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Abstract

The critical review presented here exclusively covers the studies on battery thermal management systems (BTMSs), which
utilize heat pipes of different structural designs and operating parameters as a cooling medium. The review paper is divided
into five major parts, and each part addresses the role of heat pipes in BTMS categorically. Experimental studies, numeri-
cal analyses, combined experimental and numerical investigations, optimum utilization of a phase-change material (PCM)
with a heat pipe (HP), oscillating heat pipe (OHP), and micro heat pipes combined with PCM for Li-ion BTMS using heat
pipes are presented. The usage of HP’s and PCM can keep the temperature of the battery system in the desirable limit for
a longer duration compared to other traditional and passive methods. More emphasis is made on how one can achieve a
suitable cooling system design and structure, which may tend to enhance the energy density of the batteries, improve ther-
mal performance at maximum and minimum temperature range. Arrangement of battery cells in a pack or module, type of
cooling fluid used, heat pipe configuration, type of PCM used, working fluid in a heat pipe, and surrounding environmental
conditions are reviewed. According to the study, the battery's effectiveness is significantly influenced by temperature. The
usage of flat HPs and heat sink proves to be the best cooling method for keeping the battery working temperature below
50 °C and reduces the heat sink thermal resistance by 30%. With an intake temperature of 25 °C and a discharge rate of 1
L per minute, an HP that uses water as a coolant is also effective at regulating battery cell temperature and maintaining it
below the permissible 55 °C range. Using beeswax as a PCM in HPs reduces the temperature of BTMS by up to 26.62 °C,
while the usage of RT44 in HPs reduces the temperature of BTMS by 33.42 °C. The use of fins along with copper spreaders
drastically decreases the temperature capability of HPTMS by 11 °C. MHPA shows excellent performance in controlling
the battery temperature within 40 °C. The effective thermal management can be done by incorporating heat pipe alone or
by coupling with liquid cooling or metal plate. However, extensive and extended research is required to improve thermal
management to safely and effectively use the battery for day-to-day applications.

Keywords Cylindrical battery cells - Electric vehicle - Heat pipes - Lithium-ion battery - Phase-change materials - Thermal
management
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Pr Prandtl number

Ot Total energy generation parameter when only solid
domain was considered

Re Reynolds number

To Maximum allowable temperature of battery cell

U Free stream velocity

Vv Velocity component in Y direction

X Axial coordinate

X Dimensionless axial coordinate

Y Dimensionless transverse coordinate

Greek symbols

0 Dimensionless maximum temperature
St Solid—fluid interface

00 Free stream

U Dynamic viscosity

a Thermal diffusivity of fluid

N Kinematic viscosity of fluid

P Density of fluid

Introduction

Net zero is important because it is the best strategy to com-
bat climate change by bringing down global temperatures.
The future will depend on what we do to limit emissions dur-
ing the coming ten years, so every nation, business group,
and individual must work together to identify strategies to
lower the amount of carbon that we produce [1]. Addition-
ally, the COVID-19 pandemic has resulted in lessened air
and noise pollution, which has improved the environment
all over the world. This unexpected advantage suggests that
renewable and sustainable energy sources are the way of
the future. The disastrous impact of fossil fuels on air pollu-
tion and fossil fuel scarcity prompted scientists to establish
numerous forms of low-carbon energy transport systems [2,
3]. Especially petrol, which is linked to international secu-
rity, is more evident due to unequal distribution and yearly
rise in its consumption [4]. Overall, private transport is 80%
oil-dependent and is responsible for more than 40% of world
oil utilization [5, 6]. Vehicle-exhausted contaminants like
NOXx, dust, and CO,, have been the primary causes of fog
and haze [7].

Electric vehicles (EVs) and hybrid electric vehicles
(HEVs) have received a lot of interest in the world in recent
years because of their ability to lower pollution [8, 9]. The
power battery is the main factor constricting its performance
[10], and the safety of batteries is a crucial concern for their
utilization. Even the prices for both suppliers and consumers
should be taken into account [11]. Since the introduction of
li-ion battery in 1991, it has gained huge interest compared
to other types of rechargeable batteries. The advantages of
li-ion batteries include their high energy and power density,
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low self-discharge rate, and high voltage [12, 13]. The oper-
ating temperature of the lithium-ion batteries (LIBs) has a
significant impact on its longevity [14, 15].

As batteries are chemical power sources, strong chemical
reactions occur during charging and discharging and release
large quantities of heat, increasing the chemical reaction
rate. Rapidly increasing overall battery temperature and
worsening nonuniform temperature will severely affect its
lifespan, capacity, safety, etc. Research has shown that bat-
tery lifetime decreases by approximately 60 days when the
battery temperature rises by 1 °C in the 30-40 °C range
[16]. Additionally, mechanical abuse, short circuit, excessive
heat, and overloading are likely to cause thermal runaways
and induce safety accidents. Besides this, the battery output
will deteriorate as the lithium-ion diffusion power decreases
at low ambient temperatures [17]. Hence, effective battery
thermal management system (BTMS) is imperative for the
li-ion battery to obtain optimum battery efficiency [18, 19].

Battery thermal management system (BTMS)

Based on the analysis, two significant problems arise due to
temperature. The first one is that the excess temperature dur-
ing charging and discharging causes temperatures to exceed
acceptable levels and reduce battery life. The second one is
that the unequal temperature distribution within the battery
system will result in localized deterioration. To ensure that
the cell, module, and pack attain their full cycle life, tem-
perature consistency is vital [20]. Therefore, to enhance the
efficiency of batteries or battery packs, thermal energy man-
agement systems (BTMSs) must be integrated with them.

In order to achieve the full cycle life of the cell, module,
and pack [20], temperature uniformity is necessary. Hence
to enhance the efficiency of a battery module, the BTMS
must be fitted with battery packs. They assist the battery in
executing at the favorable working temperature range at all
periods restraining battery deterioration [21, 22], thermal
runaway [23, 24], and decreased discharge capacity owing to
extreme cold climate [25]. The installed BTMS should have
good performance characteristics along with light weight
[26, 27]:

e Optimum operational range of temperature for each cell
as well as for all battery modules, heat removal in hot
environments/heat addition in cold environments.

e Minimal differences in cell temperature and module tem-
perature.

e Low variations in temperature between different mod-
ules.

e Compact and portable, simple to carry, durable, reduced
cost, and system-friendly.

e A ventilation arrangement if the battery produces hazard-
ous gases.
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Thermal management techniques may be in-built or exter-
nal. Further investigation is required to determine whether
the integrated BTM in li-ion batteries can improve tempera-
ture uniformity within and among cells in a package [28,
29]. External BTMSs are most exhaustively used and will be
described here. This can be classified as passive (only ambi-
ent air is utilized for cooling) or active (an integrated source
is used for heating or cooling), or depending on the medium
(1) air cooling [9, 30, 31], (2) liquid cooling [32-34], (3)
cooling using PCM materials [35-37], (4) cooling using
nanofluids [36—42] (5) cooling using heat pipe, and (6) com-
bination of above methods. BTMS categorization based on
the cooling agent is displayed in Fig. 1. [43].

Heat pipes (HPs)

Heat pipes are widely used as temperature control devices
for many residential and commercial systems. This is attrib-
uted to their prominent features of high total heat conductiv-
ity. They are indeed known as "thermal superconductors"
[44, 45] because their total heat conductivity can be as much
as ninety times larger than a copper rod of similar dimen-
sions. At nearly constant temperatures, they can keep the
evaporator surface uniform. Furthermore, the geometry of

Fig. 1 BTMS categoriza-
tion based on cooling agent [43]

Fig.2 Illustration of the heat
pipe [53]

this system is adaptable to a wide range of spaces. HP is a
good option for cooling and refrigerating HEV/EV batteries
because of its appealing features [46, 47].

A HP is a 2-phase heat transfer (HT) system used to trans-
fer a significant quantity of heat with a slight temperature
gradient. Actually, it plays the role of a “superconductor”
in transmitting heat from one system to another in diverse
applications without or with the least heat loss. There are
two main advantages of choosing a heat pipe: (1) No addi-
tional system is required to pump the coolant into the HP
and (2) HP is a 2-phase HT system with a relatively high
coefficient of heat transfer as contrasted with a single-phase
heat transfer system [48, 49]. Therefore, it will transfer a
large quantity of heat.

As displayed in Fig. 2, a HP comprises of a tubular metal
frame closed on both sides. It basically comprises three key
components, namely the evaporator, adiabatic component,
and condenser. The operating fluid moves into this heat pipe
in both liquid and vapor forms. Therefore, when an evapo-
rator component is affected by a temperature source, the
liquid vaporizes, absorbs, and captures a significant quantity
of heat [50, 51]. Then, the vapor (shown by red downward
arrows) flows into the condenser, raising the vapor pres-
sure. In the condenser section, the vapor is then changed into
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liquid, releasing the latent heat. The heat sink absorbs this
heat. Actually, heat is extracted in the condenser by cooling
a circuit that may be based on air or water. The conden-
sate returns back to its initial position in the wick structure
indicated in gray by the capillary action [52, 53].

HP applications

HPs can be used in a variety of applications, including [54,
55]:

1. Compact Electronics Enclosures
2. Aerospace

3. Medical

4. Consumer Electronics

5. HVAC

Compact electronics enclosures

Compact electronics enclosures are often operated in situ-
ations considerably beyond their survivability tempera-
ture limits and with insufficient heat sinks. Using HP and
HP-based technologies, a thermal management system for
electronics cooling in high temperature avionics situations
has been used from many decades. The system lowers the
inefficiencies in thermal energy transport inside electronics
enclosures, detects possible sinks to offer continuous heat
rejection across the platform's operational environment, and
delivers passive thermal energy transport from the electron-
ics enclosure to chosen sinks. Hence, they provide a highly
efficient, portable cooling setup for electronic cabinets and
enclosures and also fulfills today’s increasing demand for
thermal power requirements due to higher miniaturization
[56].

Aerospace

HP is an attractive feature in the aerospace sector for space-
craft freezing and temperature stabilization due to its low
weight, lesser maintenance costs, and consistent functions.
Managing aerospace isothermal components is a critical task
with regard to obituary astronomy practices under harmful
solar heating.

By transferring heat from the Sun-facing side to the
cold side, HPs have been used to control the temperature of
spacecraft structures and maintain a more consistent tem-
perature throughout the spacecraft. This is caused by the
spacecraft's exposure to intense solar radiation on one side
and the chilly vacuum of space on the other. The heat pro-
duced by the electronic systems in satellites has also been
dissipated via heat pipes [57]. In sounding rockets, early
heat pipe studies for aeronautical applications were carried

@ Springer

out. Experiments with HP’s employing an ammonia HP
with a spiral arterial wick were conducted on the applica-
tion technology satellite-6 [58]. Flight testing of HP designs
was done on a massive scale using the space shuttle [59]. In
order to assess the starting behaviur and transport capaci-
ties during microgravity exercises, NASA and the US Air
Force tested two distinct axially grooved oxygen heat pipes
onboard the Shuttle Discovery (STS-53) in 1992 [60].

Consumer electronics

Heat pipes and heat exchangers are mainly useful in day-to-
day consumer-specific electronic equipment such as power
supplies, laptops, desktop computers, and microproces-
sors. All these electronic equipments produce heat, and the
removal of this heat is essential for the efficient and depend-
able functioning of these components. Managing the heat
load becomes a crucial design consideration when electronic
architecture enables better throughput in smaller packaging.
More cooling is needed for many modern electronic equip-
ment that can be provided by typical metallic heat sinks.
The heat pipe is quickly replacing other thermal manage-
ment methods since it fulfills this necessity. Since the early
1960s, heat pipes have been available on the open market.
The electronics sector has only recently accepted heat pipes
as dependable, economical options for high-end cooling
applications [61].

Medical

Thermal problems impose a limit on the system's overall
performance and dependability in an expanding number of
healthcare device applications. The use of simple thermal
management techniques such liquid cold plates, air-cooled
heat sinks, and thermal interface elements is no longer
adequate. Implementing cutting-edge thermal technology
like heat pipes and vapor chambers is becoming a crucial
component of the thermal management strategy in many
new medical technologies. Excellent heat transmission and
heat spreading capabilities are provided by these technolo-
gies. They are also reliable, quiet, and passive (no energy
or moving components). They provide useful benefits in
terms of reducing area, decreasing weight, and minimizing
maintenance costs, resulting in fewer environmental impacts
compared to other cooling devices based on different tech-
nologies like pumped liquids, etc. These technologies are
already used in a number of medical equipment, including
powered surgical forceps, skin/tissue contacting tools, and
polymerase chain reaction (PCR)/thermo cyclers, and new
applications are constantly being developed [62].
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HVAC

It is well known that a HP heat exchanger is used for heat
recovery in both hot and cold regions. Because of the mini-
mal pressure drop provided by the HP exchanger using loop
arrangements, heat recovery operations may be expanded to
drier areas while still being economical. Summertime “cool-
ing” recuperation is a novel potential that is now financially
viable enough to be taken into account. One of the most
alluring uses is the use of HP as a heat exchanger to recover
lost heat and increase the capacity of a traditional cooling
coil to remove moisture. The relative humidity of the air
may be reduced by 10% using HP heat exchangers, which
results in a notable improvement in the quality of fresh air
and a reduction in energy consumption. The heat pipe is an
innovative device that has the potential to improve fresh air
quality while also contributing to energy conservation [63].

Advantages of using heat pipes

Heat pipe, popularly known for its high effective heat trans-
fer due to phase change, has recently gained more attention
for high-efficiency BTMSs for the following reasons [44,
64, 65].

1. It not only possesses high thermal conductivity, energy
efficient, robust construction, long service life, and high
reliability, but it also has specific two-directional fea-
tures. (Evaporator and condenser can be swapped based
on overall cooling/heating requirements)

2. Smaller HPs are preferred in BTMS due to the additional
advantages of a more robust and lightweight frame-
work, as well as more efficient construction, to meet the
requirements for constrained space and compactness in
EVs.

The various other advantages of heat pipes are as follows
[66, 67]:

e A superconductor to transmit heat energy to various
applications without or least heat loss with reliable heat
distribution.

e Better performance compared to the copper rod (the most
well-known conductor) in heat transfer.

e Less maintenance

e Transmittance of a substantial volume of heat energy
with a low-temperature differential to the heat pipe sur-
face.

Mathematical models

Due to the differences in shape, chemical composition, and
required level of accuracy, different battery types (such as

prismatic, cylindrical, and pouch) require different model-
ling approaches. A module's battery configuration can also
have an impact on the mathematical modelling process. The
modelling process is shown in Fig. 3. The partial differential
equations regulating the transfer of heat, and the fluid flow of
cylindrical and prismatic battery cells is given below.

The various equations required to be solved to do the
numerical solution on the prismatic type of battery cells
(both conjugate, non-conjugate, transient, and steady-state
HT and fluid flow problems) are given below:

A prismatic battery's energy conservation formula is
given by [69]

oT 0 oT 0 oT 0 oT
PCo5; = 5e(Aay )+ a—y<ﬂya—y> * a?(%?) T
ey

where p stands for density, Cp—speciﬁc heat, Ax, Ay, Az—
heat conductivity in the x, y, z direction, and g—volume heat
production rate.

The volumetric heat production rate ‘q’ is determined
from the overall battery heat production ‘Q’ divided by bat-
tery volume V, shown as

g= @

The ‘g’ constitutes ohmic heat, irreversible and reversible
heat [70] given by.

dE,,
3

Q=1I(E,—-U)-IT 7

Coolant model (Cartesian and polar)

The equations governing the coolant's behavior under the
assumption that water is an incompressible coolant are as
follows [71] (Fig. 4):

oT, . k,
P> +V(pdT,) =V C—CVTC )
dv
peq = VP +uV (5)
0 0 o (. 0T
—(ph) + — (pu:h) = — [ K=
PAGCE. (puh) ()xi< dxi> ©)

The continuity, momentum, and energy equation given
in [35, 73-75] are the unsteady governing equations used
to investigate transient, 3-dimensional heat & flow prob-
lems linked to cylindrical battery packs.

Continuity equation
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Battery Electro-thermal Model

Condition

Controlling Unit

Fig.3 Modelling process of BTMS (an example) [68]

Fig.4 A transverse depiction of a battery system showing the air flow
in a specific direction [72]

% 4V (pi)=0 ™)
ot

X-momentum

d(pu)
ot

+ V(puit) = —% +V - (uVi)+ S, 8)
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Result

Y-momentum

d(pv)
or

N oP
+V-(pvu)=—a—y+V-(;4Vv)+Smy )

Z-momentum

0
ﬂ+v,(pwﬁ)=—@+v-(/lVW)+sz (10)
ot 0z

Energy Equation

9 2 9 (,oT
9oy + 2 (pun) = 2 (kL
2P+ 5 (h) ax< 6xi> (D

i i
And for the battery pack, the formula is given by [76]:

0T]

prpc E

0°T  0*T T
= -— ] 4, (12)

=k|=+ =+ =
S[dx2 9y* 072

where ¢, denotes the quantity of heat produced within the
battery pack (BP) and is given as

qg = Qee+QOh (13)

q. 1s entropic heating, and g, is ohmic heating
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Heat pipe (HP) model

The internal flow of the HP is described by the equation
below [77]:.

Ap. = Ap, + Ap, + Ap, (14)

where the peak capillary pressure is Ap,; Ap, and Ap,
are the pressure losses created by the flow of liquid and
vapor within the HP. Ap, is the gravity-caused pressure
loss.

As per the Young—Laplace theorem, Ap,_ can be deter-
mined as [78]:

_2

Ap, . (15)
€

Here, r, is the capillary radius, referring to the liquid's
surface tension.

The method used to calculate the pressure losses
brought on by liquid, vapor, and gravity flow is [78]:

MLV
Apj = ——— (16)
mwp?Hl
A 32;48Lev
py = ot a7
dﬁAvp(v)H1
Apy = pig(z — 21) = P18 (18)

Here, y—dynamic viscosity; A—area of HP; p—den-
sity; the subscripts [, v, and w refer to the liquid, vapor, and
wick, respectively. Le—HP effective length, dh—vapor
space hydraulic diameter, K—permeability of the wick,
H\—Iliquid latent heat of the, andz.—effective capillary
height.

The following equations can be used to calculate the
wick features [79]:

ky [(ky + k) = (1= &) (ky — k)]
ko= [(ky + k) + (1 =) (k; — k)] 9

Pwick = €p1 + (1 — €)p, (20)

epCi + (1 —¢€)p.C,
Cwick = P @n

Here, k—thermal conductivity, p— density, C—
specific heat capacity, e—porosity of wick. The sym-
bols 1 and c denote liquid and sintered copper powder,
respectively.

Types of HPs used for BTMS
Various kinds of HPs used for BTMS are as follows:

1. Loop heat pipe (LHP)
2. Oscillating or pulsating heat pipes

LHP

The LHP is a simple mechanism that helps the HT move
from one location to another. LHPs are frequently referred
to as “super thermal conductors” because of their excep-
tionally good thermal conductivity under steady-state condi-
tions, which is the main benefit of using them over conven-
tional methods. As shown in Fig. 5, a typical conventional
LHP consists of an evaporator, condenser, liquid line, and
compensation chamber. The fluid vaporizes in the evapora-
tor (hot part), releasing energy as latent heat, which is then
condensed in the condenser (cool part). Capillary or pump
forces, for example, maintain the liquid's circulation. The
typical evaporator configuration is cylindrical, and flat evap-
orators are thought to reduce thermal resistance between the
heat source and the evaporator [80, 81].

Oscillating heat pipes (OHPs) or pulsating HP (PHP)

OHP, or PHP, is the recent developments in HP technol-
ogy. They are made up of a lengthy, winding tube that is
heated and cooled at various points along its length and
were first designed and patented by Akachi in 1990. The
working fluid oscillation theory and the capillary tube phase
change process serve as the foundation for the working
of OHPs [83-85]. The tube's diameter needs to be small
enough to fit plugs for vapor and liquid. OHPs can function
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Fig.5 Loop heat pipe model [82]
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Fig. 6 Oscillating heat pipe [85]

at high thermal fluxes and, unlike conventional heat pipes,
do not need a wicking system to transport the liquid [86].

A schematic of the OHP is shown in Fig. 6. An OHP
is generally a meandering tube containing a capillary-
dimensional serpentine channel. The OPH is drained ini-
tially and then partially replaced with the cooling medium.
The influence of surface tension causes liquid slugs to form,
interspersed with vapor bubbles. The operating fluid starts
evaporating when heat is added to the evaporation area [88,
89]. As the vapor pressure inside the tube rises, the bubbles
in the evaporator section enlarge and push the liquid in the
direction of the condenser. Bubble condensation results from
a decrease in vapor pressure as the condenser cools. The
evaporator and condenser sections of the tube are where this
continuous process oscillates. Vapor latent heat and liquid
slug sensible heat are the means by which heat is transferred
[90-92].

UMHPs (UltraThin Micro HPs)

These are used to minimize the upsurge in temperature of
a prismatic 3.2 V50 Ah Li-ion battery pack (BP) made up
of multiple parallel cells for EVs. UMHPs have been rec-
ognized as a very effective and energy-efficient system for
BTMS due to the constrained space in battery packs and
the compact size of EVs. UMHPs consist of a sealed tube
filled with operating fluid that is saturated. In this system,
the heat source causes the working fluid in the evaporator to
vaporize, and the resulting vapor, with a small pressure dif-
ference, transfers the heat to the condenser. Following that,
air convection is used to move the heat from the condenser
to the wall [93, 94]. The capillary-enforced wick keeps this
process going by ensuring that the liquid produced in the
condenser is transferred back to the evaporator. Figure 7
displays a schematic of UMHPs.
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Addition of HPs with PCM
PCM

HPs exhibit excellent heat transfer capability and have
high heat transfer efficiency with PCMs. In addition, HPs
can be integrated within PCMs to reduce thermal resist-
ance. Other advantages of integrating HPs in a high heat
storage scheme include segregating heat source and sink
and regulating and controlling temperature [96]. PCM
combined with heat pipe aims to merge the heat pipe’s
great thermal conductivity with PCM’s large latent heat
storage. The PCM functions as a thermal reservoir and
the HP transports heat energy to the buffer and from there
it is transferred to the position where it is necessary [97].
Consequently, the advantages of HPs and PCMs can be
combined to resolve each other’s defects. This integrated
module has several uses in electrical refrigeration mod-
ules, thermal energy storage, and solar systems [98].

The design of a system with concurrent charging and
discharging activities is crucial for the continuous opera-
tion of devices that use time-related energies like solar
energy or other energies that are related to the passage of
time and whose amounts can change. HPs and PCMs can
be integrated to provide simultaneous charging and dis-
charging. PCM provides an efficient heat-saving capability
in photovoltaic/thermal modules that draws heat energy
from solar panels and lowers the operating temperature
of those components. Additionally, the micro ducts' heat
pipe can transfer and extract heat energy to prevent pho-
tovoltaic and thermal module degradation from freezing.
In a solar still with an evacuated pipe collector, employ-
ing an additional condenser augmented using PCM and
combined with HPs contributes to continuous desalination
without reducing the system's efficiency throughout the
day [99-101].
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PCMs connected with heat pumps, HPs, or both, must
have high melting enthalpies and low storage densities. Fig-
ure 8a—e displays the PCM-integrated HPs.

PCMs are typically categorized into two groups: inor-
ganic and organic. The benefits of organic PCMs include
their non-corrosivity, high thermal and chemical sustain-
ability, and minimal subcooling, whereas their drawbacks
include their low melting enthalpy, low density, and extreme
flammability. On the other hand, inorganic PCMs have high
melting enthalpy and density but are corrosive, cycling
unstable, and subcooled. These aspects should be considered
when selecting these materials to pair with heat pumps or
HPs. A few of the PCMs used in BTMS alone are mentioned
in Table 1, along with their properties.

Motivation and organization

Lithium-ion batteries are facing technical challenges despite
their numerous applications, from energy storage to electric
mobility. These batteries possess several advantages, like
greater energy density and smaller self-discharge. However,
they are still in the developing phase, and several issues need
to be fixed to improve the battery's safety and performance.
Considerable research has been carried out in the past and
is underway to address the battery's thermal, mechanical,
and volume issues. With the evolving computational tools
and experimental setups, these researches are made possible.
Based on their application, a wide range of research activi-
ties are carried out to combat the thermal issues of batteries
under varied conditions. BTMS, as an energy efficient and
renewable energy source for pollution-free automobiles, will
rule the transport sector. To enhance the battery life and
thermal efficiency, various methods are reported that are
too numerous to cite. Phase-change materials, plate cool-
ing, heat pipes, structural arrangements, etc., are used for
heat transfer enhancement. The use of nanofluids especially
MWCNT-water nanofluid ([108—111]) and graphene nano-
fluids [112-114] along with PCM in BTMS has grown sig-
nificantly [115].

This review article presents a critical review of BTMS
and discusses the various methods and techniques used in
BTMS, specifically focusing on the use of HPs and the com-
bination of HPs with different cooling systems. The article
also critically evaluates the effectiveness and efficiency of
these different methods and systems. In this article, the lit-
erature studies and research conducted in the past 10 years
are reviewed, with an emphasis on the important character-
istics and variables taken into account during experimental
and numerical investigations. Techniques for improving heat
transmission, heat pipe configurations, and various cooling
systems were all extensively examined for each type of heat
pipe. In order to establish a strong foundation for the devel-
opment of BTMS based on HPs, the paper also describes

various method researchers have used to measure tempera-
ture using both experimental and numerical methods. Addi-
tionally, recommendations for future research are given. The
article will provide a summary of the current advances in
this field, highlighting the most significant discoveries and
patterns. Figure 9 outlines the review structure for the pre-
sent study.

Experimental BTMS studies with heat pipes

In this section, the recent experimental studies carried out
on BTMS using only heat pipes are reviewed. It will be help-
ful for the researchers who want to carry out their research
on BTMS using experimental methods with the aid of heat
pipes. Wo et al. [116] experimentally conducted a 2-D tran-
sient heat transfer analysis of a BP connected to heat pipes
at its outer surface. Temperature upsurge on battery surface
for various flow rates were studied. A cooling fan is fixed
to HP condenser unit. The results obtained from the study
clearly show that using heat pipes and Aluminum fins dimin-
ishes the temperature upsurge in battery cells, which helps
in stable temperature pattern. Rao et al. [117] presented an
experimental work on heat pipes used for improving the life,
design, temperature limit, and power generating capacity of
Li-ion batteries. The HPs make use of a wick soaked with
water as a cooling fluid. The rate at which heat is generated
within the battery pack or module on battery temperature
increase was examined under unsteady heat transfer condi-
tions. They found that for the power input of S0W, the tem-
perature within the battery can be kept under 50 °C, while
for the input power of 30W, the temperature difference was
around 5 °C.

In the power batteries, the average generation rate of heat
is given by Eq. (22) [118]:

h

total
. 22)

where H,, is the average rate of heat generation in KW, h
is heat capacity in KJ, andf is time for discharge.

In order to determine the effectiveness of flat HPs in
lowering the extreme temperature and temperature varia-
tion of the battery module with a heat sink in hybrid elec-
tric vehicles, Tran et al. [119] carried out an experiment
(HEV5s). In the experiment, the HP was placed horizontally,
vertically, and at an angle. The outcomes were compared
to those of active and passive cooling systems. The usage
of flat HPs with a heat sink was found to be the most effi-
cient cooling method, as it kept the battery temperature
during operation below 50 °C and 30% lessened heat flow
resistance in the heat sink. Wang et al. [120] proposed an
experimental solution to the heating and cooling by HPs

total

@ Springer



8412 A. Afzal et al.

Fig.8 Different concepts of
PCMs used in BTMS integrated
with heat pipes a OHP with
PCM [87]. b Closed loop OHP
with PCM [102]. ¢ PCM-based
cooling [103]. d PCM with HP
for TM of a cylindrical power
battery system [104]. e Finned
heat pipe assisted PCM [105]. f
Diagram of the HP-conceptual
TMS's design for a BP [106].
The review outline for the
present study

(a) OHP with PCM[87].

C B A []Ty
17

oy
SESS

Heating wirg

&

¥,
3%,

i,
&

......
PR
e

&
5o
e

S
&
&

e
RS
s

Tatetets?
o
55

o
o
el

. 3 70,
% EG/parafiin 7% Tio
el Ve
T T T T TS5
]
R

4

(b) Closed loop OHP with PCM[102].

Condenser section

]
Heat generated by the @
battery

. 4

AWA" 4 W " SN

Vapor
Evaporator section "’ 4
PCMP flow

ﬂ ﬂ liquid flow
1)_\)

=

L)

(c) PCM-based cooling [103]

@ Springer



A critical review on renewable battery thermal management system using heat pipes 8413

Fig.8 (continued)

Air Flow

Heat Pipe
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(d) PCM with HP for TM of a cylindrical power battery system [104]

Plate fin
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(e) Finned heat pipe assisted PCM[105]

Coolant outlet  (b)

Fins

Battery cell

(f) Diagram of the HP - conceptual TMS's design for a BP [106]

of Li-ion batteries. Each battery cell had a power input of
10W with various flow velocities. The aim of this investi-
gation was to maintain a secure operating temperature for
the battery cell below 40 °C, prevent thermal runaway, and
enhance the battery's working efficiency. The experimental
findings of this research demonstrate that the use of HPs
improves the uniformity of temperature in the cells and
keeps the temperature of the battery cell well within 40 °C

in comparison to not using HPs. This study also depicted
the recovery time required for heating battery cells from
— 15 to+5 °C, which was found to be around 300 s under
40 °C heating conditions. Through the use of HPs in an
elliptical shape fixed to ribbed structures, Belyaev et al.
[121] investigated the cooling efficiency of Li-ion batteries.
The HP was located between the battery cells, each hav-
ing a power capacity of 7.5 W, and the space between the
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Fig.8 (continued)

BTM using HPs

}

HP applications, Types of HPs, integration with PCM & other
cooling methods, Mathematical models (Heat pipe and coolant
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|

| Experimental BTMS Studies |
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HP with PCM

OHP with PCM

Comsol

—{ Ansys fluent

Experimental with Numerical | — | Numerical study with HPs
only
| HPs with PCM |
Optimization and Machine
learning
C))
Table 1 Thermal and physical characteristics of PCMs for different applications [107]
Compound Melting temp/K  Latent heat/  Specific heat capacity/ Thermal conductivity/ Density/kg/m’
kI'kg ' K™ kI'kg' K™ W-m~ K™
n-Octadecane 27.1 243.5 2.66 (liquid) 2.14 (solid) ~ 0.148 (liquid) 0.190 785 (liquid) 865
(solid)
Paraffin wax (PW) 32-32.1 251 1.92(solid) 3.26(liquid) 0.514 (solid) 0.224 830
(liquid)
Capric acid 32 152.7 - 0.153 (liquid) 878 (liquid) 1004 (solid)
Lauric acid 41-43 211.6 2.27(liquid) 1.76(solid) 1.6 1.76(solid) 0.862
Paraffin RT60/RT58 55to 60 214.4-232 0.9 0.2 775(liquid) 850(Solid)
ZnCl,/KCl (31.9%/68.1%) 235 198 - 0.8 2480
P116-Wax 46.7-50 209 2.89 (liquid) 2.89 (solid) ~ 0.277 (liquid) 0.140 786 (solid)
(solid)
cell wall and the HP was coated with a thermal-conduct- 0, 0,
ing paste to improve the conductivity. The key goal wasto A7 = 7 _ 1. (23)
1 S m

check the efficacy of HPs when the battery cell temperature
varies from 20 to 47 °C, and air flowing over the rib struc-
ture has a velocity of 2.5 m/s. The results of this research
indicate that the temperature of the air flowing over the HP
inlet, and the surface temperature of the battery cells have
a significant impact on the HP's ability to cool. Using a
thermal radiator with ribs in the experimental setup creates
more thermal resistance; hence, a better radiator structure
is to be selected for high thermal efficiency.

The HP cooling efficiency was defined by the following
Eq. 23 [122] as:

@ Springer

where Q, is heat power, AT} is a difference in temperature
at the inlet, 7 is a surface temperature average, and 7, is a
inlet air temperature.

The thermosiphon HP's thermal conduction at the
vapor-liquid junction was given by Eq. 24 [123].

\Z—E%)A : @4
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Fig.9 The review outline for
the present study

BTM using HPs
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where ¢, is thermal conduction, 3 is the latent heat of vapor-
ization, Z is gas molar mass, D is gas constant, A, is surface
area, P, is vapor pressure, and T, is saturation temperature.

Hong et al. [124] performed an experimental study on
thin-walled ultra-looped heat pipes (ULHPs) used in thermal
management power batteries. The study's objective was to
check the performance of these wickless evaporator HPs in
controlling the battery temperature. The main focus was to
determine the most suitable condensation condition for the
ULHP with a heat load in the range of 20—80 W. Also, more
priority was given to the HT performance of ULHP under
the best condensation conditions. The test outcomes found
here showed that the startup temperature, startup heat flux,
and thermal resistance are minimum for ULHP compared to
the conventional loop heat pipes (LHPs) method.

The most common model used to account for heat gen-
eration in the battery system was the Bernardi model, rep-
resented by Eq. 25 [125].

dA
H—L<C2RO—C-Tt ") (25)

£ Vbat thth

where H, represents heat generation in battery, Vy, is battery
volume, C is charge/discharge current, R, is ohmic

only

HPs with PCM

Optimization and Machine

learning

. . dA, -
resistance, Ty, thermodynamic temperature, andﬁ is tem-
th

perature influence coefficient.

Zhao et al. [126] demonstrated the usage of HPs along
with the wet cooling method in a Li-ion battery pack as a
thermal BMS experimentally. The main objectives of this
study were to limit the upsurge in battery pack temperature
and reduce the temperature gradient. Various combinations
and arrangements of heat pipes were used in this study, such
as heat pipes in natural cooling, heat pipes in forced cool-
ing with a horizontal and vertical position of the fan, and
heat pipe with a thermostat bath. The outcomes achieved
from this investigation depict that the usage of HP under
natural convection was not suitable at a high discharge rate
due to more heat production; HPs with water bath was also
not recommended for cooling due to the formation of bub-
bles in the heat pipe, which may act as a resistance to heat
transfer; finally, the mixture of HPs with wet cooling meth-
ods shows to be a good method in reducing and controlling
the battery temperature under various discharging rate. In
an experimental investigation, Liu et al. [127] investigated
the use of 3-D ultrathin micro heat pipes (UMHPs) to cool
a Li-ion battery pack made up of prismatic cells. For the
purposes of analysis, the segmented, non-segmented, and
thermal network models of HP thermal resistance were used
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in this study. The main objective of this investigation was to
assess the peak rise in battery pack temperature, difference
in temperature between individual cells, and peak tempera-
ture variation within the pack. The outcomes of the study
predicted that the usage of UMHP gives a very compact
design for the BTMS and can control the battery pack tem-
perature. Using natural cooling without HP was inefficient
in mitigating the temperature. An experiment was conducted
by Deng et al. [128] to examine the effectiveness of HP with
fins (HPWF) on BTMS. The test was conducted under dif-
ferent discharge rates, such as 50, 75, and 100 A. The results
are compared between the HPWF and heat pipe without fins
and natural convection. The usage of HPWF better governs
the maximum pack temperature compared to the other two
methods. At an ambient temperature of 37 °C, the battery
temperature is found to be unaffected by the state of charge
(SOCQ).

Jouhara et al. [129] conducted an experiment to examine
the effectiveness of flat mat-type HPs in cooling lithium-
titanate prismatic batteries consisting of sixteen cells. The
study successfully demonstrated that utilizing HPs as a mat
can effectively regulate the battery cell temperature within
the optimal range by removing heat from the cells and
transferring it to coolants such as water or refrigerant. By
using this method, a temperature uniformity of +1 °C and
a peak temperature of 28 °C for the battery pack were both
maintained. The utilization of heat mats could significantly
enhance the performance and lifespan of batteries. In a study
carried out by Feng et al. [130], the thermal and strain levels
of cylindrical cell Li-ion battery packs under atmospheric
and forced convection flow with embedded HP were inves-
tigated. The study concluded that using a HP cooling device
with the forced convection method was a more effective way
to regulate the temperature and strain rate within the battery
system. The components used for experimental work are
subjected to an uncertainty test performed using the Schultz
and Cole method given by Eq. (26) [130].

E = ; <%Evi> 26)

where E, is the total error, and Evi is an error of each
parameter.

Smith et al. [131] carried out the heat transfer (HT)
investigation of prismatic battery cells with a heat load
capacity of 400 Watts cooled by using heat pipe plates
experimentally. It is observed that using a two-phase heat
pipe flow controls, the uniformity in temperature among
battery cells very effectively compared to the conventional
cooling method. It is concluded from the obtained results
that the usage of HPs having water as a coolant having
intake temperature of 25 °C, and 1 Lmin~! discharge is

@ Springer

better in controlling and keeping the battery cell tempera-
ture within a limit of 55 °C. Ye et al. [132] experimentally
performed a study on rectangular LIB cells organized in
series and subjected to free and artificial convection with
a micro heat pipes array (MHPA) device. The temperature
of the battery pack and the temperature variation between
the Li-ion cells are monitored while the battery is being
charged and discharged. The use of MHPA with a forced
convection environment drastically advances the battery
pack's life and durability. Apart from this, the proposed
cooling method of MHPA gives high energy efficiency
(Eq. 27), ease to manufacture, and compactness.

€, —€
a =

- 100% 27

where a is the coefficient of energy conversion, €, sum
of charge and discharge energy in cycle with cooling, €
charge discharge energy sum without cooling, and w is the
energy dissipation of the fan. High-temperature regions are
observed for a cooling system without MHPA, while bet-
ter control over temperature distribution can be achieved
by using the MHPA system. Ariantara [133] experimentally
carried out a study on a prismatic LIB simulator with the
usage of loop heat pipes (LHPs) having lotus-type porous
(LTP) copper wick for regulating the temperature upsurge
in battery system. The proposed method of LHP in a BTMS
keeps the battery temperature below 50 °C when heat pro-
duction is around 20 Watts, while the mean temperature of
the system can bring down from 93 to 55 °C by using LHP
with LTP wick.

Worwood [134] conducted a study on cylindrical LIB
cells to investigate methods for improving the internal
thermal management and reducing the temperature rise
during high thermal loads. Two models of cylindrical bat-
tery cells were employed to analyze the impact of internal
cooling on thermal performance. The study found that
implementing an internal cooling method can significantly
improve thermal management, resulting in a reduction
of up to 68% in temperature rise and an increase in the
battery system's total performance. These findings have
potential implications for the design and optimization of
battery systems in various applications.

For an effective operation of HP, the capillary pressure
is determined by using Eq. 28 [135]:

P,=P+P, +P, (28)

where, P,=Pumping pressure in capillary. P,=Drop in lig-
uid pressure in porous wick. P,=Drop in Vapor pressure
from evaporator to condenser. P, = Gravitational Pressure
head.

The pumping pressure by capillary action is given by
Eq. 29 [135]:



A critical review on renewable battery thermal management system using heat pipes 8417

_ 20Cosa

PC
Rc

29)

where c—surface tension, a—wetting angle, and Rc—radius
of the pore.

Liang et al. [122] performed an empirical investigation to
suggest the best possible method for a BTMS using HPs. The
aim was to control the battery temperature and its uniform-
ity by regulating the fluid temperature used in the HP. The
thermal efficiency of the BTMS was examined in relation
to the effects of fluid temperature, air temperature, and fluid
flow rate. The study found that implementing an intermittent
cooling strategy can significantly decrease power consump-
tion in the battery system. The impact of power input, cool-
ant flow rate, and ambient temperature on the peak battery
temperature was analyzed. The results clearly showed that
the coolant discharge and surrounding temperature are cru-
cial factors in regulating the peak battery temperature. Gan
et al. [136] experimented on a cylindrical battery pack of
cells that was cooled naturally and with heat pipes, and the
results were promising. The parameters like the discharge
rate of batteries and fluid, and intake fluid temperature are
studied to determine battery cell temperature characteristics.
In this research, a thermal equivalent circuit model (TECM)
was put forth to assess the thermal behavior of the battery
pack. It was noted that by using HPs for BTMS can reduce
battery cell temperature to a greater extent up to 14 °C for
5 °C discharge rate. The arrangement of BTMS was seen to
be crucial in this study. The HPs are inserted between the
battery cells, and the condenser unit of the HP is situated in
the cooling channel.

Equation 30 [136] is used to describe how much heat is
produced within the battery cell

Hy, = D’R; (30)

where H,_ is heat is generated inside the pack, D, is cur-
rent discharged, and R, internal thermal resistance. When
high discharge rates are used for battery, the entropic heat is
neglected as compared to Joule heat.

Zuo et al. [137] proposed an integrated BTMS that uses
HP cooling and preheating with a heat pump AC system.
Experiments were conducted for different arrangements, and
a viable solution to the battery cooling issue was discovered
by implementing an additional chiller without increasing the
power consumption. The influence of gravity makes heat
pipes perform better in preheating mode conditions rather
than in cooling mode. The integrated BTMS preheating
and cooling system coupled with the heat pipe system was
shown. This study provided good performance of HPs in
transferring heat from the battery cabinet. The effectiveness
of the micro HPS array (MHPA) for cooling the rectangular
battery cells was experimentally examined by Xin Ye et al.
[138]. The test was conducted for different charging and

discharging rates, and it is found that for 1C and 2C charge
rates the thermal performance of the battery has improved
a lot. This study aims to address the safety and durability
concerns of battery modules under varying operational con-
ditions. The configuration of the MHPA involves placing
the evaporator section of the HP between the battery cells,
while the condenser section is exposed to the ambient envi-
ronment, multi number of channels were made in the HP,
and each channel has a number of inbuilt fins. The heating
of battery cells by both traditional methods as well as by
MHPA method. The temperature of the battery reduces more
noticeably using the new method than it does using the con-
ventional heating technique in the same amount of heating
time. To prevent the thermal runaway of the batteries, Putra
et al. [139] conducted an experimental analysis of rectangu-
lar LIB cells cooled by flat plate loop heat pipes (FPLHPs).
Three different coolants, like distilled water, acetone and
alcohol, are used with 50-80% filling, while the battery is
subjected to three different heat loads. Battery heat genera-
tion is simulated by making use of a cartridge heater. Among
three different coolants, acetone is found to give excellent
performance in regulating BTMS temperature. In the cur-
rent investigation, the FPLHP heat-exchanging device was
utilized. It mainly consists of evaporator, condenser, heater,
and flat plate. The flat plate is held between the heater and
the evaporator part. The flat plate conducts the heat, and
from the flat plate, it is taken away by the evaporator sec-
tion, from the evaporator to the condenser. The summary of
the experimental works using HP for BTMS is presented in
Table 2 below.

Experimental BTMS analyses using heat
pipes (HPs) coupled with PCM

Putra et al. [140] carried out an experimental study to inves-
tigate the usage of HPs with PCM for the passive cooling
of rectangular Li-ion batteries. The PCM used in this study
was beeswax, and experiments were conducted in both the
presence and absence of HPs and beeswax. Transient exami-
nation was performed to assess the thermal behavior of the
batteries, and a comparison was made between the use of
beeswax PCM and Rubitherm RT44. The results obtained
demonstrated that the usage of beeswax PCM in HPs
decreased the temperature by up to 26.62 °C, while the usage
of RT44 in HPs reduced the temperature by 33.42 °C. A
prismatic LIB cell with a coupled cooling strategy involving
a heat pipe and a PCM was experimentally analyzed by Jiang
and Qu [141]. A wide range of parameters has been experi-
mentally studied, such as the battery charge and discharge
cycle, convection coefficient, the surrounding temperature,
and PCM thickness ratio of the battery. The outcome sug-
gested that the MP of the PCM must be minimum 3 °C more
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Table 2 (continued)

Reference

Remarks

Coolant used with heat pipe

Analyzed parameter

Input parameters

Battery geometry

[137]

The use of an additional cool-

Water ethylene glycol

Heat transfer performance, Battery

Coolant temperature, Preheating

Prismatic battery cells

ing chiller in the battery system
increases the cooling capacity by

20% without increasing the input
power. The integrated method

cell temperature

mode

of cooling and the utilization of

preheating has demonstrated to be

effective in managing the increase in

battery temperature

[138]

With the usage of MHPA the battery
module temperature is controlled

Water

Battery Temperature both in cooling

Rectangular battery cells Charge—discharge rate, heating time,

and heating, Temperature difference

heat production rate

under 32 °C and 39 °C, with the

charge—discharge rate of 1 C and

2C

Distilled Water, Alcohol, Acetone The use of Acetone in the evapora-

[139]

Temperature of battery module

Coolants, Heat flux

Prismatic battery cells

tor section can keep the battery's
temperature around 50 °C, at heat
flux 1.61 W/cm?, with a thermal
resistance of 0.22W/ °C

compared to the surrounding temperature for effective cool-
ing effects and less power consumption. At the condenser
unit of the HP, a convective coefficient of 30 to 60 W/m?K is
sufficient, while the thickness ratio of PCM is around 0.55.
The variation in battery module temperature with HP/PCM
cooling strategy and the surrounding ambient temperature
are elucidated. It is observed that with a temperature span
of 35 to 40 °C the battery module HT is only through HP,
as the PCM material will not melt at this temperature range.
Experiments on a prismatic LIB module with heat pipes and
a PCM cooling technique were done by Wu et al. [97]. Dif-
ferent discharging cycles and forced convection coefficients
were chosen as input parameters. It was seen that at a greater
discharge rate of 5C, it is possible to maintain the tempera-
ture of the battery module at 50 °C. The use of PCM along
with HPs can reduce power consumption by cooling the fan
at a lower flow rate. The experimental setup for the battery
module thermal cooling system is shown. It consists of a HP
sandwiched between the blocks of PCM; the heat from the
batteries is transported to HPs via PCM and rejected at the
HPs condenser unit, which has fins at its outer surface. The
variation in battery temperature across the module with a
change in discharge rate is shown. Three cooling modules
are used for cooling without PCM, with PCM and with HP
and PCM. With an upsurge in the velocity, there is a notice-
able rise in the peak temperature difference in the battery
module but less increment is observed in the case of PCMP
and HP/PCM.

In order to examine the thermal performance of Li-ion
cylindrical batteries with various cooling systems, Zhao
et al. [103] performed an experiment. Air cooling, a PCM
without HPs, and a coupled HP and PCM system (HP/PCM)
were the cooling methods employed in this study. The find-
ings demonstrate that the HP/PCM combination outperforms
the air-cooled BTMS in terms of maintaining the battery
temperature within 50 °C for a longer period of time. Addi-
tionally, the battery module's peak temperature difference
could be kept to below 5 °C for an extended period of time.
Zhang et al. [142] suggested different cooling strategies
based on separation BTMS assisted by heat pipes. The dif-
ferent discharge rate of the battery is used along with dis-
charging cycle. The experiments are conducted under forced
and free convection conditions. The obtained results show
that using PCM and HP cooling method; the battery module
temperature can be regulated very effectively and provides
some useful design parameters for optimization of BTMS.
The BTMS for prismatic LIB cells was studied by Amin
et al. [143] under three cooling conditions: cooling with-
out HP/PCM, cooling with HP, and cooling with HP/PCM.
The input heat load to the battery cell is varied from 20 to
50W. The results of this experimental investigation show
that using an HP/PCM combination is appropriate for keep-
ing the battery temperature below 50 °C. By utilizing HPs,
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PCM, and spray cooling, Lei et al. [144] provided an experi-
mental design for the heating and cooling of prismatic Li-ion
batteries. The battery performance is analyzed at a different
surrounding temperature varying from — 10 °C to 40 °C. The
heating service by the proposed method can diminish the
chances of battery degradation. The proposed method also
demonstrates improved cooling performance by effectively
regulating the battery surface temperature despite at a high
discharge current rate of 24A and an ambient temperature of
40 °C. Huang et al. [145] conducted experiments to exam-
ine different cooling strategies for cylindrical LIB modules
including HPs with air-aided PCM and HPs with liquid-
aided PCM. They varied the discharge rate of the battery
to analyze the temperature behavior of the battery module.
According to the study's findings, HPs with liquid-assisted
PCM can efficiently maintain battery temperatures below
50 °C at a 3 C discharge rate. Table 3 summarizes the results
of the work using HP/PCM combination.

Numerical BTMS analyses using heat pipes

Zhao et al. [146] analyzed the prismatic battery module of
Li-ion fixed with closed loop OHP (CLOHP) and PCM.
The input heat load on the battery varies from 10 to 80 W
with various coolant discharge rate and the number of turns.
While CLOHP's number of turns significantly impacts ther-
mal performance, using it with PCM improves it. Finally,
it is also concluded that it is challenging to maintain the
liquid—solid state of PCM at higher heat input loads. OHP's
cooling performance for high energy density Li-ion batter-
ies was experimentally investigated by Chi and Rhi [147].
Different configurations are used for OHP in order to check
the HT characteristics. The Li-ion battery is modeled as a
heater with a required heat generation rate, and parameters
like filling ratio, coolant temperature, the orientation of the
HP, and heat flux are analyzed experimentally. This study's
outcomes suggest that the usage of the OHP cooling system
meets the required BTMS design parameters. A similar type
of experimental study on OHP is done by Rao et al. [148] in
which a rectangular heater made up of an aluminum block
is used as a simulator for the actual battery model. Differ-
ent heat load on the heater block and the location of OHP
is used as input to examine the thermal efficacy of BTMS.
The battery terminal’s location and OHP orientation have an
important part in governing the temperature rise in the bat-
teries. Wang et al. [149] examined OHP/PCM-based BTMS.
The input variables used in this study are heat load on the
battery and battery terminals' position of OHP. It is better to
keep the temperature and difference in temperature below
the PCM melting point to have uniform temperature dis-
tribution. The use of PCM with OHP gives a very effective
cooling of BTMS as compared to only OHP.

@ Springer

Wei et al. [150] examined an plug-in OHP to provide
better and more effective cooling in BTMS. An equivalent
electric heater just simulating the Li-ion batteries is used.
The findings led to the conclusion that a 56W power input
can keep the battery temperature below 46.5 °C. They also
noticed that it is possible to effectively maintain the peak
temperature variance within the battery module at 1-2 °C.
With plug-in OHP, the uniformity in battery temperature
can be maintained very smoothly. It can be clearly observed
that at a binary fluid mixture ratio of 4:1, the temperature in
the OHP rises with a rise in the power input. However, the
difference by which temperature increases decreases with
power input. Table 4 provides a summary of an experimen-
tal analysis of BTMS using oscillating heat pipes coupled
with PCM.

Numerical BTMS analyses using heat pipes

Dan et al. [151] examined a system consisting of micro HP
array (MHPA) to manage the system thermally in electric
vehicles. The system consists of 96 similar batteries with
MHPA sandwiched between two batteries with condensation
facilities at the ends. Dan et al. [151] numerically examined
prismatic LIB cells cooled by a MHPA inserted in between
the battery cells under forced convection conditions. The
numerical results are validated with actual results under
steady and dynamic conditions. Both MHPA- and single-
battery forced convection are computed, and the temperature
upsurge and gradient of the battery module are compared.
They used the AMESim environment to perform numerical
modelling and simulations on the equivalent thermal resist-
ant model of the MHPA. The results were obtained regard-
ing heat transfer efficiency during constant discharge, tem-
perature distribution during transient operation, and cooling
effects on large battery packs. The obtained results were
validated with the experimental results. They concluded
that temperature is the critical factor that affects the bat-
tery's serviceability, discharge efficiency, and power. They
also delineated that reducing the operating temperature can
enhance battery performance. Moreover, the results obtained
from simulations of the cooling of batteries concluded that
there is an insufficiency of natural convection to cool the
batteries at a significantly high discharge rate.

The effects of using HPs and copper tubes on the TM of
high-power lithium batteries were compared by Wan [152].
He prepared the simplified model by considering the tran-
sient characteristics as linear differential equations using
assumptions and avoiding the battery's electrochemical
reactions to reduce the computational time. The heat pipe
model formulation consists of a copper shell, wick region,
and vapor core. The thermal conductivity, density, and heat
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§ capacity of the wick region is obtained using the equations
3] .
% ‘5§ represented below [152]:
& | , o ky[(ky + k) — (1 — &) (ky — k)] an)
28 R 523 [(k, + k) + (1 =)k, — k)]
=88 BT o 3%
S535E53 ¢
=S29%35%u Pyick = €p1 + (1 = €)py (32)
EZSS0EE20
FEBEogEt
2|E2285525887 [en,C, + (1 — e)p,Cy]
Bicerisit Curs = . 3
els SIS L8LE o= Pwick
where k,andk, are the thermal conductivities of coolant and
sintered copper powder, and ¢ is the porosity.
'c% Using commercial finite volume-based Ansys Fluent
E 17.2 software, Wan [153] carried out the numerical simu-
3 % lation on a battery cell. The PDEs were solved by taking
g ls o a staggered grid. The pressure was solved using SIMPLE
g £ % algorithm. Real time boundary conditions were imposed to
5 ) solve these partial differential equations. The coolant intake
= |= temperature, discharge and power load on the battery are the
.;’E parameters selected for the simulation purpose. The usage
g of HPs and copper rods for cooling are compared. From the
; results obtained, it is clearly observed that HPs can enhance
E the HT from the battery cell compared to copper rods. This
é numerical study also demonstrates the surface temperature
2. and heat flux distribution in the battery cells. The density
S |2 of wick material having porosity with copper sintered and
o= liquid water filled is obtained by using the below Eq. (34)
[153]:
RE g 5, = €8, + (1 — €)8, (34)
|88
% g.% where 6,, is the wick density, ¢, liquid density, 6, sintered
g2 g copper density, and € porosity of the wick. According to the
'q'g é £ study, there is a direct relationship between the peak tem-
ol B> Y perature inside the battery cell and the temperature of the
Z|= = coolant inlet and power input, with an increase in either of
these factors causes a rise in temperature. However, as flow
rates go up, the battery's peak temperature decreases.
éo In order to reduce computation time and expense
. é while maintaining acceptable accuracy, Liang et al. [154]
% g designed a 3D battery thermal model and took flow decou-
= f - pling and conjugate heat transfer (CHT) analysis into
g, %)-é account. They did this by segmenting the battery module
g § 2 into sub-models for CHT, heat pipe, and multi-cells. They
= (7 found a reduction in temperature of the battery cells. A
numerical conjugate assessment of a Li-ion battery mod-
S 3 ule connected in series and cooled by HPs was carried out
é %‘ g by Yunhua Gan et al. [155]. To investigate the dynamic
g o temperature, current density, voltage, and Li-ion concen-
=& § tration, the coolant inlet temperature and flow velocity
;| =g . .
< ig £ are varied. According to the results, a peak temperature
CH ey is seen in the battery cell's first module at low coolant
@ Springer
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temperatures, and the Li-ion concentration is significantly
affected at the battery cathode side. The thermal perfor-
mance of the HP is defined by incorporating the HP sub-
model in CHT. They used COMSOL 5.3 to carry out the
simulations. The tool based on FEM was used to solve the
PDEs. The spatial domain was divided into a number of
simple geometries (quadrilaterals). The solution function
for each domain of finite elements is then approximated
using the weighted residual idea. The dependent variables
and their first partials were maintained when shifting from
one element to another. This results in the transformation
of PDEs into sets of ODEs over time. Using 2nd central
differencing scheme, the equations are discretized. The
sub-models were validated, and moreover, the whole bat-
tery was also validated through experimentation. They
thoroughly investigated the thermal as well as the electro-
chemical performance of the three-dimensional model for
different temperature conditions of coolant. They observed
that the lithium-ion concentration and local current density
change at the same rate during the initial discharge phase,
and huge local current density also exists. Moreover, sig-
nificant effect of cooling temperature on the positive elec-
trode with respect to negative electrode. Furthermore, they
observed that when the coolant temperature is decreased
by 10 °C during discharge at 5C, the available capacity of
the battery is reduced by 0.88-1.17%. It is very difficult
to get the 3-D simulation of the whole battery system,
including the thermal electrochemical process; hence, to
simplify the model, a number of sub-models are created,
such as CHT sub-model, heat pipe sub-model, and multi-
cell sub-model.

Wang et al. [156] examined a HP-based TMS for the
battery module, which consists of four rows of cylindrical
batteries in the x direction, with each row having three bat-
teries sandwiched between the three HPs with aluminum as
a conduction element. Moreover, Wang described that there
are several factors that influence the battery module's tem-
perature distribution, namely (a) spacing between batteries
(D), (b) thickness (), (c) height (H), and battery circumfer-
ential angle (8). To determine and analyze the effect of the
influential factors mentioned above on BTMS, CFD analysis
is done using finite volume based ANSYS Fluent 17.0. Equa-
tions are discretized using the finite volume method (FVM)
by means of a 2nd order central differencing scheme. By
solving the associated continuity and momentum equations
using the SIMPLE method, the velocity and pressure compo-
nents are obtained. Coupled energy and conduction are also
solved simultaneously since heat flow and temperature at the
contact are continuous. The ensuing algebraic equations are
numerically addressed using successive over relaxation, the
tridiagonal matrix method, and line-by-line Gauss—Seidel.
The following governing equations are used for the module.

The energy conservation equation is represented as [156]

@ Springer

oT

==V (4 VT) +Q (35)

Py Cpb

with Q as the source term given by the rate of heat produc-

tion and battery volume represented as Q,, and V.
3 Qgen
Q= v (36)

Moreover, a grid sensitivity test of the mesh shown is
done to guarantee the calculation accuracy. Moreover, they
validated the numerical model with the experimental ones.
After performing the tests, they came to the conclusion
that the height of the element is the most sensitive element
affecting the peak temperature of the battery module after
conducting the tests. The other factors like circumference
angle, spacing between batteries, and thickness have mini-
mal effect. Moreover, after doing the sensitivity analysis,
they prepared an optimal model with conduction element
height (60 mm), circumference angle (120°), conduction
element thickness (4 mm), and spacing between batteries
(19 mm), respectively. They performed the numerical simu-
lation on the battery and observed a minimum temperature
difference (1.08 °C) and a maximum temperature (27.62 °C).
The obtained values for the optimal design of the structure
are 4 mm conduction element thickness; optimal spacing
should be 19 mm and the circumferential angle should be
120°. The optimal model suggested in this study provides the
best thermal management system compared to other models.

By regulating the core temperature in the battery pack,
Huang et al. [157] conducted a numerical analysis on Li-
ion batteries employed in HEVs to increase the battery life
and durability. Different mathematical models’ controller
is used to predict the battery temperature while minimizing
power consumption. The battery's core temperature can be
kept well below the limit with only a small amount of
power consumption, according to the cooling models used
in this study. Each module consists of 10 cells. A flat plate
heat collector takes the battery module heat and transfers
it to the surrounding ambient air through a HP. The chains
of numerical simulations were performed using MATLAB/
Simulink considering different operating and ambient con-
ditions to assess the battery's thermal performance. They
used a four-wheel HEV, which consists of an IC engine,
hub e-motor, and 14 battery modules constructed using
MATLAB/Simulink. These battery modules are based
on HPs cooling systems. The simulation is performed for
three different ambient conditions for each driving. The
results show that UA with an10 °C surrounding tempera-
ture is capable of maintaining battery core temperature
with the tracking error of 0.8 °C. Moreover, they also
investigated cooling system adaptiveness under the ambi-
ent temperature of 25° and found that the first mode only
functions well when the temperature of the battery remains
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below the higher level. For the ambient temperature of
40 °C in CE driving cycles and third mode, the compressor
compensates the increment in thermal load. After carefully
analyzing these results, they came to the conclusion that
the suggested solution might maintain the battery core's
temperature within the desired range since the ambient air
cooling is sufficient for the first mode, for the second and
third modes, ambient cooling may fail, so AC pathways are
required. It is clearly observed that for Mode-I and Mode-
II, the core temperature will oscillate more and remain
unstable, while for Mode-III, these oscillating effects can
be compensated, and hence, the core temperature remains
within the maximum limit.

The mathematical modeling of the thermal runaway of
series-connected prismatic battery cells was carried out
by Li et al. [158] using FVM. (A discretization technique
for approximating a system of PDEs describing the con-
servation, or balance, of one or more parameters) The
user-defined functions (UDFs) are written to determine
the HT between the battery cell and HPs. Thermal runa-
way propagation from one battery to its adjacent battery
is simulated for various working conditions. Three battery
cells arranged in series are placed side by side. The con-
denser unit of the HP is fixed with fins to improve the HT
rate. The simulation of the thermal runaway model and the
volume of fluid model is done in the ANSYS FLUENT to
investigate the transfer of heat and mass within the battery
cells, during the thermal runaway. The finite difference
approach is used to approximate the derivatives. Following
that, the face values for u, v, and P are calculated. For the
temporal derivative, a backward difference is used, and
for the spatial derivatives, a central difference is used. The
equation gives the generation of heat and energy conserva-
tion during the thermal runaway [158]:

Coui dc da dc
Qabuse = Hsci Wsci =1+ anWnc d_;e + Hchpc E + Hc e d_;
(37
oT
CpE =V (kiVT) * Gabuse (38)

The outcome indicate that the HP-based cooling system
is ineffective at preventing the battery's thermal runaway.
However, it can stop propagation between batteries that are
close to one another. The liquid water absorbs the heat from
the battery cell and transforms from a liquid to a vapor as
time passes from 1 to 10 s. The temperature profile in each
battery as the heat propagates through them was presented.
Park et al. [82] enhanced the HP loop, generally utilized
for the cooling of li-ion batteries in the high-energy elec-
tric lasers (HELs) used in aircraft. Their main objective
was to optimize using a deterministic and reliability-
based method to lighten the LHP's weight considering

varying heat load. A thermodynamic model and a lig-
uid thin wick model were used in the numerical solution.
Three different cases are considered to achieve the opti-
mized design for battery cooling, a constant heat load,
a variable heat load without uncertainty, and a variable
heat load with uncertainty. Among the three cases inves-
tigated in this study, the most reliable and robust one is
the case of varying heat load with uncertainty. They also
performed the numerical analysis through a thermohydrau-
lic model of the LHP, which comprises of the following
elements: compensation space, evaporator, vapor line, and
condenser. Moreover, the thin liquid film model is used to
forecast HT in the porous wick, and the finite difference
method (FDM) and analytical solutions are employed for
the thermal characterization of the groove section. The
evaporator core and compensation tank energy balance
equation is given as [82]:

Qloss + Qe—c.c + xl.lmhfg = c.c—amb(Tc.c - Tamb>Lc.c
+ mecom (mTcore_Tl.l) (39)

They were able to optimize the LHP design while keep-
ing the battery temperature at 10 degrees Celsius and reduce
the LHP's weight by 12% when compared to the LHP used
by the existing Adonis under identical thermal conditions.
They came to the conclusion that the third case, which per-
formed better in terms of success ratio, could be regarded
as an excellent contender for the LHP design for military
use. It has been noted that the battery temperature changes
along with variations in the heat load, but out of three cases,
case III gives more reliable and robust results that justify the
usage of a loop HP for cooling purposes.

A transient numerical model of the li-ion battery (C020)
cell was put forth by Greco et al. [159]. The thermal circuit
method, which the one-dimensional, enables separate treat-
ment of the battery and HP. Additionally, a three-dimen-
sional (3-D) model and a quantitative model based on tran-
sient boundary conditions were prepared in order to verify
the one-dimensional (1-D) model. HPs with working fluid
removes heat from the battery cell sandwiched between the
set of HPs in series. The study compares the 1-D thermal
circuit method, the analytical method, and the 3-D CFD
simulation. The results show that the 1-D thermal circuit
method is sufficient in predicting the temperature charac-
teristics of battery cells. It is also concluded that the higher
contact surface between the HP and the battery cell increases
the heat transfer.

The volumetric heat production rate in the battery cell is
represented by Eq. 40 [159].

0, =R,i* - — (40)

@ Springer



8428

A. Afzal et al.

where O, is volumetric heat production rate, internal heat
resistant per unit volume, discharge current per unit volume,
m is the number of electron exchanges during discharge, H
is faradays constant, andE; is entropy.

Murashko et al. [160] introduced a thermal protection
system that uses metal plates and heat pipes to maintain a
uniform temperature in pouch-type cells. They suggested
a passive cooling system for the BTMS made of aluminum
plates with built-in HPs. Further, they conducted a numeri-
cal optimization of the TMS to improve the efficacy and
maintain uniformity in temperature distribution. To place
the HPs in the aluminum plate in the best possible loca-
tion, they used COMSOL Multiphysics. The governing
differential equation are discretized using a finite element
approach. The SST turbulence model with automatic wall
function was adopted. The boundary conditions include
mass flow rate inlet, pressure outlet, symmetry planes,
and adiabatic walls. No-slip condition was set between
the liquid and solid. The algorithm used for the optimiza-
tion was produced in MATLAB. Following optimization,
they came to the conclusion that the horizontal portion
of the U-shaped HPs should be positioned close to the
cell's maximum power loss. Moreover, they also suc-
ceeded in reducing the number of HPs without increasing
the temperature non-uniformity. Yuan et al. [161] prepared
a thermal management module (TMM) that consists of
heat pipes of an outer diameter of 6 mm for the primary
source of heat transfer along with heat collecting plates
and aluminum alloy 6063 cooling fins with a mean spacing
of 2 mm between each fin. For the experimentation, they
used the lithium iron phosphate battery of 10 Ah capac-
ity as the source of heat. The temperature characteristics
of the TMM- fitted batteries were investigated using the
testing system in an enclosed and adiabatic environment.
They attached the five k type thermocouples to the bat-
tery surface at different locations, namely A, B, C, D and
E. The temperature variation of each site was tracked at
2.5 °C discharge rate. The five different used locations are
sufficient to track the longitudinal variations. Initially, they
discussed the thermal issues and the necessity of TMS of
li-ion batteries by showing the variation of surface tem-
perature with the discharge rate. They observed that an
increased flow velocity is linked to a higher reaction rate,
which inevitably leads to an elevated battery temperature.
They observed the maximum temperature at point A and
the minimum at point E because point A is closest to the
electrode tab and E is the farthest. They constructed two
prototypes, namely model I (with heat collecting plate) and
model II (without heat collecting plate). The temperature
transients of model I and model II. After analysis of the
plot, they observed the values at the ends of temperature
transients of model I exceed the temperature plot of model
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IT by 6 °C. They concluded that using a heat collector can
manage the temperature more efficiently.

Moreover, they validated the experimental results using
the CFD model in the commercial software Icepack. After
considering certain assumptions regarding thermal param-
eters and material properties, the heat transfer, temperature
field, and boundary conditions are given by [161]

oT
pCoar =V (KVT) +q (41)
oT o*T , 0°T  , 0T

C w2 9L 9T,
Povar T Moy Ty T T4 42)

The initial condition is described by the equation below,
where 7} is the initial value

T(x,y,z,0) =T, 43)

The other boundary condition in each direction is directed
by Newton's law of cooling and is represented as

oT

—x 5o =p(T-T,).x=0,1 (44)
oT

Aoy =PI =Ts).y=0b (45)
oT _ _ _

~A o =B(T=Ts).2=0.h (46)

The parameter f represents the HTC,T _,—ambient tem-
perature and [, b, h—thickness, width and the length of the
battery. They also observed that with increased discharge
rates, the module temperature also increases.

Zhou et al. [162] designed an innovative cooling approach
depending on air distribution pipes for the cylindrical li-ion
battery. The battery module's 3-D CFD model was created
and confirmed the results from the simulations by experi-
mentation. The experimentation is done considering the
18,650-lithium battery of 2 Ah capacity. The rate of heat
production is represented by q

d0CV
oT,

q=I1|(V-0CV)-T 47

Here, I is the discharge current, OCV is the open circuit

voltage, V is the voltage. a(a)ch is the entropy coefficient of

a

the battery, respectively.

The orifices with a diameter of 1 mm, 1.5 mm, and 2 mm
are introduced in rows 3, 4, and 5, respectively. Further, they
performed the computational analysis considering the frame
region to speed up and reduce the time for computation.
The coupled flow field and thermal field analysis were per-
formed using finite volume based FLUENT 18.1, and grids
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were produced using ICEM 18.1. They used the staggered
grid to discretize the governing partial differential equations.
SIMPLEC algorithm was used to obtain the pressure terms.
Further, they also performed the grid independence test by
considering the maximum cell temperature. Furthermore,
they marked the battery, namely C1, C2, and C3, to track
the variation of battery temperature. The simulation was
performed on the Intel i7 CPU with 5 cores considering
the boundary conditions with the time step size of 1 s and
discharge time of 1200 s. The following boundary conditions
were considered.

9(pa) q

Y +V. (pav) =0 (43)
(o

(gjv) £V (p,77) = VP (49)
9(p,Cp,T,
W +V - (pCpaT,) = V - (k,VT,) (50)

Here p,—density, Cp,—specific heat, k,—coefficient
of thermal conductivity, T,—temperature, and P—static
pressure of the air. The simulation was executed in 14 h
and results were obtained for effect of orifice parameters
(diameters and rows), Inlet pressure and discharge on tem-
perature profile of the battery. After examination, they
concluded that the proposed air distribution pipe could
achieve the required cooling performance at the flow
rate of 3 C. Moreover, they emphasize the importance of
choosing different inlet pressure for different discharge
rates to monitor temperature variation efficiently. Since if
the inlet pressure is raised at the discharge of 3 C, a bat-
tery module's temperature is shown to drop significantly.
Further, they also observed the requirement of higher heat
dissipation at higher discharge rates, leading to high power
consumption. Ye et al. [79] performed a numerical analy-
sis of the performance of Li-ion battery cells/packs sub-
jected to a HP-TMS during fast charging of the batteries.
The simulation was carried out using Ansys CFX 2015, a
commercially available CFD code that uses the finite vol-
ume approach to describe and evaluate PDE as algebraic
equations. Volume integrals in a PDE were modified into
surface integrals by the divergence theorem. The discre-
tization of the domain into control volumes was performed
by adopting a vertex-centered approach. Different arrange-
ments are used for cooling purposes, such as the use of a
vortex generator in the condenser unit, the number of HPs,
and fins. The use of fins along with copper spreaders dras-
tically increases the heat transfer capability of HPTMS. It
generally consists of an inner wick and vapor core along
with condenser and evaporator sections. Three different

designs used for BTM (a) indicate the HPs without fins,
(b) indicate HPs with large pitched fins, and (c) indicate
the greater number of fins with smaller pitches.

In a similar study made by Wan [152], the temperature
distribution ratio in battery systems is reported numeri-
cally. The problem is simulated using the commercial
Ansys Fluent 17.2 tool. Three factors were used: battery
power input, fluid discharge, and its intake temperature.
The findings of this investigation demonstrate that bat-
tery's temperature distribution can vary both with and
without HPs. From the temperature distribution contours,
the temperature gradient is observed in only a longitu-
dinal direction in the case of copper rods. While using
a HP, more heat is transported from the battery surface
since the temperature gradient is evident in both the lon-
gitudinal and lateral directions. A numerical simulation
of multistage heating of Li-ion batteries was carried out
by Sun et al. [163] in cold conditions for efficient work-
ing of railway. At different locations, the different heat-
ing power is applied while the overall power supply is
kept constant. The results obtained demonstrate that the
traction battery system can improve battery performance
and shorten heating time through multistage heating. The
numerical study gives an idea to design a battery pack and
matching of heating system. The heating time of model 3
is greater than that of model 2 by 20 s, while the tempera-
ture difference between models 1 and 2 is about 0.74 °C.
A Li-ion battery characterized by the high discharge rate
and cooled by HPs and a thermoelectric cooling device
was numerically simulated by Zhang et al. [164]. For the
HPs, a material with an enhanced properties is selected to
effectively transfer the heat produced by the battery cell's
surface. According to the study's findings, using HPs is
sufficient to keep the battery system's temperature well
within proper range for a medium level of discharge, but
using a thermoelectric cooler for a high level of discharge
is preferable.

Ye et al. [79] enhanced the existing HP-based TMS
using numerical and experimental methods for fast-charg-
ing li-ion batteries. The TMS consists of a HP cooling
plate (HPCP) to dissipate battery heat produced during
the charging and discharging course. The mathematical
model was prepared, and the outcomes were validated with
test data. The results obtained from the numerical studies
illustrate the efficacy of the HP-based TMS or HPTMS.
After analyzing the results, they concluded that tempera-
ture uniformity is not influenced by altering the number
of HPs in HPCP. Moreover, they observed a considerable
progress in HPTMS's thermal performance after installing
copper heat spreaders and fins due to increased cooling
capacity and uniformity in temperature. In Table 5, the
scientific studies carried out using heat pipes for efficient
BTMS are summarized.
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Experimental and numerical study on HPs

Shah et al. [165] carried out both experimental and numer-
ical investigations of cylindrical Li-ion battery cell gen-
erating heat and cooled by heat pipes. A finite element
model is constructed with the Ansys CFX tool. An annular
air channel along with heat pipes is used for cooling the
battery cell. The annular channel was used to study how
Li-ion battery cooling works. For experimental purposes,
they fabricated the thermal test cells filled with poly-dime-
thyl siloxane similar in dimensions to 26,650 lithium-ion
cells and equivalent thermal properties and performed two
sets of experiments. In the first experiment, they passed
the coolant air through the annular tube to measure its
effectiveness, and in the second set of experiments, the
investigated the passive cooling of cells by inserting two
copper heat pipes into the metal tubing to acquire the heat
from the whole length of the cell. The experiment was
performed by suspending the test cell in the wind tunnel
such that the condenser end protrudes out of the tunnel
and using an air blower for convection of the heat from the
protruded tip. Experiments were carried out considering
two ambient conditions (Free and Forced convection). The
test results for the impact of various internal flow rates on
temperature distribution of test cells considering the heat-
ing current of 15 A and diameter 2 mm and 6 mm for the
inner tubes with a fixed heat generation of 1.62 W. With
the use of such a cooling system, a temperature reduc-
tion of 18-20 °C is observed in the battery core part. It is
noted that battery overheating can be easily avoided with
a HP when heat production within the battery increases.
The use of HPs and copper rods under forced convection
conditions gives good results. The test outcomes show the
cell's temperature distribution for the embedded HPs with
a heat dissipation rate of 1.62W. The data obtained show a
significant reduction (3 °C and 17 °C in peak temperature
compared to baseline) in test cell temperature with bet-
ter results in the forced convection case. Moreover, they
also performed finite element simulations using ANSYS
CFX to validate the experimental results. The simulation
was performed by creating the geometry of the test cell,
using the appropriate thermal features, and applying the
boundary conditions. After performing the experiments
and validating the results with the numerical simulation,
they concluded that the experiments carried out by them
are promising and could not be accessed through other
thermal management systems.

Behi et al. [166] carried out both experimental and
computational examination on the TM of Li-ion batteries
by making use of both air cooling and HPs. The numerical
examination was carried out by using FEM based COM-
SOL Multiphysics. The variational approach was used for
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simulation. Before carrying the simulation, the geometry
was divided into elements joined by nodes. An optimum
mesh based on the grid independence study was chosen to
minimize the computational time and maximize the accu-
racy. Different optimizing parameters are chosen for the
study, such as coolant inlet temperature, cell spacing, air
velocity, and use of heat pipes with copper sheet (HPCS).
They carried out a number of optimization studies to main-
tain temperature consistency and enhance the cooling of
the lithium battery cells. They initially experimented to
determine the battery module's temperature under forced
and free convection conditions. They also looked into how
battery cooling and temperature variations were affected
by cell separation, air temperature, and air velocity. At
last, HPS and HPCS were added, and their effect on the
temperature uniformity and cooling of the battery module
was studied. They observed that the temperature uniform-
ity of the battery module was improved and the peak tem-
perature was reduced using HPCS.

Wei et al. [167] suggested an experimental and numerical
method to facilitate the cooling strategy used in the BTMS
to get a uniform temperature distribution. A COMSOL Mul-
tiphysics and STAR CCM + CFD software are used to simu-
late the proposed cooling strategy. The switching time for
temperature uniformity in a battery module is studied using
areciprocating cooling strategy rather than a unidirectional
flow method. The researchers developed a novel approach
to improve the temperature uniformity in battery systems
called the “reciprocating cooling strategy”. They achieved
this by employing a reversible pump to generate a back-and-
forth cooling flow. The TMS for the battery was designed
accordingly. The findings of the study suggest that the use of
a reciprocating cooling method leads to better temperature
control in the battery module. Initially, they carried out a
simulation using COMSOL to obtain the thermodynamic
parameters of the 60 Ah battery. the results were validated
by conducting the real time experiments. The equation of the
battery module is given by:

or _ o0 (k oT o0 (kooT\ ok oT\ .
C _ — — — —_ — — —_ — —
Pt <3x<cpC 0x>+6y<cpC dy +6z Cpe 02 +0
(5D

where p,, Cpy,, T and k,—density, specific heat, temperature,
and battery module thermal conductivity respectively. The
source term Q is represented as:

Qgen
Vb

0= (52)

The numerical experimentation on the proposed BTMS
was also carried out using STAR-CCM + to study the varia-
tions in temperature distribution influenced by the switching
time of the battery.
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Xu et al. [168] carried out a computational and experi-
mental investigation on rectangular Li-ion battery module
subjected to a multistage cooling strategy. The cooling
method suggested in this study utilizes flat HPs and a lig-
uid cooling channel. Different parameters are studied, such
as charging and discharging rate, battery cell heat produc-
tion rate, and coolant discharge rate. Initially, they carried
out experimentation to determine the necessary parameters
required for the computational analysis. The experimenta-
tion results show the thermodynamic parameters (initial and
termination temperature and heating power) of the 42 Ah
battery obtained at different discharge rates. The obtained
heat power was also used as the basis of the simulation
boundary condition. The computational domain of the physi-
cal model, which consists of three modules each containing
12 cells and plates flat HPs, two cooling water channels and
several coolers. Once the computational domain is prepared,
the inlet, outlet, and some other boundary conditions are
applied along with the material properties. The inlet bound-
ary conditions are given by:

L4} |X=L =0 (53)
i fxco = Tilxer = ~lapp G4
i |ves, = itlesyes, =0 (55)
blxo = ol =0 (56)

The i,,,, i1, i, and y is current density, solid current den-

sity vector, electrolyte solution phase density vector and
solid phase potential respectively. After performing the sim-
ulation, the results were obtained. The temperature variation
at different discharge rates (0.5, 1, and 2 C) is obtained at the
ambient condition of 20 °C. They observed the maximum
temperature at the exit of the model and the minimum at the
entry. Moreover, the middle of the model's temperature is
high due to the accumulation of heat at the mid portion of
the module that cannot be transferred to the cooling water.
Further, they also analyzed the thermal efficiency of the
model at various discharge rate of 1 C and 2 C. For analysis,
four different models namely A (model with no cooler), B
(two 15W coolers placed at the highest temperature module),
C (two 15 W coolers at each module), and D (two 35 W
coolers placed at the exit of the module) were considered.
They observed that in model A, the heat is accumulated
at the module core with a temperature rise of 7.52 °C and
internal temperature difference of 4.48 °C. However, these
temperature parameters decreased by 2.7 °C and 1.3 °C in
model B compared with model A, and significant tempera-
ture decrements are observed in model C. A similar trend of
results was observed in the case of a discharge rate of 2 C.

They concluded that the number of coolers and their place-
ment could play a crucial role in the model and increase HT
efficiency. The results of this study conclude that using the
multistage cooling method, the battery module temperature
can be regulated and kept within the acceptable range. It can
be clearly observed that with a upsurge in the charge rate and
time, both temperature difference and rise in temperature
increase.

Yaun et al. [161] performed numerical analysis of a rec-
tangular Li-ion battery cell with a self-designed thermal
management module (TMM). The TMM system consists of
HPs, heat collecting plates, and conducting fins with forced
convection. The discharge capacity impact on the battery
cell temperature characteristics were examined. The exper-
imental set up used by them consists of HPs of an outer
diameter of 6 mm for the primary source of heat transfer
along with heat collecting plates and cooling fins made of
aluminum alloy 6063 with an average distance of 2 mm
between the fins. They used the lithium iron phosphate bat-
tery of 10 Ah capacity as the heat source. The temperature
characteristics of the TMM-equipped lithium-ion batteries
were investigated using the testing system in an enclosed
and adiabatic environment. They attached the five k thermo-
couples to the battery surface at different locations, namely
A, B, C, D, and E. The temperature variation of each site
was tracked at 2.5 C discharge rate. The five different used
locations are sufficient to track the longitudinal variations.
Initially, they discussed the thermal issues and the neces-
sity of BTMS of li-ion batteries by showing the variation of
surface temperature with the discharge rate. They observed
that the higher discharge rate is associated with a higher rate
of reactions leading to unavoidable higher battery tempera-
ture. They observed the maximum temperature at point A
and the minimum at point E because point A is closest to
the electrode tab and E is the farthest. They constructed two
prototypes, namely model I (with heat collecting plate) and
model II (without heat collecting plate). The temperature
transients (Time-dependent temperature characteristics) of
models I and II. After analysis of the plot, they observed
that the values at the ends of temperature transients of the
model I exceed the temperature plot of model II by 6 °C.
They concluded that using a heat collector can manage the
temperature more efficiently. Moreover, they validated the
experimental results using the CFD model in the commer-
cial software Icepack. After considering certain assumptions
regarding thermal parameters and material properties, the
heat transfer, temperature field, and boundary conditions are
given by:

oT

PCyoy =V (KVT) +q (57)
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aT 0*T 0’T ’T

TORA Ay R Ay iy i
’ * ox Y dy ? o0z

= +
0 g (58)

The initial condition is described by the equation below,
where T is the initial value

T(X, ys Z, 0) = TO (59)

The other boundary condition in each direction is
directed by Newton's law of cooling and can be repre-
sented as

oT _ i _

~Ao =p(T-T,).x=0,1 (60)
oT _ oo _

_iy()—y =B(T-T,).y=0,b (61)

_,123_:=ﬂ(T—Too), z=0,h (62)

The parameter f represents the convective HTC,T is
the ambient temperature and [, b, & is the thickness, width
and the length of the battery.

Zhang and Wei [169] suggested a flat plate HP passive
cooling method to maintain the surface temperature of the
battery pack inside the acceptable range and to increase the
battery's life. The numerical model of the battery pack is
constructed using Unigraphics NX, and simulation is per-
formed using STAR CCM + commercial software. Initially,
they experimented using the battery test station, data acqui-
sition system, and charge and discharge equipment. The
battery pack's temperature (maximum and minimum) was
measured using T type thermocouple at the discharge rate
of 4 C, 6 C, and 8 C. They observed that the maximum tem-
perature rise of the battery pack occurs in case of insulation
without any natural convection means to dissipate the heat
generated. To deal with this problem, they incorporated the
flat heat pipe in the system and studied the effect on thermal
management of the system using numerical method. Fur-
ther, the comparison of temperature variation under different
discharge rate was done considering different thermal man-
agement modes (Natural convection, Aluminum Plate and
Heat pipe). They observed the significant heat dissipation
in case of heat pipe than natural convection and aluminum
plate. They observed the decrement of 28.1% and 10.3% in
the maximum surface temperature considering the case of
heat pipe in comparison to natural convection and aluminum
plate respectively. Similar trend of results was observed in
case of maximum temperature difference at different dis-
charge rates. After careful analysis of the results, they con-
cluded that the proposed TMS could efficiently regulate the
temperature rise at high discharge rates while maintaining
compactness and low weight.

@ Springer

Zhou et al. [162] carried out an experimental and numeri-
cal investigation on a cylindrical cell battery module sub-
jected to cooling by air. A commercial CFD software based
on the FVM was used to solve the governing equations.
They prepared a 3D CFD model of the battery module and
confirmed the results from the simulations by experimenta-
tion. The meshing of the geometry model was carried out by
ICEM18.1 commercial mesh software. The thermal behavior
of the battery module is observed for various discharge rates,
orifice parameters, and inlet air pressure. The experimenta-
tion was done considering the 18,650-lithium battery of 2
Ah capacity. The rate of heat generation is represented by ¢

d0CV
=I|(V-0CV)-T
q ( ) 3T

a

(63)

Here, I is the discharge current, OCV is the open circuit
voltage, V is the voltage and agﬂ is the entropy coefficient

a

of the battery, respectively.

Further, they marked the battery, namely C1, C2, and
C3, to track the temperature variation of the battery. The
simulation was performed on the intel i7 CPU with 5 cores
considering the boundary conditions with the time step size
of 1 s and discharge time of 1200 s. The following boundary
conditions were considered

9(pa) .

% +V- (pav) =0 (64)
a(pav) -

= +V. (pavv) =-VP (65)
(p,Cp,T.
w +V - (p,Cp¥T,) = V.(k,VT,) (66)

The simulation was executed in 14 h, and results were
obtained for the effect of orifice parameters (diameters and
rows), Inlet pressure, and discharge rate on the temperature
profile of the battery. Further, they marked the top, middle,
and bottom surfaces of the battery as P, N, and M to track the
variation of temperature at these points. They concluded that
the proposed air distribution pipe could achieve the required
cooling performance at the discharge rate of 3 C and 4 C.
Moreover, they emphasize the importance of choosing dif-
ferent inlet pressure for different discharge rates to monitor
temperature variation efficiently. Further, they observed the
requirement of higher heat dissipation at higher discharge
rates leading to high power consumption.

Sepehr Mousavi [170] proposed a new hybrid cooling
system integrating PCM and liquid cooling to attain good
performance and safety for a prismatic battery pack. Each
module of 4 battery cells is inserted between vertically ori-
ented mini-channel cool plates. They found that at 2 C and
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3 C discharge rates, the maximum battery temperatures in
the hybrid system with three PCM plates were 5.6 K and
16.2 K lower than those without PCM plates. A two-phase
pump-assisted loop heat pipe with two parallel evapora-
tors was constructed by Zhang et al. [171] to improve heat
transfer performance and fulfil the necessity for numerous
heat sources. Ammonia was used as the working fluid, and
a biporous wick constructed of sintered nickel particles was
used. They found that, raising the heat load and heat sink
temperature decreased the evaporator thermal resistance.
Four kinds of porous wicks were produced by Guo et al.
[172] and used in Heat Pipe to investigate the impact of par-
ticle shape and wettability on the heat transfer performance
of Heat Pipe from the standpoint of phase separation. Porous
wicks were sintered using spherical and dendritic particle
copper powder. The capillary performance of dendritic
particle wick was shown to be superior to that of spherical
particle wick.

In Table 6, the summary of combined experimental and
numerical works using heat pipes for BTMS is presented at
a glance.

The prime objective of this review article is to compre-
hensively address the thermal-related challenges in BTMS,
subsequently highlighting the significance of heat pipes and
PCM material, which are passive cooling methods. This
review article gives an insight into the thermal performance
of Li-ion batteries used in electric vehicles, HEV or some
other heavy vehicles. One can easily understand the chal-
lenges and their solution in the thermal maintenance of EV
batteries in the form of a single cell, packed, or modules
with different geometrical shapes and sizes. An exhaustive
survey reported in this paper comes out with some possible
and feasible concluding remarks, which are listed below.

e The experimental studies on heat pipe cooling systems
primarily focus on structural design changes in heat pipe
geometry or battery modules. Though the common aim
of all the experimental work is to bring down the sur-
face temperature of Li-ion batteries to a nominal level at
a high discharge rate, their approach to achieving their
objective is very different. Most of the experimental work
addresses that using heat pipes with suitable working
fluid can enhance the heat transfer rate from the battery
pack.

e The ultimate goal of this experimental work is to provide
an economical, compact, and highly efficient cooling sys-
tem for batteries.

e The numerical investigations elaborated in this paper
focus on the best possible tool for predicting the thermal
performance of batteries under various operating condi-
tions. Common software tools for numerical simulation
purposes are Ansys Fluent, COMSOL Multiphysics, and
Star CCM +.

The major parameters highlighted in numerical stud-
ies are the surface temperature of the battery pack or
module, temperature uniformity, temperature difference
among the different cells, location of the heat pipe in
BTMS, the geometry of the cell, and type of working
fluid in heat pipe as well as types of atmospheric condi-
tion present.

Phase change material used in improving the battery ther-
mal performance is highly acceptable but in combination
with heat pipes. Compared to heat pipes, the combina-
tion of PCM and heat pipe gives more efficient and bet-
ter results in controlling the battery pack's temperature
within the desirable limit, enhancing the heat transfer
rate, and improving the life span and running of Li-ion
batteries.

Some commonly used PCM materials are paraffin wax
and bees wax due to their economic thermos-physical
properties.

Closed loop oscillating heat pipes (CLOHP) or only
oscillating heat pipes (OHP) are also used by many
researchers in order to determine their thermal capabili-
ties to control the battery temperature.

The common working fluids used in OHP are water,
ethanol, methanol, and acetone, or a binary mixture (a
combination of two different working fluids).

The major outcomes of these studies related to OHP say
that the position of OHP, working fluid in OHP, startup
temperature of OHP, filling ratio of working fluid in
OHP, length of the adiabatic section in OHP, and finally,
the number of turns in OHP tube plays a very crucial
role.

Different structural design parameter of heat pipes and
OHP has been suggested by many researchers, such as
a cross section of the heat pipe, the internal geometry
of the heat pipe, the use of different capillary material
within the heat pipe, geometrical shapes of the heat pipe,
length of condenser and evaporator section in a heat pipe,
and use of PCM material at evaporator and condenser
section of the heat pipe. All the above-listed structural
parameters have to be considered very meticulously.
The substantial overheating of lithium-ion batteries at
high discharge rates affects the battery's performance and
can even lead to an explosion.

Size optimization is also an important issue when it
comes to the practical applications of these batteries.
The gaining popularity of these batteries in the auto-
mobile industries for electric vehicles (EVs) and hybrid
electric vehicles (HEVs) accelerated the research activi-
ties to obtain better performance and safety.

The majority of the research is carried out using numer-
ical techniques or combining both experimental and
numerical methods. However, few experimental analyses
combining heat pipes and PCM have been reported so far.

@ Springer
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e The numerical analyses are carried out using computa-
tional software like ANSYS FLUENT, COMSOL Mul-
tiphysics, MATLAB, ANSYS CFX, and Icepack.

e In general, the trend of determining the thermodynamic
parameters using experimental setups was observed as
the initial move. Later, the numerical models incorpo-
rating the proposed element (heat pipe, air distribution
pipe, reversible heat pump) were created, and simulation
was performed to monitor the effect of incorporating ele-
ments on the thermodynamic parameters.

e Many articles have reported that incorporating heat pipes
can efficiently combat the battery's rising surface tem-
peratures at a high discharge rate.

¢ In some cases, they have coupled heat pipe with a lig-
uid cooling or metal (aluminum) plate and, in others, an
annular channel used in the battery's thermal manage-
ment system.

e However, it is also reported that these cooling systems
and heat pipes cannot guarantee to fulfill the automobile
industries' demands at high discharge rates.

¢ Considerable research still needs to improve the battery's
performance to use it to its full potential. We believe this
comprehensive review will undoubtedly benefit the cur-
rent researchers and designers from various organizations
and industries.

Future scope

Although there have been decades of study in this area, heat
pipe-based BTMS have not yet reached the commercializa-
tion stage. The following areas need further investigation
in order to determine if heat pipes may be used in thermal
management batteries.

e The lack of studies on the long-term performance and
durability of heat pipe systems in high-temperature and
high-power battery applications. Many studies have
focused on the initial performance of heat pipe systems in
laboratory settings, but there is a need for more research
on the long-term reliability and effectiveness of these
systems in real-world applications.

e Additionally, there is a lack of research on the optimiza-
tion of heat pipe design and materials for specific battery
chemistries and thermal management requirements. Fur-
ther research in these areas could lead to more efficient
and durable heat pipe systems for battery thermal man-
agement.

e Improving the thermal conductivity and heat transfer
coefficient of heat pipes: Current heat pipe designs have
relatively low thermal conductivity and heat transfer
coefficient, which can limit their effectiveness in remov-
ing heat from batteries.

e Developing heat pipes for high-temperature applica-
tions: many batteries generate high temperatures during
operation. Developing heat pipes that can effectively
remove heat at these high temperatures is an ongoing
challenge.

e Optimizing the geometry of heat pipes: The geometry
of heat pipes can affect their performance. So many
researchers are working to optimize the geometry of heat
pipes to improve their thermal management capabilities.

e Integration of heat pipes into battery packs: The integra-
tion of heat pipes into battery packs is still a challenge.
Researchers are working on making the heat pipes more
compact and lightweight for better integration into bat-
tery packs.

¢ Increasing the area of heat transfer between the heat
source, the heat pipe, and the heat sink while also
enhancing the efficiency using various techniques like
incorporating PCM, nanofluids in HP integrated BTMS.

e Examining how heat pipes work and how limited they are
when subjected to extremely quick charging, changing
heat loads, and multiple heat loads.

e Another potential research gap in BTMS using heat pipes
is the integration of machine learning (ML) techniques
to optimize the performance of the thermal management
system. While some research has been done on using
ML algorithms to predict and control battery tempera-
ture, there is a lack of studies on the application of these
techniques to heat pipe systems specifically.

e Machine learning could be used to optimize the opera-
tion of heat pipes by predicting and controlling the flow
of heat, improving the efficiency and effectiveness of the
thermal management system.

e Additionally, machine learning could be used to moni-
tor the performance of the heat pipe system over time
and adjust the system to adapt to changes in battery
temperature and usage patterns. Further research in this
area could lead to more intelligent and adaptable thermal
management systems for batteries.

e Soft computing techniques are becoming important
because of their low processing cost and ability to exam-
ine a wide variety of factors to identify the best solutions.
These techniques are ideal for determining the optimal
configuration of design parameters and operational set-
tings to maximize BTMS performance.
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