorporat-
ing PCM (n-eicosane) into the cold plate and investigated its
performance under both constant and pulsed heat generation
conditions. The experiments showed that compared to MCP
cooling with Q of 100, 200, and 400 kW m >, the time-averaged
maximum battery temperature during HMCP cooling was lower
by 0.06, 1, and 10.35 K, respectively. Under multiple pulsed heat
generation conditions, the time-averaged difference in maxi-
mum temperature between the hybrid system and the active
system was less than 1 K. Wang et al.'®® have developed an
innovative system based on phase change material (PCM) and a
wavy microchannel cold plate (WMCP) and analyzed and opti-
mized its parameters. Under pulsed heat load, it was found that
the highest temperature of the HWMCP was 2.3 K lower than
that of the WMCP at 400 s, and the temperature difference was
reduced by 0.5 K. Between 300 s and 400 s, the highest
temperature of the HWMCP was always more than 2.1 K lower
than the WMCP.

Fan et al.'® proposed a battery thermal management system
that combines multi-stage Tesla valve (MSTV) liquid cooling
and phase change material (PCM). Using the Kriging approxi-
mation model, a complex nonlinear hybrid model was con-
structed between battery spacing, MSTV channel number,
coolant velocity, and PCM performance (pressure drop, surface
temperature standard deviation, and maximum temperature).
As shown in Fig. 19(a), the submodule consists of 20 lithium-
ion batteries. As shown in Fig. 19(b), the unit spacing of PCM
(Sx, Sy) and the machining allowance (Rx, Ry) are considered.
Three liquid cooling plates are arranged radially in the battery
module, and MSTV is embedded in the cold plate. Fig. 19(c)

Mater. Adv., 2023, 4, 4011-4040 | 4031
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shows a cooling plate with N = 5 stages designed using MSTV
channels. Yang et al.'®* developed a thermal model for pouch
cell battery packs based on PCM/liquid composite cooling
systems. Through numerical analysis, they compared the cool-
ing effectiveness of different cooling schemes and investigated
the influence of PCM thickness, channel width, and coolant
flow rate on cooling performance. Their developed thermal
model is applicable for evaluating and analyzing the perfor-
mance of PCM/liquid composite (or liquid-based) cooling sys-
tems with start-stop control, which is beneficial for optimizing
their control strategies and geometric structures. Zhang et al.***
have designed a novel hybrid BTMS based on PCM and liquid
cooling. Subsequently, they established a numerical heat trans-
fer model and a battery thermal runaway model for this system,
which were then validated. Using the established models, the
performance of the system was investigated in extreme operating
conditions to control the battery temperature difference and to
prevent thermal runaway propagation under abusive conditions.
Furthermore, the influence of PCM thermal conductivity and
liquid flow rate on preventing thermal runaway propagation
was analyzed in detail. Liu et al."® conducted experiments and
simulations on the thermal management of liquid-cooled lithium-
ion batteries using phase change materials as the basis. They used
paraffin as the phase change material and established a geometric
model and performed heat transfer simulations using COMSOL
software. The simulation results indicated that various factors
would affect the degree and mode of battery cooling. The experi-
mental results demonstrated that the cooling range was directly
proportional to the condensate flow rate, and the initial tempera-
ture difference between the battery and the phase change material
was directly proportional to the cooling effect.

4032 | Mater. Adv,, 2023, 4, 4011-4040

All types of battery thermal management system (BTMS)
cooling methods have their advantages and disadvantages, and
liquid-cooled BTMS is no exception. Hybrid electric vehicle
(HEV) BTMS based on liquid cooling have become increasingly
popular due to their unique features of using other methods to
compensate for the drawbacks of the cooling method itself.

5. Summary and prospect

The research provides a comprehensive overview of design
improvement techniques, emphasizing their effectiveness in
enhancing cooling performance. Factors such as coolant selection,
flow rate, temperature, and system geometry greatly influence the
overall system performance. Among the design approaches,
improved external coolant channel designs offer advantages for
cylindrical batteries, while cooling plate designs show improved
performance for prismatic batteries.

The integration of Phase Change Materials (PCM) and liquid
cooling as a hybrid thermal management (HTM) solution shows
promise. However, challenges such as utilizing PCM molded
batteries, increased battery pack weight, and safety considerations
need to be addressed. Future research should focus on developing
enhanced liquid coolants, simplifying cooling channels, and
optimizing heat transfer sleeves and plates. Exploring diverse
cooling methods with varying compatibility holds potential for
liquid cooling solutions in commercial electric vehicles.

In summary, this research emphasizes the immense potential
of liquid-cooled BTMS in improving the thermal management of
lithium-ion batteries, calling for further advancements and opti-
mizations in liquid-cooling technology.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Nomenclature

LIB Lithium-ion batteries

BTMS Battery thermal management system
PCM Phase change material

EVs Electric vehicles

BEVs Battery electric vehicles

TR Thermal runaway

HP Heat pipe

DLC Direct liquid cooling

HTF Heat transfer fluid

BLC Bottom liquid cooling

HFE Hydrogen fluoride ether

HTM Hybrid thermal management
MWCNTs  multi-walled carbon nanotubes
HEV Hybrid electric vehicle

SLCP Silicon liquid-coupled cooling plate
EG Ethylene glycol

EO Engine oil

CNT Carbon nanotube

CFD Computational fluid dynamics
MTD Maximum temperature difference
GCD Gradient channel design
MCFT Multi-channel flat tube

TIM Thermal interface material
CSGP Composite silicone gel plate
TCS Thermal conductivity structure
VLT Vertical layout

HMCP Hybrid mini-channel cold plate
WMCP Wavy microchannel cold plate
MSTV Multi-stage tesla valve

MCHS Microchannel heat sink

MO Mineral oil

TEM Transmission electron microscopy
OHP Oscillating heat pipe

SDS Sodium dodecyl sulfate

VLT Tube vertical layout

AT Temperature difference (°C)

C Charge/discharge rate

1% Voltage (V)

A Current (A)

T Temperature (°C)

Trnax Maximum temperature (°C)

s Seconds (s)
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