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Preface

Lithium-ion batteries (LIBs) have been widely used as power sources for the automotive and
energy storage industries due to their high energy density, high power output, low self-discharge
rate and minimal memory effect. However, the performances of LIBs are greatly affected by their
operating temperature. Various studies on the thermal management and thermal performance
enhancement of LIBs have thus been carried out to address their ever-increasing application
scenarios. This Special Issue, “Thermal Management System for Lithium-Ion Batteries”, aims to
present and disseminate the most recent advances in the thermal management of LIBs under various
application conditions. Ten high-quality papers on the different aspects of the thermal management of
lithium ion batteries are included in this Special Issue. Among them, eight papers are devoted to the
thermal cooling of battery modules, with five on the single cooling of battery modules in either liquid
channel cooling or direct contact cooling forms; three papers consider hybrid cooling in combination
with phase change materials (PCM) and liquid cooling or air cooling. In contrast to thermal cooling
techniques, another paper is devoted to the development of the pulse heating of a battery under
subzero temperature conditions. In addition to the above battery level studies, one paper focuses on
the development of a new material coating made of polyacrylonitrile, which is used as a shutdown
film to prevent thermal runaway in LIBs.

The editors would like to congratulate all the authors for publishing their excellent original work
in this Special Issue. The editors would also like to express special gratitude to the reviewers, who
selflessly devoted their time and expertise to provide comments and suggestions for the improvement
of the quality of papers. The second editor would like to acknowledge the support from the Natural
Science Foundations of China (52476079, 12272217), as well as the Qinghai Kunlun Talent Plan. We
hope that the papers in this Special Issue will benefit readers and add new knowledge to the academic

community in this important area.

Jinsheng Xiao, Hengyun Zhang, and Sousso Kelouwani
Editors
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Abstract: This study compares the performance according to a working fluid, the number of battery
cooling block ports, and header width required for cooling according to the application of the direct
contact single-phase battery cooling method in a 1S16P battery module and examines the battery
cooling performance according to the flow rate under the standard and summer conditions based
on an optimized model. The analysis result verified that R134a showed low-pressure drop and high
cooling performance as the working fluid of the direct contact single-phase cooling system in the
1S16P battery module, and R134a showed the best cooling and stability when applied with three
ports and a 5 mm header. In addition, under 25 °C outdoor conditions, the maximum temperature
of the battery and the temperature difference between the batteries at 3 and 5 Ipm excluding 1 lpm
are 30.5 °C, 4.91 °C, and 28.7 °C, 3.28 °C, indicating that the flow rate of refrigerant was appropriate
for battery safety. In contrast, in the summer condition of 35 °C, the maximum temperature of the
battery and temperature difference between the batteries were 38.8 °C and 3.27 °C at the R134a flow
rate of 5 Ipm or more, which was verified as a stable flow condition for battery safety.

Keywords: battery thermal management; direct cooling; cylindrical battery; cooling performance;
single phase cooling

1. Introduction

As greenhouse gas emissions and the depletion of natural resources have become
major issues in recent years, there is increasing interest in developing and applying eco-
friendly energy to solve energy problems. Now, in the transportation industry, conventional
internal combustion engine vehicles, which account for 49% of the existing fossil fuel oil
resources and is the largest energy consuming and fastest growing sector in the world,
are being replaced by eco-friendly energy vehicles [1,2]. In addition, many countries are
investing much effort in achieving the goal of zero carbon emissions by 2050. In particular,
the electric cars and battery industry have grown significantly to contribute to achieving
zero carbon emissions through international agreements in the automobile industry [3].
Electric cars use lithium-ion batteries mainly for power sources, and lithium-ion batteries
are a key element in energy storage and automobiles, having advantageous properties,
such as high energy density, lightweight, no memory effect, and low-self-discharge rate [4].
However, in lithium-ion batteries, the operating temperature changes significantly due
to electrochemical reactions during charging and discharging time, which directly affects
the performance and lifespan of the battery. Hence, a cooling system to control the heat
generation of the battery is essential [5].

In general, the safe operation and management temperature of a battery should be
20-40 °C and the temperature difference (TD) between batteries should be maintained at
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5°C or less [6]. Failure to adequately cool or control the heat generation of lithium-ion
batteries results in reduced capacity and performance degradation of battery batteries due
to the increase in temperature non-uniformity between battery cells and pack temperatures,
which may lead to thermal runaway [7,8]. Wang et al. [9] experimentally tested the per-
formance of the lithium-ion batteries according to the charge/discharge cycle when the
ambient air temperature was 25 °C and 45 °C, respectively, and reported that the battery
charge capacity decreased significantly over time, and specifically at high temperatures.
In addition, it was verified that after 200 cycles, the capacity of the battery decreased to
21.3% and 22.6%, respectively, under the condition that the ambient air temperature was
25 °C and 45 °C. Li et al. [10] analyzed the change in internal structure due to mechanical
deformation of 21700 lithium-ion batteries using X-ray computer tomography technology.
As a result, as the mechanical deformation and the charge/discharge cycle increase, the
internal resistance of the lithium-ion battery increases, and the capacity and state of health
of the lithium-ion battery decrease significantly. Sun et al. [11] conducted experiments
and analyzed the mechanical deformation characteristics against overcharging in 72 pouch
battery modules. They reported that it is very important to prevent mechanical deforma-
tion of lithium-ion batteries because the pouch cell is deformed even at a low temperature
(below —60 °C), and the volume change offset is 277% under internal pressure of 32,434 Pa.
Supported by various study results, a battery thermal management system (BTMS) that
maintains a constant temperature inside the battery, prevents mechanical deformation, and
dissipates heat is essential for the normal operation of the battery.

The current study of battery cooling systems consists mainly of air cooling [12,13],
liquid cooling [14,15], phase change material (PCM) cooling [16,17], and heat pipe cool-
ing [18,19]. Air cooling poses no risk of leakage, such as liquid cooling. In addition, since
cooling is performed using air, there are advantages, including the low maintenance cost,
simple structure without a cooling loop, and low weight and energy consumption. How-
ever, due to the low heat capacity and thermal conductivity of air, the long-term high C-rate
charge and discharge, high ambient temperature, and the like may cause problems such as
battery malfunction or overheating [20]. Compared to air cooling, liquid cooling is more
complex, heavy, and expensive to build but exhibits excellent cooling performance with a
compact structure, high thermal capacity, and thermal conductivity [12]. In addition, the
PCM-based cooling system has a significant advantage in terms of temperature distribu-
tion uniformity of the battery to be utilized as a cooling system. However, developing a
single-PCM-BTMS is limited due to low thermal conductivity, structural instability due to
leakage, and phase change. However, the PCM-BTMS system can be applied to batteries
as a composite PCM [5]. Finally, due to its flexibility, low maintenance, and high thermal
conductivity, the heat pipe cooling system rapidly expands within industries, including
BTMS [21]. Such heat pipe-based cooling has not been applied in the battery thermal
management field due to inefficient heat pipe and immaturity in the production standards
and equipment, and remains in the research stage [22].

Other than the thermal management system presented above, a study on a refriger-
ant cooling system using a refrigerant is being conducted, and in the case of an electric
vehicle, it can be applied as a system to expand a refrigeration system of a conventional
air conditioning system, which has the advantage of reducing the cost. However, the
refrigerant used in the heating, ventilation, and air conditioning (HVAC) system has to be
maintained at a higher pressure than the liquid-cooling system. It is not easy to apply due
to the design or control of the system. Shen et al. [23] conducted a study on improving the
cooling performance of battery packs through indirect cooling using R134a and a cooling
plate to study the refrigerant cooling system. As a result of the change in the flow rate and
C-rate of the refrigerant, the maximum temperature (MXT) of the battery can be controlled
within the safe operating temperature range, and a method for improving the thermal
performance of the large battery pack to prevent from thermal runway expansion of the
cell was proposed. Hong et al. [24] conducted a study on the thermal characteristics of
batteries by comparing the performance of liquid cooling and refrigerant cooling systems
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under actual vehicle conditions. It was suggested that the two-phase refrigerant cooling
method is more efficient than liquid cooling as refrigerant cooling provides 16.1% higher
battery charge capacity and 15.0% lower internal resistance than liquid cooling, even in
extreme environments.

Liquid cooling or refrigerant cooling system may be classified into direct-contact and
indirect-contact cooling methods. Manufacturers widely use indirect cooling in the EV field
in various BTMSs, including Audi, Tesla, GM, BMW, and Ford [25]. Xie et al. [26] analyzed
the indirect liquid cooling system using an aluminum plate on the top and bottom parts
of the battery module. They reported that it is an effective cooling technology that can
optimize the thickness and flow rate of the cooling plate and maintain the MXT of the
battery below 31.8 °C at a 3 C-rate. Chen et al. [27] proposed a 7-channel-based parallel
liquid cooling system at the bottom of the battery and analyzed thermal performance and
energy costs through an analytical study. They reported through analysis that the MXT,
TD, and energy cost of the battery at 2.5 C-rate are 33.1 °C, 0.9 °C, and 17.29 ], respectively,
which are effective cooling technology. Lu et al. [28] proposed an indirect liquid cooling
method through a one-stage Tesla valve on the side of a battery and analyzed the valve
angle, channel distance, and coolant effect at a 3 C-rate. Based on the analysis result, they
suggested that it is an efficient cooling technology that can maintain the MXT of the battery
below 30.5 °C. As such, indirect liquid cooling is performed using a working fluid obtained
by mixing liquid with ethylene glycol to avoid electrically short-circuited and chemical
erosion. However, these devices increase the non-uniformity of temperature distribution
inside the battery pack and the cost and complexity of the battery due to a decrease in
thermal conductivity. In addition, the battery performance and life cycle can be degraded
significantly due to the non-uniformity of temperature distribution between the battery
and the other battery [29].

Contrarily, direct-contact cooling does not require a channel design process of the
working fluid and provides compactness and high efficiency compared to indirect contact
cooling with high heat transfer performance. Nevertheless, direct contact BTMS has not
been widely used [30]. In direct contact cooling, liquid usage is limited due to electrical
and chemical reactions caused by direct contact with the battery and problems such as
liquid leakage. However, various studies are currently conducted to apply direct contact
cooling to battery systems. Tan et al. [25] designed a direct contact cooling system adopting
HFE-6120 dielectric coolant under 3 C-rate conditions and analyzed the effect through
system optimization. The study presented the results of improving the battery’s MXT and
temperature deviation by 18.1% and 25.0%, respectively, and provided direct contact cooling
design guidelines. In addition, Wu et al. [29] designed a direct contact cooling system
using silicone oil and reported that the MXT increment rate of a battery was significantly
reduced by 20% to 30% compared to indirect contact cooling, which showed more efficient
performance. Liu et al. [30] conducted theoretical and experimental verification with a
direct contact cooling battery system using transformer oil (TO) at a 2 C-rate discharge
rate, analyzed the effect of change in flow rate on performance, and Al Zareer et al. [31]
established a direct contact refrigerant-based thermal management system using R134a
refrigerant-based analyzed under 5 C-rate conditions. The result verified that when the
working fluid covers 40% or more of the battery, the battery system is maintained below
30 °C to design a stable system.

In an actual battery, the working fluid for direct contact cooling is very limited, and
fluid ensuring electrical insulation, non-toxicity, temperature resistance, and chemical
stability must be used [30]. However, notwithstanding such disadvantages, direct contact
cooling minimizes thermal resistance between the battery and the cooling fluid compared
to indirect contact, thus showing an efficient cooling performance, and particularly, it is an
effective method for dissipating heat from the battery even at a high battery heating value.
Moreover, it is a cooling system that can be a based model for utilizing heat pipes and PCM
cooling methods.
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However, despite these shortcomings, direct contact cooling exhibits efficient cooling
performance by minimizing the thermal resistance between the battery and the cooling
fluid compared to indirect contact and is an effective way to dissipate heat from the battery,
especially even at a high battery heating value. To increase the mileage of the electric vehicle,
a large number of batteries must be installed in a limited space than before, thus excellent
battery cooling performance is essentially required. Due to the dense arrangement of the
battery, it is necessary to micronize the cooling plate and the cooling structure in order to
utilize the indirect contact cooling method. Micronization of the cooling structure increases
the pressure drop and requires high pump power consumption. On the other hand, the
direct contact cooling method can efficiently manage battery heat due to a decrease in
thermal resistance between the battery and the working fluid.

In this study, to evaluate the possibility of introducing the direct contact cooling
method to the electric vehicle thermal management system, candidates for the working
fluid (silicone oil, transformer oil, HFE-6120, R134a), considering the cost and their cooling
performances, were investigated. In addition, the influence of the number and arrangement
of inlet and outlet ports was evaluated to improve the battery cooling performance by
optimization of the limited space of space. Finally, since the external air temperature
affects the battery cooling system, the battery cooling performance according to the external
air temperature was evaluated. This study is expected to contribute to the practical and
efficient design for the BTMS of electric vehicles through a comprehensive analysis of the
cooling performance and cost of working fluid of the direct contact cooling method.

2. Numerical Methodology
2.1. Battery and Cooling System Modeling

This study analyzed the cooling performance of the battery using ANSYS
Fluent 2021 R2 [32]. Figure 1 shows a battery module model and fluid volume for analy-
sis according to the change in the number of ports of the working fluid in the battery module.
In this study, the cooling performance was studied by changing the number of inlet and
outlet ports of the battery module to 1, 2, and 3. The battery model used for the analysis
was a cylindrical 21700 battery, which has a capacity of 4.95 Ah and was designed with a
total number of 96. The battery module in Figure 1 was designed to have a battery size of
21 mm (D) x 70 mm (H), a battery holder size of 181.6 mm (L) x 276.4 mm (W) x 14.5 mm (H),
and a battery cooling block size of 183.6 mm (L) x 273.4 mm (W) x 72 mm (H). The gap
between the batteries is maintained at 1.2 mm. For the analysis under the same flow conditions,
the flow rate flowing into each port was designed as Qin Figure 1a, and the flow rate entering
from Figure 1b,c to each port was designed as Q/ 2 and Q /3 of the flow rate flowing into in
Figure 1a, respectively, to perform the analysis. Figure 1d shows the volume of fluid flowing
through the battery cooling block in the model with three ports. In addition, Table 1 shows the
thermal properties of each component of the battery module applied in this study.

The cooling performance and battery temperature distribution depending on the
change of working fluid were analyzed to select a suitable working fluid for cooling in a
battery module with a single port before evaluating the cooling performance according
to the change of inlet and outlet ports of the battery block. The types of working fluids
applied to the analysis are silicone oil, TO, HFE-6120, and R134a, and each working fluid
was selected based on the working fluids used in the previous study [25,29-31]. R1234yf
and R1234ze as new generation refrigerants are used as alternative refrigerants for R134a.
The GWP for R1234yf, R1234ze, and R134a is 4, 7, and 1430, respectively, thus R134a
has a higher GWP than R1234yf and R1234ze. However, R1234yf and R1234ze have
flammability. Moreover, they are very expensive compared to other refrigerants such as
R134a. In addition, the price of the working fluid is important to utilize the direct contact
cooling method because the direct contact cooling method has a wider space for the fluid
to flow compared to the existing indirect contact cooling method. Therefore, R1234yf
and R1324ze as working fluids in the direct contact cooling method are excluded in this
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study [34]. Accordingly, R134a was selected as the working fluid candidate group for
direct contact cooling.

4(]9!
) _¢

(d)

Figure 1. Modeling of the battery module according to the port number: (a) Port = 1; (b) Port = 2;
(c) Port = 3; (d) Fluid volume at port 3.

Table 1. Thermo-physical properties of the battery module [33].

Parameters Battery Battery Holder Battery Cooling Block
Density (kg m ) 2525.5 1200 2719
Specific heat (J kg~ °C~1) 10405+ 229 x T 1250 871
Thermal conductivity (W m~! °C~1) 23.6 0.2 202.4

Table 2 shows the typical thermal properties and cost of working fluids applied in
this study. The silicone oil [29] is obtained at an operating temperature of 17 °C, TO [30]
is obtained at an operating temperature of 20 °C, and HFE-6120 [25] is obtained at an
operating temperature of 21 °C. In general, the thermal properties of working fluids
change according to temperature. Thus, thermal properties should be applied according to
temperature. In addition, the cost of working fluid was confirmed as R134a showed the
lowest cost at $41/kg [35], while silicon oil showed the highest cost at $245/kg [36]. The
selected working fluids for the batter thermal system were analyzed based on the model
presented in Figure 1a to select the recommendable working fluid for battery cooling. A
model optimized for battery thermal management was derived with the analysis of the
cooling performance of various ports and header width. The width of the header applied
in this study was applied equally to both the inlet and outlet, and the header width was
changed to 0 mm, 5 mm, and 10 mm to be analyzed. Figure 2 shows a model with a header
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width of 0 mm and 5 mm to consider the battery cooling performance according to the
header width change.

Table 2. Thermo-physical properties and cost of the working fluid [25,29,30,35-38].

Parameters Silicone Oil TO HFE-6120 R134a
Density (kg m~3) 965 820 1600 (=1.20 x 1072) x T? — 3.28 x T + 1297.94
Specific heat (J kg~! °C™1) 2490 2530 1170 (3.62 x 1072) x T? +2.52 x T + 1336.14
—6 2 —4
Thermal conductivity (W m~! °C~1) 0.16 0.3875 0.23 (=142 x1077) x TO 1_0(4‘29 X107 x T+
o 1.83 x 1078) x T2 + (—3.40 x 107%) x T +
P 0082 0019 (
Viscosity (Pa s) 50 0.008 0.00 (269 x 10-4)
Cost ($kg™1) 245 81.68 217 41

X
h b 4 4

X

)
-4
QO
)
)

30 mm 273 mm
30mm 5 mm 273 mm Smm

(a) (b)

Figure 2. Modeling of the battery module according to the changing header width: (a) Header width = 0 mm;
(b) Header width = 5 mm.

2.2. Governing Equation and Boundary Conditions

In the direct cooling system, the heat dissipation of the battery is achieved by direct
heat exchange between the battery and working fluid and has a very complex structure.
Therefore, in order to simplify the analysis, the following assumption was made.

(1) There is no phase change in the interpretation of this analysis.

(2)  Itis assumed that the working fluid is filled with the cooling model, and there is no air.
(3) Thermal resistance and radiation are not considered.

(4) The working fluid is incompressible.

The equation of energy generated in a battery cell is as follows [39].

a7, .
pbacbana = 7/\huV2Tba +4q 1)

where T, p, and c are temperature, density, and specific heat capacity of the battery, respec-
tively. A and g are thermal conductivity and volumetric heat generation rate of battery
(subscript ba), respectively.

The equation of heat generated in a battery (Qgex) is as follows [40,41].

ol
Qgen = Qir + Qre = PR — IT—7F b))

where Qgen, Qjr, and Qy, represent total heat generation, irreversible heat and reversible
heat of battery cell, respectively. I and R represent discharge/charge current and equivalent
internal resistance of the battery cell, respectively. T represents the battery temperature.
dUpcy/dT represents the temperature coefficient of open-circuit voltage.
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The mass, momentum, and energy balance equations of the governing equations of
working fluid in the battery module are as follows [31].

9
%+V'(ow;) =0 ®3)
)
g(owz) + V(owﬁﬁ) +VP = 24 4)
)
*(owwawa) + V(owcwf;wa) = 7V()‘wfVwa) ®)
ot

where ;, P, and g are velocity, static pressure, and gravitational acceleration (subscript wf),
respectively.

In addition, the cooling capacity of the cooling system for controlling the battery
heating value is calculated as follows.

Q= mcwf(Tout = Tin) (6)

where 11 is mass flow rate, Q is cooling capacity, while Toy+ and Tj, are outlet temperature
and inlet temperature of working fluid, respectively.

In the battery cooling block, the theoretical pump power is assumed to be 100%
efficiency, and the pump power required at this time can be expressed by the following
simple equation.

Wpump = APQ )

where Wy is pump power, AP is the pressure drop between the inlet and the outlet

pressure of the cooling plate, and Q is the flow rate.

In this study, there are four types of fluids considered as working fluids in the battery
cooling block, among which silicone oil, TO, and HFE-6120 are shown as Reynolds number
Re < 2300, in which a Laminar flow model is applied. An R134a, Re > 2300, is applied to
a realizable k-¢ turbulence model. In addition, this study applied 1 lpm (L/min), 3 Ipm,
and 5 Ipm to the flow rates of working fluid and set the outdoor air temperature, the
temperatures of the initial battery system, and the inlet of working fluid to 25 °C. Here, the
convective heat transfer coefficient for the ambient air was 10 W/m-K [42]. The battery
charge/discharge rate applied to the analysis and verification experiments was applied
at a 2 C-rate. In addition, when a direct contact battery cooling block was applied to
the summer, the temperature distribution characteristics and cooling performance of the
battery were additionally reviewed under outdoor air and inlet temperature of working
fluid of 35 °C [43,44] based on the developed analysis model.

2.3. Grid Independence Test

The analysis for evaluating grid independence was conducted by applying refrigerant
R134a fluid at initial battery temperature, outdoor air temperature, and coolant inlet
temperature at 25 °C when the number of the port was 1 and the flow rate was 1 Ipm.
Figure 3 shows the change in pressure drop in the battery module according to the number
of meshes. When the initial number of meshes was 3,885,580, the pressure drop decreased
rapidly from 33.68 Pa, and even if the number of meshes increased further from 4,063,590
to 33.14 Pa, the pressure drop did not increase and converge as a result. Therefore, this
study analyzed the battery temperature and cooling performance of the battery cooling
block using 4,063,590 meshes.

2.4. Verification Experiment Setup and Method

An experiment was conducted on cooling during battery charging and discharging in
order to verify the reliability of the analysis model used, and a schematic diagram of the
experimental apparatus was shown in Figure 4. As shown in Figure 4a, the experimental
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Power supply

l"

thennocouple

apparatus for verification consists of Power supply (PNE Solution Co., Suwon, Korea,
Uncertainty: £0.1%), Data acquisition (GRAPHTEC Co., Yokohama, Japan, Uncertainty:
+0.5%), computer, temperature chamber, 1 serial x 16 parallel (1516P) battery module,
T-type thermal couple (Omega Co., Techlink, Singapore, Uncertainty: 0.5). As a condition
for the battery charge/discharge experiment, the experiment was carried out under 2 C-rate
conditions after maintaining the ambient temperature at 25 °C. 1516P battery module has a
capacity of 80 Ah and consists of a battery holder, a busbar, and a 21,700 battery. Figure 4a
shows the location of the T-type thermocouple attached to the battery module. A total of
nine thermocouples were used. Three thermocouples were installed at the top, middle, and
bottom of the battery, and the average temperature of the battery was used. The presented
experiment results are the average value of 5 repeated experiments, and the error of the
obtained temperature is 6.43%.
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Figure 3. Grid independence according to mesh elements.
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Figure 4. Verification experimental setup: (a) Schematic diagram of experimental setup; (b) 1S16P
battery module.
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3. Results and Discussion
3.1. Verification of Battery Analytical Model

A change in temperature of the battery according to the time under the 2 C-rate
discharging condition is shown in Figure 5. Figure 5a shows a change in the average tem-
perature of each of the three thermocouples located at the upper end (T_01, 04, 07), middle
end (T_02, 05, 08), and bottom end (T_03, 06, 09) under natural convection condition. When
discharging was performed for 1800 s under 2 C-rate conditions, the battery temperature
continued to rise over time, and the average temperature at the top, middle, and bottom
ends of the battery was 52.3 °C, 60.2 °C, and 54.2 °C, respectively. Heat is generated by a
chemical reaction internal cell during the charging and discharging of the battery cell. The
temperature in the middle of the battery during discharging was the highest, and the top
and bottom parts of the battery showed almost the same temperature. Since the heat is
generated by a chemical reaction in the battery cell, the temperature farther from the center
of the battery cell is lower than that at the center. It is confirmed that a similar temperature
distribution was also observed in the verification experiment on the heat generation of the
battery cell. To compare the experimental and analysis results of the 1S16P battery module
when the natural convection cooling method was applied under the same conditions, the
MXT of the battery was compared and presented in Figure 5b. The MXT of the battery
was 58.3 °C and 60.5 °C, respectively, in the analysis and experiment when the time of
discharge reached 1800 s. In addition, the change in the MXT of the battery over time
showed a similar tendency, and the average error rate of the MXT over time was 2.09%,
verifying the reliability of the battery analysis model used in this study.
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Figure 5. Battery temperature variation under 2 C-rate discharge condition: (a) Average temper-
ature according to time; (b) Comparison of MXT according to time between experimental and
simulation results.

3.2. Cooling Performance according to the Working Fluid

The cooling performance and temperature distribution according to the change of
working fluid were analyzed by applying a battery module with a single port, as illustrated
in Figure 1a, to select a suitable working fluid necessary for cooling the battery module. The
initial, ambient, and inlet temperature was 25 °C, and the flow rate of the working fluid was
11pm, and Figure 6 illustrates the battery temperature, pressure drop of the battery cooling
block, and cooling performance depending on the change of the working fluid. Figure 6a,b
show the MXT and a TD between the batteries according to the change of the working fluid.
When discharging for 30 min under natural convection conditions without cooling using
working fluid, the MXT of the battery was 58.3 °C, and in the battery cooling block, when
the working fluids were silicone oil, TO, HFE-120, and R134a, the MXT of the battery was
35.3°C, 35.1 °C, 34.9 °C, and 35.9 °C, respectively. In addition, as presented in Figure 6b,
the TD between batteries were 8.56 °C, 9.20 °C, 9.6,3 °C, and 10.30 °C, respectively, and
the TD between batteries was the largest in the order of R134a, HFE-6120, TO and silicone
oil. Based on the analysis results, HFE-6120 was the most suitable fluid for managing the
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MXT of the battery, and silicone oil was the most suitable for managing the TD between
batteries.
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Figure 6. Variation of cooling performance according to working fluids: (a) MXT of battery according
to time; (b) TD of battery according to time; (c) Pressure drop and pump power for different working
fluids; (d) Outlet temperature and cooling capacity for different working fluids.

Figure 6¢c shows a comparison of pressure drop and pump power for each working
fluid in the battery module. Silicone oil, TO, HFE-6120, and R134a were applied, and the
pressure drop of the battery cooling block was 564 kPa, 0.45 kPa, 0.08 kPa, and 0.03 kPa,
respectively, and the power required for the pump was 9422 mW, 0.08 mW, 1.33 mW,
and 0.55 mW. The pressure drop for each working fluid is in the order of silicon oil, TO,
HFE-6120, and R134a. Since the silicone oil and TO, has a higher viscosity than R134a and
HFE-6120, the use of such a large viscosity leads to a decrease in the performance and
capacity of an electric vehicle or battery system. Figure 6d shows the outlet temperature
and cooling capacity of the battery cooling block for each working fluid. When silicon oil,
TO, HFE-6120, and R134a are applied, the outlet temperatures of the battery cooling block
are 31.0 °C, 32.2°C, 33.2 °C, and 33.8 °C, respectively, followed by order of R134a HFE-6120,
TO, and silicone oil. In addition, the cooling capacity of the battery cooling block was
207.5W, 213.9 W, 220.6 W, 216.1 W, respectively, in the order of HFE-6120, R134a, TO, and
silicone oil. This difference is caused by the thermal properties of each working fluid, and
it is determined that HFE-6120 and R134a, excluding silicone oil and TO, which consume
a large pump power, are appropriate cooling fluids. As a result, the cooling capacity of
HFE-6120 and R134a was 4.47 W, indicating that HFE-6120 showed slightly greater cooling
performance, but HFE-6120 generated 0.8 mW more power. However, HFE-6120 is a newly
developed material, and the price of HFE-7000 is $217/kg [37], 5.29 times higher than
R134a, which is $41.0/kg [35]. Therefore, this study comprehensively considered cooling
performance, the power required, and the economic aspect and selected R134a as a working
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fluid to cool the direct contact single phase of the battery module. The cooling performance
according to variables is considered analytically.

3.3. Cooling Performance according to the Number of Port and Header Width Using R134a

The cooling performance according to the number of inlet and outlet ports of the
battery cooling block and the change in the width of the inlet and outlet headers was
studied using R134a selected through the analysis results as the working fluid. The number
of ports of the battery cooling block was changed to 1, 2, and 3, and the width of the
inlet/outlet header was changed to 0 mm, 5 mm, and 10 mm (as shown in Figure 2) to
perform the analysis. The results are shown in Figure 7. Figure 7a,b show the MXT of
the battery and a TD between the batteries according to the change of width. In addition,
Figure 7c,d show the pressure drop and cooling capacity of R134a in the battery cooling
block. As the header width increased from 0 mm to 10 mm in a single port, the MXT
of the battery and the TD between batteries were higher in the order of the models with
header widths of 10 mm, 5 mm, and 0 mm, whereas the pressure drop of the battery
cooling block and the cooling capacity showed the largest value in the order of header
width 0 mm, 5 mm, and 10 mm. The pressure drop of the battery cooling block in a single
port decreases to 10.2 mm/s, 9.19 mm/s, and 8.43 mm/s, respectively, when the header
widths are 0 mm, 5 mm, and 10 mm, the maximum temperature difference between the
batteries increases, while the pressure drop decreases to 33.1 Pa, 20.1 Pa, and 18.9 Pa,
respectively. Thus, when the battery cooling block has a single port, the increase in the
width of the inlet/outlet header has a negative effect on the battery thermal management.
The best cooling performance was shown when the header width was 0 mm. In addition,
when there are two ports, the MXT of the battery, the TD between batteries, and the cooling
capacity of the battery cooling block were significantly higher in the order of 10 mm, 0 mm,
and 5 mm. At the same time, the pressure drop was more significant in the order of 0 mm,
5 mm, and 10 mm. For a single port, the header width of 0 mm showed the best cooling
performance, whereas for two ports, the header width of 5 mm showed the best cooling
performance. With two ports and 0 mm header width, the cooling fluid does not flow in
the center of the outlet and shows a dead zone where the cooling fluid stagnates. Battery
cooling by increasing the number of headers is related to the fluid inflow characteristics
according to the location of the header. In the battery cooling structure, the distance
between the inlet and the battery is very close. Therefore, a smooth distribution of working
fluid does not occur when the working fluid enters the cooling area. Therefore, the working
fluid flows to the side with relatively little flow resistance, and the battery located in the
center cannot be cooled sufficiently. Due to the difference in the number of ports, there is a
difference in entering velocity from the inlet port to the battery cooling area. Therefore, the
effect of reducing the flow resistance by the header width is different. As the number of
ports increases, entering velocity is slow. The flow resistance through the batteries decreases
and the flow of fluid into the center becomes smooth. Due to uniform flow velocity, the
cooling performance increases. On the other hand, when the number of ports is two, the
inlet port is located on the side. Therefore, the fluid flows smoothly due to the collision of
the fluid flow in the center. When the header width of the cooling structure with 3 ports
exceeds 5 mm, the flow resistance to the side is lower than the flow resistance in the center.
Thus, the battery cooling performance is reduced due to the non-uniformity of the fluid
flow distribution.

When the number of inlet/outlet ports is two, the flow phenomenon at the outlet side
can be identified in Figure 8. Figure 8 shows the temperature and velocity distribution
according to the change in header width in the battery cooling block with two ports. In
header widths 0 mm, 5 mm, and 10 mm, the MXT of the battery all showed in the red zone
of the outlet, and the temperatures were 39.0 °C, 38.7 °C, and 41.0 °C, respectively. At
header widths 0 mm, 5 mm, and 10 mm, the velocity of R134a in the battery cooling block
was 88.2 mm/s, 76.4 mm/s, and 75.7 mm/s, respectively. When header width is 0 mm, a
space in the inlet and outlet is narrow, so the flow rate of cooling fluid flows along the wall
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of the blue zone is higher than that of an internal battery, so the fluid velocity on the wall is
faster than in a case where a header width is 5 mm or 10 mm. This phenomenon has been
verified in Figure 8D-F. These figures enlarged the velocity distribution of the red zone,
showing the MXT of the battery. The maximum velocity in the red zone at header widths
of 0 mm, 5 mm, and 10 mm were 15.3 mm/s, 18.8 mm/s, and 18.9 mm/s, respectively,
which were much lower than the average velocity. As the header width increases from
0 mm to 5 mm, the maximum velocity of R134a in the battery cooling block decreases to
11.8 mm/s. Still, the maximum velocity in the red zone increases to 3.50 mm/s, so the
cooling effect between the batteries increases. As a result, the MXT of the battery and the
TD between the batteries decreased by 0.32 °C and 0.47 °C, respectively. However, when
the header width increases from 5 mm to 10 mm, the maximum velocity of R134a in the
battery cooling block decreases by 0.66 mm/s, and the maximum velocity of the red zone
increases by 0.14 mm/s. This is because the inlet/outlet space increases due to an increase
in header width, and a stagnation section at the rear surface of the battery increases due
to a low velocity of R134a, so the MXT of the battery increases by 2.36 °C and 2.44 °C,
respectively. In addition, the cooling capacity of the battery cooling block was decreased by
3.84 W, which adversely affected the battery thermal management. These results verified
that a model with a header width of 5 mm showed the best cooling performance in a
model with two ports of the battery cooling block. A model with two ports showed a better
maintenance cost because of a smaller pressure drop compared to a model with a single
port, but a model with two ports and a battery with a maximum temperature difference
showed a smaller cooling capacity in the same header width than a model with a single
port and three ports.
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Figure 7. Comparison of cooling performance according to header width: (a) MXT of battery for
different header width; (b) TD of battery for different header width; (c) Pressure drop for different
header width; (d) Cooling capacity for different header width.
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Figure 8. Temperature and velocity distribution according to header width at the battery cooling block
with port 2: (a) Temperature contour at 0 mm; (b) Temperature contour at 5 mm; (c) Temperature
contour at 10 mm; (d) Velocity contour at 0 mm; (e) Velocity contour at 5 mm; (f) Velocity contour
at 10 mm.

When the number of ports in the battery cooling block is three and the header width
increases from 0 to 10 mm, the MXT of the battery is higher in the order of the models
with header widths of 10 mm, 5 mm, and 0 mm, and the TD between the batteries is
10 mm, 0 mm and 5 mm model showed the highest temperature, and the pressure drop
and cooling capacity of the battery cooling block showed the largest values in the order of
0 mm, 5 mm, and 10 mm models. As the header width increased from 0 mm to 5 mm, the
MXT of the battery increased by 0.03 °C, while the cooling capacity decreased by 0.12 W,
which had a negative effect on the battery performance. However, the TD and pressure
drop between the batteries was 0.11 °C and 0.79 Pa decreased, showing excellent cooling
performance. This is because, as illustrated in Figure 8, the increase in header width from
0 mm to 5 mm resolves the flow of fluid that has been stagnant at the center of the outlet
and reduces the TD and pressure drop between batteries, thereby having a positive effect
on BTMS. On the other hand, as the header width increases from 5 mm to 10 mm, the
MXT of the battery and the TD between the batteries increase by 0.33 °C and 0.24 °C, and
the cooling capacity of the battery cooling block decreases by 1.60 W, which degrades
the cooling performance. As a result, it was found to have an adverse effect on battery
thermal management. A pressure drop of the battery cooling block decreased by 0.2 Pa
from 7.57 Pa, but as the MXT of the battery and the TD between the batteries increases,
and the cooling capacity decreases, under the condition of having three ports, a model
with a header width of 10 mm is relatively inefficient, and a header width of 5 mm having
three ports is the most effective model for the battery thermal management. As a result of
analysis according to various condition changes, the model with the best battery cooling
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performance was found to have a header width of 0 mm for a single port and a header
width of 5 mm for three ports, and when comparing the performance under two conditions,
the MXT of the battery and the pressure drops of the battery cooling block was 35.9 °C,
33.1 Pa, and 37.9 °C, 7.57 Pa, respectively. In other words, under the condition of having a
single port, the MXT of the battery was lower than in the condition of having three ports,
but the pressure drop of the battery cooling block increased by approximately 4.38 times In
both cases, a battery cooling block with a header width of 5 mm was selected as the optimal
model considering a pressure drop that significantly affects maintenance cost, because the
MXT of the battery is maintained under a safe operating temperature, which was below
40 °C. Based on the selected model, the battery temperature and cooling performance were
compared depending on the change of the working fluid flow rate under the standard
conditions of 25 °C and summer conditions of 35 °C, and the flow rate conditions were
analyzed to maintain the safe operation management temperature of the battery in summer.

3.4. Comparison of Cooling Performance according to the Flow Rate of R134a under Standard and
Summer Conditions

This study selected R134a as the working fluid through analysis according to changes
in the working fluid, number of inlet and outlet ports, and header width. It was verified
that a model with three ports of battery cooling block and 5 mm header width had the best
cooling performance. The analysis was performed assuming that the initial temperature of
the battery cooling block and inlet temperature of the working fluid, and the outside air
temperature are 25 °C and 35 °C, respectively, to compare the battery cooling performance
under standard and summer conditions. In addition, by changing the flow rate of R134a,
which is the working fluid, the flow rate of the working fluid to maintain the MXT of the
battery, which is the safe operation management temperature of the battery, 40 °C, and
the TD between the batteries of 5 °C or less were verified. Figure 9 shows the comparison
of cooling performance according to the flow rate change of R134a in the model with
three inlet and outlet ports. Figure 9a shows the MXT of the battery according to the
discharging time under standard and summer conditions. When the flow rate of R134a
was 1, 3, and 5 Ipm under standard and summer conditions, the MXT of the battery at
30 min of discharging time was 38.0 °C, 30.5 °C, 28.7 °C, and 48.0 °C, 40.5 °C, and 38.8 °C,
respectively. In the case of standard conditions, the MXT of the battery was below the safe
operating temperature of 40 °C under all flow conditions, indicating stable performance for
the battery thermal management. However, in summer conditions, the MXT of the battery
was 40 °C or higher at 1 Ipm and 3 Ipm except for 5 lpm, confirming that the battery cooling
system was not suitable for thermal management. Figure 9b shows the MXT of the battery
and a TD between batteries according to outdoor air conditions. When the discharging
time reaches 30 min, and the flow rate of R134a is 1 Ipm, 3 Ipm, and 5 lpm under standard
and summer conditions, the TD between the batteries was 11.6 °C, 4.91 °C, 3.28 °C, and
11.6 °C, 11.6 °C, 4.85 °C, 3.27 °C, respectively. Depending on the change in the outdoor air
conditions, the variation in the TD between batteries at 3 Ipm flow rate of the same working
fluid was at the maximum of 0.06 °C. In addition, at 1 Ipm, the TD between batteries in both
standard and summer conditions was 6.63 °C and 6.61 °C, which is significantly higher
than 5 °C, verifying that it is not suitable for battery thermal management. However, under
the condition that the flow rate of R134a is 3 Ipm or more, the TD between batteries is
maintained at 5 °C or lower, verifying that the flow rate condition is suitable for the battery
thermal management.

Figure 9c shows the pressure drop of the battery cooling block according to the change
in the outdoor air condition. When the discharge time reached 30 min, as the flow rate of
R134a increased to 1 Ipm, 3 Ipm, and 5 Ipm under standard and summer conditions, the
pressure drop of the battery cooling block was 7.57 Pa, 45.5 Pa, 124 Pa, and 6.82 Pa, 41.7 Pa,
and 103 Pa, respectively, and the required power of the pump was 0.13 mW, 2.27 mW,
10.4 mW, and 0.11 mW, 2.09 mW, and 8.58 mW, respectively. When the flow rate of R134a
was 1 Ipm, 3 1pm, and 5 Ipm, the difference in pressure drop of the battery cooling block
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was 0.75 Pa, 3.75 Pa, and 21.4 Pa as the ambient temperature changed from 25 °C to 35 °C.
The pressure drop varies greatly depending on the change in ambient temperature because
the density of R134a, which is directly proportional to the pressure drop, decreases as the
temperature increases [45]. Therefore, an increase in the flow rate of working fluid leads
to a pressure drop in the battery cooling block, which is proportional to an increase in the
power required by the pump, so the flow rate of appropriate cooling fluid for cooling has to
be controlled The outside temperature increases the inlet temperature of the battery cooling
system. Accordingly, the viscosity of the working fluid decreases due to the increased
temperature of the working fluid, and the pressure drop also decreases. However, it does
not significantly affect the cooling performance of the battery cooling system. In Figure 9d,
the cooling capacity of the battery cooling block according to the outdoor conditions is
shown according to the change in the flow rate of R134a. When the discharging time
reached 30 min, the cooling capacity of the battery cooling block was 215.9 W, 221.5 W,
222.8 W, and 2159 W, 221.5 W, 222.8 W, as the flow rate increased to 1 Ipm, 3 Ipm, and 5 lpm
under standard and summer conditions. This is because the outdoor temperature affects
the temperature of the surface of the battery cooling structure, but does not significantly
affect the temperature of the working fluid that affects cooling performance. Therefore, the
cooling performance is not significantly reduced.
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Figure 9. Comparison of cooling performance according to flow rate under 25 °C and 35 °C out-
door air conditions: (a) MXT of the battery according to time; (b) TD of the battery according
to time; (c) Pressure drop for different ambient temperatures; (d) Cooling capacity for different
ambient temperatures.

Figure 10 illustrates the temperature distribution of a battery module depending
on a change in flow rate when applying summer outdoor conditions in a model where
the number of ports of the battery cooling block is three and the header width is 5 mm.
In the red zone of all flow bands, the battery showed a high temperature distribution,
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and the blue zone showed a relatively low temperature distribution compared to the red
zone. The maximum velocity of R134a in the blue zone of the battery cooling block was
37.8 mm/s, 121 mm/s, and 220 mm/s when the flow rate was 1 lpm, 3 Ipm, and 5 Ipm,
respectively, and the maximum velocity in the red zone was 25.9 mm/s, 75.4 mm/s, and
139 mm /s, respectively. When the R134a flow rate of the battery cooling block was 1 Ipm,
3 1pm, 5 Ipm, the blue zone showed a relatively low temperature distribution because the
maximum velocity of the blue zone was 11.9 mm/s, 45.6 mm/s, and 81 mm/s faster than
the maximum velocity of the red zone. In addition, as the flow rate of R134a increases from
11pm to 3 Ipm and 5 Ipm, the MXT of the battery decreases to 7.5 °C and 9.2 °C, respectively,
confirming that an increase in the flow rate of R134a could significantly reduce the MXT of
the battery. As a result of the analysis, according to the change in ambient temperature,
the TD between batteries was 5 °C or higher under the 1 Ipm condition of the flow rate of
R134a, which was not suitable for the battery thermal management condition. Under the
standard conditions of 25 °C, the MXT of the battery, which is a safe operation management
temperature of the battery, and the difference between batteries were maintained at 40 °C
and 5 °C or less, but as the pressure drop increases by about 2.74 times as the pressure
increases from 3 Ipm to 5 lpm, it is verified that 3 Ipm is the most suitable condition for
battery heat management under the standard conditions. However, in summer, unlike
standard conditions, the MXT of the battery and the TD between the batteries were 40.5 °C
and 4.91 °C, so the difference between batteries was maintained at 5 °C or lower, but the
MXT was 40 °C or higher, exceeding the safe operation management temperature of the
battery. Therefore, in the summer condition of 35 °C, the condition where the flow rate of
R134a is 5 lpm was confirmed as a suitable condition for battery thermal management.
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Figure 10. Temperature variation of battery module according to the flow rate under 35 °C outdoor
air condition: (a) 1 Ipm; (b) 3 Ipm; (c) 5 Ipm.

4. Conclusions

In this study, to examine the applicability of direct contact cooling, the cooling perfor-
mance characteristics of the working fluids (silicone oil, transformer oil, HFE-6120, R134a)
that can be recommended as direct contact cooling for the system with 96 batteries of 21700
type are analyzed and optimized. In addition, the effect on the number and arrangement of
the inlet and outlet ports was investigated. Finally, the influence of outside air temperature
on direct contact cooling was also studied. The main conclusions obtained through this
study are as follows.

(1) The analysis result of the different working fluids in direct contact cooling with a
single port verified that silicone oil and TO have a pressure drop and required power of
about ten times more than R134a and HFE-6120. In addition, among the studied working
fluids, HFE-6120 was found to have a cooling capacity of 4.47 W higher than that of R134a,
but the required power was 0.8 mW smaller than that of HFE-6120, showing a small
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maintenance ratio. In addition, among the four fluids, R134a, which has advantages in
terms of power requirement and price, has also been identified as a fluid for proper cooling
because the HFE-6120 has a price 5.29 times higher than that of R134a.

(2) As a result of the analysis of cooling performance and pressure drop according to
the number of ports and header width of the direct contact battery cooling block applied,
R134a, the cooling performance was lower than that of one and three ports. Analysis
showed that a model with excellent performance had a header width of 0 mm for one port
and 5 mm for three ports. A model with a header width of 5 mm for three ports had an
MXT of the battery of 2.08 °C. Still, the pressure drop was 4.38 times smaller, so it was
verified that the battery cooling block had an excellent cooling performance.

(3) Analysis results were obtained according to the flow rate change of R134a applying
the optimal model with respect to the number of ports and header width under standard
and summer conditions. The MXT and the TD between the batteries were 30.5 °C, 4.91 °C,
28.7 °C, and 3.28 °C, respectively, confirming that it is an appropriate refrigerant flow
condition for battery safety. However, as the battery pressure drop increases from 3 lpm
to 5 lpm, it increases 2.47 times, so 3 Ipm is more effective in terms of maintenance costs.
In addition, the MXT of the battery at 1 Ipm and 3 lpm, excluding 5 lpm, was 48.0 °C
and 40.5 °C, respectively, in the summer condition of 35 °C in outdoor air, which was not
suitable for battery thermal management. Therefore, it was verified that 5 lpm or more is a
flow condition suitable for battery thermal management.
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Nomenclature

BTMS  Battery thermal management system u Voltage (V)

c Specific heat capacity (J/kg-°C) u Velocity, (m/s)

D Diameter (m) 4% Power

EES Engineering equation solver 1S16P 1 serial x 16 parallel
g Gravitational acceleration (m/s2)

H Height (m) Greek symbols

HVAC  Heating, ventilation, and air conditioning o Density (kg/m?)

I Current (A) A Thermal conductivity (W/m-°C)
L Length, (m)

MXT  Maximum temperature of the battery (°C) Subscript

m Mass flow rate (kg/s) avg average

P Pressure (Pa) ba Battery

PCM  Phase change material in inlet

Q Flow rate (m?/s) ir irreversible heat

Q Heat generation rate (W) max Maximum

q Volumetric heat generation rate (W /m?3) min Minimum

R Equivalent internal resistance, () pump  Pump

T Temperature (°C) re reversible heat

TD Temperature difference between batteries (°C) OCV  Open circuit voltage
TO Transformer oil wf Working fluid

t Time (s)
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Abstract: Thermal management systems are integral to electric and hybrid vehicle battery packs for
maximising safety and performance since high and irregular battery temperatures can be detrimental
to these criteria. Lithium-ion batteries are the most commonly used in the electric vehicle (EV)
industry because of their high energy and power density and long life cycle. Liquid cooling provides
superior performance with low power draw and high heat transfer coefficient. Two liquid cooling
designs-the Linear Channel Design (LCD) and Helical Channel Design (HCD)-underwent multiple
numerical and geometrical optimisations, where inlet mass flow rate, channel diameter, and inlet and
outlet locations were analysed using CFD (computational fluid dynamics). The primary objectives
were to maintain maximum temperatures and thermal uniformity within the operational limits
derived from the literature. These were both achieved with the LCD using a mass flow rate of
7.50E-05 kgs~!. The Tmax goal was met for the HCD but not the thermal uniformity goal. The
LCD achieved 1.796 K lower in maximum temperature and 8.740 K lower in temperature difference
compared to the HCD, proving itself superior in both metrics. The HCD required a higher mass flow
rate than the LCD to regulate temperatures, resulting in an undesirably high power consumption.

Keywords: lithium-ion battery; thermal management; liquid cooling; linear channel; helical channel;
design optimisation; electric vehicle

1. Introduction
1.1. Background

With ever-increasing concern for pollution due to the use of fossil fuels, the demand
for electric and hybrid vehicles has noticeably been on the incline in recent years. In 2015,
65% of global oil consumption was due to the transport sector [1], and in 2021, a declaration
was made at COP26 (the UN climate change conference) entailing the sales of all new cars
and vans to be zero emission vehicles globally by 2040 and by no later than 2035 in leading
markets [2], meaning that developments for sustainable EV (Electric Vehicle) technology
are in high demand by automotive companies.

Lithium-ion batteries have been a popular choice within the industry for EV power-
trains due to their high energy density, high power density and long life cycle [3]. When
lithium-ion batteries undergo the discharge cycle during operation, they generate a consid-
erable amount of heat that needs to be expelled, because high and irregular temperatures
can severely impact the battery pack’s performance, life cycle and safety [4]. The main aim of
this research is, therefore, to provide a suitable and effective thermal management system for the
use of EV battery packs. The criteria needed to reach this aim include maintaining the maximum
temperature of the cells within the optimal operating range of 298 K < Tpax < 313 K [5] and
the thermal uniformity of the cells in the form of temperature difference in the range of
AT < 5 K [5]. Thermal uniformity is an important metric for analysing thermal performance
due to the application of the Arrhenius law [6], where areas of high cell temperature in-
crease the current and accelerate electrochemical reactions, causing a local peak SOC (State
of Charge). Uneven SOCs within electrodes shorten the operating lifespan of the cell by
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accelerating the ageing of the electrodes at high SOCs [6]. Furthermore, the thermal man-
agement solution should be realistic for use in an EV and not consume unnecessarily large
quantities of power in order to operate that would otherwise be more usefully diverted
to other systems in the vehicle. Additionally, the cost and manufacturing complexity will
be minor factors to consider towards the end of the design optimisation process. These
criteria will be achieved through a series of numerical and geometrical optimisations to the
given designs.

1.2. Literature Review

Over the past decade, extensive research has been conducted on EV lithium-ion battery
packs’ thermal management systems. The demand for new innovative ways to improve
battery performance from various electric car manufacturers, has always been prevalent
due to cooling being a major factor in the vehicle’s overall performance and efficiency. This
literature review will be categorised in order to cover the three key areas of EV battery pack
cooling research, comprising PCM cooling, air cooling and liquid cooling.

1.2.1. PCM Cooling

One of the fundamental areas for research within the thermal management of EV
battery packs involves the use of a PCM enclosure for the Li-ion cells. PCM cooling relies
on the absorption and release of thermal energy when the coolant material changes phase.
PCMs have been explored in recent research such as that of Li et al. [7] where porous
cellulose nanofibril (CNF)/silver nanowire (AgNW) hybrid supporting materials were
used to increase the phonon propagation of the cellulosic material lattice and improve the
thermal transmission ability of the hybrid carriers.

Multiple structural arrangements of PCM enclosures have been proposed in the litera-
ture, such as Choudhari et al. [8] comparing the use of rectangular, triangular, trapezoidal,
I-shape and T-shape fins within the PCM enclosure in order to counteract the heat ac-
cumulation in PCMs due its low heat conduction [8]. It was concluded that the I-shape
and rectangular fins had the strongest performance in terms of maximum temperature
reduction and thermal uniformity. Although it should be said that each of these fin types
had very similar results, leading to the conclusion that fin shape is not a major determining
factor in the performance of a battery thermal management system. Additionally, this test
was conducted on a single Li-ion battery and not a pack, which may limit the usefulness
of this data for car manufacturers, so a battery pack should be tested for future research.
Landini et al. [9] studied the use of direct-metal-laser-sintered aluminium heat exchangers
containing PCMs, finding that the system showed promising results in comparison to
natural convection and maintained an even thermal uniformity.

An interesting development in the research of PCM cooling involves the combination
with liquid cooling, as researched by Cao et al. [10], who proposed a structure containing
EG/RT44HC acting as a PCM alongside a cold plate situated in amongst the battery pack.
It was found that in order to best control the battery pack’s thermal performance, the
coolant water temperature should be limited to less than 313K and as close to the ambient
temperature as possible [10]. It was found that these low inlet temperatures reduce the
general temperature of the battery pack but increase the temperature in the axial and radial
directions, worsening the thermal uniformity of the Li-ion cells. Hekmat et al. [11] investi-
gated a hybrid PCM and liquid-cooled structure for prismatic cells, finding that the PCM
was especially beneficial in creating a strong thermal uniformity. The addition of coolant
pipes reduced the maximum temperature significantly compared to singularly using PCM,
indicating that liquid cooling systems will majorly influence the thermal performance of
an EV battery pack. Perhaps the liquid cooling structures should be researched heavily to
optimise cooling performance instead of purely relying on passive cooling.
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1.2.2. Air Cooling

The use of natural convection (air cooling) is commonly used for effectively managing
the thermal performance of an EV battery pack. Fans are generally used in practice [12] as
opposed to purely relying on the exterior winds around the moving vehicle which would
be unreliable and not keep temperatures steady enough over an extended period of time.
Air cooling systems for EV battery packs are generally cheaper and simpler in design when
compared to liquid cooling loops [12]. However, some issues can arise in terms of the
thermal uniformity of Li-ion cells since predicting the exact flow path of the air and making
sure it evenly cools each Li-ion cell can be troublesome to model, which is why much
literature has focused on this, along with minimising maximum temperatures.

Forced air cooling systems have been developed by scholars such as Wang et al. [13],
where two cooling channels were used and tested at multiple discharge rates. Results
showed that the cooling efficiency reached 73%, and the maximum temperature decreased
from 343 K to 328 K at a discharge rate of 1C. The main appeal of this design is the alternat-
ing airflow system, which has a noticeably beneficial impact on the thermal uniformity of
the battery pack. However, it had a negligible effect in reducing maximum temperatures.
The idea of alternating inlet airflow arrangements was also researched by Sharma et al. [14],
with the conclusion that dual-direction airflow provided great benefits to thermal unifor-
mity and required a lower power consumption compared to unidirectional airflow. The
airflow velocity was also optimised to be 2 ms ™~ for 1, 2 and 3C discharge rates and 4 ms ™"
for 4C.

The battery pack structure and layout of the cells are important considerations and
determining factors when it comes to the thermal performance of an EV battery pack.
Xi et al. [15] proposed a novel Z-type structure, which produced promising results for
thermal performance when an optimisation process was conducted. Furthermore, the
addition of deflectors and rounding-off chamfers reduced the maximum temperature by
2.52 K and enhanced the thermal uniformity due to the more balanced airflow within the
battery pack. A J-type airflow structure was studied by Liu et al. [16] with a comparison to
U-type and Z-type structures. It was found that after the J-type system was optimised using
surrogate-based optimisation, it showed a 4.12 K reduction in maximum temperature in
relation to the U-type system and a 15.42 K reduction compared to the Z-type structure since
the optimised system benefits from a highly balanced and uniform airflow distribution.

1.2.3. Liquid Cooling

Liquid cooling is the method of EV battery thermal management employed by car
manufacturers such as Tesla, BMW and Ford [17] and is the most widely researched in the
literature, with many different types of designs. It should be noted that liquid cooling can
be split into direct and indirect cooling, where the former involves the submersion of the
Li-ion cells directly into the coolant fluid. While direct cooling comes with the advantages
of maximal thermal contact area for the cells and greatly improved thermal uniformity [12],
this method is uncommon in the real-world manufacturing of battery thermal management
systems. This is due to the troublesome requirement of the water-resistant performance of
the battery pack, where electrical short circuits and electrochemical reactions may occur [12].
This is why indirect liquid cooling (designs involving exterior channels for coolant flow) is
a well-researched area in the literature and is held at a higher degree of importance by both
scholars and EV manufacturers.

Car manufacturers such as Tesla make use of a serpentine wavy channel cooling
structure, which a fair level of academic research has been conducted on, such as Zhao
et al. [18], that used a simulation of a serpentine channel cooling arrangement battery pack.
The pack comprises 71 18,650 Li-ion cells, where the heat generation is based on experi-
mental data of a single cell. Zhao et al. [18] found that increasing the discharge/charge
rate of the cells increases the battery pack temperature and worsens its thermal uniformity
and increasing the coolant flow rate significantly lowers the temperature and improves
thermal uniformity. However, this was only tested with two inlet velocity rates, 0.1 ms ™!
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and 0.5 ms~!, providing very little sample space, so there is room to research and find an
optimal flow rate. Zhao et al. [18] also found that modelling a contact area between each
cell had a negligible effect on the thermal performance and that increasing the contact area
between each cell and the coolant loop resulted in lower battery pack temperatures (due
to the increase in contact surface area resulting in a higher rate of thermal dissipation).
Although, again this was tested arbitrarily with contact angles of 10°, 20°, 30° and 40°, so
an optimal or maximum can still be researched.

The following year, this research was built upon again by Zhao et al. [19], with the
main focus being to optimise thermal uniformity with the battery pack. The removal of
the coolant loop’s U-turn resulting in multiple single wavy channels was tested, with the
findings that this improved the thermal uniformity and reduced the maximum temperature
of the battery pack. This time, the contact area of the cell and coolant loop was tested much
more in-depth. It was found that increasing the contact area improved thermal uniformity.
The serpentine wavy cooling channel structure was also researched by Xu et al. [20],
comparing it with a U-shaped coolant loop with grooves. It was found that the serpentine
wavy structure had better performance in terms of maximum temperature reduction,
that being 0.37 K lower than the U-shaped structure, and demonstrated a better thermal
uniformity. It would be potentially useful to combine the research of Zhao et al. [18] and
Xu [19] to test a single-channel system with grooves.

In terms of alternative liquid cooling structures, many novel designs have been pro-
posed in the literature that are not similar to those currently adopted by car manufacturers,
such as the use of a helical duct structure encasing each Li-ion cell. Multiple parameters
within this design were tested by Zhao et al. [21], and it was found that the battery pack’s
maximum temperature was lowered, and the temperature uniformity was improved as
the inlet mass flow rate increased, concurring with the findings of Zhao et al. [18] even
for a vastly different coolant structure. It was also discovered that when the pitch and
number of helical ducts were varied on the optimal flow rate model of 3 x 10~* kgs 1,
this had a negligible effect on the thermal performance of the battery pack. Various cases
of alternating fluid flow were tested in an attempt to regulate temperature (since outlet
temperature will inevitably be lower than inlet temperature). The findings highlight that
having three inlets and two outlets at the positive electrode of the battery gave a Trax of
306.95 K and AT of 7.4 K at 40% DOD compared to a Timax of 307.85 K and AT of 8.7 K for
a one inlet, four outlet case. This technique improved cooling effectiveness and thermal
uniformity when the fluid flow is alternated. Finally, the helical duct diameters were
tested with the conclusion that smaller diameter ducts result in slightly lower maximum
temperatures but a worsened thermal uniformity.

The use of helical liquid ducts was also researched by Dong et al. [22], who analysed a
novel double helix structure. It was also found that an increase in coolant mass flow rate
resulted in lower maximum temperatures. Although in this paper, a wider sample was
used in order to derive a converging relationship, where the cooling benefits of higher mass
flow rates began to diminish as the flow rate increased beyond 5 x 10~* kgs~'. The pitch
and diameter parameters were also tested, with the conclusion concurring with the findings
of Zhao et al. [21] that the smaller diameters result in lower maximum temperatures but a
worsened thermal uniformity.

The use of linear mini-channel cooling structures has been a key area of EV battery
liquid cooling research over recent years, with many design variations being proposed and
evaluated in the literature. Some designs have linear channels flowing perpendicular to the
length of the cells, such as the structure proposed by Rao et al. [23], comprising aluminium
blocks between the Li-ion cells with mini channels for coolant flow. The particular design
shown in this paper provides adequate cooling performance for the battery pack since
the temperatures are kept well within operating conditions. However, it is obvious from
the schematics of this design that since the straight mini-channels flow perpendicular to
the lengths of the Li-ion cells, the thermal uniformity of the cells is weakened. This is
mainly due to the distance between a given coolant channel and the cells is constantly
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changing along the length of the channel. This is evident in the results of Rao et al. [23],
where the temperature contours demonstrate large variation within the cell volumes. This
can be a major issue as denoted by Zeng et al. [6], where the volumetric heat generation
rate increases with the energy density and charge rate. There is more battery heat to be
dissipated, requiring more cooling power. Zeng et al. [6] mentions the application of the
Arrhenius law, where areas of high cell temperature increase the current and accelerate
electrochemical reactions, causing a local peak SOC. Uneven SOCs within electrodes shorten
the operating lifespan of the cell by accelerating the ageing of the electrodes at high SOCs.
From this, the thermal uniformity of the Li-ion cells shall be an important consideration for
the proposed designs in this paper.

Most of the proposed linear cooling channel designs within the literature comprise
channels parallel to the lengths of the cells. Lai et al. [24] researched designs in this area
and identified a gap in the literature research, being the lack of focus on the weight and
compactness of the battery pack, which is an important factor for the performance of electric
vehicles. A lightweight battery pack was constructed comprising multiple aluminium
thermal conductive structures containing coolant channels, allowing the cooling water to
flow from an upper reservoir and down the lengths of each cell to the lower reservoir. It
was also stated that liquid cooling, in general, provided far superior heat transfer coefficient
and power consumption levels in relation to PCM and air cooling. A similar concept was
presented by Sheng et al. [25], utilising a cellular liquid cooling jacket. Sheng et al. [24]
discovered that interlaced flow directions provide a lower temperature standard deviation
and improved thermal uniformity, concurring with the findings associated with the helical
channel designs of Zhao et al. [21]. A glycol aqueous solution was also tested, with the
conclusion that this is a more effective coolant than regular liquid water. Although, there is
still room to potentially test more coolants to fully optimise this design.

Another such design would be the mini channel cylinder cooler proposed by Zhao et al. [26].
Similar to the design proposed by Lai et al. [24], the battery pack comprises an upper and
lower reservoir connected via vertical ducts for the coolant to flow along the length of the
cells. However, this design makes use of smaller channels (0.8 mm diameter) compared to
that of the design proposed by Lai et al. [24] (2 mm diameter), and utilises up to sixteen chan-
nels surrounding each cell as opposed to three per cell from Lai et al. [24]. Zhao et al. [26]
and Lai et al. [24] made use of different form factors of Li-ion batteries, 42,110 and 18,650,
respectively. Comparing cooling performance among these designs provide little analytical
benefit, so perhaps a comparison of these designs under the same boundary conditions and
using the same battery form factor should be studied in future studies.

With liquid cooling showing very promising results within this field of research,
the aim of this study shall be to further develop the specific types of cooling loops used
within the literature. A comprehensive evaluation shall be conducted to determine the
applicability of each design, to encourage further research for the superior model.

2. Materials and Methods
2.1. Battery Chemistry

On a basic level, the purpose of a battery is to convert chemical energy to electrical
energy via an electrochemical oxidation-reduction reaction, for which the inverse of this
reaction is used to recharge a rechargeable battery. This type of reaction involves the
transfer of electrons from one material to another through an electric circuit [27]. The
batteries store and discharge energy in the form of charged atoms or ions, and the charge
and discharge rate of the battery is restricted by the speed that ions can move through the
cell [28].

A typical cell comprises three primary components:

1. The anode—gives up electrons to the external circuit and is oxidized during the

electrochemical reaction [26].

2. The cathode—accepts electrons from the external circuit and is reduced during the

electrochemical reaction [26].
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3. The electrolyte—is usually a liquid medium to sustain ionic conductivity and transfer
ions between the cathode and anode.

In order to maximise the efficiency of the battery, the materials for the anode and
cathode should be light and provide high cell voltage and high capacity [27]. The metal
with the lowest density on the periodic table is lithium, which also has a high electro-
chemical potential, making this a logical choice for the production of batteries. Research
into intercalation electrodes has led to the use of lithiated carbons and lithium alloys in
lithium-ion technology [27]. There are many different types of lithium-ion batteries, such
as LiCoO,, LiFePOy, LiMn,0y, LiNiMnCoO, and Li; TiO3. Each of these types comes with
its own benefits and drawbacks. LiCoO; is the most commonly used form of lithium-ion
battery, and is under consideration for use in innovative solid-state batteries [29]. The
LiFePOy battery uses lithium iron phosphate as the cathode material and in comparison
to LiCoO,, has a lower energy density, longer lifetime, and higher power density [27]. A
study performed by Tang et al. [30] showed that under external heating conditions, the
LiFePO, battery was able to withstand a higher heat until failure compared to both the
Li,TiO3 and LiNiMnCoO, batteries, proving itself superior in thermal stability. Develop-
ments have recently been made using a silicon anode for solid state lithium-ion batteries
such as Gu et al. [31], where a novel SiO,@Li3POs@carbon shell coated on micron-sized
silicon was shown to maintain mechanical integrity and stable cycling performance with
high capacities. Han et al. [32] also demonstrated the benefits of a novel silicon MXene
with interfacial nitrogen engineering, which also achieved high mechanical stability as
well as stable and fast lithium-ion transportation pathways. Both of these silicon-based
anodes could potentially be incorporated into the proposed thermal management systems
in this study, although requiring a moderate reconstruction of geometries to account for
dimensional changes. Table 1 shows data for the lithium iron phosphate battery modelled
in this study [27,28,33].

Table 1. Lithium Iron Phosphate battery properties.

Battery

Cell Voltage (V) Specific Energy (MJkg~1) Cycle Life (Cycles) Charge Rate (Hours)

Lithium Iron
Phosphate (LiFePOy)

3.3 >0.32 1000+ <1

Under extreme conditions, the safety of a lithium-ion battery can be compromised,
for example during a short circuit, when temperatures can increase rapidly [34]. The use
of hydrogel to rapidly absorb thermal energy and mitigate thermal runaway when was
explored to a high degree of success by Zhao et al. [34]. Collisions are also a major risk
to the battery pack integrity and safety, for which shock-absorbing “sacrifice” tubes and
crushable foam were tested by Kukreja et al. [35] and were successful in reducing the
severity of collisions.

When a battery is under operational use, it is undergoing its discharge cycle. For
practical purposes, the performance efficiency of batteries is often rated not on a full
discharge cycle, but instead using a percentage of DOD (Depth of Discharge), since batteries
are seldom fully discharged due to long term damage this could cause to the batteries.

Figure 1 shows a typical representation of the discharge process of a cell. It can be seen
that the electron flow takes place from the oxidised anode to the cathode via the external
load. As the electrons are received by the cathode, the cathode material is gradually
depleted. Anions (negative) flow from the cathode to the anode, and cations flow vice versa
through the electrolyte to complete the circuit. Over the charging cycle of a rechargeable
battery, the flow of current is reversed, and the anode and cathode switch places to become
the positive and negative electrodes, respectively. The electrochemical reactions during
both of these processes are represented by Equations (1) and (2) [26]:
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Figure 1. Discharge process of a cell [26].
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2.2. Numerical Model

In this investigation of liquid-cooled battery pack thermal management systems,
the computational fluid dynamics (CFD) method is introduced, where it is important to
understand the governing equations behind the simulation of lithium-ion batteries and
the energy transfer due to the liquid cooling channels. First of all, the heat generation of a
single lithium-ion cell was modelled according to the following Equation (3) [36]:

]
a (pb'cp,b’Tb) = V(kaTb) + qgen (3)
where py, is the generalised density of the battery, ¢, 1, is the specific heat capacity of the
battery, ki, is the generalised thermal conductivity of the battery, finally qgen is the heat
generation of the battery and can be determined by [21]:

gon = 1 @

where Qy, is the rate of heat flow across the battery and Vy, is the volume of the battery.
Much work relating to lithium-ion battery heat generation within recent literature has been
based upon the work of Bernardi et al. [37], for which a simplified Bernardi equation is
used within this research and is as follows [38]:

1 dU
Ggen = - | 7R + L To 5 5)
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where dU,,/dT refers to the temperature coefficient, a parameter related to the electro-
chemical reaction within a lithium-ion cell derived from the open-circuit voltage of the
battery, Uy,. I is the current through the battery and Ry, is the internal resistance of the
battery. The coolant used within this research was liquid water, for which the fluid flow
and heat transfer model can be expressed using the three following equations [21], firstly
the continuity equation [21]:
0Py -
L 1V V) =0 ©)
ot
where py, is the density of water, t is time and Vw is the velocity of the water. The
momentum conservation equation [21]:
a?w Vo)V = 1 v.p v2(v 7
et (Ve )VW*—@ Pty VA (V) @)
where P is pressure, u is the dynamic viscosity of water Lastly, the energy conservation
equation [21]:

d
S (PuwCpn Tw) + V- (pw-cp/w-vaw) = V- (kwVTy) ®)
where the aforementioned variables are associated with water denoted by subscript “w”.
The heat transfer between the coolant, aluminium channels and the battery can be modelled
through the following heat flow equations:

Q =m-cp-AT )

Q=hAAT (10)

where m is the mass flow rate, h is the heat transfer coefficient and A is the contact area for
heat transfer. When dealing with fluid flow, the distinction between laminar, transitional
and turbulent flow is important to consider and is characterised by the Reynolds number:

__pvL _ 4m

Re (11)

TR T

The properties of the materials used in this investigation are summarised in Table 2,
for which the properties of aluminium and liquid water were sourced directly from the
materials database in ANSYS Fluent. The properties of the battery are sourced from
the work of Zhao et al. [4] and are assumed to be uniform throughout the geometry of
the battery.

Table 2. Material properties.

Materials p (kgm3) cp Jkg 1K)  k(Wm-1K-1) u (kgm—1s-1)
Liquid water 998.2 4128 0.6 1.003 x 1073
Aluminium 2719 871 202.4 -
Battery 1760 1108 391 -

2.3. Modelling a Single Lithium-Ion Cell

There are many different types of lithium-ion batteries to consider for study such as
cylindrical, prismatic and pouch. The LiFePOj, cylindrical lithium-ion battery was selected
for modelling, given this has shown promising electrochemical and thermal characteristics
as described earlier, and there has been a recent wave in the EV manufacturing industry
to mass adopt this particular battery chemistry [39]. Many form factors for cylindrical
batteries exist, such as 18,650, 21,700 and 4680. The numbering system is characterised
by the dimensions of the battery. For example, the 18,650 battery is 18 mm in diameter
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and 65 mm in height. The new “tabless” 4680 batteries, which are still in development
by Tesla, were originally considered for study. Although this, unfortunately, means that
there is limited technical information available to the general public and academic scholars,
which would make the heat generation model of the battery impossible to validate. This
is why the 18,650 form factor was eventually chosen for study, given there is plenty of
technical information available about this battery in the literature as summarised in the
literature review.

Firstly, the heat generation of a single cell undergoing its discharge cycle must be
accurately modelled to produce meaningful results. The geometry for a simple 18,650 cylin-
drical lithium-ion cell was created in SolidWorks 2021 (Dassault Systemes, SolidWorks
Corp., Waltham, MA, USA) with the relevant dimensions of 18 mm diameter and 65 mm
height and was imported into ANSYS Fluent (ANSYS Inc., Canonsburg, PA, USA) as a step
file. The applied material properties are shown in Table 2 and are assumed to be uniform
throughout the geometry of the battery. This would provide a limitation to the accuracy
of the battery model since different components of the battery, such as the can, separator,
cathode, and anode foil, would all comprise unique material properties, but for the purpose
of this study, a generalised material composition provides accurate enough data without
compromising on highly complex geometry and computational power requirements.

Papers covered in the literature review, as well as other research in this field, use the
experimental results of Wang et al. [40], for which a cell operated at a 5C discharge rate
achieved a maximum temperature of 351 K after 720 s, and where the heat generation and
temperature of the cell increased approximately linearly with respect to time throughout
the 720 s discharge cycle. Furthermore, from the results of Wang et al. [34], it was shown
that as the discharge rate was increased, the heat generated in the battery was greater. For
this study, the single cell model was given a heat generation rate of qgen = 138,000 Wm 3
within the cell zone conditions and set to run transiently for 720 s. At the end of the
discharge cycle, the cell reached a maximum temperature of 351 K through a linear increase
in temperature with respect to discharge time (shown in Figure 2), validating this thermal
model against the literature. Given this was a very simple calculation for Fluent with simple
geometry, different mesh densities provided infinitesimal differences in results, so a mesh
dependency study provides little analytical benefit here. Mesh dependency will become
significant for the full simulated battery packs with cooling, given the higher complexity of
the problem.

Heat generation of single cell (5C discharge)
<360
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Figure 2. Heat generation of a single cell (5C).

2.4. Construction of the Linear Channel Design (LCD) Battery Pack

The first proposed liquid cooling design is one based upon the work of Lai et al. [24],
where SolidWorks 2021 was used in order to plan the design for and build the CAD
model, shown in Figure 3 (all dimensions shown are in mm). The LCD considers a pack of
four lithium-ion cells to alleviate computational power requirements, with nine coolant
flow channels, as presented in Figure 3c. The channels each have four curved edges that
interlock with the cylindrical cell surfaces, and the upper reservoir carries fluid from the
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inlet through the channels to the outlet on the lower reservoir. As opposed to the staggered
battery arrangement with three contact surfaces per channel proposed by Lai et al. [24], the
LCD uses a uniform structured battery arrangement with four contact surfaces per channel
to provide a more useful comparison to the HCD. This is covered in the next section. It
should be noted that this arrangement of batteries is slightly less compact, providing a
minor limitation to the usefulness of this design within an EV. The channel diameter and
the inlet and outlet locations were chosen arbitrarily for now, as they are to be optimised
later in this study, as well as the inlet mass flow rate.

LINEAR CHANNELS, 18650 CELLS

() (b) ()

Figure 3. LCD views and dimensions, all in millimetres: (a) Single channel side view; (b) Single
channel ISO view; (c) Battery pack top view with fluid domain removed.

2.5. Construction of the Helical Channel Design (HCD) Battery Pack

The second proposed liquid cooling design is one based upon the work of Zhou et al. [21]
and Dong et al. [22], involving helical coolant channel structures weaving around each
cell. Ideally, the main benefit of a helical channel structure should be the allowance for a
more even distribution of coolant around the circumference of the cell, improving thermal
uniformity. The CAD model created in Solidworks 2021 is presented in Figure 4 (all
dimensions in mm). Illustrated in Figure 4, a helix was swept, and an extruded cylindrical
cut of radius 9 mm was taken through the centroid, creating a half helix structure similar to
the work of Zhou et al. [21]. This allows the lithium-ion cell to have a maximal contact area
with the helical channel via a continuous flat edge, allowing for the greatest quantity of
heat transfer rate, as described in Equation (10). The HCD also comprises four lithium-ion
cells which are spaced in the same arrangement as the LCD, to provide the most relevant
comparison. Each cylindrical cell has its own helical channel, for which the coolant flows
from the inlet into the upper reservoir and through the helical channels to the outlet on the
lower reservoir.

Figure 4. Helical channel-side (mm).
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2.6. CED Configuration and Boundary Conditions

Once each battery pack assembly had been created in SolidWorks 2021, they were
imported as a step file into ANSYS 2021 R1. A hexahedral mesh was generated for each
battery pack within ANSYS Mechanical. This provided low numerical diffusion, resulting
in a solution of higher accuracy [41] compared to meshing geometries such as tetrahedral.
Body and face sizings were applied to enhance the mesh density of critical areas of heat
transfer, such as the channels and sections of the fluid domain, as well as inflation layers
between the boundaries of the fluid, channel and batteries. Inflation layers are vital for
resolving the boundary layer between two regions where a significant temperature gradient
is occurring due to energy imbalance. The first layer thickness was set to 0.1 mm based
on the y+ value of 1 [42], with a growth rate of 1.2. It is generally good practice with
inflation layers to include between 10 and 15 layers to accurately resolve the boundary
layer and predict separation or reattachment points [43], which is why 10 layers have been
used for these studies. According to the Fluent User’s Guide [44], the orthogonal quality
should be kept close to 1 and skewness close to 0 (perfectly equiangular cells), which was
confirmed for every case and geometrical optimisation using the mesh statistics in ANSYS
Mechanical. Lastly, the named selections are applied to the relevant geometries for ease of
access within Fluent.

In Fluent, the double precision mode was activated to provide more accurate simula-
tions, and the transient model was selected. The energy model was activated to allow the
equations of heat transfer Equation (8), along with the 2-equation k-¢ turbulence model.
Liquid water was used as the coolant in this study, which is commonly used in the litera-
ture, and a custom material was created for the battery using the properties described in
Table 2. The appropriate materials were assigned in the cell zone conditions: aluminium
for the channels, liquid water for the fluid domain and the custom battery material for
the lithium-ion cells. The heat generation model described earlier is applied here for the
cells. The fluid inlet boundary condition is set to 300 K and as a mass flow inlet, initially
as 2.5 x 1075 kgsfl, well within the laminar flow region as described by Equation (12)
(derived from Equation (11), using 8 mm as the inlet diameter and the dynamic viscosity of
water from Table 2.

. Re-mL-w 2300 8 % 103 x 0.001003
max = ez E_ XILXOx i X = 0.0145 kgs ! 12)

Any walls separating fluid or solid domains were set as coupled, allowing natural
convection for energy transfer, and the interior faces of the channels were set to a no-slip
condition and as stationary. The ambient conditions are 300 K, and each case was assumed
to be in an adiabatic environment via the battery pack exterior surfaces set to thermally
insulating boundaries, due to the constricted airflow in real EV battery pack environments
where the thermal impact is negligible. As each optimisation is completed in this study, the
newfound boundary conditions are applied for the consecutive stages.

Monitors were set to record the maximum and minimum temperatures for the volumes
of the lithium-ion cells over time, and a hybrid initialisation was utilised. For the calculation,
each time step was set to a magnitude of 1 s for 720 time steps in order to recreate the 5C
discharge cycle [40], as described earlier. The maximum iterations per time step was set to
300 in order to significantly increase the likelihood of convergence, although it was found
that most time steps converged between 1 and 10 iterations.

2.7. Mesh Dependency

A mesh refinement study was performed on the LCD and HCD to find convergence
in the solution where an optimal mesh can be applied to provide accurate solution data
without extending the computational time and power requirements unreasonably. This
is achieved by gradually applying denser element meshing via altering the global mesh
size, the body and face sizing, and inflation layers. The results were recorded in each case
(in this case, the maximum temperature of the cells), and the graphs presented in Figure 5
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show the convergences. The data was plotted on separate graphs for clarity. Since the
data range for Trmax in each case is small, the graphs would appear as almost horizontal
lines otherwise.
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Figure 5. Mesh dependency study for the: (a) LCD; (b) HCD.

From Figure 5a, it can be seen that the maximum temperature of the lithium-ion cells
decreases in magnitude rapidly as a denser mesh is used, up until roughly 300,000 elements,
where the maximum temperature thereafter levels off and converges tightly toward an
asymptote as the element number increases. For the HCD in Figure 5b, the same relationship
applies, except with roughly 200,000 elements as the convergence point. This is why a mesh
of 279,995 elements is to be used for the LCD model and 207,943 elements for the HCD
since these accurately predict the thermal models for the LCD and HCD to a reasonable
degree of scrutiny without the need for excessive computation time, especially in these
cases where Fluent calculations can take upwards of 5 h to execute. However, it should be
noted that the maximum temperatures at each of the mesh qualities tested in Figure 5a are
extremely similar, with a total variation of only 0.0083% from the minimum density mesh
to the maximum. The temperature reached the selected HCD mesh density (Figure 5b) at
Tmax = 326.301 K with 0.0032% error from the temperature recorded at 808,411 elements,
which is also considered a precise enough result for this study.

3. Results
3.1. Linear Channel (LCD) Results and Analysis
3.1.1. Influence of Mass Flow Rate on the LCD

The first step of the design optimisation process for the LCD was to vary the inlet
mass flow rate and examine the effect this has on the thermal performance of the battery
pack. Six mass flow rates were tested, within the range of 2.5E-05 to 7.5E-04 kgs !, based
on the range used by Yates et al. [45], and it should be noted that the three largest mass
flow rates are an entire order of magnitude higher than the three lowest. This was done
to achieve a wide range of results. The thermal performance was measured through the
maximum temperature the lithium-ion cells would reach at each time step and the thermal
uniformity of the cells (difference from minimum to maximum cell temperature at each
time step) over the full 5C discharge cycle of 720 s. Table 3 shows a snapshot of the results
taken at the 720th time step, after the discharge cycle concluded, and Figure 6a,b show the
maximum temperature of the cells and the temperature difference in the cells, respectively.
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Table 3. Influence of mass flow rate at 720 s—LCD.

Mass Flow Rate (kgs—1) Tmax (K) at 720 s AT (K) at 720 s
2.5E-05 310.595 1.105
5.0E-05 310.134 1.285
7.5E-05 309.695 1.431
2.5E-04 307.180 1.888
5.0E-04 305.004 1.881
7.5E-04 303.851 1.749
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Figure 6. LCD-effects of mass flow rate on: (a) Maximum cell temperature; (b) Cell temperature difference.

A relationship can be seen from Figure 6a that as the inlet mass flow rate increases, the
maximum temperature of the cells decreases. Within the first 80 s of the battery discharge,
the temperatures recorded for each mass flow rate are very similar, and after this point, the
temperatures deviate increasingly. This is due to the relationship of mass flow rate to the
heat transfer coefficient and rate of heat flow, demonstrated in Equations (9) and (10), since
the rate of heat flow varies linearly with mass flow rate. Figure 6b illustrates the thermal
uniformity of the cells at each mass flow rate, wherein the first 40 s AT increases rapidly.
This is due to the surface of cells rapidly undergoing a change in temperature from the
external liquid channel compared to the centre of the cells, creating a significant increase
in temperature differential, for which the effects are gradually mitigated after 40 s as the
core of the lithium-ion cells begin to cool at a similar rate to the surface. A temperature
differential will be inevitably caused due to this being an indirect cooling method, where
there are four liquid channels split evenly around each cell rather than each cell being
evenly submerged in coolant liquid. Furthermore, with the LCD model, the central channel
coolant will rise in temperature more rapidly than the other channels due to this channel
being in closest proximity and equidistant from each cell. The channels on the corners will
increase less in temperature due to being in proximity to only one cell. This is a limitation
mainly induced by the size of the considered model, given it analyses only a sample of four
cells from a full battery pack in order to not require unreasonable amounts of computational
power to execute the Fluent calculation.

Interestingly in Figure 6b, it would seem that increasing the mass flow rate actually
worsened the thermal uniformity of the battery pack, especially evident in the lowest three
mass flow rates. This phenomenon was also documented in different cooling designs by
Bai et al. [46] and Chen et al. [47]. The temperature difference for 7.5E-04 kgsfl is the
largest from 0-320 s, thereafter, it becomes lower than that of 5.00E-4 kgs ! and then lower
than that of 2.50E-4 kgs~! after 530 s. This is likely due to the aforementioned phenomena
where the surface of the cell is cooling rapidly compared to the core when the heat transfer
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coefficient is higher due to the higher mass flow rate, and as the temperature regulates
through the discharge cycle, this effect lessens since the rate of increase in temperature in
the core begins to match that of the surface. Considering the optimal operating temperature
for lithium-ion batteries lies between 298 K and 313 K [5] with a temperature difference
of no greater than 5 K [5], the LCD battery pack immediately performed strongly in both
regards, in that none of the mass flow rates tested resulted in results greater than these
values (evident in Table 3). It is important to consider that using a high inlet mass flow
rate in the cooling system inevitably draws more power, lowering the overall efficiency
of the EV and potentially reducing its driving range. This is why although the concept
of using the highest mass flow rate may be attractive, a compromise must be made to
maintain higher efficiency in the EV. This is why the mass flow rate of 7.50E-05 kgs !
has been chosen for further study, as it provides solid maximum temperature regulation
(298 K < Tmax < 313 K) and thermal uniformity (AT < 5 K) whilst not requiring excessive
power to run in an EV.

3.1.2. Influence of Linear Channel Diameter, d;, on the LCD

The next step of the design optimisation process for the LCD involved varying the
diameter of the coolant channel, which would control the volume flow of fluid down the
aluminium channels, and examine the effect this has on the thermal performance of the
battery pack. Three values for channel diameter were tested, being di, =3 mm, 6 mm and
9 mm, illustrated in Figure 7a—c, respectively. In order to keep the simulations consistent,
the total number of mesh elements for each simulation was kept as close as possible,
despite the change in geometry. This was achieved through altering the body sizing of the
aluminium channels, where the total mesh density was kept roughly between 277,000 and
281,000. The thermal performance was again measured through the maximum temperature
reached by the cells for each time step and the temperature difference across the cells for
each time step over the full 5C 720 s battery discharge cycle. Figure 8a,b show the maximum
temperature of the cells and the temperature difference in the cells, respectively.

Figure 8a shows that as the diameter of the coolant channel increased, the maximum
temperature of the lithium-ion cells decreased. This, however, was only over a small
temperature range, taking the values at 720 s to be Timax = 309.97 K when d;, = 3 mm, and
Tmax = 309.31 K at di, = 9 mm, indicating that the diameter of the coolant channels perhaps
does not hold a large influence of the maximum temperatures, but still a noticeable one that
is worth considering for optimisation. The study by Lai et al. [24], of a similar design to the
LCD, only altered the diameter from 1-3 mm, providing a small range of results where a
distinct relationship could not be found. The study performed in this paper, however, has
used a significantly larger range of input parameters for diameter, where the relationship is
well defined.

(b) (0

Figure 7. Top view of LCD channels for varying diameters: (a) d;, =3 mm; (b) dp. = 6 mm; (c) di, =9 mm.
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Figure 8. LCD—effects of channel diameter on: (a) Maximum cell temperature; (b) Cell temperature
difference.

The relationship presented in Figure 8a is due to a combination of factors. On the one
hand, since the inlet mass flow rate remains the same in each case but the fluid channel
diameter is decreased (note the inlet in question is the inlet to the upper reservoir, for
which the parameters are not changed), the water pressure and hence the fluid velocity
is increased, which increases the heat transfer coefficient (see Equations (9) and (10)),
providing increased levels of cooling to the lithium-ion cells. On the other hand, this effect
is cancelled out by the fact that the heat transfer area between the fluid and the inside of the
aluminium channel is decreased when the diameter is decreased. This results in a lower
heat transfer (see Equation (10)) which leads to reducing the cooling capability. From these
results, evidently, the latter effect has a slightly larger influence over the maximum cell
temperature compared to the former effect, but the cancellation is also still evident in that
Tmax only has a maximum variance of 0.66 K across the smallest and largest diameter tested.

Figure 8b shows that as the channel diameter increases, the thermal uniformity wors-
ens, but only marginally. At the end of the 5 C discharge cycle (t =720 s), AT = 1.404 K when
dy, =3 mm and AT = 1.484 K when d;, = 9 mm, which is a very small range of temperature
difference and is due to the same aforementioned reasoning for the results in Figure 8a.
Both the maximum cell temperature and thermal uniformity are kept within the optimal
range of 298 K < Trmax < 313 Kand AT < 5 K for all diameters, although since the maximum
temperature reduction is more apparent for the di, = 9 mm case in relation to the worsening
of thermal uniformity, and also since Trax values are closer to the upper boundary of 313 K,
the 9 mm diameter channel geometry is selected as most optimal and will be considered
for further study.

3.1.3. Influence of Inlet and Outlet Locations on the LCD

Based on the methods of Yates et al. [45], the final optimisation step for the LCD
involved varying the locations of the fluid domain inlets and outlets and examining the
effect this has on the thermal performance of the battery pack. Five different combinations
of locations were tested, for which the locations are presented in diagram form in Figure 9
and the combinations of these locations are presented in Table 4.
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Figure 9. Inlets (A-C) and outlets (D-F) locations (dimensions in mm)-LCD.

Table 4. Thermal performance of location combinations at t = 720 s-LCD.

Location Combination Tmax (K) at 720 s AT (K) at 720 s
Casel1=A,F 309.366 1.796
Case2=B,E 309.362 1.779
Case3=C,D 309.308 1.484
Case4=A,D 309.364 1.799
Case5=C,F 309.321 1.492

When selecting the locations, it was important to make sure that the inlet was not
directly above one of the aluminium channels since, in reality, the coolant would not be
able to spread evenly in the upper reservoir to flow through each channel. The metrics
used for assessing the thermal performance of the battery pack were again the maximum
temperature reached in the lithium-ion cells and the temperature difference across the cells
over the full 5C 720 s battery discharge cycle. Table 4 shows the maximum temperature and
temperature difference measured at the 720th time step (end of the discharge cycle), and
Figure 10 shows the temperature difference in the cells. The main objective of this stage
was to optimise thermal uniformity since only location conditions are being altered, which
will not have a significant impact on the maximum temperature reached. This is why the
graph for maximum temperature is not plotted, as the curves for each combination are
more or less on top of each other, providing little analytical benefit.

Figure 10 shows the results of the five combination cases applied in this study, where
line markers were applied for clarity. Cases 3 and 5 performed the strongest in terms of
thermal uniformity, whereas cases 1, 2 and 4 were lacking in comparison. Cases 3 and 5
both used location C as an inlet (see Table 4 and Figure 9), and as this is the common factor,
it is most likely the reason for higher performance in these cases. This is because location C
provided the most central location out of all the inlets in relation to the LCD battery pack,
providing the most even distribution of coolant to all of the lithium-ion cells. This data also
shows that the location of the inlet holds greater significance to the thermal performance
than the location of the outlet since using outlets D and F in cases 3 and 5, respectively,
gave very similar results, as shown in Figure 10 and Table 4.
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Figure 10. Cell temperature difference over discharge cycle for differing inlet/outlet locations-LCD.

All of the inlet and outlet combinations tested fell well within the optimal temperature
regions of 298 K < Trax < 313 Kand AT < 5 K. Although the results in Table 4 show that
case 3 provided the best results in both regards, with Trmax = 309.308 K and AT =1.484 K at
the conclusion of the discharge cycle, just slightly ahead of case 5 in performance. The LCD
battery pack is now considered optimised within the bounds of this research, using inlet
location C and outlet location D (Figure 10). The final temperature contours for the LCD
are shown in Figure 11, whereas in Figure 11a, the effects of the aluminium channel contact
area are evident in the lower temperature regions.
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Figure 11. LCD contours: (a) Cell temperature (K); (b) Fluid pathlines.

An experimental case was conducted by Sheng et al. [25] with the cellular liquid
cooling jacket containing liquid channels running parallel to the battery length, similar in
design to this study. Using cylindrical 21,700 Li-ion cells operating at 2.5C discharge rate,
the maximum cell temperature reached was 312 K, just falling under the upper boundary
in the optimal region of 298 K < Trax < 313 K, in similar fashion to the LCD, having a Trax
value just below at 309.308 K. The maximum temperature difference in this case found by
Sheng et al. was approximately AT = 1.4 K, extremely close to the AT = 1.484 K achieved by
the LCD, validating this study’s results.
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3.2. Helical Channel Design (HCD) Results and Analysis
3.2.1. Influence of Mass Flow Rate on the HCD

The inlet mass flow rate of coolant must be optimised for the HCD in order to con-
tribute to the objectives of maximum temperature regulation of 298 K < Trax < 313 K and
thermal uniformity of AT < 5 K whilst remaining realistic for the use in an electric vehicle.
Six mass flow rates were tested in the range of 2.50E-05 to 7.50E-04 kgs~!. Table 5 shows a
snapshot of the results taken at the 720th time step (after the discharge cycle has concluded).
Figure 12a,b show the maximum temperature of the cells and the temperature difference in
the cells across the entire discharge cycle, respectively.

Table 5. Influence of mass flow rate at 720 s-HCD.

Mass Flow Rate (kg s~ 1) Tmax (K) at 720 s AT (K) at 720 s
2.50E-05 326.301 16.462
5.00E-05 324.562 19.332
7.50E-05 322.081 18.964
1.00E-04 319.264 17.197
2.00E-04 311.201 10.396
7.50E-04 303.702 3.439
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Figure 12. HCD-effects of mass flow rate on: (a) Maximum cell temperature; (b) Cell temperature
difference.

As can be seen in Figure 12a, the same relationship as in the LCD (Figure 6b) can be
found where as the mass flow rate increases, the maximum cell temperature decreases.
The same explanation of this relationship as given for the LCD can also be applied here,
where the link of mass flow rate to heat transfer coefficient given in Equations (9) and (10)
provides increased cooling capability with a higher mass flow rate. Figure 12b shows the
thermal uniformity in the form of temperature difference in the cells, where the relationship
with mass flow rate is unclear. In general, thermal uniformity is improving with higher
mass flow rates. Although the test with 2.50E-05 l<gs*1 seems to not align with this trend,
as it exhibits a lower temperature difference than with the 5.00E-05 kgs !, 7.50E-05 kgs !
and 1.00E-04 kgs ! mass flow rates. Additionally, the temperature difference over the full
720 s discharge cycle for the 5.00E-05 kgs ™, 7.50E-05 kgs~! and 1.00E-04 kgs~! mass flow
rates seem to overlap each other at varying points in the cycle. These occurrences were
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also reported by Zhou et al. [21] in a similar study and can be accounted for simply by a
computational error.

The results of the HCD immediately seem to give the impression of a lack of perfor-
mance relative to the LCD. The maximum temperatures reached for the HCD (Table 5) are
much higher for the same mass flow rates used as the LCD (Table 3). For example, where
both designs used m = 2.50E-05 kgs’l, the LCD gave Tmax = 310.595 K, but the HCD gives
Tmax = 326.301 K, an increase in temperature by 15.706 K, and well beyond the desired
value within 298 K < Tpax < 313 K. The thermal uniformity of the lithium-ion cells in the
HCD has also worsened in comparison to the LCD, wherein the LCD AT remained between
1.105 K and 1.888 K (Table 3) for all tested mass flow rates. However, the HCD reached
its highest temperature difference of 19.332 K at m = 5.00E-05 kgs~!. This can be due to a
multitude of reasons, one being the lessened contact area with aluminium acting as a heat
sink for the HCD, meaning the rate of heat dissipation through the aluminium channel will
be lessened. Furthermore, the coolant within the helical channels is inevitably in closer
proximity to the cells due to the channels needing to weave in complete circumference to
the batteries. This includes the points where the distance between each cylindrical battery
is a minimum, rather than with the LCD where the centroid of a coolant channel is always
at the point of maximum distance in-between each cell. This means that the top of the
cells (positive electrode) will be cooled at a higher rate, with the coolant fluid increasing in
temperature more rapidly as it reaches the bottom (negative electrode), creating a more
significant imbalance in temperature throughout each cell.

Since the mass flow rates of 2.50E-05 kgs~! to 1.00E-04 kgs~! resulted in a higher
temperature than the objective of 298 K < Trax < 313 K evident in Table 5, they have
been automatically rejected, and the temperature difference also lies above the goal of
AT < 5 K. A mass flow rate of 2.00E-04 kgs~! was selected for further study, given this is
the lowest tested mass flow rate for Tax to fall below 313 K, providing Tax = 311.201 K
and AT =10.396 K. Although AT remains above the desired 5 K, further optimisation to
the geometry of the HCD shall be carried out to reduce this. Additionally, the selected
mass flow rate should not be too high as this requires more power to operate within an
EV, reducing the overall efficiency and driving range. This means the HCD is already at a
disadvantage compared to the LCD since a higher mass flow rate must be used in order to
keep Tmax within acceptable levels.

3.2.2. Influence of Helical Channel Diameter, dy, on the HCD

The next chosen design optimisation for the HCD involved altering the diameter of
the helical coolant channels in order to examine and evaluate the effect this has on the
thermal performance of the battery pack. Four values for diameter were tested, comprising
dyg =2 mm, 3 mm, 4 mm, and 5 mm, illustrated in Figure 13, where the total height of
each helix and the dimensions of the reservoirs were altered slightly each time to keep the
structure consistent. Due to the nature of the helical geometry, the diameters, unfortunately,
cannot be increased beyond 5 mm, since the channels would be in contact with each other
at the point of closest proximity between the batteries, which provides another limitation
in comparison to the LCD. The drawings shown in Figure 13 are cross-section views of
the helical channel, where the channel would be in contact with the battery along the flat
edge. Once again, to keep the simulations consistent, the total number of mesh elements for
each case was kept between 207,212 and 207,943 by altering the body sizing of the channel
since this mesh density was considered accurate from the HCD mesh dependency study.
Figure 14a,b show the maximum temperature and temperature difference, respectively,
achieved in the full 5C 720 s discharge cycle.
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Figure 14. HCD-effects of channel diameter on: (a) Maximum cell temperature; (b) Cell temperature
difference.

Figure 14a,b both show a very similar relationship in the characteristics of each tested
diameter over the 720 s discharge cycle. From roughly 5% DOD (t = 40 s) to 60% DOD
(t = 440 s), the difference in performance for each diameter is most noticeable, where the
larger diameter channel performs better in terms of maximum temperature reduction
and thermal uniformity. Beyond this point, up until the conclusion of the discharge
cycle, the performance difference of each diameter is less apparent but still follows the
aforementioned relationship. These results follow a similar relationship to the findings of
the double helix structure proposed by Dong et al. [22], although a larger range of diameters
has been tested within this research compared to Dong et al. [22] and the half helical design
proposed by Zhou et al. [21], in order to fully define the relationship between channel
diameter and thermal performance. In a similar fashion to the LCD channel diameter test,
the larger helical diameters for HCD provide stronger overall cooling due to the increased
contact surface area with the lithium-ion cells, which in turn increases the heat transfer rate
(described in Equation (10)).

Att=720s, when dyg =5 mm the value of Tyhax =311.104 K and AT = 10.224 K, whereas
when dyg = 2 mm the value of T = 311.282 K and AT = 10.384 K. This shows that the
increase in diameter reduced maximum temperatures by 0.178 K and improved thermal
uniformity by 0.16 K. Although this is not a significant amount, it is still worth considering,
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especially when the values of Tmax and AT were improved by up to approximately 1 K
at the earlier DOD, which in the long term will mitigate the de-ageing of the lithium-ion
cells [5]. This is why the 5 mm diameter for the helical channels is to be selected as optimal. At
this stage, the maximum temperature is within the objective region of 298 K < Trax < 313 K,
but unfortunately, the thermal uniformity could not be reduced to the desired AT <5 K,
which will be attempted during the final stage of optimisation.

3.2.3. Influence of Inlet and Outlet Locations on the LCD

The final stage of optimisation for the HCD involved altering the inlet and outlet
locations for the fluid domain and examining the effect this has on the thermal performance
of the battery pack. Three combinations of inlet/outlet locations were tested, where the
locations are mapped in Figure 15, and the combinations are noted in Table 6. The central
hole shown in Figure 15 is named by both I (inlet) and J (outlet) since they overlap in the
top view, the inlet is on the upper reservoir, and the outlet is on the lower reservoir.
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Figure 15. Inlets (G-I) and outlets (J-L) locations (dimensions in mm)-HCD.

Table 6. Thermal performance of location combinations at t = 720 s-HCD.

Location Combination Tmax (K) at 720 s AT (K) at 720 s
Case1=G,L 311.279 10.794
Case2=1,] 311.104 10.224
Case3=H, K 311.328 10.733

It was established for the LCD that the combinations that were not symmetrical in
both axes performed weakest and that the inlet location is the dominant factor compared
to the outlet location, so in this study, only the three cases need to be analysed. For each
tested combination, the values for Tmax and AT at 720 s are presented in Table 6, along with
the temperature difference graph shown in Figure 16 representing thermal uniformity.

Figure 16 shows the results of the three combinations, where it is conclusive that Case 2
has performed the strongest in terms of improving thermal uniformity, making use of inlet
I'and outlet J (see Figure 15). This is due to this inlet and outlet providing the most central
location of all the possibilities, ensuring an even distribution of coolant for the lithium-ion
cells. All the combinations tested provided maximum temperatures within the goal of
298 K < Thax < 313 K, however, the thermal uniformity still could not be reduced down
to AT < 5 K for the HCD, although Case 2 did get the closest to reaching this goal, with
a value for Trax = 311.104 K and AT = 10.224 K. Figure 17 shows the final temperature
contours for the HCD.
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Figure 17. HCD contours: (a) Cell temperature (K); (b) Fluid pathlines.

In terms of experimental validation, a double helix cooling plate with PCM cooling for
18,650 cylindrical cells was investigated by Yu et al. [7], achieving maximum temperatures
varying between 310 K < Trax < 313 K, where the HCD in this study achieves a similar
result of 311.104 K. The CFD simulations conducted in the literature on helical duct liquid
cooling structures similar to the HCD also seem to have issues with regulating temperature
difference. Dong et al. [22] achieved AT = 7.01 K after the use of optimisation algorithms
for the double helix structure, and Zhou et al. [34] achieved AT = 6.7 K for the half-helical
duct structure, both falling outside the optimal range of AT <5 K.

3.3. Comparison of the LCD and HCD

The fully optimised LCD and HCD structures illustrated in Figure 18a,b, respectively,
shall now be compared and evaluated. Figures 19 and 20 show the maximum temperatures
reached and the temperature difference in the lithium-ion cells, respectively, over the same
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5C 720 s discharge. The LCD clearly provides a superior cooling performance compared to
the HCD in both metrics, where Trax = 309.308 K and AT = 1.484 K at 720 s, compared to
that of Tmax = 311.104 K and AT = 10.224 K reached by the cells in the HCD, a reduction of
1.796 K in maximum temperature and 8.740 K in temperature difference. This is on top of the
fact that the LCD could make use of a lower value for inlet mass flow rate, providing a lower
power consumption requirement to run the thermal management system, maximising the

efficiency of the given EV.

@)

Figure 18. ISO views for the final optimised battery packs: (a) LCD; (b) HCD.
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Figure 19. Maximum cell temperature comparison-LCD & HCD.
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Figure 20. Cell temperature difference comparison-LCD & HCD.

Both objectives of 298 K < Tmax < 313 K and AT < 5 K were achieved for the LCD
comfortably, and the maximum temperature objective for the HCD was also achieved,
albeit slightly higher in magnitude compared to the LCD. However, the objective to control
temperature difference under 5 K was not achieved by the final HCD structure. Theoreti-
cally, the objective could be achieved by using a higher mass flow rate, as shown in Table 5.
Although this would have to compromise even further on the overall efficiency of the EV,
given its requirement of much higher power consumption, preventing this power from
being more usefully allocated to other systems in the EV.

Excluding the masses of the lithium-ion cells, the mass of the HCD structure comes
to 50.2 g, and the mass of the LCD comes to 285 g, given the volumes computed from
SolidWorks 2021 and the mass density of aluminium to be 2719 kgm ™2 from Table 2. This
at least gives the HCD the advantage of being much more lightweight, which is a quality
that vehicle manufacturers will strive for to achieve maximal efficiency. Given that the cells
are arranged in the same spacing for both designs and both designs output the same power
(but at different temperatures), the volumetric energy densities are the same for each design
when considering a full EV battery pack. The HCD has a 5.7 times higher gravimetric
energy density, based on the ratio of weights for each design. From a manufacturing
standpoint, the helical channels could be made in a similar fashion to a compression spring
using a CNC spring coiler machine, followed by heat treatment and grinding. Although
it would need to be heat treated and moulded awkwardly to shell out the pipe providing
the medium for fluid flow. This would be a significantly more complicated manufacturing
process than that of the linear channels, whereby, for example, a drill press could be used
for the extruded cut. This also would lead to the LCD being cheaper to manufacture and
simpler to maintain and clean, given there is less need for specialised equipment to clean a
straight pipe compared to a helical pipe.

The LCD would prove to be a more applicable thermal management system for
use in electric vehicles given its lower power consumption, and overall superior cooling
effectiveness compared to the HCD. The LCD could also be adapted to large scale energy
storage applications due to the simplicity of its manufacturing, meaning high volumes for
a large battery pack would be more economical to produce.

The shortfalls of the HCD are mainly due to the lack of significant contact area for
a heatsink and the lack of aluminium. This is corroborated by the designs tested by
Yates et al. [45], where the use of a heat sink in one design provided better thermal unifor-
mity compared to one without. Additionally, due to the closer proximity of the coolant
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to the cells in the HCD, an imbalance in temperature is created from the top of the cells
(positive electrode) to the bottom (negative electrode).

4. Discussion and Conclusions

In this research, two liquid cooling structures for EV lithium-ion battery packs, de-
noted as the LCD and HCD, were designed and evaluated. The heat generation of a
18,650 cell undergoing a 5C discharge cycle was modelled with the standardised 300 K inlet
temperature for the coolant water. The thermal performance of the cells were analysed
throughout the discharge cycle. Each design underwent a series of numerical and geo-
metrical optimisations, comprising the variance of inlet mass flow rate, channel diameter
and inlet and outlet locations. The metrics used for measuring the thermal performance
were the maximum temperature and temperature difference (thermal uniformity). The
important findings are as follows:

e  The performance of each design, especially the HCD, was most significantly dependent
on the inlet mass flow rate. It was found that as mass flow rate increases, the maximum
cell temperature decreases due to the relationship between flow velocity and the heat
transfer coefficient. The thermal uniformity improved for the HCD, and thermal
uniformity worsened for the LCD, with a few discrepancies.

e  As the channel diameter increased for each design, the maximum temperature de-
creased due to the relationship between contact area and heat transfer rate. The
thermal uniformity for the HCD improved, whereas it worsened slightly for the LCD.
The improvement in temperature regulation was more apparent towards the end of
the discharge cycle for the LCD, but for the HCD, it was more apparent during the 5%
to 60% DOD range.

e  The thermal uniformity was optimal when the inlet and outlet were centralised,
providing the evenest distribution of coolant among the four cells. Additionally, the
location of the inlet was more significant in influencing the thermal performance than
the location of the outlet.

e  The optimal LCD provided a cell Tmax of 309.308 K and AT of 1.484 K at t = 720s, well
within the objectives of 298 K < Trax < 313 Kand AT < 5 K. The final design used a
mass flow rate of 7.50E-05 kgs !, channel diameter of 9 mm and manifold locations C
& D (see Figure 10).

e  The optimal HCD provided a cell Tax of 311.104 K and AT of 10.224 K at t =720s,
meeting the objective of 298 K < Trax < 313 K but failing to satisfy AT <5 K. The HCD
could have theoretically reached the AT objective by using a higher inlet mass flow
rate, but in the interest of keeping the design realistic for use in an EV, the mass flow
rate was limited. The final design used a mass flow rate of 2.00E-04 kgsfl, channel
diameter of 5 mm and manifold locations I & J (see Figure 15).

e  The LCD provided much stronger results than the HCD, even while making use of a
lower mass flow rate, reducing the power draw for the cooling system to operate. The
LCD is also simpler to manufacture, although it does weigh more, potentially harming
the overall efficiency and the driving range of the EV in question.

Some limitations of this study include that the material properties for the battery were
generalised and that the heat generation model was assumed to be uniform throughout
the volume of the battery, along with not being a function of time or temperature. Due to
the nature of the cooling system geometry, the cylindrical cells could not be structured in
a staggered layout, which would be more compact and applicable in the design of EVs.
Furthermore, only four lithium-ion cells were modelled in this battery pack simulation
in order to mitigate unnecessarily high computational requirements. Future work could
therefore evaluate these models on a larger scale more accurate to a real EV battery pack.
Additionally, analysing different materials for the cooling structure other than aluminium
as well as different coolants such as various glycol aqueous solutions would be useful to
optimise these designs further. It is also recommended that experimental studies are con-
ducted in future research for helical type channel designs similar to the HCD, as currently
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very little data exists for structures similar to this. Finally, the MSMD battery model within
Fluent could be used to develop a more accurate heat generation model providing more
applicable results, although requiring a slight reconstruction of some geometries.
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Nomenclature

Variables EV electric vehicle

A contact area (m?) HCD helical channel design

c specific heat capacity (Jkg~! K~1) LCD linear channel design

d channel diameter (mm) MSMD multi-scale multi-domain
h heat transfer coefficient (Wm~2K~1) PCM phase change material

I current (A) SOC state of charge

k thermal conductivity (Wm~1 K1)

L characteristic length (m) Greek letters

m mass (kg) A difference

m mass flow rate (kgs 1) o dynamic viscosity (kgm =1 s~1)
P pressure (Pa) p mass density (kgm’3)

q heat generation (Wm™3)

Q rate of heat flow (W) Subscripts

R resistance () b battery

Re Reynolds number gen generation

T temperature (K) H helical

t time (s) L linear

U open-circuit voltage (V) max maximum

Vv volume (m%) P constant pressure process
v velocity (ms~1) w water

Acronyms

CAD computer-aided design

CFD computational fluid dynamics

DOD depth of discharge

References

1. Navas-Anguita, Z.; Garcia-Gusano, D.; Iribarren, D. A review of techno-economic data for road transportation fuels. Renew.
Sustain. Energy Rev. 2019, 112, 11-26. [CrossRef]

2. COP26 Declaration on Accelerating the Transition to 100% Zero Emission Cars and Vans. Available online: https:/ /www.gov.uk/
government/publications/cop26-declaration-zero-emission-cars-and-vans/cop26-declaration-on-accelerating-the-transition-
to-100-zero-emission-cars-and-vans (accessed on 4 August 2022).

3. Liu, Y; Zhang, R.; Wang, J.; Wang, Y. Current and future lithium-ion battery manufacturing. iScience 2021, 24, 102332. [CrossRef]
[PubMed]

4. Zhao,].; Rao, Z.; Huo, Y,; Liu, X.; Li, Y. Thermal management of cylindrical power battery module for extending the life of new
energy electric vehicles. Appl. Therm. Eng. 2015, 85, 33-43. [CrossRef]

5. Pesaran, A. Battery thermal models for hybrid vehicle simulations. J. Power Sources 2002, 110, 377-382. [CrossRef]

6.  Zeng, Y, Chalise, D.; Lubner, S.; Kaur, S.; Prasher, R. A review of thermal physics and management inside lithium-ion batteries

for high energy density and fast charging. Energy Storage Mater. 2021, 41, 264-288. [CrossRef]

45



Batteries 2022, 8, 236

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

Yu, Y;; Tang, A.; Chen, W,; Jia, H.; Jin, Y. Experimental Investigation of a Battery Thermal Management Device Based on a
Composite Phase Change Material Coupled with a Double Helix Liquid Cooling Plate. Energy Fuels 2022, 36, 13370-13381.
[CrossRef]

Choudbhari, V.; Dhoble, A.; Panchal, S. Numerical analysis of different fin structures in phase change material module for battery
thermal management system and its optimization. Int. |. Heat Mass Transf. 2020, 163, 120434. [CrossRef]

Landini, S.; Waser, R.; Stamatiou, A.; Ravotti, R.; Worlitschek, J.; O’'Donovan, T. Passive cooling of Li-Ion cells with direct-
metal-laser-sintered aluminium heat exchangers filled with phase change materials. Appl. Therm. Eng. 2020, 173, 115238.
[CrossRef]

Cao, J.; Luo, M.; Fang, X.; Ling, Z.; Zhang, Z. Liquid cooling with phase change materials for cylindrical Li-ion batteries: An
experimental and numerical study. Energy 2020, 191, 116565. [CrossRef]

Hekmat, S.; Molaeimanesh, G. Hybrid thermal management of a Li-ion battery module with phase change material and cooling
water pipes: An experimental investigation. Appl. Therm. Eng. 2020, 166, 114759. [CrossRef]

Zhang, X; Li, Z.; Luo, L.; Fan, Y;; Du, Z. A review on thermal management of lithium-ion batteries for electric vehicles. Energy
2022, 238, 121652. [CrossRef]

Wang, Y.; Jiang, J.; Chung, Y.; Chen, W.; Shu, C. Forced-air cooling system for large-scale lithium-ion battery modules during
charge and discharge processes. . Therm. Anal. Calorim. 2018, 135, 2891-2901. [CrossRef]

Sharma, A.; Patil, Y.; Krishnaiah, R.; Ashok, B.; Garg, A.; Gao, L. Study on effect of diverse air inlet arrangement on thermal
management of cylindrical lithium-ion cells. Heat Transf. 2020, 49, 4626-4656. [CrossRef]

Xi, Y.; Feng, Y.; Xiao, Y.; He, G. Novel Z-Shaped Structure of Lithium-Ion Battery Packs and Optimization for Thermal Management.
J. Energy Eng. 2020, 146, 04019035. [CrossRef]

Liu, Y.; Zhang, J. Design a J-type air-based battery thermal management system through surrogate-based optimization. Appl.
Energy 2019, 252, 113426. [CrossRef]

Mohammed, A; Elfeky, K.; Wang, Q. Recent advancement and enhanced battery performance using phase change materials
based hybrid battery thermal management for electric vehicles. Renew. Sustain. Energy Rev. 2022, 154, 111759. [CrossRef]

Zhao, C.; Cao, W.; Dong, T.; Jiang, F. Thermal behavior study of discharging/charging cylindrical lithium-ion battery module
cooled by channeled liquid flow. Int. J. Heat Mass Transf. 2018, 120, 751-762. [CrossRef]

Zhao, C.; Sousa, A.; Jiang, F. Minimization of thermal non-uniformity in lithium-ion battery pack cooled by channeled liquid flow.
Int. |. Heat Mass Transf. 2019, 129, 660-670. [CrossRef]

Xu, H.; Zhang, X; Xiang, G.; Li, H. Optimization of liquid cooling and heat dissipation system of lithium-ion battery packs of
automobile. Case Stud. Therm. Eng. 2021, 26, 101012. [CrossRef]

Zhou, H.; Zhou, F; Zhang, Q.; Wang, Q.; Song, Z. Thermal management of cylindrical lithium-ion battery based on a liquid
cooling method with half-helical duct. Appl. Therm. Eng. 2019, 162, 114257. [CrossRef]

Dong, E; Cheng, Z.; Zhu, J.; Song, D.; Ni, J. Investigation and optimization on cooling performance of a novel double helix
structure for cylindrical lithium-ion batteries. Appl. Therm. Eng. 2021, 189, 116758. [CrossRef]

Rao, Z.; Qian, Z.; Kuang, Y.; Li, Y. Thermal performance of liquid cooling based thermal management system for cylindrical
lithium-ion battery module with variable contact surface. Appl. Therm. Eng. 2017, 123, 1514-1522. [CrossRef]

Lai, Y.; Wu, W.; Chen, K.; Wang, S.; Xin, C. A compact and lightweight liquid-cooled thermal management solution for cylindrical
lithium-ion power battery pack. Int. |. Heat Mass Transf. 2019, 144, 118581. [CrossRef]

Sheng, L.; Zhang, H.; Su, L.; Zhang, Z.; Zhang, H.; Li, K.; Fang, Y.; Ye, W. Effect analysis on thermal profile management of a
cylindrical lithium-ion battery utilizing a cellular liquid cooling jacket. Energy 2021, 220, 119725. [CrossRef]

Zhao, |J.; Rao, Z.; Li, Y. Thermal performance of mini-channel liquid cooled cylinder based battery thermal management for
cylindrical lithium-ion power battery. Energy Convers. Manag. 2015, 103, 157-165. [CrossRef]

Reddy, T.; Linden, D. Linden’s Handbook of Batteries, 4th ed.; McGraw-Hill: New York, NY, USA, 2010; pp. 23-26, 967.

Parsons, K.; Mackin, T. Design and Simulation of Passive Thermal Management System for Lithium-Ion Battery Packs on an
Unmanned Ground Vehicle. J. Therm. Sci. Eng. Appl. 2016, 9, 011012. [CrossRef]

Cheng, E.; Taylor, N.; Wolfenstine, J.; Sakamoto, J. Elastic properties of lithium cobalt oxide (LiCoO2). J. Asian Ceram. Soc. 2017, 5,
113-117. [CrossRef]

Tang, W.; Tam, W.C.; Yuan, L.; Dubaniewicz, T.; Thomas, R.; Soles, J. Estimation of the critical external heat leading to the failure
of lithium-ion batteries. Appl. Therm. Eng. 2020, 179, 115665. [CrossRef]

Gu, L.; Han, J.; Chen, M.; Zhou, W.; Wang, X.; Xu, M.; Lin, H.; Liu, H.; Chen, H.; Chen, J.; et al. Enabling robust structural and
interfacial stability of micron-si anode toward high-performance liquid and solid-state lithium-ion batteries. Energy Storage Mater.
2022, 52, 547-561. [CrossRef]

Han, X.; Zhou, W.; Chen, M.; Chen, J.; Wang, G.; Liu, B.; Luo, L.; Chen, S.; Zhang, Q.; Shi, S.; et al. Interfacial nitrogen engineering
of robust silicon/mxene anode toward high energy solid-state lithium-ion batteries. J. Energy Chem. 2022, 67, 727-735. [CrossRef]
Primary and Rechargeable Battery Chemistries with Energy Density. Available online: https://www.epectec.com/batteries/
chemistry/ (accessed on 13 July 2022).

Zhao, R.; Liu, J.; Gu, J. Simulation and experimental study on Lithium Ion Battery Short Circuit. Appl. Energy 2016, 173, 29-39.
[CrossRef]

46



Batteries 2022, 8, 236

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

Kukreja, J.; Nguyen, T.; Siegmund, T.; Chen, W.; Tsutsui, W.; Balakrishnan, K.; Liao, H.; Parab, N. Crash analysis of a conceptual
electric vehicle with a damage tolerant battery pack. Extrem. Mech. Lett. 2016, 9, 371-378. [CrossRef]

Qian, Z.; Li, Y.; Rao, Z. Thermal performance of lithium-ion battery thermal management system by using mini-channel cooling.
Energy Convers. Manag. 2016, 126, 622-631. [CrossRef]

Bernardi, D.; Pawlikowski, E.; Newman, J. A General Energy Balance for Battery Systems. J. Electrochem. Soc. 1985, 132, 5-12.
[CrossRef]

Huang, Y;; Lu, Y,; Huang, R.; Chen, ].; Chen, E; Liu, Z; Yu, X; Roskilly, A.P. Study on the thermal interaction and heat dissipation
of cylindrical Lithium-lon Battery cells. Energy Procedia 2017, 142, 4029-4036. [CrossRef]

Walvekar, H.; Beltran, H.; Sripad, S.; Pecht, M. Implications of the Electric Vehicle Manufacturers’ Decision to Mass Adopt
Lithium-Iron Phosphate Batteries. IEEE Access 2022, 10, 63834-63843. [CrossRef]

Wang, Z.; Li, X.; Zhang, G.; Lv, Y.; Wang, C.; He, F; Yang, C.; Yang, C. Thermal management investigation for lithium-ion battery
module with different phase change materials. RSC Adv. 2017, 7, 42909-42918. [CrossRef]

Sosnowski, M.; Krzywanski, J.; Grabowska, K.; Gnatowska, R. Polyhedral meshing in numerical analysis of conjugate heat
transfer. EP] Web Conf. 2018, 180, 02096. [CrossRef]

Shahid, S.; Agelin-Chaab, M. Development and analysis of a technique to improve air-cooling and temperature uniformity in a
battery pack for cylindrical batteries. Therm. Sci. Eng. Prog. 2018, 5, 351-363. [CrossRef]

Inflation Layer Meshing in ANSYS. Available online: https://www.computationalfluiddynamics.com.au/tips-tricks-inflation-
layer-meshing-in-ansys/ (accessed on 2 July 2022).

ANSYS, Inc. ANSYS Fluent User’s Guide; ANSYS, Inc.: Canonsburg, PA, USA, 2021; pp. 972-973.

Yates, M.; Akrami, M.; Javadi, A. Analysing the performance of liquid cooling designs in cylindrical lithium-ion batteries. J.
Energy Storage 2021, 33, 100913. [CrossRef]

Bai, F; Chen, M.; Song, W.; Feng, Z.; Li, Y.; Ding, Y. Thermal management performances of PCM/water cooling-plate using for
lithium-ion battery module based on non-uniform internal heat source. Appl. Therm. Eng. 2017, 126, 17-27. [CrossRef]

Chen, D; Jiang, J.; Kim, G.; Yang, C.; Pesaran, A. Comparison of different cooling methods for lithium ion battery cells. Appl.
Therm. Eng. 2016, 94, 846-854. [CrossRef]

47



batteries

Article

Research on Bionic Fish Scale Channel for Optimizingt
Thermal Performance of Liquid Cooling Battery
Thermal Management System

Yutao Mu !, Kai Gao 2%*, Pan Luo 2, Deng Ma !, Haoran Chang ! and Ronghua Du %3

Citation: Mu, Y,; Gao, K; Luo, P;

Ma, D.; Chang, H.; Du, R. Research on
Bionic Fish Scale Channel for
Optimizing Thermal Performance of
Liquid Cooling Battery Thermal
Management System. Batteries 2023,
9,134. https://doi.org/10.3390/
batteries9020134

Academic Editors: Hengyun Zhang,
Jinsheng Xiao, Sousso Kelouwani and
Carlos Ziebert

Received: 17 December 2022
Revised: 7 February 2023

Accepted: 11 February 2023
Published: 14 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /

4.0/).

International College of Engineering, Changsha University of Science & Technology, Changsha 410114, China
College of Automotive and Mechanical Engineering, Changsha University of Science & Technology,
Changsha 410114, China

Hunan Key Laboratory of Smart Roadway and Cooperative Vehicle-Infrastructure Systems,

Changsha 410114, China

Correspondence: kai_g@csust.edu.cn

Abstract: Liquid cooling battery thermal management systems (BTMSs) are prevalently used in elec-
tric vehicles (EVs). With the use of fast charging and high-power cells, there is an increasing demand
on thermal performance. In this context, a bionic fish scale (BFS) channel structure optimization
design method is proposed to optimize the thermal performance. The effects of different structural
parameters of the liquid cooling plate in BTMS on its cooling performance, including BFS notch
diameter (D), BFS notch depth (H), and BFS notch spacing (S), are investigated. To minimize the
maximum temperature (T;4y) and the maximum temperature difference (AT;;4x) as optimization
indicators, experimental tests and numerical calculations are performed for a battery pack consist-
ing of 36 square cells. Sixteen sets of thermal performance are discussed for different structural
parameters in the transient thermal fluid simulation by using orthogonal tests. Under the optimal
structural parameters, Tyqx decreases by 1.61 °C (10.8%) and AT;;qy decreases by 0.43 °C (16.7%). In
addition, the maximum increase in outlet flow velocity is 2.72% and the pressure is reduced by 4.98%.
Therefore, the proposed BTMS will have effective cooling performance in high-power dissipation.

Keywords: battery thermal management system; liquid cooling; structure optimization; thermal
performance; high power dissipation

1. Introduction

In recent years, there is an increasing emphasis on the development and use of clean
energy because of the rising CO; emissions. As the transportation industry with high
emissions, EV is rapidly developing and rising due to their clean, emission-reducing
and energy-efficient characteristics [1]. As the heart of EV, the working condition and
performance of power battery largely determines the performance of EV. Compared with
other batteries, lithium-ion batteries are widely used in EV today due to their high energy
density [2], and the battery’s performance is closely associated with its temperature and
temperature difference [3]. If battery temperature can be controlled at 20-50 °C and the
temperature difference can be controlled below 5 °C [4], the battery will show good working
performance and long service life. However, its internal violent chemical reaction makes
the temperature difficult to control. Too high a temperature will trigger the side reactions
in it, which will result in thermal runaway and explosion. Therefore, there is a need to
develop an efficient BTMS for effective heat dissipation of the battery to ensure that it is
maintained at an optimal operating condition temperature.

Nowadays, BTMS based on different cooling media have been developed, which are
divided into four main categories: air cooling [5,6], liquid cooling [7,8], phase change
material (PCM) cooling [9,10] and heat pipe cooling [11,12]. However, PCM and heat pipe
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technologies are not yet mature enough to be applied to BTMS due to thermal saturation [13]
and heat transfer limit [14]. Air cooling has been developed earlier as well as applied
to BTMS due to its simple structure and lower cost. Zhang et al. [15] proposed a Z-
parallel air-cooling model with an infinite number of secondary outlets, and the effects
of three parameters, namely the location, number and width of outlets, on the cooling
performance of BTMS were investigated. However, due to the increasing thermal power
density demand of the battery pack, the cooling efficiency of air cooling has difficulty in
meeting its cooling requirements.

In contrast to the other cooling methods, liquid cooling has become a preferred op-
tion [16] and is widely used in industrial manufacturing. Pack thermal performance can
be improved by optimizing cooling strategies and designing different liquid cooling plate
configurations [17]. Kong et al. [18] proposed a method to control the flow channel in-
let temperature and liquid flow velocity by using factors such as phase change material
temperature. This method improved the ability of the battery pack to adapt to different
ambient temperatures and reduced the power loss. Gao et al. [19] proposed a gradient
channel flow channel design that can change the monotonic rise characteristics of tem-
perature in the flow channel. The temperature difference in the gradient channel was
reduced by 79.2% compared to the uniform large channel and by 60.2% compared to the
uniform small channel. Wang et al. [20] improved the microchannel parameters and flow
velocity. The Ty of the optimized pack was reduced by 20%. Tang et al. [21] proposed a
lightweight liquid cooling structure and investigated the cooling performance at different
inlet velocities, discharge rates and flow channel inner diameters. The structure design was
optimized based on the results of the study to reduce T};;4x and AT}y to 34.97 and 4.04 °C,
respectively. Although these research results are excellent, they are not of high reference
value for industrial manufacturing applications because they are models constructed under
ideal parameters.

When optimizing liquid cooling in industrial manufacturing, people are often in-
spired by the clever construction of living organisms in nature to develop relevant bionic
structures [22]. Liu et al. [23] proposed a flow channel structure with bionic leaf vein
branching. The Ty4x of BLVB channel with optimal parameters can be reduced by 0.23 °C
compared to the unoptimized BLVB channel and 1.12 °C compared to the linear channel.
Wen et al. [24] proposed a honeycomb cell BTMS, which included bionic microchannels
and phase change materials. The T4y of the battery pack was kept stable between 39.0 °C
and 3.5 °C using the estimated values from the BP model. Wang et al. [25] proposed a
bionic spider web channel. The structure utilizes the heat dissipation structure of a spider
web and exhibits excellent thermal performance. An et al. [26], inspired by the growth
pattern of kidney glomeruli, investigated the effects of outer diameter, number of layers of
bionic microchannels, liquid flow velocity, and channel arrangement on the maximum cell
discharge rate of 4C by simulations and physical experiments. The Ty, can be adjusted at
37.28 °C and 36.99 °C. The intercellular temperature differences are 4.06 °C and 4.21 °C for
discharge ratios of 4C and 5C, respectively. These bionic designs can produce good thermal
performance optimization while taking into account the possibility of practical industrial
manufacturing applications. However, they are often difficult to apply as well due to the
complexity of their structural processing.

Although there have been many previous studies and good results around liquid
cooling [27,28], the actual engineering has put forward higher demands on the cooling
performance of BTMS with the increasing energy density of the cores. The contemporary
industrial manufacturing not only needs research methods to reduce the Ty and ATyax,
but also needs these researches to fit and apply to the industrial manufacturing practice.
However, the complex structure and theoretical experiments of many current BTMS studies
with excellent results make it difficult to apply these studies in practice. Moreover, the
trend in the field of thermal management is structural optimization and improved cooling
efficiency [29]. Considering the excellent thermal performance of bionic structures and the
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possibility of practical industrial manufacturing processing, it is necessary to develop a
liquid cooling structure optimization with simple structure and excellent results.

In this context, this study innovatively proposes an improvement of the liquid cooling
plate structure based on the BFS structure. The coolant generates vortex flow in this
structure, which increases the coolant flow velocity and reduces the flow pressure inside
the liquid cooling plate. Unlike the complex theoretical model mentioned above, it can be
processed directly by stamping method. In the study, orthogonal experiments are designed
for three parameters of D, H and S of the BFS structure. The thermal performance of BTMS
in orthogonal experiments with various structural parameters and the correlation between
the parameters are analyzed using transient thermal fluid simulation to provide a reference
for the design of structural parameters of liquid cooling plate with BFS channel. At last, the
mechanism of action of BFS flow channel is studied and some validation is done.

2. Model Description

The optimized battery pack model based on the BFS structure is constructed, as shown
in Figure 1a. The battery pack is composed of 36 lithium batteries with a capacity of 50 Ah
in series. The electrodes on both sides of each cell are connected by series connection. The
optimized liquid cooling plate is connected to the bottom of the cell by a heat-conducting
pad. This liquid cooling plate consists of an inlet and an outlet. The flow channel is a
serpentine flow channel [30], which is commonly used in industrial manufacturing today,
and a BFS notch is added to it. The coolant in the liquid cooling plate is water, and its good
specific heat capacity can effectively achieve the heat dissipation effect [31]. The coolant
entering the liquid cooling plate is heat exchanged with the battery through the internal
serpentine flow channel, and the heated coolant is discharged through the outlet. It is
essential to note that the coolant flow shall enter from the blunt tip of the BFS notch as a
way to ensure the effectiveness of this optimized structure, as shown in Figure 1b. Due to
this structure, this liquid cooling system can reduce both the maximum pack temperature
and the pack temperature inhomogeneity. It is also highly expandable, allowing for rapid
modular design for different pack sizes. The entire battery pack is packaged using end caps
and insulation pads to ensure the safety of the experiment. The dimensions and thermal
properties of the core components of the pack are given in Table 1.

X Flow

\ Direction

A

— Conductive row

~ Extreme resistance

Battery

3 —\-— End Plate
\ \

Liquid cooling plate

Bionic fish scale notches

Insulation layer outlet

(2)

Figure 1. (a) Battery pack structure (b) Side view of liquid cooling plate.
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Table 1. Battery pack structure parameters.

Specifications Value
Battery pack 864 x 174 x 159 mm
Insulation layer 1 x 174 x 168 mm
Liquid cooling plate 991 x 411 x 51 mm
End plate 912 x 177 x 159 mm
Box cover 991 x 411 x 169 mm
Conductive row 72 X 26 X 2 mm
Nominal voltage 1332V
Energy (Cell measurement value calculation) 18 kWh

The channel width of the liquid cooling plate is different from the wide channel design
in the previous study. The designed channel is considerably less in width and has some
added thickness. The reduction in width reduces the heat dissipation area significantly,
resulting in a decrease in heat dissipation efficiency. The increase in thickness resulted
in a significant decrease in the flow velocity, leading to a decrease in the heat transfer
efficiency. Therefore, it is clearly evident that the use of wide and flat channel design will
produce better thermal performance results. However, the reason why the design is not so
designed is to consider the actual design requirements of the project. Due to factors such as
large flow pressures and vibration in industrial manufacturing, wide and flat channels are
extremely susceptible to impact deformation. Both the safety of use and service life will be
greatly reduced.

3. Results

To evaluate the effectiveness of the thermal performance optimization of the structure,
transient thermal simulations are performed by using ANSYS FLUENT [32]. Detailed
structural parameters and computational information are presented in this section.

3.1. Bionic Model Design Parameters

By analyzing the erosion morphology of the fluid on the mechanical surface [33] and
the principle of BFS construction [34], a BFS notch structure is established, as shown in
Figure 2. The shape of the groove surface is the approximate circle of BFS. After considering
the characteristics of erosion morphology, the lowest point of the semicircular groove is
shifted backward by 1/2R to constitute the simplified structure of BFS in this paper, in
which the important structural parameters are D, H and S. H is calculated by the laminar
boundary layer condition in the following equation.

X

H=— 1
Re M
ux

Rey = 5 2

where H denotes the boundary layer thickness, and x denotes the flow direction displace-
ment, and Re, denotes the corresponding Reynolds number at x, and v denotes the mean
velocity of the fluid, and ¢ denotes the fluid kinematic viscosity.

3.2. Boundary Conditions

During the simulation, the ternary Lithium battery is discharged in the 1C state. Due
to the large surface area of the cells, the thermal resistance between the cells and the
side plates is neglected. The ambient temperature of the battery pack is set to 25 °C. The
coolant inlet and outlet temperature is set to 25 °C, and the volume flow rate is set to
5.04 x 1073 L/min. The end plate and the box are convection heat dissipation with the
outside world, and the convection heat transfer coefficient is 3 W/ (m2~K).
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(a)

(b)

Figure 2. (a) BFS notch profile (b) Schematic diagram of the flow path of the liquid cooling plate with
the BFS structure.

3.3. Control Equations

The simulation model consists of five domains: liquid cooling plate fluid domain,
pack internal air domain, battery cell, pack solid components and thermally conductive
materials. The simulation time interval is incremented from 0.01 s to 10 s.

The cell heat transfer and heat production equations are defined as follows [35]:

aT ?*T T *T
(PCP)cellg = Kin <@ + Tﬁ) + kth@ + qgen ®)
where p, Cp, ki, ky, and T represent the density, specific heat capacity, in-plane thermal
conductivity, through-plane thermal conductivity and temperature, respectively.

Based on Bernardi’s classical model, the battery heat is represented by the electro-
chemical reaction during discharge and the internal resistance as [36]:

1 au,
Goon = - (12R + m%)# 4)

b

where V), denotes volume, I denotes discharge current, R denotes internal resistance, T},

denotes the thermal conductivity of the cell, and dl{ff‘/ denotes the entropy thermal coefficient.
The continuity, momentum and energy equations can be expressed as [37]:

% 9psUi _

ot axi =0 (5)
dorli 9 ' 9 ou;  oU;
3 + E(Pfuiuﬁ = 787x,»+ aTc] Heff aij+ S (6)
) I a0, AT\ @
3 (Pfhtut> o T o <pfuihtot) =5 (kfaT(i> + aTci(u’T) 7)

The transfer equations for the turbulent kinetic energy and energy dissipation rate are
as follows, using the k-¢ turbulence model.

d d 9 ut\ ok
&(pfk) + aﬁ}q(,ﬂfll,k) = afxl|:<]l+ ?k>87xz:| +Pkfpfs+pkb (8)
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where k and ¢ denote the turbulent kinetic energy and turbulent dissipation rate, respec-
tively. The model constants C¢; = 1.44, and Cp = 1.92.

Turbulent viscosity y; and the production term Py of the solution equations can be
described as:

Heff = pt + 1 (10)
k2
pe = Cupp— an
au; au; \ ou;
_ ] i i
Pk — < axi + ax]> ax] (12)

3.4. Grid Independence Analysis

In order to find the optimal number of meshes for the calculation, a sensitivity analysis
is performed on the BTMS. Inappropriate number of meshes in Fluent may lead to poor
mesh quality, which can cause the body mesh to fail in the calculation. Therefore, the
number of bodies meshes is set between 1 million and 5 million. For a flow velocity of
0.3 m/s, the calculation results are shown in Figure 3a. There is some deviation in data
when the grid number is low. When the grid number reaches 3.7 million or more, there
is almost no difference in the temperature calculation results at different grid numbers.
Therefore, in order to ensure the accuracy of the settlement results and the rapidity of the
calculation, a grid number of 4 million is used for the calculation in this study. The face
mesh parameters are 2.5 to 24.77 mm and the body mesh parameter is 20 mm. The grid
structure of the battery pack is shown in Figure 3b.

310

<Number of body grids>

Temperature(K)

302
o= grid number:2463998
- — grid number:3754632
a0/ grid number:4361271

208 . . . . i
0 500 1000 1500 2000 2500 3000 3500
Time(s)

(a) (b)

Figure 3. (a) Calculation results using different number of grids in the same time period. (b) Schematic
of the grid structure of the cell envelope.

4. Experimental Setup and Thermal Model Validation
4.1. Experimental Setup

A total of 36 ternary Lithium batteries with a capacity of 50 Ah are used in series
for the experiment. The basic parameters of the Lithium batteries are shown in Table 2.
Compared with the batteries used in daily life, the rated capacity of 50 Ah has a discharge
current of 50 A at 1C, which involves a lot of heat generation and also places a high demand
on the BTMS for heat dissipation. Experiments are conducted using the power battery
testing system, thermostatic chamber, as shown in Figure 4. The experiment starts with
an initial temperature setting of 25 °C at room temperature and 1C discharge. The coolant
uses water, and the pump flow velocity is set to 0.28 m/s. The temperature change of the
conductive row of the battery module is recorded every 30 s during the discharge process
using a thermal imaging camera. The experimental condition also continues to be used
for experimental validation after subsequent replacement of the liquid cooling plate with
BFS channel.

53



Batteries 2023, 9, 134

Table 2. Lithium battery parameters.

Specifications Value
Cell Length 148 mm
Cell width 27 mm
Cell height 97 mm
Weight 0.88 kg
AC internal resistance <0.1 mQ)
Nominal capacity 50 Ah
Nominal Voltage 3.7V
Life cycle >2000
Maximum allowable charging temperature range 0-55°C

Power Battery
Inspection System

Thermal imaging
camera

Temperature field

Liquid cooling
plate

Thermocouple

Figure 4. Experimental operation process diagram.

4.2. Thermal Model Validation

To verify the accuracy of the thermal model, CFD calculation is performed according
to Table 3. In addition, three thermocouples are placed from top to bottom on the surface
of the single cell for temperature acquisition with the experimental test setup described
above. After 3600 s of 1C discharge, the average value of the three thermocouples was
calculated as the experimental results. The comparison of the simulated temperature with
the actual temperature is shown as Figure 5. Compared to the actual temperature, the
simulated temperature shows a maximum error of 2.83% at the 3234th second, which is
within acceptable limits. This indicates that the accuracy of the established cell thermal

F
Thermostatic
chamber

<
.

Thermocouple
‘ position

Single cell discharge

model can be used for thermal simulation calculations of liquid cooling BTMS.

Table 3. CFD calculation parameters.

Specific Heat Density Thermal Conductivity Dynamic Density
(J/kg-K) (kg/m®) (W/m-K) (Pa-s)
Battery pack 1033 2218 17.4,5.3,23
Thermal pad 1800 2000 1.8
Epoxy plate 1581 1800 0.2
Insulated board 1260 1150 0.2
Aerogel 1180 230 0.025
Conductive row 900 2700 243
Cabinet 900 2700 209
3281 1073 0.38 0.00394
Coolant 3300 1071 0.384 0.00339
(25/30/35/40 °C) 3399 1066 0.391 0.00256
3358 1063 0.394 0.00226
Insulation layer 1700 65 0.034
Heating film 1130 1840 12
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Figure 5. Comparison between simulated temperature data and actual temperature data for
1C discharge.

5. Results and Discussion
5.1. Performance Comparison of BFS Channel and Flat Type Channel

To evaluate the effect of this optimized structure relative to the original structure, the
results are first compared with the flat-type channel.

The thermal cloud plots of the flat and BFS battery pack at the same flow velocity
(0.28 m/s) are shown as Figure 6a,b. In order to clearly observe the difference between
the two thermal clouds, the T,y moment is taken for observation and the temperature
interval is set from 25 °C to 40 °C. At this point, both structures show a distribution of
increasing and then decreasing temperatures in the lateral direction. In contrast, the BFS
channel produces a significant cooling effect through structural optimization. The T4y
in Figure 6a appears at the left of center and reaches close to 40 °C. However, the T4y
of Figure 6b appears on the right side and is only about 38 °C. In addition, to evaluate
the temperature distribution of the 36 battery cells, two lines (x1, x2) are defined on the
two battery modules. The measured positions are averaged between the positions of two
conductive rows on each module. There are a total of 18 cells along the x-direction, and the
conductive rows connect the cells two by two. The eight data points above plus the two
data points at each end make a total of ten data points.

The temperature field distribution of the liquid cooling plate for both structures are
shown as Figure 6¢,d. In comparison, the BFS liquid cooling plate in Figure 6d exhibits a
lower temperature field distribution on average. It can be seen that the temperature field
of the pack shifts somewhat towards the outlet side and produces better cooling in the
second half of the liquid cooling. The channel temperature on the inlet side is closer to
the initial temperature, and this effect continues until after the sixth bend. Preliminary
analysis suggests that this structure may have had some lifting effect on the flow field flow
velocity to produce this temperature field backward shift. In addition, the uniformity of the
temperature field of the liquid cooling plate is significantly improved after the structural
optimization. Compared to the Ty of 30 °C on the outlet side of the flat plate type, the
Tinax on the outlet side is about 29 °C, and the area of the temperature field occupied by the
high temperature is reduced by about 1/4.
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Figure 6. (a) Thermal cloud of cell pack at Ty of flat type channel (b) Thermal cloud of cell pack
at Tiuax of BES type channel (c) Thermal cloud of liquid cooling plate at Tyux of flat type channel

(d) Thermal cloud of liquid cooling plate at Ty, of BFS type channel (e) Comparison of average
values of temperature along x1 and x2 for both structures.

The temperature profile along the x-direction is shown as Figure 6e. For each pack,
the average of x1 and x2 in both modules is taken as comparative data. The equation of the

fitted curve is as follows.

Yflar = —42x 107°x7 +7 x 10 *x° 4 0.0085x° — 0.28x* + 2.58x” — 10.76x% + 20.84x + 24.88

(13)
Yish = 5.96 x 10~ *x7 — 0.0233x° + 0.3685x — 3x* + 13.7x> — 34.13x* 4 43x + 16 (14)
where R}, = 0.9631, R, = 0.9788.

For the flat panel type channel, the Ty, is 39.85 °C. There are multiple high tem-
perature fluctuations in the x-direction with a maximum curvature of 2.58 (data points
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one and two). The AT is 2.58 °C, showing a significant temperature inhomogeneity. In
contrast, the optimized model has a maximum curvature of 1.41, and a flat fluctuation in
the x-direction, with a AT,y of only 2.27 °C. Moreover, its maximum temperature point
undergoes a certain shift left, which is consistent with the previous findings. This also
shows that it has better thermal performance results.

5.2. Orthogonal Experiments

There are three parameters that affect the thermal performance of the battery pack.
The orthogonal test method can effectively obtain balanced samples of multiple factors by
selecting representative cases. It can also reduce the number of tests for the experiment.
In this experiment, four levels are set for each parameter in order to understand the effect
of each parameter. The parameters are BFS notch diameter (D), BFS notch depth (H), and
BES notch spacing (S). The study indicators are Tyux and ATy The values of the different
parameters are given in Table 4.

Table 4. Factor level parameters.

Level 1 2 3 4
D 10 12.5 15 17.5
H 1.75 25 3.25 4
S 7 9 11 13

In order to analyze the effect of the parameters of this structure on the thermal perfor-
mance, 16 different parameters of the lower channel structure are designed. Some of the
design drawings are shown in Figure 7.

D=10mm H=1.75mm S=7mm D=10mm H=3.25mm S=11mm

I inlet (a) I inlet (b)

D=15mm H=4mm S=9mm D=17.5mm H=4mm S=7mm

1 inlet (c) I inlet (a)

Figure 7. (a) Flow channel design drawings for groups I (b) Flow channel design drawings for group
IIT (c) Flow channel design drawings for group XII (d) Flow channel design drawings for group XVI.

Each set of orthogonal experiments is started at an initial temperature of 25 °C, and
the parameter settings and results are shown in Table 5. T4y represents the maximum
temperature of the 36 cells in the pack during discharge in the BES flow channel. ATy
represents the maximum value of the difference between the maximum and minimum
temperature of the 36 cells during discharge in the BFS flow channel. AT represents the
difference between the maximum temperature of the 36 cells in the flat-type channel and
the BFS channel. The results show that BFS channel produces some thermal performance
optimization at different parameters compared to the Ty of 39.85 °C and AT,y of 2.58 °C
under the flat-type channel. The Tyux and ATy of battery pack are optimized up to 10.8%
and 16.7%, which occur in group 5 and group 2 respectively. The optimization effect of
this structure is a result of a multi-parameter combination, and the optimization effect of
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different parameters for Ty;oy and ATy, have different optimization effects, as shown in
Figure 8. Therefore, it is necessary to analyze the effect of the three parameters on the two
indicators so that the appropriate combination of parameters can be selected later according
to the specific needs, and the best indicator optimization effect has been achieved.

Table 5. Parameter settings and results of 16 sets of orthogonal experiments.

Groups C(*I‘Illﬂ’l)er B(r;ig;h D(f:;:)ty ATCC)  Tomax CC)  ATpax °C)
1 10 175 7 0.94 3891 237
2 10 25 9 11 38.75 2.15
3 10 3.25 11 1.04 38.81 228
4 10 4 13 1.05 38.80 2.33
5 125 175 9 1.61 3824 227
6 125 25 7 1.07 3878 2.24
7 125 325 13 1.09 38.76 2.19
8 125 4 11 1.08 38.77 2.24
9 15 175 11 1 38.85 225
10 15 25 13 1.03 3882 223
11 15 325 7 1.05 38.80 228
12 15 4 9 1.03 38.82 227
13 175 175 13 0.96 38.89 227
14 175 25 11 11 38.75 2.18
15 175 325 9 116 38.69 2.29
16 175 4 7 115 38.70 219

W\ AN\ '\\\7\ N

AN

@

RN 3
AN\

(d)

Figure 8. (a) Temperature cloud of the battery pack for group I (b) Temperature cloud of the battery
pack for group III (c) Temperature cloud of the battery pack for group XII (d) Temperature cloud of
the battery pack for group XVI.
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5.3. Analysis of Experimental Results

In order to obtain the best combination of parameters, a computational analysis using
an orthogonal table is performed to discriminate between primary and secondary factors.
Therefore, the influence parameter Q is set, which is calculated as follows.

Q = Max{Ky,Ky, K3,Ks} — Min{Ky, Ky, K3, Ky }# (15)

where K; represents the average of the indicators corresponding to one parameter.

The results of the calculations are shown in Table 6. For the Ty;4¢, S has the maximum
Q, followed by D, and finally H. For AT}y, the influence size is ranked as H > D > S. The
analysis shows that the influence size of the parameters is different for different indicators.
Therefore, the combination of parameters needs to be fully considered in the structural
design to achieve the best thermal performance optimization.

Table 6. Results of orthogonal experimental analysis.

Parameters
Indicators
D H S

Tonax Ky 38.8175 38.7225 38.7975
Ky 38.6375 38.775 38.625
K3 38.8225 38.765 38.795
Ky 38.7575 37.7725 38.8175
Q 0.1850 0.0525 0.1925

ATy Ky 2.2825 2.29 227

Ky 2.235 22 2.245
K3 2.2575 2.26 2.2375
Ky 2.2325 2.2575 2.255
Q 0.05 0.09 0.0325

Further, the influence between the structural parameters under each indicator is
analyzed. The correlation between the three parameters is shown as Figure 9. For T4y,
there is a strong correlation between D and S, with a correlation coefficient of 0.8949, while
there is almost no correlation between D and H, with a correlation coefficient of —0.01946.
Therefore, the strong correlation between S and D should be fully considered for the optimal
structural design of Ty, and the parameter designs of S and D are relatively independent
compared to H which means the correlation between them can be ignored. For AT ay, the
correlation between the parameters is not strong. The correlation coefficient between D and
H is 0.7529, while the correlation coefficients of the other two parameters are about 0.5. It is
indicated that the selection and adjustment of the three parameters should be adjusted in a
small range to optimize the structural design of AT};y. Therefore, the parameter design of
AT)yay is more difficult than that of Ty, which indicates that the temperature difference is
more important in BTMS and more difficult to regulate.

Correlation thermogram of each parameter at Tma%( Correlation thermogram of each parameter at ATmax

-0.01946 0.8949 08 p

=)
=

-0.01946

Structure parameters
=
Structure parameters
I

[}

0.8949

D H S D H S
Structure parameters Structure parameters

Figure 9. Thermal diagram of the correlation of each parameter at Ty and ATy
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In addition, the effect of different levels of a single parameter on battery cooling is
analyzed. Obviously, the increase in D produces a larger heat exchange area. However,
when D increases from 13 mm to 17.5 mm, T,y has a slight increase of 0.055 °C rather than
a decrease as shown in Figure 10a. Moreover, a larger increase of 0.052 °C in AT,y occurs
during this process. As D increases, T;qx and AT, produce a decrease in the overall trend,
but with some degree of upward fluctuation.
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Figure 10. (a) Curve of the effect of D on Tyux and AT,y (b) Curve of the effect of H on Tjyqx and
ATypax (c) Curve of the effect of S on Typy and ATy

Tax reaches the best temperature of 38.72 °C at H = 2.5 mm, and subsequently shows
an increasing trend again as shown in Figure 10b. AT},;4y is positively related to H in the
whole, while the worst uniformity of 2.28 °C occurs at H = 2.5 mm. This result shows a
clear opposing relationship with Ty.x. Therefore, the H should be appropriately increased
to 3.25 mm to balance Ty and AT};5 under comprehensive consideration.

Both Tux and ATy show a trend of decreasing and then increasing with the increase
of S as shown in in Figure 10c. AT,y reaches the peak and valley value of 2.2375 °C
one grade before Tj;ax. Tinax reaches the optimum value of 38.625 °C at the third grade
S = 11 mm, but the ATy, at this time has a large increase in value and the thermal
uniformity is reduced. Therefore, the value around the second grade S = 9 mm should be
selected to achieve the optimal thermal performance.

5.4. Analysis of BFS Structure Design Principles

The original intention of the structure design is to achieve a drag reduction effect
using this bionic structure. Therefore, in order to observe the drag reduction effect of the
BES structure, the inlet and outlet flow velocity as well as the pressure are counted in the
simulation as shown in Figures 11 and 12.
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Figure 12. Comparison of the pressure of BFS channel and flat type channel.

Since the set initial flow rate of 0.28 m/s is the flow velocity in the water pump and
the coolant is buffered somewhat before it enters the liquid cooling plate. Therefore, the
flow velocity in the liquid cooling plate will be somewhat lower than the flow velocity
in the water pump. After the steady state, the outlet flow velocities all have different
degrees of increase from 0.258 m/s to 0.264 m/s compared to the flow velocity of 0.257 m/s
at the outlet of the flat plate type flow channel, as shown in Figure 11. In addition, the
flow channel pressure under this structure is reduced by 4.98%, as shown in Figure 12. In
summary, this bionic notch structure can enhance the flow velocity by a maximum of 2.72%
and reduce the flow pressure by 4.98%.

In order to investigate the principle of drag reduction in this structure, the fluid vector
diagram of the liquid cooling plate flow channel is analyzed, as shown in Figure 13. It can
be seen that a vortex of fluid is generated in the BFS groove microstructure as shown in
Figure 14. The fluid vector diagram shows that this structure acts as a “mechanical gear” to
push the coolant forward, greatly reducing the friction of the coolant and allowing the fluid
to flow through the flow path efficiently. The tiny vortex formed in this structure creates a
convection flow with the main flow direction of the coolant, which avoids direct collision
between the coolant and the liquid cooling plate. As a result, the friction between the water
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and the liquid cooling plate becomes a water-to-water friction, reducing the friction during
travel and acting as a drag reduction.

vector-1

Velocity Magnitu
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4.67 %1071
4.15x 1071
3.64x 1071
3.12x 107!
2.60 x 1071

1.04x 1070
5.19x 1072

Figure 14. Vector diagram of the “gear” return flow direction formed in the BFS structure.

According to the previous statement, the coolant must flow from the blunt tip of the
structure, which is essential for the structure to function. Figure 15 shows a vector diagram
of the flow in the BFS notch when flowing from the tip. It can be seen that no previous
reflux is generated in the BFS notch. Therefore, it also does not produce the previous
thermal performance optimization effect and may even be counterproductive.

5.5. Heat Transfer Rate Analysis between Cell and Liquid Cooling Plate

To further verify the effectiveness of the above structure, the maximum heat transfer
quantity between the liquid cooling plate and the battery module is counted, as shown
in Figure 16. With the different parameters of the BFS structure, the drag reduction effect
is different. The resulting flow velocity at different drag reduction effect also leads to a
change in the heat transfer quantity. It can be seen that the distribution of the maximum
heat transfer quantity between the cell and the liquid cooling plate is approximately the
same as the flow velocity distribution in Section 4.2. The maximum heat transfer quantity
of 503.41 W is reached at the third set. Its corresponding flow velocity is 0.263 m/s, which
is second only to the maximum flow velocity of 0.264 m/s.
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wvector-1

Figure 15. Flow vector diagram for the counterflow case in the BFS structure.
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Figure 16. Heat transfer quantity between cell and liquid cooling plate in group 16.

6. Conclusions

(1) In this study, a novel BTMS with a BFS structure is proposed with the aim of pro-
viding a solution for optimizing the thermal performance of battery packs with serpentine
flow channels in industrial manufacturing.

(2) In this paper, the performance effects of the proposed BTMS are analyzed for
different parameters, and the battery pack T;ax and AT,y are optimized up to 10.8%
and 16.7%, respectively. The effects of three parameters, D, H and S, are analyzed by the
transient fluid thermal simulation results under 16 sets of orthogonal experiments, which
provide references for the selection of subsequent design.

(3) The mechanism of action of the structure is also deeply explored in this study. It
is found that vortex flow is generated in the microstructure, which reduces the friction of
coolant and increases the flow velocity. This mechanism of action avoids the collision of
coolant with the flow channel and increases the flow velocity by a maximum of 2.72% and
reduces the flow pressure by 4.98%. Further research ideas are provided for BTMS using
high viscosity with high density coolant.
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Abstract: Liquid cooling strategies such as cold plates have been widely employed as an effective
approach for battery thermal management systems (BTMS) due to their high cooling capacity and
low power consumption. The structural design of the cold plates is the key factor that directly
determines the thermal performance of the liquid cooling system. In this study, seven Z-type parallel
channel cold plate and two novel cross-linked channel cold plate designs are proposed for the
cooling of high-power lithium-ion batteries using two different cooling strategies. The average
battery temperature, battery temperature uniformity and energy consumption of all designs are firstly
analyzed holistically by three-dimensional conjugated simulation under the scheme of continuous
cooling. Two selected designs that demonstrated superior performance (i.e., a Z-type parallel channel
cold plate with 8-branches and an improved cross-linked channel design) are further analyzed
to explore their integrative performance under different cooling schemes. The results show that
within a battery temperature limit of 40 °C, employing the delayed cooling strategy can save 23%
energy consumption compared to the continuous cooling strategy. Besides, the cold plate with an
improved cross-linked channel configuration requires 13% less pumping power and provides a better
temperature uniformity than the Z-type parallel channel cold plate with 8-branches. These results are
of great significance to advance the cooling design of BTMS.

Keywords: lithium-ion battery; thermal management; cold plate; continuous and delayed cooling;
cross-linked channel

1. Introduction

The last decade has witnessed a fast-growing popularity of electric vehicles (EVs)
owing to the increasing concern regarding fossil fuel consumption and tailpipe carbon
emissions. Unlike traditional vehicles that run on gasoline, EVs are powered exclusively
by rechargeable battery packs such as lead-acid, nickel-cadmium, nickel-metal-hydride,
zinc-bromine, sodium sulfur, and lithium batteries. Among them, the lithium-ion battery
has been the leading choice for EV manufacturers owing to its high energy density, mini-
mum self-discharging behavior, robust performance, long service lifespan, and relatively
small impact on vehicle weight [1-3]. Despite these merits, lithium-ion batteries must be
operated at suitable temperature condition to avoid catastrophic failure [4]. Studies have
shown that it is desirable to control the temperature of lithium-ion batteries within the
range from 25 to 40 °C. Furthermore, the temperature nonuniformity between different
cells should be controlled within less than 5 °C [5]. Working in either a low or high tem-
perature environment will lead to poor battery performance, reduced lifespan, or even
explosion [6]. Considering these issues, it is a critical task to develop effective battery
thermal management systems (BTMS) to ensure that the EVs can run safely over a long
period of time under different conditions.

Based on the cooling media, BTMSs can generally be divided into four different types
including air cooling [7-9], liquid cooling [10-13], phase change material cooling [14-17],
and heat pipe cooling [18-21]. Passive air cooling has a very low cooling capacity, which
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makes it unsuitable for cooling lithium-ion batteries at high charging or discharging rates.
The active air-cooling method can provide a significantly higher heat transfer coefficient, but
still suffers from a low cooling capacity resulting from the poor thermophysical property
of air. Phase change material (PCM) allows for temporal storage and release of large
amounts of heat during the process of melting and freezing. Heat pipes have a very
high effective thermal conductivity (>100,000 W-m~!-K~1), which allows them to transfer
thermal energy with a small temperature gradient. However, both PCM and heat pipes
only allow temporary storage or transport of the thermal energy. Therefore, an active
cooling device such as air or liquid cooling must be used in combination with PCM or heat
pipe to further dissipate the thermal energy from the battery. Liquid cooling has become
the most popular for BTMSs in EVs due to its remarkable cooling performance and high
compactness [22,23]. So far, liquid-cooled battery systems have already been used in a
number of commercial EVs including Tesla, VW, Hyundai, and BYD.

Cold plate is a widely used component in liquid-cooled battery systems for removing
the heat generated during the charge-discharge process of battery packs. The cold plates
can be installed either between the cells or on the lateral surfaces of the battery pack [24,25].
Many studies have investigated the pattern of fluid flow in cold plates, such as the straight,
serpentine, and mini-channel structures. Zhu et al. [26] designed sixteen models using an
orthogonal array to quantify and analyze the main and secondary factors of the cooling
effect of a liquid-cooled BTMS. It was reported that channel number has the most important
effect on the average temperature of batteries, while the channel number and inlet velocity
are two major factors controlling the temperature uniformity. Huo et al. [27] also found
that the maximum battery temperature increases with increasing channel number in a
straight-shaped channel cold plate. Qian et al. [28] showed that the cooling efficiency of a
straight channel cold plate can be improved by increasing the channel number. However,
the improvement in the cooling performance becomes insignificant when the channel
number exceeds five. Li et al. [29] investigated the performance of silicon cold plates
based natural air cooling, forced air cooling, and liquid cooling with U-type tubes for
BTMSs experimentally. Deng et al. [30] numerically studied the effect of the layout of
channels, channel number, and inlet temperature on the performance of a serpentine-
channel cooling plate. Kong et al. [31] proposed a divergent-shaped channel cold plate
for BTMSs. They found that the divergent-shaped channels can provide enhanced cooling
performance, which is characterized by a lower pressure drop and a smaller maximum
temperature difference. Huang et al. [32] introduced the streamline concept to design and
optimize the performance of an inner mini channel cooling plate. Mo et al. [33] designed
a novel cooling plate using the topology optimization method and further analyzed the
influences of the flow rate and inlet temperature on the performance of the optimized
cooling plate. Kalkan et al. [34] performed experimental studies to explore the thermal
performance of different water-cooled cold plates including conventional serpentine tube
and novel mini channel designs for thermal management of lithium-ion batteries with a
discharging rate from 1C to 5C. Amalesh and Narasimhan [35] proposed seven distinct
mini-channel cold plates to analyze the effect of channel profile on the performance of the
cold plate. It was found that mini-channels with zigzag and circular slot channels exhibit
an exceptional performance.

In addition to the straight and serpentine channel configuration, the Z-type parallel
channel cold plate has also been investigated by a significant number of studies. Com-
pared with the traditional serpentine-channel cold plates, the flow path in the Z-type
parallel channel cold plate is reduced, which decreases the overall pressure drop in the
cooling system. Chen et al. [36] designed a novel cold plate consisting of mini parallel
channels (PMCP) to enhance the uniformity of temperature distribution in large battery
pack systems. As shown in their results, the proposed Z-type parallel channel design can
significantly improve the temperature uniformity and reduce the power consumption of
BTMSs. Gungor et al. [37] proposed an efficient liquid cooling system consisting of Z-type
parallel channels between different cells in a battery pack by using the constructal canopy-
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to-canopy architectures. It was found in their study that the cold plate with five branch
channels has the best cooling performance while the cold plates with more than seven
branch channels require greater pumping power without significant thermal improvement.
Sun et al. [38] designed a tapered inlet and outlet channel configuration to further enhance
the thermal performance of their cold plate containing Z-shaped parallel minichannels.
Guo et al. [39] studied the performance of serpentine channel cooling plates for BTMS.
The results showed that the parallel-spiral serpentine channel cooling plate has the best
performance. Shen et al. [40] used a tilted Z-shaped air-cooling system for BTMS. Com-
pared to the vertical Z-shaped construction, the maximum battery temperature of the tilted
Z-shaped channel was decreased from 38.15 to 34.14 °C. Faizan et al. [41] proposed a cold
plate grooved with converging twisted serpentine mini-channels for BTMSs. Guo et al. [42]
studied the performance of BTMS with a mini-channel cold plate. While the cold plate with
Z-shaped channels has been the most popular for thermal management application, other
geometric designs including U-shaped and mixed configuration (i.e., combining Z-shaped
and U-shaped) have also been explored by a significant number of studies [43—46]. In
addition to the geometric consideration, the controlling strategy can also play an important
role in improving the thermal performance of cold plates. For example, Cao et al. [47,48]
proposed activating liquid cooling only after the temperature of the battery exceeds certain
threshold. Such a method, also known as the delayed cooling scheme, was found to reduce
the temperature nonuniformity and power consumption without sacrificing the cooling
performance when applied to hybrid cold plates containing phase change materials (PCM).

While cold plates have been extensively studied in past literature studies to address
the cooling issue of lithium-ion batteries, most existing cold plate designs only feature long
and straight cooling channels. Such a design concept is advantageous in reducing the flow
resistance, but fails to maximize the convective heat transfer performance. Furthermore,
most existing studies employed continuous flow to cool down the battery, which is not
a power efficient solution. On the other hand, the delayed cooling strategy opens a
new pathway to simultaneously enhance the uniformity of battery temperature and to
reduce energy consumption. In this study, a novel cross-linked channel configuration
was proposed for cold plate design. A cross-linked channel cold plate consists of parallel
longitudinal and transverse channels which facilitate better fluid mixing and help disrupt
the thermal and hydraulic boundary layers. Consequently, such a fluid routing structure
has the potential to achieve better temperature uniformity and enhanced heat transfer
performance. To the best of the authors knowledge, the concept of cross-linked channel
design in cold plates has not been explored in BTMS. The main objective of this study is
to investigate the effectiveness of cross-linked channel cold plates coupled with a delayed
cooling scheme for thermal management of battery packs at a high discharge rate. We
first analyzed seven traditional cold plate designs containing Z-shaped minichannels of
different geometries. The thermal performances of these designs were then evaluated
and compared with two novel cold plate designs containing cross-linked minichannels.
The average temperature of the battery surface, the temperature uniformity, and energy
consumption of each cold plate design were studied systematically under the scheme of
continuous cooling. Finally, the two best performing cold plate designs (i.e., a Z-shaped
parallel channel cold plate with eight-branches and an improved cross-linked channel cold
plate) were selected to analyze and compare the thermal performance of a continuous
cooling strategy and a delayed cooling strategy.

2. Physical Model

Figure 1 illustrates the geometric model of the BTMS explored in this study. The main
components of the BTMS include the batteries (which are also the heat source), the cold
plates sandwiched between the neighboring battery cells, and a manifold used for routing
the liquid into and out of each single cold plate. As shown in the figure, multiple inlets
and outlets were installed on the manifold for connecting the cold plate to an external
liquid supply and recirculating system. A commercial prismatic lithium-ion battery with
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a 45 Ah nominal capacity and 3.2 nominal voltage was selected to construct the battery
pack in this study. The positive electrode is made of LiFeO, and the negative electrode
is graphite. The electrolyte consists of 1 M LiPF6-PC/EC/EMC (1/3/5 in weight ratio).
The lithium-ion battery has a dimension of 150 mm in length, 200 mm in height, and
30 mm in width. Each cold plate is 3 mm thick and assumed to be manufactured from
aluminum. Because of the symmetric geometry of the BTMS, a control volume comprising
a half section of the battery and cold plate (shown by the blue dashed line in Figure 1) was
selected as the computational domain in this study for analyzing the thermal performance.
The cooling medium, selected to be 40% (volume fraction) ethanol solution, is assumed to
flow into the cold plate at 25 °C from the top inlet ports and leave via the bottom exit ports.
The specifications and thermo-physical properties of the battery, aluminum plate, and the
coolant are summarized in Table 1.

Figure 1. The diagram showing the structure and components of the BTMS for the lithium-ion battery.

Table 1. Main performance parameters and thermo-physical properties of the battery, coolant, and
cold plate explored in this study.

. Coolant (40%

Parameters Battery Aluminum Ethanol Solution)
Nominal Capacity (Ah) 45
Nominal Voltage (V) 32
Charge Cut-off Voltage (V) 3.6
Discharge Cut-off Voltage (V) 2.5
Maximum charging current (A) <3
Maximum discharge current (A) <4
Internal resistance (m(}) <10
Size (mm) 150 x 200 x 30
Density p (kg-m~%) 2090 2719 1055.39
Heat capacity cp (- K~1-kg™!) 1014.4 871 3502

L 11 kx =1.696
Thermal conductivity kK (W-m~-K™1) ky =k, =29.94 202.4 0412
Dynamic viscosity p (kg-m~!-s~1) 0.00226

Nine cold plate configurations were proposed and analyzed in this work. Based on the
geometrical characteristics, these cold plates can be divided into two categories: (1) Z-type
parallel channel cold plates (as shown in Figure 2a,b) and (2) cross-linked channel cold
plates (as shown in Figure 2c,d). In the Z-type parallel channel cold plate, the coolant flows
from the top inlet channel to the bottom outlet channel through a series of long and straight
parallel channels without any disruption. Seven different Z-type parallel channel cold
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Cooling li

plates, each containing 3, 4, 5, 6, 7, 8, and 9 parallel channels, were explored in this work.
These designs were referred to as D1 to D7 in the subsequent analysis. In the cross-linked
channel cold plate, the coolant is routed through a series of interconnected longitudinal
and transverse channels while flowing from the top inlet channel towards the bottom outlet
channel. These interconnected channels form a hierarchical flow network which provides
greater contact area for convection heat transfer as well as continuous disruption of the
boundary layer along the flow path.

(c)D8 (d) D9

Figure 2. The diagrams showing the geometry of the simulated cold plate. (a) Z-type parallel channel
design with 3-branches (D1); (b) Z-type parallel channel design with 8-branches (D6); (c) cross-linked
channel design (D8); (d) cross-linked channel design with improved topology (D9). The characteristic
dimensions associated with each design are marked by geometric parameters a, b, ¢, c1,d, e, and f in
each image.

The dimensions of the inlet and outlet channels in all cold plate designs were set
as 15 mm x 1 mm. The cross section of the parallel channels in Z-type parallel channel
cold plates were designed to be 10 mm x 1 mm. The width of the fin (d) separating
two neighboring channels’ changes based on the number of parallel channels in different
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designs. In the cross-linked channel cold plates, the transverse flow channels were designed
to be 5 mm wide (labeled as f) and separated by 3 mm wide fins (labeled as e). The
neighboring two rows of fins are separated by 12 mm (labeled as c1). The spacing between
the leftmost/rightmost row of fins and the lateral boundary of the cold plate is 10 mm
(labeled as c).

The average temperature and temperature uniformity of the battery pack are two key
parameters for assessing its thermal performance. In this study, a temperature maldistri-
bution parameter was introduced to quantify the temperature uniformity of the battery
surface. The temperature maldistribution parameter St is defined as follows:

1 N 2
St = \/m jzl(Tj - Tuve) (1)

where N stands for the number of temperature detection points, Tj is the temperature
measured at the jth detection point, and Tpy is the average temperature. Figure 3 shows
the locations of the 12 temperature detection points on the battery surface. These points are
evenly distributed with a spacing of 50 mm.

batte

detection
oints

Figure 3. The distribution of the temperature detection points (T1, Ty, ... Tq3) on the battery surface.

3. Mathematical Model
3.1. Governing Equations

The computational domain encompasses the battery, aluminum plate, and coolant.
The thermal and hydraulic transport behavior in the computational domain are modeled
by the continuity, momentum, and energy equations given by

ap, — _
B v(odi) =0, @
(v,
Y] (at ) + ?l . V;J)l = —VP + ]llvzzl, (3)
T
picy 5 +p1cpV (F1T) = V(VT), @)

where py, p1, ¢p 1, and k are the density, dynamic viscosity, specific heat capacity, and thermal

conductivity of the cooling medium, respectively; p is the liquid pressure; f is the time; ? 1
is the velocity vector; and T is the temperature.
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The heat transport in the aluminum plate is governed exclusively by conduction,
which can be modeled by the following energy equation:

oT
Pulpy ;= V (ko VT), ®)

where pq, ¢y w, and k;, are the density, specific heat capacity, and thermal conductivity of
the aluminum plate, respectively.

3.2. Battery Model

The heat transport process in the battery is modeled by the following energy equation:

JoT
Pbcp,bg = V(kaT) + Qgen, (6)

where oy, ¢, ,, and kj, are the density, specific heat capacity, and thermal conductivity of the
battery. Qg is the source term, which represents the volume-specific heat generation rate
of the battery during operation.

For simplicity, the material properties and heat generation rate are assumed to be
constant throughout the battery. Battery heat generation contains both reversible and
irreversible components. The irreversible heat contribution is often the dominating heat
source resulting from the Joule heating of the electron and ionic flow resistance. The
reversible heat contribution is less significant and caused by the electrochemical reactions.
Combining these two terms yields the total heat generation rate Qg as:

ngn = Qir + Qre = I(E - V) - IT% =I’R— IT%/ )
where [ is the current, E is open circuit voltage, V is cell potential, T is the temperature, R is
the internal resistance, and dE/dT is the entropy coefficient, which changes with the state
of charge (SOC).

Equation (7) indicates that the rate of heat generation inside the battery is dependent
on many different parameters, which can vary significantly from one type of battery to
another. For a specific type of battery with fixed properties, however, the heat generation
rate is often only a strong function of the charging or discharging rate (also known as
the C-rate) [49]. The battery C rating is the measurement of current in which a battery
is charged and discharged. In general, a charging rate of nC represents that the battery
is charged from 0 to 100% within 1/7n hour’s time. A plethora of correlations have been
developed to predict the heat generate rate as a function of the charging rate. In this study,
the empirical time-dependent model developed by Li [50] was selected to estimate the heat
generation rate at different charging rates as:

Qgen = A1t + Aot® + Ast* + Ayt + Ast? + Agt + Ay, (8)
where A; to Ay are the polynomial coefficients as listed in Table 2 [50].

Table 2. The empirical coefficients used to model the heat generation rate of the battery during the
discharging cycle [50].

Discharge Rates Aq A, Aj Ay As Ag Ay

1C 49132 x 10710 —3.7742 x 1012 1.0679 x 10~8 —1.3417 x 107° 0.0076 —22208  17,151.7482
2C 12578 x 10~1%  —4.8310 x 1010 6.8347 x 1077 —4.2934 x 10~* 0.1216 —17.7630  66,623.3365
3C 32235 x 10712 —8.2542 x 10~ 7.7851 x 10° —3.2303 x 1073 0.6157 —59.9607  148,414.7651
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3.3. Initial and Boundary Conditions
The entire BTMS was set at a uniform temperature of 25 °C prior to the simulation as

t=0, T(x,yz)= Ty =25°C. )

The thermal and hydraulic boundary conditions enforced on the inlet section of the
BTMS are given by Equations (10)—(12). When using the continuous cooling strategy, a
fixed velocity condition was imposed on the inlet. When the delayed cooling strategy is
adopted, a temperature-dependent velocity condition is imposed in the inlet.

V= Ujy, (10)

0 =10y, if Twe>40°C a1
0=0, if Tpe<30°C ’

T =T, =25°C, (12)

where Ty, is the average temperature of the battery. Different values of the v;,, were
selected in this study to explore the effect of flow rate on the thermal performance. The
corresponding Reynolds number varies from 100 to 1000.

A zero-pressure boundary condition was set on the outlet port of the BTMS as:

p =0 pa. (13)

The thermal transport processes in the aluminum and battery were coupled by the
energy balance condition at the interface given as:

Ty, 3T,
*ka— kbﬁr (14)

where 7 is the normal vector of interfaces.

The convective heat transfer across the interface between the cooling medium and the
aluminum cold plate was modeled on the following heat flux continuity condition and
no-slip boundary as:

Ty __ JT;
{ g =T (15)
v =0

An adiabatic thermal boundary condition was imposed on the rest of the solid walls
of the cold plate and battery pack as:

—k 9Ty =0
{ O (16)

The central cross-sectional planes of the BTMS (including the cold plate, battery, and
cooling medium) were set as symmetric boundary conditions.

3.4. Numerical Method and Validations

The continuity, momentum, and energy equations were solved numerically using
Ansys Fluent 2020 R1 commercial software. The differential equations were discretized
using the third order MUSCL scheme and solved iteratively with the SIMPLE algorithm. A
second order scheme was applied for pressure correction. The iteration was considered to
reach convergence when the normalized residues in the momentum and energy equations
become smaller than 1 x 1076 and 1 x 10712, respectively.

A structured hexahedral mesh was used in the numerical simulation. For illustration
purpose, the front view of the grids is shown in Figure 4. Prior to the numerical simulation,
a mesh independent test was conducted on cold plate D1 with six different mesh sizes.
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In this test, the Reynolds number at the inlet channel was set as 500 and the discharging
rate was set to be 3C. The total number of cells was increased from 3,900,000 to 7,500,000
and the non-dimensional distance y* between the first interior node and solid wall was set
in the range of 2 to 4.8. Figure 5a shows the average battery temperature of design D1 at
time ¢ = 500 and 1080 s as well as the pressure difference between the inlet and outlet at
t = 1080 s calculated in the mesh independent test. The results indicate that the deviations
between the average battery temperatures obtained with different grid numbers was less
than 0.1 °C at t = 500 and 1080 s. Meanwhile, the difference in the pressure drop was
less than 0.5 Pa when using different mesh sizes. To balance the computational cost and
accuracy, a cell number of 5,690,000 with y* = 3.0 was finally selected for the computational
analysis of cold plate D1. Similar steps have been followed to determine the mesh size
for the analyses of other cold plate designs. Furthermore, a time-step independent study
has also been performed to ensure that the time step used in the computational analysis is
small enough to capture the transient thermal response of the BTMS accurately. The time
step At was increased from 0.2 to 2.0 s and the results are shown in Figure 5b. It is evident
that changing the time step has negligible impact on the average battery temperature and
pressure drop. Therefore, a time step of 1 s was selected for the computational analysis of
all cold plate designs in this study.

Figure 4. The mesh scheme of design D1 in front view.

To further validate the computational model, we compared the numerical results
obtained for cold plate D1 against the experimental results obtained by Li [50] in the
literature as shown in Figure 6. The experimental work was conducted using LiFePOy
batteries (3.2 V, 45 Ah) at three different discharging rates. The battery temperature was
measured on the surface using five thermocouples and reported as an average value. The
comparison shown in Figure 6 reveals a highly consistent change in the average battery
temperature between the numerical results and the experimental measurements taken by
Li [50]. This agreement confirms the accuracy and reliability of the computational model
developed in this study.
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Figure 6. The comparison of the change in the average battery temperature between the simulation
results and the experimental measurement taken by Li [50].

4. Results and Discussion
4.1. Temperature Distribution in Different Designs

Figures 7 and 8 separately show the temperature contour with superimposed stream-
line for Z-type parallel channel cold plates and cross-linked channel cold plates at a dis-
charge rate of 3C when the discharging cycle was completed (t = 1080 s). The Reynolds
number was kept constant at 500 and the continuous cooling scheme was employed. As
shown in Figure 7a—g, the surface temperatures of the cold plate and battery were found to
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decrease dramatically with increasing numbers of parallel channels until reaching a total
number of 8 (i.e., design D6 shown in Figure 7f). Such a trend was expected since increasing
number of cooling channel represents a greater contact area between the coolant and heated
surface for convective cooling. However, with a fixed flow rate at the inlet, the velocity and
Reynolds number in each parallel channel also becomes smaller with increasing number of
channels, which will result in a lower convective heat transfer coefficient in each individual
channel. Therefore, when the number of parallel cooling channels is sufficiently large, the
reduction in the heat transfer coefficient will start to deprive the merit of greater cooling
area and deteriorate the overall cooling performance. As shown by Figure 7f,g, further
increasing the number of parallel channels from 8 (i.e., design D7) to 9 leads to a poorer
thermal performance represented by a higher surface temperature. Thus, design D6 has the
best heat dissipation performance in the Z-type parallel channel cold plates. In addition,
the maximum temperature was observed at the middle and lower portions of battery due
to the gradual heating of the coolant along the flow path. According to the numerical result,
the highest temperatures obtained for cold plate designs D1 to D7 are 50.6 °C, 42.5 °C,
40.9 °C, 40 °C, 39.3 °C, 38.8 °C, and 40.4 °C, respectively.

Temperature: 299 301 303 305 307 309 311 313 Temperature: 299 301 303 305 307 309 311 313

(a)D1 (b) D2

EE T T
Temperature: 299 301 303 305 307 309 311 313 Temperature: 299 301 303 305 307 309 311 313

(c)D3 (d) D4

Temperature: 299 301 303 305 307 309 311 313 Temperature: 299 301 303 305 307 309 311 313

(e) D5 (f) D6

Temperature: 299 301 303 305 307 309 311 313

(8) D7

Figure 7. Temperature contours with superimposed streamline at t = 1080 s for Z-type parallel
channel cold plates.
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(b) D9

Figure 8. Temperature contours with superimposed streamline at t = 1080 s for cross-linked channel
cold plates.

The dilemma between a greater number of cooling channels and a smaller flow rate
in each individual channel can be overcome by introducing the concept of cross-linked
channel configuration, which includes two hierarchical levels of interconnected channels.
The coolants were first distributed in long and wide parallel longitudinal channels and
subsequently routed into short and narrowly spaced transverse channels. Such a design not
only allows a greater surface area to be exposed to the convective cooling liquid, but also
ensures a sufficiently high heat transfer coefficient in the transverse cooling channels. As
shown by Figure 8, the surface temperatures of the battery and aluminum plate obtained
for cold plate designs D8 and D9 are significantly lower and more uniform than those
obtained for designs D1 to D7. The highest temperature of design D8 was observed in
the lower left corner, while that of design D9 was observed in the middle right region.
The corresponding maximum surface temperatures of designs D8 and D9 are 38.5 °C and
38.4 °C, respectively. These results demonstrated that the cross-linked channel cold plates
have a superior cooling performance than the Z-type parallel channel cold plates.

4.2. Thermal-Hydraulic Performance in Different Designs

Figure 9a shows the temporal variation of average battery temperature for all designs.
The Reynolds number was still kept at 500 while the discharging rate was set as 3C. As
shown in the figure, the average battery temperatures increase rapidly during the initial
period of time (about 300 s) followed by a slow and gradual rise for all cold plate designs.
Near the end of the discharging cycle (after around 900 s), the average battery temperature
started to experience a rapid rise again (about after 900 s). The fast temperature rise at
the initial stage is attributed to the slow heat absorption rate by the convective coolant
as a result of the small temperature difference between the coolant and battery. At the
final stage of the discharge process, the heat generation rate rises sharply which leads to a
surge in the battery temperature. As shown in Figure 9a, the average battery temperature
calculated for Z type parallel channel cold plates decreases gradually with increasing
branch numbers from design D1 to D6 and started rising with increasing branch number
from design D6 to D7. In addition, the battery temperatures calculated for designs D8 and
D9 are substantially lower than those for the rest of the designs. To better understand such
a trend, the effective thermal resistance of all cold plate designs was calculated when the
discharging cycle completed (t = 1080 s). The corresponding results are shown in Figure 9b.
It is found that the effective thermal resistance decreases monotonically from designs D1 to
D9 except for design D7. A smaller thermal resistance represents a smaller temperature
difference between the battery surface and the coolant and therefore manifests a better heat
transfer performance. It is surprising to notice that the effective thermal resistance of design
D7 is even larger than that of design D4, which suggests that convective heat transfer is
suppressed severely by the low mass flow rate in each individual channel for design D7.
Thus, the average battery temperature becomes significantly higher in design D7. On the
other hand, both designs D8 and D9 demonstrated a superior thermal performance than all
Z-type cold plates.
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Figure 9. (a) The change of average temperature of battery surface during the discharging cycle and
(b) thermal resistance for different cold plate designs at Re = 500.

Non-uniform temperature distribution has a significant impact on battery perfor-
mance and lifetime. To analyze the nonuniformity of temperature distribution for different
designs, we calculated the variation of the temperature maldistribution parameter over
time according to Equation (1) for different cold plate designs as shown in Figure 10. The
change of the temperature maldistribution parameter was found to follow a similar trend
with that of the average battery temperature. In particular, the temperature maldistribution
parameters first increase rapidly, followed by a gradual and slow rise and finally increase
quickly again near the end of the discharging process. Among all the designs, D9 has the
smallest temperature maldistribution parameter during most of the discharging process.
Thus, it can be concluded that design D9 has the best thermal performance than the rest of
the designs in terms of both the thermal resistance and temperature uniformity.

The cooling efficiency, which is evaluated based on the energy consumption and
heat removal rate, is also another important factor in a practical battery temperature
management system. A better cooling performance can always be achieved at a higher flow
rate, but at a cost of significantly greater power consumption. The energy consumption can
be calculated based on the flow rate and pumping pressure by:

Q=Ap-V-t, (17)

where Ap is the difference between the inlet and outlet pressure, V is the volumetric flow
rate of the cooling medium, and t is the operating time of the cold plate. Figure 11 shows
the energy consumption and the average temperature of the battery when the discharging
cycle completed (f = 1080 s) for comparing the integrative performance of different designs.
The inlet Reynolds number was kept constant at Re = 500 and the batteries were operated at
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a discharge rate of 3C. Because the fluid properties are independent of the temperature, the
pressure and velocity distribution remained constant during the entire discharge process.
Therefore, the pressure values obtained at the end of discharging (t = 1080 s) were used
to calculate the pumping power. As shown in Figure 11, the power consumption kept
decreasing monotonically with increasing number of channels in the Z-type parallel channel
cold plates. This is because increasing number of channel numbers results in a lower mass
flow rate in each channel, which reduces the pressure drop through each individual channel.
Considering that the total pressure drop across the parallel channel system is equal to that
across each single channel, the total energy consumption can therefore be reduced by
distributing the cooling medium into a greater number of channels. The minimum power
consumption was obtained in design D7 which contains nine branches of parallel channels.
Furthermore, the cross-linked channel cold plates, due to their longer, narrower, and more
tortuous flow path, require a significantly higher pumping power to achieve the same
flow rate compared with cold plates containing Z-shaped parallel channel. However, by
adjusting the structure of the cross-linked flow path slightly from design D8 to design
D9, the total power consumption can be reduced by more than 20% without significant
impact on the cooling performance. Therefore, based on the comprehensive consideration
of the thermal-hydraulic performance, cold plate designs D6 and D9 were identified as the
optimum channel designs in this study.
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Figure 10. Temporal variation of temperature maldistribution parameter for different designs at Re = 500.
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Figure 11. The comparison of the total energy consumption and battery temperature between
different cold plate designs at Re = 500.
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4.3. Performance Comparison under Different Cooling Strategies

The performances of continuous and delayed cooling strategies were compared using
the best performing cold plate designs (i.e., designs D6 and D9). In the delayed cooling
scheme, a constant flow of coolant will be provided into the cold plate to cool the battery
when the average temperature of battery reaches an upper limit of 40 °C. Once the average
temperature of the battery drops below 30 °C, the coolant flow will be stopped (i.e.,
Vin = 0). Figure 12a,b shows the temperature change of the battery for designs D6 and D9 at
different flow rates when the continuous cooling strategy and delayed cooling strategy were
employed. The results indicate that increasing flow rate will cause the battery temperature
to rise more slowly for both cooling strategies. When the continuous cooling strategy was
employed with the flow rate set at Re = 100, the battery temperature in cold plate designs
D6 and D9 was found to exceed the upper limit of 40 °C at t = 591 s and 669 s, respectively.
This maximum temperature limit was breached much earlier when adopting the delayed
cooling strategy. However, it is interesting to observe that for both designs D6 and D9, the
average temperature of the battery measured at the end of discharging process remained
almost unchanged for both cooling strategies.

Figure 12c shows the battery temperature in cold plate designs D6 and D9 under both
cooling strategy when the discharging cycle completed (f = 1080 s). At the same flow rate,
the battery temperature in cold plate design D6 is always higher than that in design D9. In
addition, there is very marginal change in the average battery temperature when changing
from the continuous to the delayed cooling strategy. The average temperature of the battery
at the end of the discharging process is 40.1 °C at Re = 200 in design D6 and 39.8 °C at
Re =180 in design D9. These results suggest that the battery temperature can always be
controlled within a safe limit by either operating cold plate D6 at Re = 200 or cold plate D9
at Re = 180 under both cooling strategies.

Figure 13 shows the temperature maldistribution parameter and power consumption
for cold plate design D6 at Re = 200 and design D9 at Re = 180 when adopting the two
different cooling strategies. Similar to the trend observed for average battery temperature,
the temperature maldistribution parameter kept increasing over time under the scheme
of continuous cooling. However, when switching to the delayed cooling strategy, the
temperature maldistribution parameter remained almost zero during the initial period due
to the zero flow rate of the coolant. Subsequently, the battery temperature reached the upper
limit and the coolant started being pumped into the cold plate, which resulted in a large
temperature difference between the entrance and exit areas. This stage is represented by a
sharp rise of the temperature maldistribution parameter shown in Figure 13a. As the coolant
got heated up by the battery, the temperature maldistribution parameter experienced a slow
drop followed by a gradual rebound towards the end of the discharging process. As shown
in the results, the temperature maldistribution parameters of design D6 is always greater
than that of design D9 regardless of the cooling strategy being employed. In addition,
the power consumption of design D9 is also 13% lower than that of design D6. More
importantly, changing from the continuous to the delayed cooling strategy allows the
power consumption to be reduced significantly due to the temporal interruption of the
cooling flow. In particular, the power consumption was decreased by 23% for both designs
D6 and D9 after switching from the continuous to the delayed cooling schemes. All these
findings demonstrate that the delayed cooling strategy is a more energy efficient method to
control the battery temperature within a safe operating limit compared to the continuous
cooling strategy. Furthermore, design D9 was proven to have the best cooling performance
than the rest of the designs in terms of a lower battery temperature, a smaller temperature
non-uniformity, and a lower power consumption.
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Figure 13. Temporal variation of power consumption for cold plate designs D6 and D9 with the
average battery temperature controlled within the allowable range.

The effect of inlet Reynolds number on the power consumption and total duration
of coolant flow was further analyzed for designs D6 and D9 under the delayed cooling
scheme, as shown in Figure 14. It is evident to notice that the power consumption kept
rising with increasing Reynolds number. For cold plate design D9, the total duration of
coolant flow was reduced twice when the Reynolds number was increased from 600 to
700 and from 800 to 900. For design D6, however, the total duration of coolant flow was
only reduced once when increasing the Reynolds number from 600 to 700. The reduced
flow duration provides a direct indication of a better energy efficiency since the battery
temperature can be controlled effectively with a lower amount of coolant flow. As shown in
Figure 14, the power consumption of design D9 becomes lower than that of D6 at Re = 700,
900, and 1000 due to the shorter duration of coolant flow. However, it should also be
noted that a reduced flow duration may also represent an overcooling scenario because
the battery temperature has been kept below 30 °C (instead of the upper limit of 40 °C)
for a substantial amount of time. Therefore, operating at a higher flow rate for a reduced
amount of time does not necessarily provide a better energy efficiency. In fact, a greater
pumping power is still required at a higher Reynolds number to ensure that the battery
temperature is less than the upper limit of 40 °C. If more stringent operating temperature is
required in the practical scenario, then design D9 could potentially provide a much better
performance than design D6 by using a high mass flow rate and a shorter cooling period.
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Figure 14. The variation of power consumption and liquid cooling time for designs D6 and D9 under

delayed cooling scheme at different Reynolds numbers.

5. Conclusions

In this study, seven Z-type parallel channel cold plates and two cross-linked chan-

nel cold plates were proposed for the cooling of high-power lithium-ion batteries under
continuous and delayed cooling schemes. The main conclusions made are as follows:

@)

@)

©)

The best thermal performance was obtained at a channel number of eight in the Z-type
parallel channel cold plates. Cross-linked channel cold plates show a significantly
better cooling performance than Z-type parallel channel cold plates at the price of a

higher power consumption.

The operating temperature of a battery can be maintained within a safe range at
Re =200 and 180 for designs D6 and D9, respectively, under both continuous and
delayed cooling schemes. At these operating conditions, design D9 requires 13%
less pumping power and provides a better temperature uniformity than design
D6. Therefore, design D9 has the best thermo-hydraulic performance than the rest

of the designs.

Under the premise that the battery temperature is kept within the safe range, the
delayed cooling strategy can greatly reduce the power consumption by shortening
the duration of liquid cooling. In particular, the power consumption of design D9
can be decreased by 23% after switching from the continuous cooling scheme to the

delayed cooling scheme.
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b inlet and outlet channel width, mm

¢ cl fin space of longitudinal channel, mm
cp heat capacity, J- K~ 1-kg ™!

d fin thickness of longitudinal channel, mm
e fin thickness of transverse channel, mm
f fin space of transverse channel, W-m~2.K~!
p pressure, Pa

Q power consumption, J

Qgen heat generation rate, W-m™3

R convection thermal resistance, °C-W~1
St temperature maldistribution parameter,
t time, s

T temperature, °C

v velocity, m-s !

Greek symbols

14 density, kg:m~3

k thermal conductivity, W-m~1.K~!

o dynamic viscosity, kg:m~1-s~!
Subscripts

ave average

b battery

j serial number

1 liquid

w wall
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Abstract: The electrodeposition of a polymer (polyacrylonitrile, PAN) is used to reduce the risk of
thermal runaway in lithium-ion batteries, which is the most important cause of battery accidents
and fires. PAN was electrodeposited on a graphite battery electrode, using cyclic voltammetry
or chronoamperometry, in a solution with acrylonitrile as the solvent. The electrodeposited PAN
film was characterised by Raman spectroscopy, microscopy, energy dispersive X-ray analysis, and
thermogravimetric analysis, and it was found that the film thickness could be controlled by the
amount of charge passed in the electrochemical experiments. The PAN-coated graphite battery
electrode was then tested in lithium half-cells, obtaining capacities close to the uncoated graphite
sample (ca. 360 mA h g~ 1) for thin (<10 pm) polymer coatings at 25 °C. Interestingly, for thicker
polymer coatings (>20 pum) it was found that the capacity decreased drastically as the temperature
increased beyond 80 °C. Such suppression in capacity has applications for thermal runaway protection
since the electrochemical reactions of degradation of the electrolyte in contact with the electrode are
the root cause of the thermal runaway process. Further work should look into alternative polymer
and liquid electrolyte formulations to achieve the desired suppression of electrochemical capacity at
high temperatures while retaining high capacities at the operational temperature range.

Keywords: polyacrylonitrile; electrodeposition; lithium-ion batteries; thermal runaway; thermal
shut-down

1. Introduction

Lithium-ion batteries are the battery of choice in many devices, such as electric vehi-
cles and portable electronics, so methods to increase their safety are extremely important.
Thermal runaway is, by far, the greatest cause of accidents in battery packs [1,2]. The
process of thermal runaway occurs when the rate of heat generation, triggered by me-
chanical/thermal/electrical abuse, is greater than the heat dissipation. Increasing heat
generation within a battery leads to higher rates of exothermic reaction, resulting in even
greater amounts of heat generation [3]. As a result, battery temperature increases uncon-
trollably, accelerating battery degradation, which can lead to a fire or explosion. Effective
thermal management can be pursued using systems external to a battery pack; however, as
heat flux occurs due to battery charge-discharge reaction, thermal management can also be
pursued within the materials of a lithium-ion cell [3].

Battery electrode materials are constantly being developed to improve their safety and
overall performance [4,5]. One method of safety improvement is via the implementation
of functional materials in addition to the battery electrodes, of which a variety have been
studied to improve the safety of lithium-ion batteries [6-10]. Particularly effective has been
the development of thermal shut-down separators [11-13], whose porosity closes as the
temperature of the battery increases, permanently stopping ion transport; ions are unable to
reach the electrode-electrolyte interface, halting the battery electrochemistry. This removes
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one potential source of heat generation. Unfortunately, further heating may still occur
which could trigger thermal runaway. This can come internally in the form of gas pressure
build-up from the products of thermal degradation or chemical side-reactions with these
products. However, external causes can also pose a problem, such as excessive currents or
heat sources [3]. Consequently, it is widely agreed that securing battery safety requires the
combination of several safety approaches so that if one approach fails the battery would
still be protected by other approaches. For instance, venting of flammable gases to reduce
pressures alongside a thermal fuse to cut-off the external current to at-risk cells.

Materials with resistance that drastically increases with temperature (positive temper-
ature coefficient of resistivity, or PTCR, materials) have been developed to improve battery
safety, including ceramic materials [14] and thermoresponsive polymers [15-23]. An alter-
native approach using thermoresponsive polymer microspheres that melt as the battery
heats, stopping the ion flow and shutting down the battery, has also been reported [24-26].
These materials, in essence, have similar operations to thermal fuses acting to reduce the
current to the electrochemical system as temperature increases. However, these materials
are present at the source of the electrochemical reaction within the cell allowing for rapid
response to increases in temperature.

In this work, we report for the first time the application of electrodeposited polymers to
achieve battery shutdown. The working principle is similar to thermal shutdown separators
with the exception that the polymer is directly coated onto one of the electrodes. As a
result, the thickness and morphology of the polymer coating can be controlled by tuning
the electrochemical conditions for the electrodeposition. We also demonstrate that, upon
heating the battery, the polymer coating induces the battery shutdown (as seen by a drastic
decrease in capacity). Sister batteries run under the same conditions but without polymer
coating and still deliver a high capacity; this is undesirable as the high electrochemical
activity of the battery at high temperatures could promote a thermal runaway event.

2. Experimental
2.1. Materials

The full list of materials used is given below in Table 1. Information on the usage of
each material and the component they formed is also provide along with information on
suppliers and their locations.

Table 1. Materials used along with their usage. Supplier information is also provided.

Material

Usage Supplier

Acrylonitrile (AN, >99%, contains the inhibitor monomethyl  Solvent, monomer for electrodeposition

Sigma-Aldrich, Gillingham, UK

ether hydroquinone in 35-45 ppm) of PAN
Alumina powder (1 um, 0.3 pm, and 0.05 um) Polishing powder Buehler, Coventry, UK
Calcium hydride (95%) Drying agent Sigma-Aldrich, Gillingham, UK
Carbon powder, (99%, Super C65 carbon black) Conductive additive Timcal, Cambridge, UK
Copper metal foil (99.9%, 50 pm thickness) Current collector Advent, Oxford, UK
Glass fibre (50 um thickness, GE/F, Whatman™) Separator ﬁEIIJ{SeXIthcare Life Sciences, Chicago
Graphite powder (99%) Active material Hitachi Chemical, Tokyo, Japan
Lithium metal foil (99.9% purity, 120 um thickness) Counter-reference electrode Goodfellow, Cambridge, UK

3. A
LP57 (1 mol dm ™ LiPFg in 3:7 ethylene carbonate/ethyl Lithium-ion electrolyte Soulbrain MI, Northville MI, USA
methyl carbonate)
N-methyl-2-pyrrolidone (NMP, 99.5%) Solvent Sigma-Aldrich, Gillingham, UK
PAN, Polyacrylonitrile (PAN, M,, 150,000) Percolating polymer matrix Sigma-Aldrich, Gillingham, UK

PVDE, Polyvinylidene difluoride (PVDE, Solef® 5130)

Electrode binder and percolating

polymer matrix Solef, Tavaux, France

Tetrabutylammonium perchlorate (TBAP, >99%) Supporting electrolyte Sigma-Aldrich, Gillingham, UK
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2.2. Graphite Battery Electrode Preparation

The substrates used for the electrodeposition of PAN were graphite battery electrodes
and they were prepared using an ink-casting method. For the ink preparation, 10% by
weight PVDF was first dissolved in NMP. Graphite, carbon black, and the PVDF solution
were then weighed to produce a mixture of mass ratio of 94:3:3 based on the solid compo-
nents. Additional NMP was added to reduce viscosity until the mixture contained 60% by
weight of NMP. A Thinky planetary mixer was used to blend the ink mixture for 15 min at
2000 rpm to produce the composite ink. A coating of the ink was applied to a copper foil,
which had been polished using alumina powder of increasing fineness (from 1 to 0.3, and
finally 0.05 pm). A TQC Sheen doctor blade was used to perform the coating, the thickness
of the coating was set to 0.25 mm and the ink was spread at a speed of 200 mm s~!. The
ink was dried at 80 °C for 2 to 3 h in a vacuum oven. Electrodes were sized to 20 x 20 mm
and pressed with a manual hydraulic press at 10 tonnes.

2.3. PAN Electrodeposition

Distillation of acrylonitrile was performed at 90 to 100 °C with a nitrogen environment
using a drying agent of CaH, with a reflux of 8 h before collection. Tetrabutylammo-
nium perchlorate ([BuyN][ClO4]) was vacuum dried at ambient temperature for 24 h. A
0.05 mol dm~3 [BuyN][CIO,] in acrylonitrile solution was prepared under nitrogen.

A three-electrode arrangement was used for electrodeposition studies. A graphite
battery electrode formed the working electrode, platinum gauze the counter, and a silver
wire was used as a pseudo reference. This was set up within a Teflon deposition cell with a
14 mm diameter deposition window a Teflon O-ring over the working electrode surface. A
volume of 10 mL of electrolyte was added to the Teflon cell which was then saturated with
oxygen by bubbling through a sparger for 15 min. The reference and counter electrodes were
then placed into the electrolyte and electrodepositions were performed with a Biologics
SP-150 potentiostat, employing EC-Lab software. This Teflon cell arrangement was used in
a previous electrodeposition study of PAN, which discussed the practicality of the Teflon
cell for such depositions and included a preliminary discussion of a cyclic voltammogram
and optical microscopy [27]. However, no data were presented on Raman or SEM-EDS to
verify PAN deposition nor were TGA studies performed on the electrodeposit. Further
studies to tailor film thicknesses or test electrodes in a lithium half-cell were also absent.
Work within this article provides all this additional information as proof of concept for
PAN electrodepositions onto practical graphite battery electrodes within lithium half-cells.

Two techniques were used for the electrodeposition of PAN: cyclic voltammetry
and chronoamperometry. Cyclic voltammetry scans were performed to understand the
electrochemistry behind the depositions, using a scan rate of 50 mV s~! in the potential
window from 0.0 to —3.0 V vs. Ag. Chronoamperometry studies were utilised to accurately
modify the film thickness of the electrodeposits; several different potentials were used
to identify the electrochemical behaviour over a potential range, then timescales were
varied to achieve the required film thicknesses. Firstly, potential values applied were varied
between —0.7 and —3.0 V vs. Ag, with an electrodeposition time of 100 s. Then, different
time values were subsequently studied using an applied potential of —3.0 V vs. Ag.

Electrode samples were air-dried following electrodepositions for 24 h. They were
then washed in ethanol for 10 min to remove the remaining electrolyte and oligomers,
followed by further air drying for 24 h. The mass of electrodes was recorded before and
after deposition, and film thicknesses were measured using a digital micrometer.

2.4. Lithium Half-Cell Assembly and Electrochemical Testing

Electrodes of 11 mm diameter were punched from the 14 mm diameter electrode-
posited PAN of the graphite electrode substrates with a precision punch (EL-CELL, EL-Cut).
The battery graphite electrode (either uncoated or coated with electrodeposited PAN) was
used as the working electrode in Swagelok cells. The working electrodes were positioned
against counter-reference electrodes of lithium metal foil of 11 mm diameter in a half-cell
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arrangement. Two 12 mm diameter glass fibre separators were sandwiched between the
working and counter-reference electrodes and wetted with 200 uL of LP57 electrolyte. Cop-
per plungers were used for both electrodes as current collectors in the Swagelok cell. Room
temperature studies were performed with Swagelok cells with PFA bodies. For elevated
temperature studies, Swagelok cells of polymer materials can expand at temperature, and
this may affect the seal of the ferrules within the cell and ingress of air. Hence, Swagelok
cells of aluminium were used at higher temperatures. Aluminium Swageloks were lined
with 125 um thick FEP film to insulate the inner cell body and prevent a short-circuit
between the electrodes.

The Swagelok cells were assembled under the argon environment of a Belle Technology
Ltd. glovebox. A Buchi glass oven B-585 was used to dry electrode and separator materials
at 120 °C under vacuum for 24 h. These materials were then transported to the glovebox.
The same Buchi ovens were used to dry graphite battery composite electrodes with PAN
films at ambient temperature under vacuum for an extended time of 72 h; this was done at
ambient temperature to avoid any annealing or thermal deformation of the PAN films.

Constant current cycling of the Swagelok cells was performed using either a BCS-805
battery cycler with BT-Lab software or an SP-150 potentiostat (Biologics, Grenoble, France)
with EC-Lab software. Current values were kept to a C-rate of C/10. Room temperature
studies were repeated for 10 cycles and the potential window was kept within 0.005 and
1.5V vs. Li/Li* in half-cells. The temperature was maintained at 25 °C by making use of
an environmental chamber (Memmert, Schwabach, Germany, IPP 55 Plus), and the cells
were placed inside the chamber as cycling was performed.

Elevated temperatures were achieved by employing a Genlab Classic oven (Agar
Scientific, Stansted, UK, MINO/6), allowing for the cycling of cells at set temperatures. To
prevent interference with the electric signal due to the high temperatures and equipment, a
coaxial cable insulated with FEP polymer was employed for reliable elevated temperature
performance up to 200 °C. Two constant current charge-discharge cycles were performed
at each temperature interval at a current C-rate of C/10. The intervals of temperature
employed were: 25, 60, 80, 100, and 120 °C. A K-type thermocouple was used to monitor
the temperature of the cycling chamber.

2.5. Characterisation

A Philips XL30 ESEM was used to take scanning electron micrographs (SEM images)
of the electrodeposited PAN with energy-dispersive X-ray spectroscopy (EDX) from a
Thermo Fisher Scientific (Waltham, MA, USA) Ultra Dry 10 mm? detector. Samples were
mounted onto stubs and secured with double-backed sticky conductive carbon tape and
then transferred to the microscope chamber. Secondary electron imaging captured sample
topography and EDX measurements were used to identify ratios of carbon and nitrogen
within the polymer films.

A 785 nm Renishaw inVia confocal Raman microscope was employed to take the
Raman spectra of the polymer films and measurements were taken between 3500 and
150 cm ™! where characteristic PAN peaks are identifiable [28,29]. Laser power was set to
1% and data was gathered over a total of three accumulations. Polymer films that had been
electrodeposited onto graphite battery electrode substrates were placed under the Raman
laser source.

A Netzsch TG 209 F1 Libra was used for thermogravimetric analysis (TGA) studies.
Samples were powdered and placed within alumina crucibles that would then be trans-
ferred to the TGA chamber. A flow of argon gas at 20 mL min~! maintained an inert
atmosphere within the TGA chamber. A temperature gradient of 2 °C min~! was applied
from 25 to 250 °C. TGA studies were performed for the materials of the graphite-composite
electrode inks: graphite powder active material, carbon black powder conductive addi-
tive, and PVDF binder. TGA was performed with a commercially available PAN powder
and compared with PAN electrodeposited onto a copper substrate. Samples of the PAN
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electrodeposit were scratched from the substrate surface for transfer to the TGA alumina
crucibles.

3. Results and Discussion
3.1. Formation of Polymer Coating on Graphite Battery Electrode by Electrodeposition

To demonstrate the concept of employing an electrodeposited polymer coating with
thermal shutdown properties to improve battery safety, we selected the electrodeposition
of polyacrylonitrile (PAN). PAN electrodeposition onto a variety of electrode materials
was demonstrated in the 1980s by Lécayon and co-workers [30-32], with electrodeposition
being possible on surfaces provided they were electronically conductive. It was, therefore,
a reasonable assumption that PAN electrodeposition would be possible onto a range of
anode and cathode materials provided the material itself is conductive or part of a conduc-
tive composite. More recently, Lacey and co-workers demonstrated the application of the
electrodeposition of PAN as a method to form the separator in thin-film batteries [28] and
in 3D batteries [29]. It was shown that the electrodeposition enabled the fast formation of
uniform polymer thin films and that the amount of polymer deposited could be controlled
by the charge involved in the electrodeposition process. It was also shown that the elec-
trodeposition was facilitated by the presence of Oy, the importance of which was attributed
to the formation of superoxide species from the reduction of O,; these superoxide species
then initiated the polymerisation of acrylonitrile [29]. Superoxide anions are nucleophiles
that react with Michael acceptors that are sufficiently active (in acrylonitrile this is provided
by the electron-withdrawing vinyl group). The polymerisation of acrylonitrile via the
electronically reduced superoxide species is shown in Figure 1.

N o A=
O \CN : CN\ >

CN

n

Figure 1. Polymerisation of acrylonitrile via an electro-reduced superoxide anion species. Based on
information from [29].

In our work, we employ the conditions reported by Lacey and co-workers for the
electrodeposition of PAN in the presence of O, [29]. Following their work, we employ
acrylonitrile as the solvent as well as the monomer for the formation of PAN, since this
facilitates the rapid deposition of the polymer. However, in our work, we employ a graphite
battery electrode as the substrate for the electrodeposition rather than glassy carbon or gold
disc electrode materials. Moreover, we employ an Ag pseudo-reference electrode instead
of an Ag/Ag* electrode, to avoid possible Ag* contamination.

Figure 2 shows the cyclic voltammogram obtained with the graphite battery electrode
in an Oy-saturated acrylonitrile solution. The graphite battery electrode was made by tape
casting a viscous ink containing graphite powder, carbon conductive additive, and PVDF
binder in a 94:3:3 mass ratio. The voltammogram in Figure 2 shows a peak current at
potentials close to —1.5 V vs. Ag, in agreement with the previous work by Lacey and co-
workers [29]. The current then decreases markedly and remains low in the following cycles
as expected for a passivated electrode surface, again in agreement with previous work [29].
The electrodeposited PAN is an insulator, but when impregnated with electrolyte, as in
the present case, PAN becomes a gel-polymer electrolyte [33-37]. The decay in current
with time (that is, with each cycle) in the cyclic voltammetry experiments is thus due to the
increased ionic resistance that is built upon by the formation of the polymer coating on the
electrode. A photo of the electrode after the deposition is included in Figure 2, showing that
the polymer coating is transparent. The mass of the PAN electrodeposit in this experiment
was 9.3 mg cm 2.
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Figure 2. (Left) Cyclic voltammogram for the electrodeposition of PAN onto a graphite battery
electrode of 14 mm diameter using acrylonitrile electrolyte (0.05 mol dm 3 [BuyN][CIO,]) saturated
with Op. Deposition was performed at a scan rate of 50 mV s~! from 0 to —3.5 V vs. Ag for
5 cycles. (Right) Photo of the graphite electrode after the PAN electrodeposition, showing that PAN
is transparent.

The polymer coating on the graphite battery electrode was further characterised by
SEM, EDX, and Raman measurements. The SEM image in Figure 3 shows that the polymer
film exhibits distinct cracks, which are likely to be formed in the drying process prior to the
introduction of the electrode in the SEM (after it has been extracted from the electrochemical
cell). The carbon-to-nitrogen ratio measured by EDX (70 wt.% and 30 wt.%, respectively) is
close to what is expected for polyacrylonitrile (68 wt.% and 26 wt.%).

AccV SpotMagn Det WD Exp |——— 200 um
100kV 50 99x SE 101 1

Figure 3. SEM image of electrodeposited PAN on a graphite battery electrode. The electrodeposition
conditions are described in Figure 2.

The Raman spectra of the polymer coating on the graphite battery electrode further
confirm that the polymer formed is PAN, as shown in Figure 4. The characteristic signals
from Raman for the C=N group at 2250 cm~! and C-H alkyl groups at 3000 cm~! in
PAN [38] are clearly observed. In addition, the characteristic Raman signals of graphite at
1600 cm ! and 1350 cm ™! [39] are weaker for the PAN-coated graphite electrode, compared
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to the uncoated one, as expected for the lower penetration of the Raman laser to the graphite
substrate in the presence of the polymer coating. The Raman spectra for electrodeposited
PAN on graphite also show additional features at lower wavenumber that are likely due to
impurities, as previously found [29].

—— PAN coated graphite|
0 c-C cc C=N
'c
=) C-C C-H
>
E 1 1 1 1 1
= Uncoated graphite
Q c-C
[
- c-c
= c-C
2 —
Q 1 1 1 1 1 1
£ |—— PAN powder
C=N
C-H
. 1 . ] L ]
1000 2000 3000

Wavenumber / cm™

Figure 4. Raman spectra of electrodeposited PAN on a graphite battery electrode (top), the uncoated
graphite battery electrode (middle), and PAN powder purchased from Sigma-Aldrich (bottom). The
electrodeposition conditions for PAN are described in Figure 2.

Finally, the TGA of the PAN electrodeposit was performed to evaluate its thermal
stability. For that purpose, a PAN electrodeposition was performed on a copper substrate
to avoid contamination by the graphite battery electrode materials, after which the PAN
electrodeposit was scratched off and then characterised by TGA. As shown in Figure 5,
the loss of mass from the PAN electrodeposit was larger than that of a commercial PAN
powder, and also larger than the variation observed for any of the components that make
a graphite battery electrode (graphite, conductive carbon additive, and PVDF binder).
No substantial chemical impurities were identified in the PAN electrodeposit with the
Raman in Figure 4 and so it was likely that the loss of mass was from materials of similar
chemical composition. This is likely to be shorter chain oligomers with boiling points
closer to the 77 °C boiling point of the acrylonitrile monomers from which the PAN was
electrodeposited; this results in the greater mass loss observed past 120 °C. However, mass
loss for the electrodeposited PAN up to 120 °C was only 0.49% of the initial mass, and even
at 150 °C the change was only 1.1%. It was thus concluded that the thermal stability of the
electrodeposited PAN was sufficient up to 120 °C and in all subsequent experiments the
temperature was kept <120 °C to avoid complications in the interpretation of the results
due to PAN decomposition.
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Figure 5. Thermogravimetric analysis of the electrodeposited PAN, commercial PAN power, and
the components of the graphite battery electrode (graphite, carbon conductive additive, and PVDF
binder). The temperature was ramped at 2 °C min~! from 25 to 250 °C. The purple dotted lines give
key temperatures and mass loss of the PAN electrodeposited sample at each temperature. PAN was
electrodeposited on copper at —3.0 V vs. Ag for 100 s.

3.2. Controlling the Thickness of the Polymer Coating by Chronoamperometry

After the characterisation of the electrodeposits of PAN on graphite battery electrodes,
from which it was confirmed that the electrodeposits were made of PAN, the next step
in the development of the method was to optimise electrochemical conditions to control
the thickness of the PAN electrodeposits. First, the effects of electrodeposition potential
were investigated for a constant deposition time of 100 s; Figure 6 shows the masses of
PAN electrodeposits obtained in these experiments (masses were estimated from the mass
difference of the dry graphite battery electrode before and after the electrodeposition). It
was observed that the electrodeposited mass was very small for potentials higher than
—1.0 V vs. Ag. Atlower potentials, the mass increases significantly reaching a roughly
constant value, within the reproducibility of the measurements, for potentials lower than
—1.3Vvs. Ag.

After the study of the effects of the electrodeposition potential, the next experiments
were performed by varying the electrodeposition time while keeping the electrodeposition
potential constant and equal to —3.0 V vs. Ag. The variation of the mass of the PAN
electrodeposits as a function of the charge passed during the experiments is shown in
Figure 7. Fitting the experimental data to a straight line with zero intercepts gives a slope
of Am/AQ =0.049 + 0.002 mg mC~!. From this value of the slope, it is possible to calculate
the number of moles of acrylonitrile monomer units deposited per mole of electrons passed
using the following equation:

_Am F
"TaoMm,

where M, is the molar mass of the acrylonitrile (CH,=CH-CN) monomer (M, = 53.06 g mol 1)
and F is Faraday’s constant (F = 96,485 C mol’l). In present studies, 1 = 86 & 6; this is similar
to previous work by Lacey and co-workers that reported values between 70 and 80 [29].
Since the electrochemical polymerisation is initiated by a one-electron process (forming an
acrylonitrile radical that polymerises upon reaction with additional acrylonitrile molecules)
the value of  calculated above represents an estimation of the degree of polymerization
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or the average number of acrylonitrile monomer units present in the PAN polymer chain:
-(CH,=CH-CN),;-. The average molecular weight of the electrodeposited PAN is estimated
to be close to 5000 g mol~!, which is lower than that of typical PAN polymers [40,41].
This may explain the larger mass loss observed for the electrodeposited PAN by TGA in
Figure 5.

8 -

PAN mass / mg cm2
N H »
| |
|
-
| |

o
1
]

T T T T 1
-3.0 -2.5 -2.0 -1.5 -1.0 -0.5
Potential vs. Ag/ V
Figure 6. Mass of 14 mm diameter PAN electrodeposits on graphite battery electrodes via the

application of a constant electrodeposition potential for 100 s via chronoamperometry experiments,
plotted as a function of the electrodeposition potential. All other conditions are as in Figure 2.

y = (0.049 + 0.002)x
R?=0.96

PAN mass / mg cm™

0 20 40 60 80 100 120
Charge / mC cm2

Figure 7. Mass of 14 mm diameter PAN electrodeposits on graphite battery electrodes via the
application of a constant electrodeposition potential of —3.0 V vs. Ag for various timescales, between
0.5 and 100 s, and plotted as a function of the charge passed. All other conditions are as in Figure 2.
A linear fit with a fixed zero intercept is included in the graph, and the corresponding equation is

also included.
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The thickness of the PAN electrodeposit on the graphite electrode was estimated
by measuring the thickness of the dry electrode before and after the electrodeposition.
The results are shown in Figure 8 as a function of the PAN mass deposit. The fit to the
experimental data with a straight line with zero intercepts gives a value of the slope of
8.9 + 0.5 um mg ! cm? or 0.89 + 0.05 cm3 g~!. The inverse of the value of the slope is,
thus, the density of the dry electrodeposit; in this case: 1.12 + 0.05 g cm 3. This value is
slightly lower than the typical valueof 1.2 g cm 3 reported for PAN polymers [41], thus
suggesting that the electrodeposited PAN has some porosity, as intended to enable good
impregnation with the liquid electrolyte and enable fast ion transport.

For the practical purposes of tailoring PAN electrodeposit thickness onto the graphite
electrodes gradients were calculated without the dependence on area by multiplying by the
value 154 mm?, the area of the 14 mm diameter depositions. By converting the previously
stated relations between thickness, mass, and charge, the gradient of film thickness against
charge was found to increase by 0.28 4= 3 um mC 1. This uncertainty is attributed in part to
the surface roughness of the films but is also impacted by the instrumental errors of +1 pum
for the micrometer employed. The film thickness was, therefore, more accurate for thicker
films.
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Figure 8. Thickness of 14 mm diameter PAN electrodeposits on graphite battery electrodes, plotted
as a function of the mass of PAN electrodeposits. All other conditions are as in Figure 2. A linear fit
with a fixed zero intercept is included in the graph, and the corresponding equation is also included.

3.3. Application of PAN-Coated Graphite Electrodes for Thermal Runaway Prevention

First, the electrochemical performance of the PAN-coated graphite battery electrodes
was tested in lithium half-cells at 25 °C and the results were compared to the uncoated
graphite battery electrode in Figure 9. It is seen that the capacity of the graphite electrode
decreases substantially in the presence of the electrodeposited PAN coating. The uncoated
electrode reached delithiation capacities of 366-361 mA h g~! in the first two cycles,
whereas in the presence of the electrodeposited PAN coating, the delithiation capacity was
193-223 mA h g1 in the first two cycles. The drop in capacity from the uncoated to the
PAN-coated samples is likely due to an increase in internal ionic resistance introduced
by the PAN coating. The experiments in Figure 9 show the results with a PAN coating of
32 pm, but it will be shown below (Figure 10) that the decrease in capacity, with respect to
the uncoated electrode, is lower with thinner coatings. Figure 9 also shows that, for the
PAN-coated battery electrode, the capacity increases in cycle 2, with respect to cycle 1. This
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could be due to the time required for the impregnation/swelling of the electrolyte in the
PAN deposit, which could be complete in cycle 2 but only partial in cycle 1.
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Figure 9. Results of the galvanostatic cycling at C/10 of uncoated (top) and PAN-coated (bottom)
graphite electrodes in lithium half-cells containing LP57 electrolyte (1 M LiPFg in EC:EMC 3:7) at
25 °C. Conditions of PAN electrodeposition were using chronoamperometry at —3.0 V vs. Ag as in
Figures 7 and 8. The thickness of the PAN electrodeposit was 32 um.
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Figure 10. Delithiation capacity of uncoated and PAN-coated battery electrodes as a function of the
cycle number, as measured in lithium half-cells. All conditions as in Figure 9.

A systematic investigation of the effect of the thickness of the PAN electrodeposit on
graphite was then undertaken. Figure 10 shows the variation of the delithiation capacity
measured in lithium half-cells for uncoated and PAN-coated graphite battery electrodes,
with PAN coatings of different thicknesses, as indicated. Consistent with the results in
Figure 9, the PAN-coated electrodes experience an increase in capacity when the cycle
number increases from 1 to 2, and then the capacity remains roughly constant in subsequent
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cycles. It is also seen that, as the thickness of the PAN deposit decreases, the capacity
approaches that of the uncoated graphite electrode.

Figure 10 also includes the results obtained with uncoated and PAN-coated electrodes
that were annealed, prior to the introduction of the electrodes in the cell, at 120 °C for
144 h under an argon environment. It is observed that the annealing does not affect
the capacity of the uncoated graphite electrode, whereas it decreases dramatically the
capacity of the PAN-coated graphite electrode. The former results indicate that an elevated
temperature environment has little effect on the uncoated graphite itself and so any change
in capacity would be due to the presence of the PAN coating. The latter results indicate
that the PAN coating can effectively suppress the electrochemical activity of the graphite
electrode at high temperatures, as is required to suppress the electrochemical degradation
reactions that sustain or exacerbate the thermal runaway process. The TGA data in Figure 5
show that the electrodeposited PAN was thermally stable until 120 °C and changes in
capacity are therefore unlikely to be a result of PAN thermal degradation. The capacity
was below 5% of the theoretical capacity for the PAN annealed sample and this could not
have been caused by the thermal degradation of other cell materials since cycling was
performed at room temperature and annealing of the PAN coating occurred prior to cell
assembly. As such, it was concluded that the capacity loss was due to the rearrangement of
polymer chains during annealing and not due to thermal degradation. PAN has a glass-
transition temperature of around 95 °C, allowing the rearrangement of polymer chains at
the annealing temperatures of 120 °C. The annealing time used in these experiments is
too long to be relevant to prevent a thermal runaway event, but below we show that the
suppression of the electrochemical activity by the PAN electrodeposit, as the cell heats, is
also observed with short heating times and more moderate temperatures.

Figure 11 shows the evolution of the delithiation capacities of uncoated and PAN-
coated graphite battery electrodes as cell temperature is systematically increased from 25 to
60, 80, 100, and, finally, 120 °C. The electrochemical measurements were carried out, as in
Figures 9 and 10, at a C-rate of C/10 and the measurements at each temperature started as
soon as the temperature inside the oven and the cells reached the target temperature (which
took around 5 min). It is seen that for the uncoated graphite electrode, the delithiation
capacity remains high at all studied temperatures, this means that the graphite electrode
would remain active in a thermal runaway event, which is undesirable. On the other hand,
for the PAN-coated samples, it is seen that the capacities increase when the temperature
is increased from 25 to 60 °C, likely a result of faster lithium-ion conduction through
the PAN film with increased temperature. PAN-coated sample capacities then markedly
decrease when the temperature is increased further. The latter suppression of the graphite
electrochemical activity is tentatively ascribed to the thermal expansion and rearrangement
of the PAN polymer chains in an annealing process as the temperature increases; this
would then decrease the porosity of the PAN film and, thus, also decrease the lithium-ion
conductivity, similarly to the operation mechanism of thermal shut-down separators. This
suppression of electrochemical activity is more marked for the thicker PAN coatings, where
a coating of 24 um is seen to completely suppress the capacity at 100 °C. Unfortunately,
such thick PAN coating compromises the capacity at room temperature, which is only
around 49% of the capacity that is seen with the uncoated graphite electrodes.

Clearly, further optimisation of the ion-conduction properties of the PAN electrode-
posit on graphite battery electrodes is necessary in order to make this thermal protection
approach advantageous for commercial applications, which require high capacities. For
example, increasing the lithium-ion concentration and tuning the solvent of the electrolyte
to produce a good plasticiser effect to form a high conductivity PAN-based gel electrolyte
appears a promising avenue that could be explored in further work; other types of elec-
trodeposited polymers could be studied as well. The present study demonstrates proof of
the principle of using an electrodeposited polymer to effectively suppress the electrochemi-
cal activity of a battery electrode, which could be employed to reinforce other protection
measures against thermal runaway.
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Figure 11. Delithiation capacity of uncoated and PAN-coated battery electrodes as a function of
the cell temperature. Two galvanostatic cycles were performed at each temperature, and the cell
temperature was controlled by hosting the cells inside an oven. All conditions as in Figure 9.

Competitive technologies presented in other literature share similar difficulties. For
instance, a 4 um coating of polyethylene microspheres onto graphite reported by Baginska
and co-workers [24] resulted in capacity reduction of more than 98% at 110 °C. Ji and
co-workers [18] investigated the application of poly(3-cotylthiophene) as a coating for
lithium cobalt oxide cathodes. These materials were promising in their shutdown response,
dropping the capacity at 90 °C. Comparatively, commercial Celgard shutdown separators
see shutdown from 110 to 130 °C. All these materials share the same working principle of
experiencing a phase transition that results in irreversible structural changes to the polymer;
ionically conductive pores then seal resulting in the shutdown.

The temperature of the shutdown for the electrodeposited PAN films was promising
and competitive with other technologies, occurring in the range from 80 to 100 °C. The
simple one-step electrodeposition that requires only a dry room to operate also allows
for simplified manufacturing routes, especially compared to other stated technologies
such as the poly(3-cotylthiophene) coatings and polyethylene microspheres that require
several stages of mixing and extraction or Celgard that requires forming and calendaring
several laminated layers. Future work is required to improve the ionic conductivity of
the thicker PAN coatings to alleviate the significant capacity loss experienced. Shutdown
to negligible capacities at 100 °C was experienced for 24 pm samples, but at ambient
conditions, capacities of only around 182 mA h gfl were found. An alternative avenue to
improve shutdown for thinner films is therefore also advisable. To this end, it is suggested
that future work pursue a deeper understanding of the PAN pore microstructure and the
interplay with liquid electrolytes. For example, Yaya Wang and co-workers [42] described
a surface treatment strategy for current collectors to etch them and provide a porous
electrode with improved current density whilst maintaining the lithium-ion concentration
over the surface of the electrode. Tao Wang and co-workers [43] showed that 3D-holey
PAN-graphene composite improved lithium-ion conduction by shortening the ion transport
path. This was highlighted to be particularly useful when improving ionic conduction
through thicker films.

4. Conclusions

PAN was electrodeposited onto a graphite battery electrode, producing a transparent
polymer coating that could be identified as PAN based on the characteristic Raman sig-
natures and on the chemical composition estimated by EDS. TGA measurements showed
that the polymer coating expressed good thermal stability up to a temperature of 120 °C.
Using chronoamperometry, it was discovered that the polymer film thickness could be
controlled by the amount of charge passed and was quantifiable at 0.28 £ 3 um mC~ L. The
selected method of electrodeposition was carried out in the presence of O, and thus, it
could be easily translated to a large-scale process with open-air cells to be carried out in a
dry room. The simple one-step manufacturing route to produce a uniform electrodeposited
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layer is highly promising, especially compared to other multi-step commercial alternatives.
Differing two-dimensional deposition areas are also possible by altering the channel of the
deposition cell.

The PAN-coated graphite electrode was characterised by lithium half-cells. It was
observed that increasing the thickness of the PAN coating decreased the lithium inser-
tion/extraction capacities. To overcome this problem, further formulations of polymer and
liquid electrolytes could be studied. On the other hand, increasing thickness produced
an increasing suppression of the capacity at high temperatures resulting in a shutdown
effect. This effectively prevents the transport of ions between electrodes removing a source
of heat generation from exothermic charge/discharge reactions, similar in performance
to commercially available shutdown separators. This suppression of the electrochemical
activity would also stop the interfacial degradation reactions that trigger the process of
thermal runaway, and thus, the use of an electrodeposited polymer coating is identified as
a promising approach to enhance battery safety.

Suppression of capacity was found to be linked to the annealing of the PAN coating
around its glass-transition of 95 °C, with shutdown occurring between 80 and 100 °C, likely
due to rearrangements of the polymer microstructure preventing infiltration of lithium-
ions. The competitiveness of the PAN coatings with current technology is significant, with
shutdown responses occurring below 100 °C and a demonstrable complete shutdown.
As such, enhancement of the pore structure is an area of improvement that could yield
significant results producing greater shutdown responses for thinner polymer films that
have inherent greater capacity. Improvements to capacity whilst maintaining the high
shutdown response for thicker films would also allow for possible application in the
industry.

An alternative application of the same PAN coatings could be to improve the energy
density of the cells by substituting the need for a separator within the system, in essence,
the electrodeposited PAN would act as the separator between the two electrodes. The
tailorable mass and thickness of the PAN would also be of benefit, potentially providing
a protective coating of lower mass and thickness than a conventional separator, which
would further improve the energy density. Automated shutdown may also be achievable
for thinner films with lesser shutdown effects via external battery management systems
to measure internal resistance during cell operation. Fluctuations in resistance could be
detected allowing the cells to be isolated.
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Abstract: Batteries with high energy density are packed into compact groups to solve the range
anxiety of new-energy vehicles, which brings greater workload and insecurity, risking thermal
runaway in harsh conditions. To improve the battery thermal performance under high ambient
temperature and discharge rate, a battery thermal management system (BTMS) based on honeycomb-
structured liquid cooling and phase change materials (PCM) is innovatively proposed. In this paper,
the thermal characteristics of INR18650/25P battery are studied theoretically and experimentally.
Moreover, the influence of structure, material and operating parameters are studied based on verifying
the simplified BTMS model. The results show that the counterflow, honeycomb structure of six
cooling tubes and fins, 12% expanded graphite mass fraction and 25 mm battery spacing give a
better battery thermal performance with high group efficiency. The maximum temperature and
temperature difference in the battery in the optimal BTMS are 45.71 °C and 4.4 °C at the 40 °C
environment/coolant, as against 30.4 °C and 4.97 °C at the 23.6 °C environment/coolant, respectively.
Precooling the coolant can further reduce the maximum battery temperature in high temperature
environments, and the precooling temperature difference within 5 °C could meet the uniformity
requirements. Furthermore, this study can provide guidance for the design and optimization of
BTMS under harsh conditions.

Keywords: lithium-ion battery; honeycomb structure; thermal management; phase change material;
liquid cooling

1. Introduction

Aside from material compositions, temperature is one of the most important parame-
ters to significantly affect the performance of lithium-ion batteries. Too low a temperature
will reduce the diffusion capacity of lithium ions, resulting in the attenuation of performance
indicators [1]. Charging at low temperatures even leads to Li plating, which increases the
degradation/aging rate [2]. Too high a temperature will cause severe side reactions inside
the battery, resulting in the decline of cycle life [3]. High energy density power batteries
could be adopted with more compact grouping efficiency, leading to instability and even
safety issues in the battery systems, risking thermal runaway at high temperatures [4].
Therefore, it is vital to control the battery temperature within a reasonable range for its
safety and high performance.

Generally speaking, the operating temperature range of lithium-ion batteries is be-
tween —20 °C and 60 °C [5]. To ensure the optimal performance and safety of batteries,
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50 °C is often set as the highest temperature acceptable for battery thermal management
systems (BTMSs) [6]. In addition, to prevent the occurrence of internal short circuits, the
temperature distribution of BTMSs should be relatively uniform; i.e., the maximum temper-
ature difference inside the battery should not exceed 5 °C [7]. Furthermore, 25 °C to 35 °C
has been proved to be the optimal operating temperature range for lithium-ion batteries,
resulting in the highest electrochemical efficiency and the lowest aging rate [8]. Other
studies also show that when the battery pack works at 30 °C to 40 °C, battery life will be
reduced by about 60 days for each degree of increase [9].

To control the maximum temperature and temperature difference in the battery pack,
a variety of cooling methods are widely used, such as air cooling, liquid cooling, heat pipe
and phase change materials (PCM), etc., whose application in practical engineering could
be found in the literature [10]. The design objectives of BTMSs are different for diverse
working conditions, and so are the cooling methods. Among them, air cooling is the most
traditional and direct heat dissipation method, utilizing airflow to take away the generated
heat of batteries. Air cooling is characterized by a simple structure and low cost, but its
cooling ability is weak, so it is often used for vehicles with low maximum temperature
restriction in practical engineering [11]. Recently, heat pipes have been introduced as a
cooling method for power batteries because of their high heat transfer efficiency and long
service life. Its liquid working medium absorbs heat at the evaporation end, flows to the
condensing section under the drive of pressure difference, and releases the heat. In addition,
heat pipes can also realize the circulating cooling process through the action of gravity and
capillary force. However, this cooling method has not been widely developed in practical
engineering applications [12] due to its high cost. However, BTMSs must have a much
stronger active heat dissipation capacity in high ambient temperatures, high discharge
rates and cycle conditions to prevent heat accumulation. So, other cooling methods are
investigated in detail.

Liquid cooling, one of the most commonly used cooling methods in practical engineer-
ing, adopts liquid as the cooling medium to take away the heat of batteries through direct
or indirect contact. Compared with air cooling, the cooling medium of liquid cooling has
higher density, specific heat capacity and thermal conductivity, which can take away the
heat from the surface more quickly and make the battery pack layout more compact. Due
to the different shapes of batteries, the structure and arrangement of liquid cooling devices
are also diverse. For square batteries, Panchal et al. [13] adopted a water-cooling BTMS
and obtained the temperature distribution on the battery surface and the cooling effect of
the water-cooling system by comparing and analyzing different boundary conditions at
1C and 3C discharge rates. To improve the cooling effect, Gungor et al. [14] proposed a
liquid cooling plate with canopy-shaped micro-flow channels. According to the simulation
results, this structure could use the lower mass flow rate coolant to reduce the maximum
battery temperature and maintain better temperature uniformity. Wei et al. [15] established
a numerical model of square cells with liquid cooling and analyzed factors such as the
number of cells between cold plates, the thickness of cold plates, the flow rate of coolant
and so on. The results showed that the cooling effect was worse when the number of
cells between cold plates increased. Oppositely, the cooling effect was enhanced when the
thickness of the liquid cooling plates and the flow rate of the coolant increased within a
certain range. For the cylindrical battery pack, a new BTMS based on the classical serpen-
tine liquid cooling channel was proposed in the literature [16], with a good cooling effect
and compact structure. Compared with the original structure, the cooling performance
was obviously improved under vibration conditions. In addition, liquid cooling tubes are
commonly used because they can be well arranged in the gaps between cylindrical cells.
In the literature [17], a cooling structure of longitude-arranged liquid cooling pipes sur-
rounded by three curved contact surfaces was proposed. The influences of mass flow rate,
inner diameter, height and angle of the contact surface were studied through numerical
simulation. The results showed that the optimal structure could control the maximum
temperature and temperature difference within a reasonable range at a high discharge
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rate of 5C. In the literature [18], a cooling structure in which the liquid cooling pipes were
placed horizontally between two adjacent rows of batteries was presented. The influences
of different structures, different types of coolant and pump power consumption were
discussed. It can be concluded that in a certain volume flow range, the structure with fewer
copper pipes but a higher flow rate had a better cooling performance.

As a passive cooling method, PCM can absorb a large amount of heat through physical
state changes as the battery temperature rises. It not only has a simple structure and no
extra energy consumption but also can significantly improve the temperature uniformity
of batteries due to the existence of an isothermal heat absorption during the phase change.
Wang et al. [19] proposed a BTMS based on pure PCM and conducted detailed studies
on thermal conductivity, viscosity, latent heat, the thickness of PCM and the thermal
conductivity of cell shells. The results showed that the PCM unit could effectively reduce
the maximum temperature and temperature difference in the battery at the end of discharge
and can also realize temperature preservation after heat dissipation. Lazrak et al. [20]
conducted relevant studies on the cooling effect of a PCM-based BTMS and found that the
higher the thermal conductivity of the PCM used, the better the temperature uniformity of
batteries, but the influence on the maximum temperature was little. However, when the
battery is subjected to harsh conditions such as high temperatures, a single kind of PCM
may not be able to adequately cool the battery due to its low thermal conductivity. To solve
this issue, carbon-based or metal-based materials are often added to PCM to form composite
PCM (CPCM) with high thermal conductivity [21]. He et al. [22] successfully prepared a
new type of CPCM by constructing a thermal conduction skeleton of expanded graphite
(EG) and copper foam (CF). This structure has a better cooling effect and temperature
uniformity than PCM with only EG or CF. Although PCM with metal foam has excellent
thermal conductivity, it has a high cost, large weight and complex processing, so the EG
with lighter weight, good adsorption and thermal conductivity is more inclined to be
used in practical projects. Jiang et al. [23] prepared paraffin (PA) and EG to form CPCM
and performed experiments to measure the thermal conductivity and liquid phase PCM
leakage of CPCM. The results showed that the addition of EG significantly increases the
thermal conductivity of PCM and reduces the battery temperature rise. To improve the heat
transfer characteristics of PCM after the addition of high thermal conductivity materials,
Mauro et al. [24] utilized mono- and multi-objective optimization methods to obtain the
optimal heat transfer effect and pressure drop of the graded metal foam-filled channels.
In addition, fins with high thermal conductivity can be used in conjunction with PCM to
enhance heat dissipation. In refs. [25,26], heat sinks based on PCM and fins are presented,
and the influence of structural and operational parameters, such as PCM thickness, length
and thickness of fins, etc., is studied in detail. Furthermore, Bianco et al. [27] proposed
finned heat sinks combined with PCM and metal foam to improve the overall thermal
conductivity and utilized multi-objective Pareto optimization with genetic algorithms to
achieve an optimal trade-off between cost and operation time.

Although the BTMS based on PCM can absorb a significant amount of heat in the
first cycle, it may not meet the performance requirement at an ambient temperature higher
than the PCM melting temperature or under cyclic conditions. Therefore, hybrid cooling
methods that combine PCM with other active cooling methods are often used to improve
the overall thermal performance of BTMS. Lebroubhi et al. [28] proposed a BTMS combining
horizontal liquid cooling pipes with PCM and analyzed the effects of different cooling
methods, cooling pipes’ number, coolant temperature and environmental conditions on
the thermal performance of battery packs. The results showed that compared with a
BTMS of natural convection and passive PCM, the hybrid cooling method has a better heat
dissipation effect. Similarly, Fan et al. [29] combined longitudinal liquid cooling plates and
PCM to form a hybrid cooling BTMS and constructed a nonlinear mathematical model
among cell spacing, coolant velocity and system thermal performance. The simulation and
experimental results showed that the optimal BTMS processed a better thermal performance
in different application scenarios, including liquid cooling and heating. Compared with
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the horizontal cooling pipes and longitudinal cooling plates, the longitudinal cooling pipes
can better solve the problem of heat concentration generated at the positive and negative
electrodes of batteries. Xin et al. [30] adopted the combination of longitudinal liquid
cooling tubes and PCM for the conditions of high temperature and 5C high discharge rate
and discussed the influence of PCM thickness, EG mass fraction and coolant operating
parameters on the thermal performance of batteries. The results showed that when the EG
mass fraction was 12%, the maximum temperature and maximum temperature difference
under the optimal BTMS were 45.25 °C and 3.49 °C, respectively. Moreover, Weng et al. [31]
proposed a BTMS which embedded liquid cooling tubes in spiral copper tubes to strengthen
the heat dissipation of PCM. The experimental results showed that this BTMS had an
excellent cooling effect at high temperatures, and the dynamic liquid cooling mode was
able to reduce energy consumption. In addition to liquid cooling, air cooling and heat
pipe cooling are often combined with PCM, which can also meet the heat dissipation
requirements of the battery pack under conventional working conditions [32,33].

According to the review of previous studies, it is found that the active BTMS combined
with liquid cooling and PCM has a good cooling effect under harsh conditions of high
temperature and high discharge rate. To further optimize the performance of the hybrid
cooling method, a new honeycomb-shaped frame is proposed in this paper, formed by
the liquid cooling tubes arranged in the battery gaps and the connected fins. Compared
with previous studies [34,35], this structure not only improves the thermal performance of
the single battery but also enables the extended battery pack to have a good temperature
consistency. In addition, the influence of structural parameters, including the number of
fins, number of liquid cooling tubes and cell spacing, material parameters such as the mass
fraction of EG and operating parameters such as coolant flow direction and temperature
on the thermal performance of BTMS based on honeycomb-structured liquid cooling and
PCM will be analyzed in detail in this study.

2. Thermal Characteristic Experiments of Lithium-Ion Battery
2.1. Experimental Setup

In this experiment, the research object was selected for the INR18650/25P power
battery, which can withstand high discharge currents and ambient temperatures. It has
a nominal capacity of 2500 mAh in standard charging/discharging mode and can be
charged at ambient temperatures ranging from 0 °C to 45 °C and discharged at ambient
temperatures ranging from —20 °C to 60 °C. Detailed parameters are shown in Table 1.

Table 1. Relevant parameters of INR18650/25P cylindrical battery.

Key Indicators Data
Nominal capacity 2500 mAh
Nominal voltage 3.6V
Standard charging mode 1.25 A constant current charge to 4.20 V, constant voltage charge to 100 mA
Charge/Discharge cut-off voltage 42V/25V
Maximum charge/discharge current 4A/30 A
Battery height 65.00 £ 0.15 mm
Battery diameter 18.35 £ 0.10 mm
Battery weight 48 g

As shown in Figure 1, the experimental platform includes a thermostat chamber, a
DP100 data acquisition recorder, several T-type thermocouples, a high-performance battery
test system (voltage measurement range is 0~5 V and the current measurement range is
0.1~30 A) and a host computer. This test platform has the functions of controlling the
ambient temperature, controlling the battery charging and discharging process, obtaining
real-time voltage, current and temperature readings, and acquiring data, which can meet
the requirements of experiments in this study. Moreover, the accuracies of each equipment
in the experimental platform are shown in Table 2.
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Figure 1. Experimental platform for internal resistance and temperature rise tests.

Table 2. Test accuracy of experimental instruments.

Experimental Instruments Accuracy
Thermostat chamber 0.5%
Data acquisition recorder 0.05%
T-type thermocouples 1%
Battery test system 0.2%

2.2. Internal Resistance Characteristic Test

Internal resistance is one of the most important indexes to measure the power, life and
thermal characteristics of batteries. Due to the complexity of internal and external condi-
tions during the battery utilization, the internal resistance is an unfixed value and changes
nonlinearly. So, it is necessary to conduct experimental research for the establishment of a
more accurate simulation model. In this paper, hybrid pulse power characterization (HPPC)
was used to test the internal resistance of the experimental battery. The test principle is that
when the battery is discharged with a pulse current, its voltage will have a step decrease
mainly caused by the ohmic resistance. Then, the voltage has a slightly slower drop due to
the internal resistance of polarization [36]. The specific experimental steps to measure the
internal resistance of lithium-ion batteries at different discharge rates are as follows:

1. The fully discharged battery is placed in a thermostatic chamber with the temperature
set at 23.6 °C and then charged completely in a standard charging mode of constant-
current and constant-voltage (CCCV). After charging, the battery stands for one hour
to keep its temperature consistent with the ambient temperature.

2. Discharge the battery with a pulse current of 1C for 10 s, stop the current and stand
for 40 s, and then charge the battery with a pulse current of 0.75C for 10 s; stop the
loading current and stand for 40 s again. The change in the open-circuit voltage of the
battery is collected and recorded during this process.

3. Discharge the battery at a constant current of 1C until its state of charge (SOC) = 0.9,
and stand for one hour to restore the battery temperature to the ambient temperature;

4. Repeat Steps 2 and 3, so that when the SOC of the battery is at 0.1, 0.2, 0.3, 0.4, 0.5, 0.6,
0.7,0.8,0.9 and 1, the corresponding voltage abrupt changes can be recorded.

5. Change the discharge current in Step 2 to other discharge rates of 2C, 3C and 5C, and
repeat steps 2~4 to measure the total discharge internal resistance under different
discharge rates and SOC.

The total internal resistance of the battery under different discharge rates and SOC can
be calculated by the voltage changes caused by accepting pulse current in the experiment.
The experimental results are shown in Figure 2. On the one hand, it can be concluded that,
under the condition of the same ambient temperature and different discharge rates, the
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corresponding internal resistance of the battery decreases as the discharge rate increases.
Because the ionic activity and electrochemical reaction rate of the battery increase with
the increase in discharge rate, the ohmic and polarization internal resistance of the battery
will decrease. In addition, the relationship between the total discharge internal resistance
and SOC at the same ambient temperature and discharge rate can be obtained. When
SOC is between 0.1 and 0.3, the internal resistance of the battery evidently decreases with
the increase in SOC. When SOC is from 0.3 to 1.0, the internal resistance of the battery
is stable. The reason for this phenomenon is that when the battery possesses medium
or high capacity, the ohmic resistance takes up a large percent of the battery’s internal
resistance and does not noticeably change with the variation in SOC. Furthermore, when
the battery is at a low capacity, the ratio of battery polarization resistance increases, which
obviously varies with the change in SOC. This HPPC test is carried out under a controlled
environmental temperature condition. To obtain more accurate results, the establishment
of isothermal conditions (uniform cell surface temperature) in the literature [8,37] can be
referred to.
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Figure 2. Relationship between discharge internal resistance and SOC of battery at different rates.

2.3. Temperature Rise Characteristic Test

The temperature rise characteristic test of the battery was carried out to obtain the tem-
perature rise in the experimental battery at different discharge rates. Three thermocouples
were placed at the positive, negative and intermediate positions of the battery to prevent
accidental error in the process of temperature measurement. In this way, the difference in
temperature change at different positions of the battery and the average temperature rise
in the battery surface could be obtained and estimated. Using the experimental platform
built above, the temperature increment and current and voltage changes in the battery
discharging at different rates under the 23.6 °C ambient temperature were measured. The
detailed steps are as follows:

1. The fully discharged battery is placed in a thermostatic chamber at 23.6 °C for one
hour to make its temperature stable and consistent with the ambient temperature.

2. Charge the battery with a constant current of 1.6C rate until the voltage reaches the
charging cut-off voltage of 4.2 V, and then charge with a constant voltage of 4.2 V until
the current achieves the charging cut-off current of 0.1 A.

3. Place the fully charged battery in the thermostat for one hour again so that the battery
temperature keeps in line with the ambient temperature of 23.6 °C.

4. Discharge the battery at 1C constant current until the voltage reaches the discharge
cut-off voltage of 2.5 V. Meanwhile, the temperature change in the battery at each
thermocouple is monitored and recorded in real time.

5. Repeat steps 1~4 and adjust the intensity of constant current in step 4 to 1C, 2C, 3C
and 5C, respectively, until all experiments are completed.
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According to the experimental results, although there are some differences in the
temperature values measured by the thermocouples at the three positions, represented in
the scatter diagram in Figure 3, the range of variation is small. Therefore, the mean value
of the temperature measured by the three thermocouples is used as the experimental result
in this paper. The average temperature rise in the battery when discharging at different
current rates can be obtained as the line graph shown in Figure 3. It can be found that,
under the same ambient temperature, the higher the discharge rate of the battery is, the
higher the temperature rise will be because the heat generation of the battery is the square
term of the current. When the discharge current rate increases, the heat generation of the
battery increases sharply. In addition, it shows that the maximum battery temperature
rises rapidly, then gently, and finally rapidly in the discharge process. The cause of this
change is as follows. In the early stage of discharge, the heat generation rate of the battery
is large, and its temperature is low, so the temperature rise trend is obvious in the early
stage. In the middle stage of discharge, the battery temperature has a significant difference
from the ambient temperature, so the convective heat transfer between the battery and
the environment is strong, which makes the temperature rise trend more gentle. When
the discharge enters the late stage, the battery’s internal polarization resistance increases
rapidly, increasing the total internal resistance, so the battery temperature rises rapidly
again.
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Figure 3. Surface temperature at different thermocouple locations and average temperature of battery
during the discharge process at 1C, 2C, 3C and 5C.

2.4. Heat Generation Rate of Single Battery

The volume heat generation rate of lithium-ion batteries is necessary for the simulation
of the thermal behavior of the battery pack. Therefore, the parameters at different discharge
rates were obtained through the above experiments in this section. However, the heat gen-
eration rate of the battery is affected by many indicators, such as the battery SOC, charging
and discharging current rates, etc., and it has a high degree of nonlinearity. Generally, the
heat generation model proposed by Bernardi is used to quantitatively describe the heat
generation of lithium-ion batteries [38]:

o I I duOCV
Qo= 7 (Uooy = U) + - T3 M

where Qy is the volume heat generation rate of the battery, W/m?3; I is the current flowing
through the battery, A; V;, is the battery volume, m?; Ugey is the battery open circuit voltage,
V; U is the battery terminal voltage, V; and dUqcy /dT is the temperature entropy coefficient
of the battery, which can be approximately regarded as a constant in the working process
of the battery.
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The relationship between the total internal resistance of the battery and SOC at differ-
ent discharge rates could be obtained by fitting the previous results of internal resistance
characteristic tests. Moreover, the corresponding data of current, terminal voltage, tem-
perature and time at different discharge rates could be obtained from the temperature rise
experiment. The battery volume could be calculated from Table 1, and the open-circuit
voltage could be obtained by adding the terminal voltage and the voltage caused by the in-
ternal resistance. Therefore, the volume heat generation rates of the battery under different
discharge rates can be obtained in Figure 4.
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Figure 4. Volume heat generation rate of the battery with different SOC at 1C, 2C, 3C and 5C.

The relationship between the battery SOC and discharging time is shown as follows:

t
Idt
SOC — (1 7 ’7[5) % 100% @)

C

where f is the full charge/discharge time of the battery, s; 77 is the battery charge/discharge
efficiency; Q. is the battery’s nominal capacity, mAh; SOC can be defined as the ratio of the
current remaining capacity of a battery to its nominal capacity; and 0% and 100% indicate
the fully discharged and charged state of the battery.

Combined with Equation (2), the expression and coefficients of the heat generation
rate equation can be conversed and obtained by polynomial fitting, as shown in Table 3.
Then, the corresponding heat transfer simulation will be completed by COMSOL software,
which can carry out multi-physical field coupling simulation.

Table 3. Expression and coefficients of volume heat generation rate of battery at different discharge
rates.

Disc_harge Qv=k0+k1t+kziz+k3t3+k4t4+k5t5+k6t6
Rate ko k1 ko k3 kg ks ke
1C 13,752.01 —0.491  0.0117 —2.047 x 1075 1.403 x 108 —4.368 x 10712 5202 x 10716
2C 43,722.65 20.752  —0.0496 3.731 x 107> —1.376 x 1078 —2.123 x 10712 5.01 x 10712
3C 88,659.77 60.361  —0.0496  —3.859 x 10~* 5.395 x 107 —5.914 x 10~11 —7.776 x 10714
5C 200,078.4 280.647 —0.5359 —3.14 x 1073 3.359 x 107° 1.409 x 108 —1.651 x 10~11

3. Numerical Model
3.1. Geometric Model

To better study the parameters” influence of liquid cooling and PCM on batteries,
the shell of the battery pack is removed, and the geometric model of the honeycomb-
structured BTMS is presented in Figure 5a. Due to its strong regularity and repeatability, a
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simplified heat transfer model representing the thermal performance of the central region
of the battery pack can be obtained in Figure 5b. Furthermore, the detailed structure and
composition of the simplified model are shown in Figure 5c.

Cooling
pipe

(b) ()

Figure 5. BTMS model based on the honeycomb structure: (a) battery pack, (b) simplified model and
(c) schematic components.

The proposed BTMS model has a compact structure and uniform heat dissipation and
can prevent leakage of liquid PCM [39]. To some extent, it can also reduce the harm of
battery thermal runaway [40]. The battery is surrounded by PCM, whose outer layer is
the proposed honeycomb-shaped structure which consists of liquid cooling tubes (with
an inner diameter of 6 mm and an outer diameter of 8 mm) and fins (with a thickness
of 1 mm). Moreover, the honeycomb structure is made of aluminum, the coolant used in
liquid cooling is water, and the external environment is air. Meanwhile, it is assumed that
the material distribution is uniform, the specific heat capacity and thermal conductivity are
constant, and the heat generation rate inside the battery and at the pole ear is consistent. The
calculation of the equivalent thermal conductivity of the battery can refer to the calculation
method of equivalent resistance. The relevant thermal physical property parameters of
each part of the BTMS simulation model can be obtained, as shown in Table 4.

Table 4. Physical property parameters of each part of the proposed BTMS.

Density Specific Heat Thermal Dynamic
Materials Capacity Conductivity Viscosity
kg/m3 J/(kg-K) W/(m-K) Pas
Radial 1.6
Battery 2755.9 1129.95 Axial 27
Aluminum 2719 871 238 -
Water 998 4180 0.599 1.01 x 1073

The current BTMS module can be fabricated by the following steps. First, the alu-
minum honeycomb structure can be casted by a dedicated mold. Then, the batteries are
installed in each honeycomb unit, and housed in the module casing with the baseplate,
side panels and top cover. After that, the composite PCM will be filled in the void space
between the batteries and the honeycomb structure.
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3.2. Mathematical Model
3.2.1. Lithium-Ion Battery Model

Mathematical models of lithium-ion batteries include heat generation and heat transfer
models. The total heat generation of batteries comprises Joule heat, reaction heat, polar-
ization heat and side reaction heat. Among them, Joule heat is generated by the current
passing through the inherent and contact resistances of battery parts. Reaction heat refers
to the energy change during the occurrence of electrochemical reactions. Polarization
heat means the heat generated by the internal polarization resistance of the battery when
passing through current. When use conditions are relatively routine, the proportion of side
reactions is small, so the corresponding side reaction heat can be ignored [41]. In practical
applications, the Bernardi formula is usually used to establish the heat generation model of
the battery, as shown in Equation (1).

A certain proportion of the heat generated by lithium-ion batteries will be absorbed
by itself, while the other part will be transferred to the environment through three ways of
heat transfer, including convection, conduction and radiation. The radiation heat transfer is
relatively small and can be ignored, and the convective heat transfer can also be neglected
due to the poor fluidity of electrolytes. Therefore, heat conduction is mainly considered.
Combining Fourier’s law with the law of energy conservation, the thermal conductivity
differential equation can be obtained as follows:

T, Apy O 0
pbcplbﬁ =V- 0 /\by 0 VTb + Qo (3)
0 0 Ay

where py, is the battery equivalent density, kg/m?3; cp,p is the battery specific heat capacity at
constant pressure, ] /(kg-K); Apy, /\hy and Ay, are the battery thermal conductivity in spatial
coordinate axis, W/(m-K); and Qy is the heat generation rate of the battery, W/ mS.

3.2.2. Composite Phase Change Material Model

PCM absorbs and stores the heat released by the battery through two-phase conversion.
The phase transition process is divided into three stages: (1) when the temperature of PCM
is lower than the melting temperature, the absorbed heat will be stored in the form of
sensible heat; (2) when the temperature of PCM is higher than the melting temperature,
PCM will undergo the phase transition and consume its latent heat; (3) when the latent
heat of PCM is exhausted, the phase transition process ends. Due to the high viscosity
and the small temperature difference in PCM under the working conditions involved, the
natural convection heat transfer term is neglected. The energy balance equation involved is
as follows:

dTy
PPCMEPCM gtCM =V (ApcmVTrem) ()

where Tpcy is PCM temperature, K; ppcyy is PCM density, kg/ m3; cpey is the specific heat
capacity of PCM, J/(kg-K); and Apcy is the thermal conductivity of PCM, W/ (m-K).
Moreover, because the polyphase transformation of PCM is difficult to describe ac-
curately by experiments, the mathematical model of CPCM should be established. The
following assumptions are made: (1) The physical properties of each part of CPCM are
constant. (2) CPCM is incompressible in the liquid phase and has Newtonian properties.
(3) The material inside the CPCM is uniform, and the thermal conductivity in all directions
is the same. For the thermal conductivity of CPCM, the Ling model [42] and the Maxwell-
Eucke model [23] can be used for calculation. This paper adopted the Ling model, which
considered the CPCM density and the EG mass fraction, and its formula is as follows:

AEGPCPCMWEG 5)

Aefi,cPCM = P
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where At cpoy and Agg are the thermal conductivity of composite PCM and EG, respec-
tively, W/ (m-K); pcpcm and pgg are the densities of composite PCM and EG, respectively,
kg/m3; and wgg represents the mass fraction of EG.

In addition, the latent heat of CPCM can be obtained by the mass weighting method,
and its calculation formula is as follows:

Lepem = Lpa(1 — weg) (6)

where Lcpem and Lpy are the latent heat of CPCM and paraffin, respectively, k] /kg.
Moreover, the specific heat capacity of CPCM can be calculated by the formula:

cp,creM = Cppa(l — wig) + ¢p EGWEG @)

where ¢, cpem,Cp,pa and ¢, g are the specific heat capacity of CPCM, paraffin and EG,
respectively, ]/ (kg-K).

Based on the experimental studies on the preparation of CPCM and the Ling prediction
model in the literature, the thermophysical parameters of a PA/EG-type CPCM with
different EG mass fractions used in this study can be obtained in Table 5.

Table 5. Thermophysical PA/EG-type CPCM with different EG mass fractions [23].

Specific Heat Thermal Latent Melting Densit
CPCM Capacity Conductivity Heat Temperature y

J/(kgK) W/(m-K) K)/kg K kg/m®
PA/0 wt%EG 2000 0.2 275 314-317 800
PA /3 wt%EG 1963 0.58 266.8 314-317 825
PA/6 wt%EG 1926 1.23 258.5 314-317 832
PA/9 wt%EG 1889 3.15 250.3 314-317 845
PA/12 wt%EG 1852 5.74 242 314-317 897
PA /20 wt%EG 1754 10.6 220 314-317 913

3.2.3. Liquid Cooling Model

In this paper, cooling pipes and water are selected as the structure and coolant of liquid
cooling, respectively. According to the calculation, the Reynolds number of each simulation
condition is less than 2300, so the laminar flow model is adopted in the simulation. The
governing equations related to liquid cooling, including the conservation equations of
mass, momentum and energy, are shown as follows:

dpc =\
§+V~(pcu)—0 ®)
ﬁ+ (”v)”—fv v V%+<V%)T )
Pc o Pcl U u = p " u u
aT
pecpese + V- (pecpetiT) = V- (AVT) (10)

where p¢, ¢pc and A represents the density, specific heat capacity and thermal conductivity

of coolant, whose units are kg/m3, J/(kg-K) and W/(m-K), respectively; i, pand p
represent the vector velocity, static pressure and dynamic viscosity of coolant, whose units
are m/s, Pa and N-s/m?, respectively. The cooling medium of liquid cooling is water,
which has incompressibility.

3.3. Boundary Conditions

As for the heat transfer part, the boundary conditions of each side surface of the
simplified BTMS model are symmetric because the battery unit is surrounded by the
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same cooling unit before simplification. The heat transfer modes among batteries, PCM,
honeycomb-shaped structure and coolant are heat conduction and convection, and the
interface and boundary conditions are as follows:

d Tb —_ d TPCM

—/\anb = “Aeomg (11)
dTpcm o aTy,
Apcm 3 = M3, (12)
aT,
*)\h% = hC(Th - TC) (13)

where Ay, Apcy and Ay are the thermal conductivity of battery, PCM and honeycomb
structure, respectively, W/ (m:-K); h is the convective heat transfer coefficient between
the coolant and the wall of liquid cooling tubes, W/ (m2-K); Ty, Tpem, T, and T are the
temperatures of battery, PCM, honeycomb structure and coolant, respectively, K; and
dT /0n is the temperature gradient of each material along the normal direction of the outer
surface.

As for the boundary conditions of laminar flow, since the coolants in the simplified
BTMS model are divided into three parts, symmetrical boundary conditions should be set
for the two sides of each fluid region to simulate the flow effect in the whole tube. The
result shows that the flow velocity of coolant presents high velocity in the center area
and low velocity on the walls along the radial direction, which conforms to the flow rate
distribution law caused by the viscous action of liquid flowing in the pipe.

3.4. Model Verification

The simplified BTMS model based on honeycomb-structured liquid cooling and PCM
involves complex structures and simulation modules such as solid and fluid heat transfer,
laminar flow and fluid-solid coupling. Hence, each region needs to finely mesh to ensure
calculation accuracy. The fluid region meshes first, and then the solid regions of the end
face are divided, and finally, the whole end face is used as the source plane to carry out
the sweep operation. A computational grid model with 99,200 cells is obtained in Figure 6,
which is evenly distributed in vertical and horizontal directions.

Figure 6. Grid model of the simplified BTMS based on the honeycomb structure.

The simulation model of the single battery is established by COMSOL to predict the
heat generation and heat transfer characteristics. To verify this model, the simulations
are conducted at 23.6 °C ambient temperature and 1C, 2C, 3C and 5C discharge rates.
Moreover, the simulation results are compared with the consequences of temperature rise
characteristic tests in Section 3.2, as shown in Figure 7a. It indicates that the maximum
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relative errors of the simulation model for the battery temperature prediction are around 4%
during the universe discharging process, which meets the accuracy requirements. When
the discharge rate is 1C, 2C, 3C and 5C, the values of root mean square error (RMSE)
between the experimental and simulation results is 0.45, 0.60, 0.75 and 0.38, respectively.
In addition, to verify the grid independence of the simplified BTMS model, different grid
numbers are also simulated and compared under an ambient/coolant temperature of
23.6 °C, discharge rate of 5C, mass fraction of EG of 12% and coolant flow velocity of
0.1 m/s. The relationship between the number of grids (6060, 22,116, 57,478, 99,200, 123,700,
172,700), and the maximum temperature of the battery is obtained in Figure 7b. When the
number of grids increases from 6060 to 99,200, the maximum battery temperature changes
noticeably, nearly 0.27 °C. However, when the number of grids increases from 99,200 to
123,700 or 172,700, the maximum battery temperature does not change and stabilizes at
33.5 °C. Therefore, a simulation model with a grid number of 99,200 is chosen to balance
the calculation accuracy and time consumption.
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Figure 7. Verification of single battery simulation model for the average surface temperature (a) and
grid independence of simplified BTMS based on the honeycomb structure (b).

4. Results and Discussion
4.1. Effects of the Honeycomb Structure

The simulation and comparative analysis of battery packs with different honeycomb
cooling structures (three/six liquid cooling tubes, with or without fins) under diverse
environment/coolant temperatures (23.6 °C, 30 °C, 35 °C and 40 °C) are conducted to
study the influence of the proposed honeycomb structure on the maximum temperature,
maximum temperature difference and temperature distribution of batteries. In addition,
the basic simulation conditions were set as 25 mm battery spacing, counterflow coolant,
0.1 m/s flow rate of coolant and a 5C high discharge rate. Battery spacing is the distance
between two adjacent battery centers in the honeycomb-structured BTMS, mm.

The maximum temperature and temperature difference in the battery cooled by each
honeycomb structure at different ambient temperatures are shown in Figure 8a,b. When the
ambient temperature is the same, the maximum temperature and maximum temperature
difference in the BTMS with honeycomb fins are significantly better than those without
fins, regardless of whether three or six liquid cooling tubes are used. The fin structure
can lead to a decrease in the maximum temperature and temperature difference in the
battery by as much as 3.3 °C and 2.8 °C at 23.6 °C ambient temperature, respectively, and
a decrease of 0.15 °C and 0.2 °C at 40 °C ambient temperature, respectively. Figure 9a,c
show the phenomenon of high temperature and temperature differences caused by local
heat concentration. To solve this issue, the high thermal conductivity honeycomb fins are
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directly connected to the liquid cooling pipes, which allows the surrounding area of the
battery to be cooled evenly, as shown in Figure 9b,d. In addition, the maximum temperature
and temperature difference in the battery corresponding to the six liquid cooling tubes is
lower than those of the three tubes, which is caused by increased cooling sources around
the battery. Additionally, it can be seen that with the increase in the external temperature,
the corresponding maximum temperature of the battery under different structures will
increase. In contrast, the maximum temperature difference will decrease. Because PCM
plays a leading cooling role at high temperatures and possesses a large melting temperature
range, the BTMS has a better temperature uniformity.
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Figure 8. Maximum temperature (a) and temperature difference (b) of battery at different ambi-
ent/coolant temperatures and honeycomb cooling structures.

(9) (d)

Figure 9. Temperature distribution at 1/2 height of battery packs with different honeycomb structures
at the ambient temperature of 30 °C: (a) three cooling tubes without fins, (b) three cooling tubes with
fins, (c) six cooling tubes without fins and (d) six liquid cooling tubes with fins.
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According to the above analysis, the honeycomb structure proposed in this paper can
significantly improve the maximum temperature and maximum temperature difference in
the battery. Moreover, with the decrease in ambient temperature and the enhancement of
the liquid cooling effect, the comprehensive cooling effect of the BTMS will be stronger. In
the following research, the honeycomb-structured BTMS with good thermal performance
will be used as the basis to analyze the influence of other structures, materials and operating
parameters on the thermal performance of batteries.

4.2. Effects of the Coolant Flow Directions

The BTMS based on honeycomb-structured liquid cooling and PCM involves the
coupling of two cooling modes, and many parameters will affect the cooling effect of this
system. In this section, the basic operating parameters, i.e., the flow direction of coolant,
will be studied. The simulation conditions were set as the coolant flow rate of 0.1 m/s, the
EG mass fraction of 12% and the battery spacing of 25 mm. Then, the cases of different
flow directions (six/three cooling tubes with parallel-/counter-flow coolant) at diverse
environment/coolant temperatures (23.6 °C, 30 °C, 35 °C and 40 °C) were carried out for
the simulation and result analysis. Figure 10 shows the cases of different liquid cooling
pipe numbers and flow directions.

Case (a) C;sei (ll)) (zlsoe (cl) Case (d)
nlet utlet

Figure 10. Different coolant flow directions at the end face of the BTMS model: Case (a): three tubes
with parallel flow coolant; Case (b): three tubes with counter-flow coolant; Case (c): six tubes with
parallel flow coolant; and Case (d): six tubes with counter-flow coolant.

The maximum battery temperature and temperature difference in three and six liquid
cooling pipes with different coolant flow directions at 23.6 °C, 30 °C, 35 °C and 40 °C are
shown in Figure 11. At a constant ambient/liquid cooling temperature, the counter-flow
coolant can better limit the maximum temperature and temperature difference in batteries
than the parallel flow. The counter flow can result in a decline in maximum temperature
and temperature difference in the battery by as much as 3 °C and 3 °C at 23.6 °C ambient
temperature, and a decline of 0.45 °C and 0.7 °C at 40 °C ambient temperature, respectively.
When the coolant flows in a parallel direction, the coolant flowing through the outlet has
absorbed part of the heat, and its cooling effect decreases, resulting in a higher battery
maximum temperature at this position. Oppositely, when the coolant flow directions of the
adjacent cooling pipes are different, i.e., the liquid cooling outlet and inlet are distributed
alternately, there will be less uneven heat accumulation at a particular position. Similarly,
the corresponding heat dissipation effect of six cooling tubes is better than that of three
cooling tubes at a certain flow direction because the six cooling tubes as cooling sources are
more densely and uniformly distributed around the battery. However, in individual cases,
at high ambient/coolant temperatures, the highest temperature and temperature difference
in the battery unit using six cooling tubes are higher than those using three cooling tubes
because six cooling tubes occupy the larger space and decrease the amount of PCM, which
absorbs most of the heat generated by the battery at high temperatures.
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Figure 11. Maximum temperature (a) and maximum temperature difference (b) of battery under
different ambient/coolant temperatures, cooling pipe numbers and flow directions.

In summary, it can be concluded that the cooling effect of counterflow coolant is better
than that of parallel flow, no matter the performance of the maximum temperature or the
temperature difference. This phenomenon is more obvious when the coolant temperature is
lower. In addition, when the flow direction is the same, the lower the environment/coolant
temperature is, the lower the maximum battery temperature is, and the higher the max-
imum temperature difference is. Six liquid cooling tubes with counter-flow direction is
the best scheme with the highest temperature and temperature difference of 45.71 °C and
4.4 °C, respectively, in the 40 °C environment. Meanwhile, the thermal performance of
the battery in this scheme will be furtherly improved and can meet the requirements of
uniformity with the decrease in ambient temperature. Therefore, in the subsequent research
optimization, the counterflow coolant is taken as a determined condition to continue the
discussion about the influence of other parameters.

4.3. Effects of the Mass Fraction of EG

Except for the operating and structural parameters, the change in material parameters
also greatly impacts the heat transfer of hybrid cooling BTMS. The proposed structure
is mainly filled with CPCM, whose thermal conductivity and latent heat directly affect
the thermal performance of the battery pack. Therefore, this section will simulate the
cooling effect of BTMS with different EG mass fractions (0, 3%, 6%, 9%, 12%, 20%) at
ambient/coolant temperatures of 40 °C and 23.6 °C. In addition, battery spacing (23 mm,
25 mm, 27 mm, 29 mm, 31 mm) is also considered in this section for further analysis because
of the strong relationship between battery spacing and EG mass fraction on the thermal
performance of battery packs. Other simulation conditions were set: six liquid cooling
pipes, counter-flow and a coolant flow rate of 0.1 m/s.

The maximum temperature of the battery in BTMS with different EG mass fractions at
environment/coolant temperatures of 40 °C and 23.6 °C are presented in Figure 12. The
lower ambient/coolant temperature can reduce the maximum battery temperature at a
constant EG mass fraction. In addition, at a constant temperature and battery spacing, the
maximum battery temperature will decrease rapidly first and then flatten out with the
increase in EG mass fraction. When the EG mass fraction is small, ranging from 0 to 6%,
its thermal conductivity is insufficient so that only part of PCM around the battery takes
effect. At this time, increasing the EG mass fraction can significantly enhance the role of
PCM or liquid cooling, leading to a rapid decline in the maximum battery temperature.
Then, when the EG mass fraction increases to 12%, its thermal conductivity is enough to
bring most of the heat from the battery, and the PCM at the far end can play a full role.
However, when the EG mass fraction rises to 20%, the thermal conductivity of PCM is
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Maximum temperature (°C)

sufficient, but its latent heat is low, resulting in the decline of the heat dissipation effect
under high temperatures. The temperature distribution of BTMS under different EG mass
fractions due to the different thermal conductivity of PCM can be obtained in Figure 13.
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Figure 12. Maximum temperature of the battery in BTMS with different EG mass fractions and cell
spacing at (a) 40 °C and (b) 23.6 °C ambient/coolant temperatures.
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Figure 13. Temperature distribution at the upper-end surface of BTMS at 40 °C ambient/coolant
temperature, 24 mm battery spacing and different EG mass fractions.

The results of the maximum temperature difference in batteries in BTMS with different
EG mass fractions at ambient/coolant temperatures of 40 °C and 23.6 °C are shown in
Figure 14. The maximum temperature difference in the battery at a high temperature of
40 °C is smaller when the EG mass fraction is constant, which is caused by the fact that
PCM can melt and play a major role in the dissipation effect at high temperatures. Figure 15
is a supplementary illustration, i.e., as the ambient/coolant temperature decreases, the
maximum temperature difference in the battery will rise, which is caused by the increased
liquid cooling effect. Moreover, the corresponding maximum temperature difference is
stable at a high value until the coolant temperature is low enough. In addition, when
the EG mass fraction increases, the maximum temperature difference in the battery rises
rapidly at first and then gradually flattens out. The reason for this trend can be explained
according to Figure 13. When the EG mass fraction is low, the heat inside the battery cannot
be dissipated in time, so its temperature is high, but the temperature gradient is small. With
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the rise in the EG mass fraction, the thermal conductivity is enhanced so that the phase
change is increased, or the liquid cooling effect is obvious, which can reduce the minimum
temperature of the battery and lead to the increase in temperature gradient. Until the
thermal conductivity is sufficient, the battery heat generation and external heat dissipation
are balanced, and the maximum temperature difference in the battery tends to flatten out.
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Figure 14. Maximum temperature difference in battery in BTMS with different EG mass fractions
and cell spacing at (a) 40 °C and (b) 23.6 °C ambient/coolant temperatures.
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Figure 15. Maximum temperature difference in battery in 25 mm battery spacing BTMS with different
EG mass fractions at various ambient/coolant temperatures.

According to the above results, at a constant EG mass fraction, the lower the ambi-
ent/coolant temperature is, the smaller the maximum temperature of the battery is, and
the larger the maximum temperature difference is. In addition, increasing the mass fraction
of EG can decrease the maximum temperature of the battery and increase the maximum
temperature difference. Specifically, this phenomenon is quite apparent when the value
of EG mass fraction is 0~9% and less obvious between 9 and 12%. However, furtherly
increasing the mass fraction of EG to 20% will have little effect on the thermal performance
and may cause the increase in maximum temperature. Therefore, on the premise of meeting
the maximum temperature difference, a larger EG mass fraction of 12% can be selected to
obtain a lower maximum battery temperature.

4.4. Effects of the Battery Spacing

The distance between battery cells greatly influences the two cooling methods used in
this study. With the increase in the distance, the amount of PCM will increase and it can
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absorb more heat, while the cooling tubes will be farther away from the battery, resulting
in a weak cooling effect. Moreover, the battery spacing also affects the grouping efficiency
of battery packs. Therefore, this section provides heat transfer simulation and comparative
analysis for BTMS with different battery spacing (23 mm, 25 mm, 27 mm, 29 mm, and
31 mm) at different ambient temperatures. At the same time, the mass fraction of EG was
also used as a reference variable to draw a more comprehensive conclusion. The basic
conditions were set as follows: six cooling pipes, counter flow and 0.1 m/s flow rate.

The simulation results of the maximum battery temperature in the BTMS with different
battery spacing at 40 °C and 23.6 °C ambient/coolant temperatures are shown in Figure 16.
It can be seen from the comparison that the maximum battery temperature varies signifi-
cantly under different ambient/coolant temperatures, i.e., the lower the ambient/coolant
temperature is, the lower the maximum battery temperature is. At high temperatures, with
the change in cell spacing, the corresponding maximum temperature of the battery varies
in a small range. This is because the PCM melts and controls the battery temperature in
the small temperature range of the phase change process, and the convective heat transfer
between PCM and the coolant is weak in the high temperature environment. However,
with the decrease in ambient/coolant temperature, the proportion of phase transition of
the PCM decreases, while the cooling effect of low temperature liquid cooling gradually
increases. In this situation, the maximum temperature of the battery is greatly affected by
the distance between the cooling tubes and the battery. In addition, at a constant ambi-
ent/coolant temperature, the influence of different cell spacing on the maximum battery
temperature is mainly determined by EG mass fractions. When the EG mass fraction is
low, the maximum temperature of the battery increases with the increase in spacing. While
the EG mass fraction is high, the corresponding maximum temperature is not affected by
the spacing. The reason for this phenomenon is that the thermal conductivity of PCM
with various EG mass fractions is different. When the heat conduction is insufficient, the
closer the cooling source is, the stronger the heat dissipation is. However, when the heat
conduction is enough, the cooling effect is not obviously affected by battery spacing.

56

= o o
& S i)
L 1 1

Maximum temperature (°C)

=
>
1

—®— 0% EG mass fraction —@— 3% EG mass fraction —®— 0% EG mass fraction —— 3% EG mass fraction
—4&— 6% EG mass fraction—¥— 9% EG mass fraction 48 4 —A— 6% EG mass fraction —v— 9% EG mass fraction
|—®— 12% EG mass fraction —<— 20% EG mass fraction |—#— 12% EG mass fraction —4— 20% EG mass fraction
46 4
o 444
2424
2
g
2 40
5
E 381
E
E36
£
g
=344
k/_/—mf———"——‘ ] //‘
a0 ;;:;’—:—‘{ZE
T T T T T T T 28 T T T T T T T T T

50

44

25 26 27 28 29 30 31 23 24 25 26 27 28 29 30 31
Battery spacing (mm) Battery spacing (mm)
(@) (b)

Figure 16. Maximum temperature of the battery in BTMS with different battery spacing and EG mass
fractions at (a) 40 °C and (b) 23.6 °C ambient/coolant temperatures.

The simulation results of the maximum temperature difference in the battery in the
BTMS with different battery spacing at 40 °C and 23.6 °C ambient/coolant temperatures
are presented in Figure 17. The comparison shows that, at the same battery spacing, the
maximum temperature difference in the battery at 40 °C is smaller than that at 23.6 °C.
This is because PCM plays a leading role at high temperatures, wherein the cooling effect
is more uniform, and liquid cooling plays a leading role at low temperatures, wherein
the corresponding temperature uniformity is poor. This phenomenon can be further
supplemented by Figure 18a. With the decrease in temperature, the liquid cooling effect
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5.5

is enhanced, and the melting part of PCM decreases, which leads to the gradual increase
in the maximum temperature difference in the battery. While the ambient/liquid cooling
temperature continues to reduce to a low level, the maximum temperature difference in
the battery no longer increases. Moreover, when the battery spacing rises to 25 mm, the
maximum temperature difference in the battery decreases to 5 °C below at each external
temperature, as shown in Figure 18b. Further increasing the battery spacing will reduce the
compactness of the battery pack, so 25 mm spacing is considered the optimal configuration
of the BTMS unit with a total volume of 3.5 x 107> m® and mass of 0.064 kg.
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Figure 17. Maximum temperature difference in battery in BTMS with different cell spacing and EG
mass fractions at (a) 40 °C and (b) 23.6 °C ambient/coolant temperatures.
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Figure 18. Maximum temperature difference in battery and total volume/mass of BTMS unit with
12% EG mass fraction at various ambient/coolant temperatures, (a) different spacing and (b) optimal
battery spacing of 25 mm.

In addition, at a constant ambient/coolant temperature, the maximum temperature
difference decreases with the increase in battery spacing. This is because liquid cooling
has the characteristics of uneven temperature distribution at specific locations such as
coolant inlets. The closer the distance between the cooling tubes and the battery, the more
obvious the local low temperature of the battery, resulting in a larger maximum temperature
difference. As shown in Figure 19, at the ambient/coolant temperature of 23.6 °C, when
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the battery spacing is small, some of the low temperature zone caused by liquid cooling is
inside the battery, resulting in a lower minimum temperature. Until the spacing increases
to 29 mm, the low temperature zone gradually moves away from the battery.
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Figure 19. Temperature distribution at the upper-end surface of BTMS at 23.6 °C ambient/coolant
temperature, 12% EG mass fraction and different battery spacing.

Overall, at the same ambient/liquid cooling temperature, the distance between bat-
teries has a great impact on the maximum temperature difference, i.e., the corresponding
maximum temperature difference decreases with the spacing increases. However, the
influence of battery spacing on the maximum temperature is determined by the EG mass
fraction. At the high EG mass fraction, the maximum temperature is not affected by battery
spacing. At the low EG mass fraction, the distance between batteries has a significant effect;
i.e., the maximum temperature increases with the increase in the distance. In addition, PCM
plays a major role in cooling, with good temperature uniformity at high ambient/coolant
temperatures. With the temperature decrease, the effect of liquid cooling gradually becomes
stronger, and the maximum temperature difference becomes larger. Furthermore, a higher
battery spacing of 25 mm is selected to optimize the maximum temperature difference in
batteries to meet the uniformity requirements.

4.5. Effects of the Coolant Temperature

Based on the above discussion, six cooling pipes and counterflow coolant can be used
to improve the maximum temperature and temperature difference in the battery. A large
EG mass fraction of 12% is adopted to ensure a lower maximum temperature, and a larger
battery spacing of 25 mm can reduce the maximum temperature difference to meet the
requirements. Furtherly, to improve the cooling capacity of hybrid cooling BTMS in a high
temperature environment, the method of precooling the coolant temperature below the
ambient temperature is proposed. Therefore, this section will simulate the BTMS using
different coolant temperatures (40 °C, 39 °C, 38 °C, 37 °C, 36 °C, 35 °C, 30 °C) under the
environment temperature of 40 °C and discuss the maximum temperature and temperature
difference in the battery under the conditions of different temperatures and cell spacing
(23 mm, 24 mm, 25 mm, 26 mm).

Figure 20 shows the maximum battery temperature and temperature difference with
different temperatures of precooled coolant and battery spacing at the 40 °C ambient tem-
perature. It can be concluded that, with the decrease in coolant temperature, the maximum
temperature of the battery decreases considerably, and the maximum temperature differ-
ence increases first and then remains unchanged at a constant external temperature and
the battery spacing. Specifically, when the coolant temperature begins to drop from 40 °C,
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the corresponding maximum temperature difference in the battery will gradually increase.
When the coolant precools to 37 °C, the maximum temperature difference in the battery
will keep stable at a certain high value. The reason for the significant drop in maximum
battery temperature at a low coolant temperature is that the heat transfer effect is strong
due to the large temperature difference between the coolant and battery. In addition, the
reasons for the changes in maximum temperature difference are as follows. When the
temperature of the coolant is 37~40 °C, PCM and liquid cooling work together, and the
control effect of liquid cooling on the battery temperature gradually becomes stronger as
the coolant temperature decreases. Until the coolant temperature is low in the range of
30~37 °C, or even lower, PCM does not reach the melting temperature and only conducts
heat, and the liquid cooling plays a leading cooling role, so the corresponding maximum
temperature difference in the battery maintains no obvious change within a certain range.
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Figure 20. Maximum temperature (a) and maximum temperature difference (b) of battery under the
ambient temperature of 40 °C, different coolant temperatures and battery spacing.

At the same time, at a constant coolant temperature, the battery spacing has little effect
on the maximum temperature of the battery but has a significant impact on the maximum
temperature difference. When the battery spacing is 23 mm, the maximum temperature
difference between the battery and coolant temperature exceeds 5 °C, which does not
meet the uniformity requirements. Then, increasing the battery spacing to 24 mm, the
maximum temperature difference in the battery is slightly improved, but only the 40 °C
coolant without precooling can satisfy the requirements. However, until the spacing is
increased to 25 mm, the maximum temperature difference in the battery at each coolant
temperature is less than 5 °C. Further expanding the spacing will not be conducive to the
compactness of the battery pack. Therefore, 25 mm is also used as the optimal battery
spacing for the proposed honeycomb-structured BTMS under the condition of precooling.

The maximum temperature and temperature difference curves of the battery discharge
process with different coolant temperatures under the selected optimized battery spacing
are shown in Figure 21. As for the maximum temperature difference curve of the battery, it
increases rapidly at first, and then it remains flat and finally rises. The lower the coolant
temperature is, the higher the temperature difference is at the turning point in the early
discharge process. When the battery starts to generate heat, a temperature gradient will
form from the inside out in the early discharging stage. The lower the coolant temperature,
the lower the minimum temperature of the battery surface, resulting in a rapid increase in
the maximum temperature difference. Then, in the middle period of discharging, liquid
cooling and PCM act the cooling effect, respectively, according to the different coolant
temperatures, which not only makes the maximum battery temperature decrease or stable
but also results in the temperature difference decreasing and reaching a balance. In the final
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stage of discharging, the temperature difference expands again due to the increase in the
heat generation rate of the battery. It is worth noting that when the temperature difference
between the coolant and the environment is more than 5 °C, the maximum temperature
difference in the battery exceeds 5 °C in the discharge process. Therefore, when the liquid
cooling can control the maximum battery temperature well, precooling the coolant to a
too-low temperature is not recommended to avoid the maximum temperature difference
in the discharge process not meeting the conditions. In addition, the maximum battery
temperature increases rapidly first, and then it changes gently and finally rises sharply,
because the PCM does not reach melting temperature and cannot absorb heat in the early
discharge stage, and the heat generation rate of the battery increases rapidly in the last
period of discharging. However, whether the maximum temperature rises or falls gently in
the middle discharge process depends on the difference between the instantaneous heat
generation of the battery and the heat dissipation of cooling measures. With the decrease in
coolant temperature, the effect of liquid cooling becomes stronger, making the maximum
temperature trend change from flat to falling.

&

40°C —v—37°C ——34°C—e—31°C (—=—40°C —v—37°C —»—34°C——31°C|
39°C ——36°C —e—33°C—o—30°C [——39°C —#—36°C —e— 33°C —o—30°C|
38°C —4—35°C —»—32°C

5
T
Py

[—4—38°C —4—35°C ——32°C

S w0 -~ o EY

Maximum temperature difference (°C)

0

T
100

o

T T T T T
200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time (s) Time (s)

@) (b)

Figure 21. Maximum temperature (a) and maximum temperature difference (b) of battery during
discharging process under 40 °C ambient temperature, 25 mm battery spacing and different coolant
temperatures.

Based on the above results, it can be concluded that precooling coolant has an obvious
effect on reducing the maximum temperature of the battery. At the ambient temperature
of 40 °C, the coolant temperature in the range of 37~40 °C has a significant effect on the
maximum temperature difference, while a coolant temperature lower than 37 °C has little
effect. In addition, too low a coolant temperature will cause the maximum temperature
difference in the battery discharge process to be too high to meet the requirements. Consid-
ering the above rules and the structure compactness, the 25 mm battery spacing is selected
as the optimal choice of the honeycomb-structured BTMS. The precooling coolant of 40 °C,
39 °C, 38 °C, 37 °C, 36 °C and 35 °C can be selected according to the battery requirements,
compared with the corresponding pure PCM-based BTMS, the maximum temperature
can be decreased by 0.48 °C, 0.88 °C, 1.55 °C, 2.38 °C, 3.39 °C and 4.39 °C, respectively.
Meanwhile, this BTMS can satisfy the requirements of the maximum temperature difference
in the battery under all the operating conditions mentioned in this study.

5. Conclusions

To improve the heat dissipation effect of the battery pack at high temperatures and
high discharge rates, a battery thermal management system (BTMS) based on honeycomb-
structured liquid cooling and phase change materials (PCM) is innovatively proposed in
this paper. Moreover, the heat transfer simulations of the simplified model under different
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structural, material and operation parameters are carried out and analyzed. Through
experimental and simulation results, the important findings can be described as follows:

1.  The heat source expression of the battery can be obtained by combining the internal
resistance and temperature rise experiment results with the Bernardi heat generation
equation. According to the experiment results, the higher the discharge rate, the
lower the total internal resistance and the higher the temperature rise at the same
ambient temperature. In addition, with the decrease in the remaining energy, the total
internal resistance of the battery is unchanged at first, and then it increases at the
same ambient temperature and discharge rate.

2. The proposed honeycomb structure composed of six cooling tubes and fins using the
counter-flow coolant is the optimal basic scheme, which can significantly improve
the thermal performance of the battery. In the environment of 40 °C, the maximum
temperature and temperature difference in the battery can reach 45.71 °C and 4.4 °C,
respectively. Moreover, the maximum battery temperature in this scheme will be fur-
ther improved and can meet the uniformity requirements by decreasing the ambient
temperature.

3. The battery spacing and the mass fraction of expanded graphite (EG) jointly affect
the thermal performance of the battery at different temperatures. As the spacing
between batteries increases, the corresponding maximum temperature difference in
the battery will decrease. However, the effect of battery spacing on the maximum
temperature is determined by the mass fraction of EG. At a high EG mass fraction,
battery spacing has little impact on the maximum temperature. While the EG mass
fraction is low, the maximum temperature increases as the battery spacing rises. In
addition, increasing the mass fraction of EG can lower the maximum temperature of
the battery and increase the maximum temperature difference.

4. The BTMS based on the honeycomb structure is relatively compact, and PCM plays
the leading role of heat absorption at high temperatures, while liquid cooling has
a significant effect at low temperatures. Meanwhile, precooling the coolant at high
ambient temperatures can not only significantly reduce the battery temperature but
also restore the heat storage capacity of PCM. Under the conditions of 40 °C ambient
temperature and 5C discharge rate, the maximum battery temperature in the optimal
BTMS cooled by 35 °C coolant is 41.79 °C, which is 4.39 °C lower than that of the
corresponding pure PCM-based BTMS. Furthermore, when the temperature difference
between the coolant and the environment is within 5 °C, the maximum temperature
difference during the whole discharge process meets the uniformity requirements.

The proposed BTMS model has a compact structure, uniform heat dissipation, and can
prevent the leakage of liquid PCM. To some extent, it can also reduce the harm of thermal
runaway of the battery. However, due to the complexity of the structure and cooling
measures, high manufacturing costs may be incurred. In addition, the simulation studies
of the BTMS under conventional and high temperature and discharge rate conditions are
carried out in this paper. To comprehensively consider the thermal performance of the
proposed BTMS, more situations such as the actual cycle conditions, thermal runaway
and other extreme conditions can be considered. Moreover, generalized optimization and
parameter study are presented in this paper. For subsequent work, the response surface
model, genetic algorithm and other mathematical models can be used to obtain more
accurate optimal parameters.
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Abstract: A large-capacity prismatic lithium-ion battery thermal management system (BTMS) combin-
ing composite phase change material (CPCM), a flat heat pipe (FHP), and liquid cooling is proposed.
The three conventional configurations analyzed in this study are the BTMSs using only CPCM,
CPCM with aluminum thermal diffusion plates, and CPCM with FHPs. In addition, a CPCM-FHP
assisted with liquid cooling at the lateral sides is established to enhance the thermal performance of
large-capacity batteries. Moreover, the influences of coolant temperature, the number of FHPs and
cooling pipes, and the coolant direction on the temperature field of a BTMS are discussed. Finally,
the orthogonal design method is used for the multi-level analysis of multiple factors to improve
the light weight of the system. The optimal parameter combination is obtained to achieve the best
thermal performance of the BTMS, with the maximum temperature and the temperature difference at
43.17 °C and 3.36 °C, respectively, under a maximum discharge rate of 2C and a high-temperature en-
vironment of 37 °C. The optimal scheme is further analyzed and affirmed through the comprehensive
balance method.

Keywords: lithium-ion battery; thermal management; phase change material; flat heat pipe; liquid
cooling; orthogonal design method

1. Introduction

Electric vehicles can significantly reduce dependence on fossil energy and have the
advantages of energy conservation and emission reduction, compared with traditional
fuel vehicles, which are the critical link to achieving the double carbon goal and green
development. As the power source of most electric vehicles, the lithium-ion battery (LIB)
is easily affected by operation temperature during work. Therefore, the battery thermal
management system (BTMS), which is energy-saving, efficient, and safe, could effectively
enhance the thermal safety and stable operation of electric vehicles.

The cooling mediums of BTMSs mainly include air, liquid, heat pipe, and phase change
material (PCM). Li et al. [1] established an electric thermal model based on fluid dynamics
and studied the model under natural ventilation conditions. Then, the output training and
optimization design of the battery module were carried out through a model based on
an artificial neural network (ANN). The results showed better optimization of the battery
layout and cooling efficiency. Yamanaka et al. [2] proposed an equivalent circuit model
and applied it to a BTMS based on liquid cooling. The simulation results were fitted well
with the experiment results. Furthermore, the accuracy of the relationship between the
coolant flow rate and the pressure drop or heat transfer coefficient was high. Chen et al. [3]
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put forward three structures of BTMSs: Structure 1, which is based on hollow spoiler
prisms with batteries; Structure 2, which adds a PCM to Structure 1; and Structure 3, which
adds aluminum fins based on Structure 2. The first two structures have better thermal
performance than conventional air cooling systems, and Structure 3 possesses the best
cooling performance.

The requirements for the BTMS are more urgent with the continuous development of
electric vehicles and the increase in energy density of battery modules or the driving of
cars under high-temperature and rapid discharging rate conditions. Currently, a BTMS that
combines active and passive cooling is a very effective cooling method. The most common
ways are to combine composite phase change material (CPCM) with air cooling [4-7], liquid
cooling [8-11], or heat pipes [12-14].

Khan et al. [15] used air with different flow rates to cool cylindrical batteries inside
PCM and studied the effects of cross-sectional shapes on PCMs at room temperature. The
results indicated that the increase in air flow rate could decrease the battery’s tempera-
ture and enhance the heat transfer performance of the PCM. Faizan et al. [16] designed
two structures of BTMSs with PCM and liquid cooling under high discharge rates and
room temperature. The first is the PCM sandwiched between the batteries, and the second
is the PCM wrapped around the batteries. The effects of the coolant velocity, the volume
fraction of the nanofluid, and the flow direction were analyzed. The results showed that the
latter had better thermal performance than the BTMS. Abbas et al. [12] proposed two types
of BTMS based on the PCM and HPs under room temperature and a high heat generation
rate, including the indirect/direct contact between the heat pipe evaporation section and
the battery. It was verified through experiments that the latter had a better temperature
control effect on the BTMS. For the HP-based BTMS, the range of the temperature difference
was small, and the range of the maximum temperature was significantly lower than the
heat transfer characteristics of the HP during the actual discharging. In addition, the heat
transfer coefficient of the HP is generally stable within a specific field and has no significant
volatility. Therefore, the simplified heat transfer model in this work is adopted [17-20],
simplifying the HP into a flat plate 2 mm in width with the same length and height as
the battery and high thermal conductivity as the actual HP. The heat transfer mode is
adopted during the heat transfer, ignoring the complex internal heat transfer, mass transfer,
vapor-liquid flow, and momentum transfer, and the copper HP is selected [21].

Xu et al. [22] compared the heat generation of a single large-capacity prismatic battery
and a small-capacity cylindrical battery with the influence of the depth of discharge (DOD)
at different discharge rates and environmental temperatures. The results showed that the
heat production of the prismatic battery was higher than that of the cylindrical battery
when the DOD was below 0.7 and lower in the later stage of discharge due to the large
polarization internal resistance of the cylindrical battery. The thermal performance of the
BTMS based on 106 large-sized batteries [23,24] was studied under room temperature and
high discharge rates using the hybrid cooling of a PCM and a liquid. However, a high-
temperature environment was not considered. In addition, thermoelectric cooling using
thermoelectric coolers is a novel method for battery cooling applications. Sun et al. [25]
pointed out that thermoelectric coolers have a wide range of potential applications in
miniaturized electronics and have a better temperature control effect on battery cooling
than liquid cooling and natural convection methods at room temperature.

Most studies focus on the thermal characteristics of small-capacity batteries under low
environmental temperatures and high discharge rates or high environmental temperatures
and low discharge rates. Compared with small-capacity batteries, the thermal management
requirements are higher with grouped large-capacity batteries. There are few studies on
large-capacity battery modules under high-temperature environments and high discharge
rate conditions. In addition, many factors affect the heat dissipation of batteries in BTMSs.
Quantitative analysis based solely on parameter research cannot comprehensively evaluate
system performance. Appropriate optimization methods should be selected to conduct a
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qualitative analysis of the influencing factors to design the optimal structure and improve
the light weight, economy, and safety of a BTMS.

In this work, a large-capacity prismatic BTMS integrating CPCM, FHPs, and liquid
cooling is established. The thermal characteristics of the BTMS based on only CPCM,
CPCMs with aluminum thermal diffusion plates (ATDPs), and CPCMs with FHPs were
compared first. Then, the liquid cooling was assisted in the CPCM-FHP model to further
improve thermal performance at the maximum discharge rate of 2C and the high temper-
ature of 37 °C. In addition, the effects of the number of FHPs, the coolant temperature,
the number of cooling pipes, and the coolant flow direction were optimized through the
orthogonal design method. Finally, the parameter combination that enabled the BTMS to
have optimal thermal performance was obtained.

2. Physical Model and Mathematical Formulation
2.1. Physical Model of Battery Modules

In this work, the thermal performance of the combined CPCM, FHPs, and liquid
cooling are examined through numerical simulation compared with the schemes without
combined liquid cooling techniques. Four schemes of BTMSs are proposed: Scheme 1
with CPCM cooling only; Scheme 2 with combined CPCMs and ATDPs; Scheme 3 with
combined CPCMs and FHPs; and Scheme 4 with combined CPCMs, FHPs, and liquid
cooling, as shown in Figure 1a—d, respectively.

Battery

CPCM

Battery

FHP Battery

CPCM
Liquid plate CPCM

Coolant

(d)

Figure 1. Four schemes of battery module structures: Scheme 1 with CPCM only (a), Scheme 2 with
CPCMs and ATDPs (b), Scheme 3 with CPCMs and FHPs (c), and Scheme 4 combined CPCMs, FHPs,
and liquid cooling (d).

Six nickel-cobalt-manganese LIBs with a 50 Ah capacity were connected electrically in
series to form the battery module. The width, height, and depth of the battery were 148 mm,
92 mm, and 27 mm, respectively. The CPCMs (the blue part) 4 mm in thickness, made from
a mixture of paraffin wax and EG by Shenzhen HM New Material Technology Co., Ltd.,
were sandwiched between batteries in Scheme 1. A total of 12 ATDPs (the brown part)
4 mm thickness were sandwiched between batteries in Scheme 2. FHPs (the green part)
2 mm thickness were set up to study the impact of the heat pipe on the thermal performance
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of the BTMS in Scheme 3. Furthermore, Scheme 4 added liquid cooling on both sides of
the battery module based on Scheme 3, with four cooling channels with a diameter of
6 mm inside each Al plate. Furthermore, the comparison of the cooling methods in the
four schemes is shown in Table 1. The parallel flow on the same side of the battery module
was set inlet while the other side was set outlet, and water was chosen as the coolant. In
addition, the thermophysical properties of the components in the battery module are shown
in Table 2. The melting temperature and the latent heat of the CPCM were 37 °C~40 °C
and 150 kJ/kg, respectively. Considering that 37 °C is the critical temperature of phase
change of PCM, this work studied the thermal performance of large-capacity BTMSs under
a high-temperature environment of 37 °C and a maximum discharge rate of 2C to prevent
the occurrence of thermal runaway.

Table 1. Comparison of cooling methods of the four schemes.

Design Schemes Cooling Methods
Scheme 1 Only 7 CPCMs
Scheme 2 7 CPCMs and 12 ATDPs
Scheme 3 7 CPCMs and 12 FHPs
Scheme 4 7 CPCMs, 12 FHPs, and liquid cooling

Table 2. Thermophysical properties of components in the battery module.

. Density Specific Heat Capacity Thermal Conductivity
Materials (kg/m®) (/(kg-K)) (W/(m-K))
Battery 2300 1072 18.5,18.5,1.5
Aluminum 2719 871 202.4
Water 998.2 4128 0.6
Heat pipe 8978 381 6000
CPCM 1000 2000 12

2.2. Mathematical Formulation

Solid heat transfer of the BTMS models involving batteries, CPCMs, ATDPs, FHPs
and the energy conservation equations involved is as follows:

pbcp,haaltb =V (k,VTy)+ QvoL 1)
PPCMCp, effaTgtCM =V - (kpemVTpcm) 2
PATDPCp, ATDPaTSIDP =V - (katppVTarpr) ®)
OFHPCp, FHP a]:;:fnj =V - (krapV Tenp) 4)

where p, ¢y, and k represent the density, specific heat capacity, and thermal conductivity
of the different materials, respectively, and Qvor, represents the heat generation rate of
the battery.

Moreover, the velocity of cooling water is 0.1 m/s, the corresponding Reynolds number
is 598.92, and the laminar model is employed for cooling flow. The mass, momentum, and
energy equations of the liquid cooling are shown as follows, respectively:

opw

T4V (pw?) =0 )
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%(Pw;) +V- (Pw;?> =—-VP+ V. (}lV?) (6)
%(chp,wTw) +V- (pwcrlﬂ“;Tw> =V (ko VTy) (7)

where oy, ?, Cp,w, kw, and P are the density, velocity vector, specific heat capacity, thermal
conductivity, and static pressure, respectively.

2.3. Boundary and Initial Conditions

We employed COMSOL Multiphysics [25] to set the interfacial boundary conditions.
The interfacial boundary conditions between the battery and the CPCM, the battery and
the ATDDP, the battery and the FHP, the FHP and the CPCM, the Al plate and the cooling
pipe were set as follows:

—kaTTlZ = —kpcm g:ﬁgx (8)
_kb% = —karpp g:ﬁ;ﬁ )
_kb% = —kpup gigﬁ (10)
—kpem g:ﬁgx = —kpnp g:ﬁgx 11)

where n represents the direction along the normal of the outer surface of each component,
and the dT/dn represents the temperature gradient of each component.

JT;
*kPCMa PM — h(Tpem — Tamb) (12)
npcm
dT
—kFHPa TP — h(Temp — Tamp) (13)
NFHP

where i is the convection heat transfer coefficient between PCM or FHP and ambient.

The initial condition is T = Ty and v = vy at t = 0, where T} is the ambient temperature,
while vy is the inlet velocity, set as 0.1 m/s. The inlet temperature of the coolant was 37 °C.
Moreover, the coolant inlet was set as the velocity inlet boundary condition, the coolant
outlet was set as the pressure outlet boundary condition, and the other surfaces adopted
the no-slip boundary condition.

3. Model Verification and Comparison
3.1. Verification of Heat Generation Rate

The experimental data of heat generation rates [26] is used for the verification of the
simulation model for this application. Figure 2 displays the comparison of the temperature
rise trend using the simulation of dynamic and average heat generation rates with the
experimental results at the discharge rates of 0.5C, 1C, 1.5C, and 2C and the environmental
temperatures of —5 °C, 10 °C, 25 °C, and 40 °C. The dynamic heat generation rate is the
transient value obtained from the discharging experiment. The average heat generation
rate is the average value of the dynamic heat generation rate during the discharge process.
Based on the dynamic heat generation rate, the calculation accuracy of the battery thermal
model is the highest, with the maximum temperature difference within 1 °C. Though the
battery temperature values were slightly underestimated, the average heat generation
model yielded an acceptable engineering accuracy of 5%.
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Figure 2. Comparison of battery temperatures obtained using simulation of the dynamic and average
heat generation rates with experimental results at environmental temperatures of (a) —5°C, (b) 10°C,
(c) 25°C and (d) 40°C under discharge rates of 0.5C, 1C, 1.5C and 2C (distinguished in colours).

The simulation result based on the average heat generation rate was lower than the
experimental result at the beginning of discharge. There was contact thermal resistance
during the experiment, which was ignored during the simulation. Moreover, the reaction
heat was not considered in the simulation model. The increase in polarization resistance
of the battery led to a rise in polarization heat in the later stage of discharge, resulting in
a slightly higher simulation result than the experimental result. There were also specific
errors between various devices in the experiment. However, the overall trend between
the simulation and experiment results is consistent. The experimental value and the
simulated one are almost the same, finally. Therefore, balancing the accuracy and efficiency

of calculation, the battery thermal model based on the average heat generation rate will be
established in the subsequent work.

3.2. Result Comparison of Battery Modules

Figure 3a,b display the mesh model of Scheme 3 and the independent analysis of the
grid number in Scheme 3 under a 1C discharge rate and 25 °C ambient temperature and
natural convection environment.
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Figure 3. Mesh of Scheme 3 (a), independence analysis of grid in Scheme 3 under 1C discharge rate
and 25 °C ambient temperature and natural convection (b), and comparisons of maximum battery
temperatures (c) and temperature differences (d) in Scheme 1, Scheme 2, and Scheme 3 with 12 FHPs
under a 2C discharge rate and ambient temperatures of —5 °C, 10 °C, 25 °C, and 37 °C.

The tetrahedral and hexahedral grids of the battery module were divided using
COMSOL Multiphysics. The grid independence study was examined using the number
of grids, including 49,423, 108,896, 295,348, 478,898, 675,556, and 1,096,202. It is seen that
the maximum temperature decreased with the increase in the grid cells, whose trend was
stable at grid number 478,898. Furthermore, the independent analysis of the time step at
25 s was also simulated.

Figure 3c,d are the comparisons of the battery temperatures in Scheme 1, Scheme 2,
and Scheme 3 with 12 FHPs under a 2C discharge rate and ambient temperatures of —5 °C,
10 °C, 25 °C, and 37 °C, respectively. It was verified that the maximum temperature
and temperature difference of Scheme 3, the combined CPCM with FHPs, were lower
than in Schemes 1 and 2. It is ascertained that the BTMS with CPCM and FHPs owned
better thermal performance. However, it could not keep the maximum temperature of
the batteries within the normal temperature range (50 °C) [4,27,28] under a maximum
discharge rate of 2C and a high temperature of 37 °C. Therefore, liquid cooling was assisted
in the CPCM-FHP system in the following study to improve thermal performance.

4. Scheme Design and Parameter Discussion
4.1. Scheme Design

From the previous analysis, it can be seen that Scheme 4 has optimal thermal perfor-
mance. This section proposes three more schemes based on Scheme 4 for comparative
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verification. The CPCMs in Scheme 4 are set as mica plates, namely, Scheme 4-1. The
CPCMs in Scheme 4 are set as air, namely, Scheme 4-2. In addition, all the CPCMs are
removed from Scheme 4, namely, Scheme 5, using a combination of seven FHPs and liquid
cooling. Figure 4 displays the battery temperatures in the schemes under the 2C discharge
rate and 37 °C ambient temperature. It can be seen that the temperatures of the schemes
meet the temperature requirements of the BTMS, and the maximum temperature of Scheme
4 is the lowest. In addition, from the perspective of structural simplification, the design
of Scheme 5 is also acceptable. To further study the thermal performance of the BTMS,
integrating CPCM, FHPs, and liquid cooling, parameter study and optimization will be
conducted based on Scheme 4 in the subsequent work.

49.0 1 —e— Maximum temperature 10

| —=— Temperature difference

S
oo
n

& B
oo ®
[T
T T

Maximum temperature (°C)

5

1S

T

L
o
IS

Temperature difference (°C)

46.5

122
46.0

12.0
455
45.0

L L L L
Scheme 4 Scheme 4-1 Scheme 4-2  Scheme 5
Scheme design

Figure 4. Maximum temperature and temperature difference in the battery module of different
schemes under 2C discharge rate and 37 °C ambient temperature.

4.2. Effect of FHP Number

The FHPs are applied between batteries in the BTMS based on CPCM to improve
thermal performance. Therefore, the FHP number is set to 6, 8, 12, and 14, respectively,
shown in Figure 5, to improve the temperature uniformity of the BTMS. Six FHPs are
decorated in Figure 5a, attached to one side of the six batteries. Eight FHPs are set in
Figure 5b, which are placed on both sides of the four middle batteries to strengthen the
cooling capacity of the battery module. Twelve FHPs are employed in Figure 5c on both
sides of the six batteries. Moreover, Figure 5d is a combination of Figure 5c and two FHPs
on the two outsides of the battery module.

FHP Battery 8 FHPs

(b)

12 FHPs 14 FHPs

(c) (d)

Figure 5. Battery module with different numbers 6, 8, 12 and 14 (a—d) of FHPs in Scheme 3.
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Air cooling based on forced convection is also a common cooling method of BTMSs.
According to Figure 3¢, the BMTS using CPCM and FHPs cannot meet the operating
temperature requirements. Therefore, the BTMS using CPCM-FHP combined with air
cooling and liquid cooling were studied, respectively, in this work.

Figure 6 are the maximum battery temperatures (a,c,e,g) and temperature differences
(b,d,fh) in Scheme 3 versus convective heat transfer coefficient under a 2C discharge rate,
different numbers of FHPs and different ambient temperatures of —5 °C (a,b), 10 °C (c,d),
25 °C (e,f), and 37 °C (g,h). It can be seen from Figure 6a,c,e,g that the maximum tem-
perature of the battery module shows a negative correlation with the number of FHPs,
decreasing with more FHPs. Moreover, the temperature difference of the battery module
with eight FHPs is slightly higher than that with six FHPs. The main reason is that the
eight FHPs are arranged on both sides of the middle four batteries, and the outermost
two batteries do not have a strong heat dissipation effect. The temperature difference
further increases, especially after the CPCM begins to melt. However, the six FHPs are
evenly distributed on one side of the six batteries. Hence, the temperature uniformity at
the end of the discharge process is good because of the large thermal conductivity of the
FHPs. In addition, the temperature difference of the battery modules with six and eight
FHPs continues to rise at the convective heat transfer coefficient of 20 ~ 30 W /(m?-K) due
to the CPCM beginning to melt to complete liquidity.

When the number of FHPs increases to 12, the maximum temperature of the battery
module shows a significant downward trend, which is decreased by 2 °C compared to 6
FHPs, especially in a low-temperature environment of —5 °C and adiabatic conditions. In
addition, it shows a similar trend with 14 FHPs but with better temperature uniformity.
The main reason is that the 12 FHPs are evenly arranged on both sides of the 6 batteries.
The heat released by the batteries is dissipated in a timely manner and stored in the CPCM,
leading to a low temperature difference. The 2 additional FHPs in the battery module with
14 FHPs reduce the maximum temperature of the batteries and the minimum temperature
of the outermost batteries, resulting in a larger temperature difference.

In addition, it can be seen from Figure 6b,d,f,h that the maximum temperature of the
battery module decreases with the convective heat transfer coefficient increasing while the
temperature difference increases. Furthermore, the temperature difference of the battery
module is significantly impacted by the convective heat transfer coefficient, especially when
the FHP number is set to be 6 and 8, and it is decreased when the number of FHPs increases
to 12 and 14 because of the higher thermal conductivity of the FHPs. It is indicated that the
FHPs can effectively reduce the maximum temperature while significantly improving the
temperature uniformity of the BTMS.

Figure 7a—d display the temperature fields of the different FHP numbers on battery
temperature under a 2C discharge rate and 37 °C ambient temperature. For the battery
modules with six FHPs, the maximum temperature appears near the middle batteries with
a slight temperature difference due to the average distribution of FHPs and batteries. For
the battery modules with eight FHPs, the temperature of the middle batteries is lower,
while that on both sides is higher. The main reason is that the FHPs are set on both sides of
the four batteries in the middle. Furthermore, the temperature distribution of the battery
module is relatively uniform with the FHPs increased to 12. In addition, the outermost two
batteries of the battery module are supercooled when the FHP number is increased to 14,
resulting in a larger temperature difference.

All temperature differences of the battery modules with 12 FHPs and 14 FHPs are main-
tained within 5 °C, meeting the temperature uniformity requirements of a BTMS [29-31]
under different ambient temperatures and convective heat transfer coefficients. However,
the temperature differences in the battery modules with six FHPs and eight FHPs ulti-
mately exceed 5 °C with the convective heat transfer coefficient increase. Based on the
above analysis, the battery module with 12 FHPs has a better maximum temperature and
temperature uniformity.
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Figure 6. Maximum battery temperatures (a,c,e,g) and temperature differences (b,d,f,h) in Scheme 3
versus convective heat transfer coefficient under a 2C discharge rate, different numbers of FHPs and
different ambient temperatures of —5 °C (a,b), 10 °C (c,d), 25 °C (e,f), and 37 °C (g,h).
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Figure 7. Temperature fields of the battery module with different FHP numbers: 6 (a), 8 (b), 12 (c)
and 14 (d) under a 2C discharge rate and 37 °C ambient temperature.

4.3. Effect of Coolant Temperature

It is known that Scheme 3, using CPCM and FHPs, has a maximum temperature of
over 50 °C under a high-temperature environment of 37 °C and a maximum discharge rate
of 2C. Therefore, liquid cooling is added on two sides of the battery module to assist the heat
dissipation of Scheme 3 in Figure 1d. Figure 8 shows the change in battery temperature with
different coolant temperatures under the 2C discharge rate and 37 °C ambient temperature.

Figure 8a shows that the maximum temperature of the battery module will be affected
by the coolant temperature, and the two are positively correlated. Still, the temperature
difference has an opposite trend. The maximum temperature reaches 46.67 °C, 6.56 °C
lower than that of the BTMS, based on the coupling of CPCM and the FHPs under the
coolant temperature of 37 °C, showing that liquid cooling has a good effect on improving
the heat dissipation performance of the BTMS. Liquid cooling takes away more and more
heat as the coolant temperature decreases. Moreover, the rate of decline is relatively large
until the coolant temperature drops to 22 °C. It shows that the heat taken away by the
coolant has reached a balance with the heat generated by the battery module. Even if
the coolant temperature continues to be lowered, it cannot cool down more effectively.
Currently, the maximum temperature of the battery module remains near the initial ambient
temperature. In addition, it remains near the phase change temperature of CPCM at 13 °C
and 15 °C coolant temperatures due to the melting of the CPCM.
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Figure 8. History curves of maximum temperatures (a) and temperature differences (b) under the
conditions of 2C discharge rate, 37 °C ambient temperature, 0.1 m/s velocity and different coolant
temperatures of 10 °C, 13 °C, 15 °C, 17 °C, 20 °C, 22 °C, 25 °C, 30 °C, 33 °C and 37 °C, and peak
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In addition, Figure 8b shows that the maximum temperature of the battery module
decreases while decreasing the coolant temperature. In contrast, the temperature difference
increases, reaching its lowest at 1.91 °C at the coolant temperature of 37 °C, consistent with
the ambient temperature. In comparison, it reaches its highest at 4.76 °C at the coolant
temperature of 17 °C. Furthermore, the temperature difference of the battery module will
exceed 5 °C if we suppose the coolant temperature continues to be lowered, which cannot
meet the temperature uniformity requirements of the BTMS during regular operation. Re-
lying solely on reducing the coolant temperature cannot improve the thermal performance
of a BTMS. Therefore, the coolant temperature, close to the ambient temperature, should be

preferred to balance the maximum temperature and maximum temperature difference of
the BTMS.

4.4. Effect of Coolant Pipe Number

Figure 9 shows the change in battery temperature with the number of cooling pipes
being 0,2, 4, 6, 8, 10, and 12 under a 2C discharge rate, 37 °C ambient temperature, and a
coolant velocity of 0.1 m/s. The maximum temperature of the battery module decreases
with the larger number of cooling pipes. It reaches up to 50.32 °C without liquid cooling,
which exceeds the working temperature of the BTMS. Furthermore, it continues to decrease
with the increasing number of cooling pipes. The main reason is that more cooling pipes
can take more battery heat.
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Figure 9. History curves of maximum temperatures (a) and temperature differences (b) under the
conditions of 2C discharge rate, 37 °C ambient temperature, 0.1 m/s velocity and different cooling
pipe numbers of 0, 2, 4, 6, 8, 10, and 12, and peak maximum temperature and maximum temperature
difference versus cooling pipe number (c).

The drop-tends of the battery temperature will be flat when the number of cooling
pipes increases to eight or more. The coolant takes the heat away and reaches a balance
with the heat from the battery; continuing to increase the flow of the coolant will not
further reduce the maximum temperature of the battery module. Figure 9b shows that the
battery temperature difference increases with the number of cooling pipes. However, the
increasing trend of the temperature difference tends to be stable as the decreasing trend
of the maximum temperature tends to be stable. In addition, it is seen from Figure 9c that
the maximum temperature and temperature difference exhibit opposite trends with the
increased number of cooling pipes. Therefore, selecting the appropriate number of cooling
pipes should be considered comprehensively. Based on the above analysis, a BTMS with
eight cooling pipes is preferred for the following study under a high discharge rate of 2C, a
high-temperature environment of 37 °C, and a 0.1 m/s velocity.

4.5. Effect of Coolant Direction

Figure 10 shows the structure diagram of Scheme 4 in Figure 1d with four coolant flow
directions under the 2C discharge rate, 37 °C ambient temperature, and 0.1 m/s coolant
velocity. Figure 10a shows the directions of eight cooling pipes set as parallel flow, namely,
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Case 1; Figure 10b shows the four cooling pipes on one side as inlets while the four cooling
pipes on the other side are outlets, namely, Case 2; Figure 10c is the directions of the four
cooling pipes on one side as the counter flow and four cooling pipes on the other side in
the horizontal direction, namely, Case 3; Figure 10d is the directions of eight cooling pipes,
all as counter flow, namely, Case 4. The difference between Case 3 and Case 4 is that the
coolant flow direction on both sides of the horizontal direction is consistent in Case 3 while

it is different in Case 4.
(a) (b)
(0) (d)

[ inlet @outlet

Figure 10. Four cases based on different coolant flow directions of Scheme 4 under a discharge rate of
2C, ambient temperature of 37 °C and coolant flow rate of 0.1 m/s, (a) Case 1, eight cooling pipes are
a parallel flow; (b) Case 2, four cooling pipes on one side as inlets while four are on the other side as
outlets; (c) Case 3, four cooling pipes on one side as counter flow while the remaining in the direction
on the other side are consistent; (d) Case 4, eight cooling pipes as counter flow.
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Figure 11 displays the battery temperature in the four coolant flow direction cases in
Figure 10. It can be seen that the maximum temperature and temperature difference of
the battery module is lower with a counter flow of the coolant than with a parallel flow.
The main reason is that the coolant inlet temperature is the same as that of the battery
module. In contrast, the coolant outlet temperature rises due to the heat absorption from the
battery module. The temperature difference between the two ends of the battery module is
balanced through the counter flow of the coolant. Therefore, the counter flow direction in
Case 3 owns better thermal performance of the BTMS to account for the complexity of the
system structure and the light weight of the vehicle and is used for the following work.

5. Optimization Based on Orthogonal Design Method
5.1. Orthogonal Design

The orthogonal design method employs a table to realize multi-factor and multi-
variable experiments. A representative test plan is obtained, and further comparisons are
made to form the best approach. Therefore, the effects of different factors on the test results
can be clarified, which can be used to predict the development trend of related variables.
The advantage of the method is that it can obtain the optimal parameter combination that
meets the experimental requirements through fewer tests quickly and accurately [32,33].

The methods of range analysis and variance analysis are mainly used in analyzing the
test results, which are the numerical tests in orthogonal design, and the basic principles
and applicability of the two are significantly different. The range analysis method is
simple and intuitive. The importance of factors can be judged according to the size of the
range value. In addition, the range analysis method can also quickly obtain the optimal
factor combination but cannot accurately determine the effect of various factors on the
experimental results. The analysis of variance can not only estimate the experimental
error but also judge the impact of the error, so it makes up for the defects of the former
method to a certain extent. In addition, it can still obtain the influence of various factors
and interactions on the test results, even with many levels and interactions.

The orthogonal test aims to select the optimal parameter combination in the previous
parameter study to design a more efficient BTMS structure and better temperature control to
prevent thermal safety problems caused by excessive temperatures. The lowest maximum
temperature and the lowest temperature difference of the battery module are set as the
evaluation indicators in the orthogonal test design under the maximum discharge rate of
2C and a high-temperature environment of 37 °C.

The coolant temperature has a significant impact on the maximum temperature and
the temperature difference of the battery module. Therefore, it is necessary to find a suitable
coolant temperature under different operating conditions when designing the BTMS. In
general, the coolant temperature changes with the ambient temperature, but it can also be
controlled with thermoelectric precooling, which is set as an optimized design variable.
Therefore, the FHP number, the coolant temperature, and the cooling pipe number are
selected for the design. It was concluded that the optimal values of the three factors with
four levels appear within a specific range from the previous single-factor analysis. We
replaced each factor with a letter: A, FHP number; B, coolant temperature; C, cooling
pipe number. There was no interaction among the factors when judging the preliminary
experiments, so the influence of interaction is not considered. Therefore, there are three
factors and four levels in the orthogonal test. The specific factor levels are shown in Table 3.

The orthogonal table is mainly selected with a small number that can meet the ex-
perimental requirements according to the number of factors and levels in an orthogonal
test design. This test has three factors and four levels, so the Ly (4°) orthogonal table is
employed to determine 16 test schemes. A reasonable header design needs to arrange all
factors in the table. There are three factors in this test, so the two extra columns are used
as empty columns, designed as error columns, and placed at the end of the orthogonal
table. The required orthogonal test schemes can be obtained by combining the previous

143



Batteries 2023, 9, 334

analyses. The results were obtained using COMSOL Multiphysics and analyzed for range
and variance. The orthogonal test schemes and simulation results are shown in Table 4.

Table 3. Values of factors at different levels for the orthogonal test.

Level A (FHP Number) B (Coolant Temperature), °C C (Coolant Pipe Number)
1 6 25 6
2 8 30 8
3 12 33 10
4 14 37 12

Table 4. COMSOL simulation results of all tests in the orthogonal test scheme.

A B C . .
Test (FHP Number) (Coolant Temperature) ~ (Coolant Pipe Number) Tmax O ATCO
1 6 25 6 37.98 5.50
2 6 30 8 39.11 4.24
3 6 33 10 40.09 3.21
4 6 37 12 43.17 3.36
5 8 25 8 37.60 5.98
6 8 30 6 41.63 5.89
7 8 33 12 40.35 413
8 8 37 10 45.15 458
9 12 25 10 34.29 3.97
10 12 30 12 37.60 3.01
11 12 33 6 41.79 3.27
12 12 37 8 44.18 2.26
13 14 25 12 33.48 3.62
14 14 30 10 38.23 3.35
15 14 33 8 40.42 2.63
16 14 37 6 45.03 2.77
5.2. Results and Discussion
5.2.1. Range Analysis
The order of significance of the various factors on the maximum temperature of the
battery module was B-coolant temperature > C-coolant pipe number > A-FHP number to
take the maximum temperature as the evaluation index. The range analysis data for the
maximum temperature are shown in Table 5.
Table 5. Range analysis of the maximum temperature of the battery module.

Serial Number A (FHP Number) B (Coolant Temperature) C (Coolant Pipe Number) e e
Mean value 1 40.09 35.84 41.61 40.19 40.29
Mean value 2 41.18 39.14 40.33 39.88 39.69
Mean value 3 39.47 40.66 39.44 40.09 39.85
Mean value 4 39.29 44.38 38.65 39.88 40.20

Range 1.89 8.55 2.96 0.31 0.59

The order of significance of the various factors on the temperature difference was
A-FHP number > B-coolant temperature > C-coolant pipe number to take the temperature
difference of the battery module as the evaluation index. The range analysis data for the
temperature difference are shown in Table 6.
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Table 6. Range analysis of the temperature difference of the battery module.

Serial Number A (FHP Number) B (Coolant Temperature) C (Coolant Pipe Number) e e
Mean value 1 4.08 4.77 4.36 3.81 3.93
Mean value 2 5.15 4.12 3.78 3.93 3.78
Mean value 3 3.13 3.31 3.78 3.74 3.75
Mean value 4 3.09 3.32 3.653 3.96 3.99

Range 2.05 1.53 0.83 0.22 0.25
5.2.2. Variance Analysis

According to variance analysis, the coolant temperature had a more significant impact

on the experimental results when the maximum temperature was used as the evaluation
index, as shown in Table 7. The significance labeled with more stars stands for higher
significance. Moreover, the number of FHPs significantly impacted the experimental results
when the temperature difference was selected as the evaluation index, as shown in Table 8.
Table 7. Variance analysis uses the maximum temperature as the evaluation index.

Factor Sum of ‘Sq‘uares of Degree of Ratio of F Critical Value of Significance

Deviations Freedom F
A (FHP number) 8.79 3 14.27 476 *
B (Coolant 150.83 3 245.05 476 ot
temperature)
€ (Coolant pipe 1931 3 3137 476 =
number)
Error 1.23 6
Note: The number of stars labelled in the last column stands for the significance, whereas the “***” stands for the
highest significance, the “**” stands for the moderate significance, and the “*” stands for the low significance.
Table 8. Variance analysis uses the temperature difference as the evaluation index.
Factor Sum of Squares of Degree of Ratio of Critical Value of Sienificance
Deviations Freedom F F 8
A (FHP number) 11.30 3 77.38 4.76 e
B (Coolant 631 3 43.19 476 -
temperature)
€ (Coolant pipe 148 3 10.14 476 .
number)
Error 0.29 6

kAR

Note: The number of stars labelled in the last column stands for the significance, whereas the stands for the
highest significance, the “**” stands for the moderate significance, and the “*” stands for the low significance.

5.2.3. Optimal Solution Analysis

According to the range and variance analysis results, the optimal solutions determined
are different under different test indicators. It is obvious that a high FHP number, low
cooling temperature, and a large number of pipes can decrease the maximum battery
temperature. In this situation, the A4B;Cy4 condition (Table 3) is obviously optimal without
using a range or variance analysis approach. The optimal solution for the minimum tem-
perature difference in the battery is A3B4C», resulting in the lowest temperature difference
but, somehow, a higher maximum temperature.

Although a high FHP number and low cooling temperature can decrease the max-
imum battery temperature, more FHP numbers will increase system weight. A lower
coolant temperature will increase the temperature difference of the battery module and
the pump power consumption. Therefore, the final scheme is obtained as A1B4Cy to target
the minimum temperature difference between the maximum temperature of the battery
module and the coolant temperature, which meets the requirements of the maximum
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temperature and temperature difference of the BTMS and greatly reduces the weight and
power consumption of the system.

In addition, the original scheme in Figure 11 of Case 3 (number of FHPs: 12, coolant
temperature: 37 °C, and number of coolant pipes: 8) is A3B4Cy. The results of A4B1Cy,
A3B4Cy, and A1B4Cy4 are shown in Table 9. Figure 12 displays the temperature fields
of the original scheme and A;B4C, on battery temperature under the 2C discharge rate
and 37 °C ambient temperature. The maximum temperature in A;B4Cy is lower than the
original scheme, and the temperature distribution of the middle batteries is more uniform.
Moreover, the number of FHPs in scheme A1B4Cy is fewer than in the original scheme,
significantly reducing system weight and improving system economy and safety. Finally,
the optimal solution is selected as A1B4C4 based on the actual situation of the BTMS and
the simulation results.

Table 9. Comparison of simulation results of the four schemes.

Design Schemes Tmax (°C) AT (°O)
A4B1C4 33.48 3.62
A3B4C2 4418 2.26
A1B4C4 43.17 3.36
Temperature (degC) Temperature (degC)
/ > 44 . 44
43 p - 43
425 ‘ 425
41.5 41.5
.y a »
40 40

(a) (b)

Figure 12. Temperature fields of the battery module in the original scheme (A3B4Cy) (a) and
A;1B4Cy (b) under a 2C discharge rate and 37 °C ambient temperature.

The comprehensive balance method was employed to conduct the optimal solu-
tion analysis. The formulas for calculating the estimated value of the test indicator are
as follows: R
h=p+a+b+a
=i+ +h+06
Jr=f+a+b+a
Jo=R+aa+bi+a
: (14)
§13 = fi+ @3+ bi3 + G
Yia = f+ 014+ b1y +Cug
Vis = p+a15+bis+Cis
Y16 = 1l + @16 + b1g + C16

where i is the estimated value of mathematical expectation in the experimental data,
ay (k=1,2,3,4)is the effect of factor A (FHP number) corresponding to level k, by m=1,2,3,4)
is the effect of factor B (coolant temperature) corresponding to level m, and ¢, (n =1, 2, 3, 4)
is the effect of factor C (coolant pipe number) corresponding to level 7.
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The estimated value of the test indicator based on optimal combination factors ob-
tained using the comprehensive balance method is expressed by the following formulas:

. 1 16
H=y=r1g _);1%'

B =Yak—Y (15)
b =YBm —Y

Cn =Ycn — Y

It can be ascertained that the average estimated values of the mathematical expec-
tation of the orthogonal test are 41.51 °C and 4.14 °C, respectively, when the maximum
temperature and temperature difference are used as the evaluation indexes, respectively.
Moreover, the average value of the experimental indicators corresponding to the levels of
each factor can be calculated, as shown in Table 10.

Table 10. Average estimated value i, of indicators (maximum temperature and temperature differ-
ence) compared with optimal value.

Parameter Effect to Trax Effect to AT
@ 0.08 0.22
by 437 —0.61
C3 —1.36 —0.33
Yy (Estimated) 43.10 °C 3.14°C
A1B4Cy4 (Optimal) 43.17 °C 3.36 °C

The estimated values obtained through the optimal combination scheme A1B4Cy4 are
43.10 °C and 3.14 °C, respectively, when the evaluation indexes used are the maximum
temperature and temperature difference of the battery module. The above results are
similar to the data obtained from the previous simulation model A1B4Cy4 (43.17 °C and
3.36 °C), with errors of 0.07 °C and 0.22 °C, respectively. Therefore, the effectiveness and
rationality of the selected optimal combination scheme A1B4Cy (number of FHPs: 6, coolant
temperature: 37 °C, and number of coolant pipes: 12) can be proved.

6. Conclusions

Three schemes of BTMSs using only CPCM (Scheme 1), CPCMs with ATDPs (Scheme 2),
and CPCMs with FHPs (Scheme 3) were analyzed for thermal performance in this work.
Then, the liquid cooling was added to further assist in the heat dissipation of the CPCM-
FHP model. In addition, the effects of the number of FHPs and cooling pipes, the coolant
temperature, and the coolant flow direction on the thermal characteristics of battery mod-
ules were discussed. Finally, the orthogonal design method was used for optimization tests
on multiple factors and levels to improve the light weight of the system while ensuring
that the battery module met the requirements of maximum temperature and temperature
difference. The conclusions are as follows:

(1) It was found that Scheme 3 could control the maximum temperature and temperature
difference of the battery module to a certain extent compared to Scheme 1 and Scheme
2, regardless of the discharge rate or environmental temperature. However, it was
unsuitable for high discharge rates and high environmental temperatures.

(2) A BTMS, combined with liquid cooling with CPCM-FHP, can significantly reduce
the maximum temperature of the battery module, with a decrease in the coolant
temperature and an increase in the number of cooling pipes. Moreover, the maximum
temperature and temperature difference of the battery module was lower with a
counter flow direction than with a parallel flow.

(3) The number of FHPs, cooling pipes, and the coolant temperature were selected for
multi-factor and multi-level analysis in the orthogonal design method. The optimal
parameter combinations, with an FHP number of 6, a coolant temperature of 37 °C,
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and a cooling pipe number of 12, were obtained to achieve the best thermal perfor-
mance of the BTMS. The maximum temperature and temperature difference were
kept at 43.17 °C and 3.36 °C, respectively, under the maximum discharge rate of 2C
and the high-temperature environment of 37 °C. The optimal solution analysis of the
optimal scheme was conducted further, proving the effectiveness and rationality of
selecting the optimal parameter combination.
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Abstract: Bidirectional pulsed current (BPC) heating has proven to be an effective method for
internal heating. However, current research has primarily focused on the impact of symmetrical
BPC on battery heat generation, while neglecting the influence of different BPC parameters. To
address this gap, this paper investigates the effects of various BPC parameters on battery heat
generation. Initially, an electro-thermal coupled model of the battery is constructed based on the
results of electrochemical impedance spectroscopy (EIS) tests conducted at different temperatures
and amplitudes at 20% state of charge (SOC). The validation results of the model demonstrate that the
absolute errors of voltage and temperature are generally less than 50 mV and 1.2 °C. Subsequently,
the influence of BPC parameters on battery heat generation is examined under different terminal
voltage constraints, temperatures, and frequencies. The findings at 20% SOC reveal that symmetrical
BPC does not consistently correspond to the maximum heating power. The proportion of charge time
and discharge time in one cycle, corresponding to the maximum heating power, varies depending
on the charge and discharge cut-off voltages. Moreover, these variations differ across frequencies
and temperatures. When the terminal voltage is constrained between 3 V and 4.2 V, the maximum
heat power corresponds to a discharge time share of 0.55 in one cycle. In conclusion, the results
underscore the complex relationship between BPC parameters and battery heat generation, which
can further enhance our understanding of effective heating strategies for batteries.

Keywords: lithium-ion battery; alternating current (AC) heating; heating power; electro-thermal
coupled model; low temperatures

1. Introduction

Due to their high energy and power density, long cycle life, and low self-discharge,
lithium-ion batteries (LIBs) have been widely used in electric vehicles (EVs), energy stor-
age systems (ESSs), and electronic products [1,2]. However, at low temperatures, LIBs
suffer from problems such as a decrease in discharge capacity [3], a decline in cycle perfor-
mance [4], and difficulty in charging [5]. These problems seriously affect the performance
of EVs, ESSs, and electronic products at low temperatures. Moreover, lithium plating may
occur during the low-temperature charging process [5]. On the one hand, lithium plating
will reduce the number of available lithium ions in the battery, which will reduce the life of
the battery. On the other hand, the deposited lithium dendrites will pierce the separator
and lead to an internal short circuit, further threatening the safety of the battery. Therefore,
LIBs need to be heated in advance before use at low temperatures.
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The heating methods for LIBs can be divided into external heating and internal
heating [6]. External heating uses an external heat source to heat the battery by conductive
heating or convective heating [7]. Internal heating uses the internal resistance, or the
heat-generating device embedded inside the battery to heat the battery. Compared with
external heating, internal heating has the advantages of uniform temperature rise, high
heating efficiency, and low energy consumption [8]. Therefore, internal heating has gained
the attention of many researchers. Wang et al. [9] proposed a self-heating battery design by
integrating nickel foil inside the battery. The new battery can be heated from —20 °C to 0 °C
within 20 s. Although this method exhibited high heating efficiency, it required substantial
structural modifications, resulting in increased costs and potential safety concerns. In
contrast to the embedded nickel foil in the battery, the internal resistance heating method
relies on the heat generated by the charging or discharging processes. Internal resistance
heating can be further categorized into discharge heating and AC heating [10,11]. Discharge
heating employs the discharge current to generate heat in the battery, while AC heating
utilizes alternating currents of specific frequencies. Since AC heating includes both charging
and discharging phases, it generally exhibits higher heating efficiency and lower energy
consumption compared to discharge heating methods.

Although AC heating methods encompass a variety of waveforms [12-17], sinusoidal
alternating current (SAC) and BPC are the most commonly utilized. Zhang et al. [18]
employed an SAC with a frequency of 1 Hz to heat the battery from —20 °C to 5 °C in
900 s. Guo et al. [19] devised an SAC heating method without lithium plating using a
three-electrode battery. Ruan et al. [20] optimized the frequency of SAC heating and identi-
fied the optimal heating frequency for different temperatures. At this frequency, the battery
could be heated from —15.4 °C to 5.6 °C in 338 s. In contrast to frequency optimization,
Zhang et al. [21] adjusted the amplitude of SAC heating for various temperatures at the
predetermined heating frequency and achieved a temperature increase from —20 °C to 0 °C
in 300 s. The advantages of BPC heating over SAC heating have been noticed and studied
in recent years. Both Zhu et al. [22] and Zhang et al. [23] conducted comparative analyses
of SAC heating and BPC heating. They observed that BPC heating exhibited higher heating
power than SAC heating under the same voltage constraint. Wu et al. [24] proposed a
BPC heating strategy with temperature-dependent amplitude and heated the battery from
—20 °C to 5 °C within 308 s. Li et al. [16] achieved BPC heating by reconfiguring the battery
pack structure and traction motor drive system, which can heat the battery from —7 °C
t029.1 °C in 300 s. Qin et al. [25] investigated various types of BPC heating methods and
found that the battery can be heated from —8 °C to 25 °C in 250 s.

Despite the evident advantages of BPC heating, the existing studies on BPC heating
have primarily focused on using the same charge and discharge time and the same charge
and discharge amplitude in one waveform cycle [16,22-25]. Little attention has been
given to investigating the impact of different BPC parameters, such as varying charge and
discharge times and amplitudes within a waveform cycle, on battery heat generation. In
addition, the relationship between BPC parameters and battery heat generation under
different charge and discharge cut-off voltages, temperatures, and frequencies remains
unclear. To address these knowledge gaps, this study presents an electro-thermal coupled
model for a 1 Ah pouch battery at 20% state of charge (SOC), which is constructed based
on the fractional-order equivalent circuit model. The electro-thermal coupled model serves
two purposes. Firstly, it is employed to calculate the battery heating power. Secondly,
it determines the battery’s terminal voltage and temperature rise. The parameters of
the electro-thermal coupled model are determined through electrochemical impedance
spectroscopy (EIS) tests conducted at different temperatures and current amplitudes. To
indirectly validate the accuracy of the calculated battery heating power, the temperature
rise experiments of the battery are conducted. Finally, the electro-thermal coupled model
is utilized to comprehensively analyze the relationship between BPC parameters and
battery heating power under different charge and discharge cut-off voltages, temperatures,
and frequencies.
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(a) Experiment bench for battery test

2. Experiments
2.1. Experiment Platform

The experimental platform and tests in this paper are shown in Figure 1. The battery
test platform includes a temperature acquisition recorder (Hongrun OHR-XH710), a temper-
ature chamber (Binder MK56), a host computer, an electrochemical workstation (EnergyLab
XM), and a power booster (Solartron analytical, 24 V/10 A). The sample lithium-ion battery
is a nickel-cobalt-manganese (NCM)/graphite battery with a nominal capacity of 1 Ah.
The operating voltage range is 3 V-4.2 V. The temperature acquisition recorder is used to
obtain the surface temperature of the battery. The EnergyLab XM is used to perform the
EIS test as well as the BPC test. Due to the small current range of the EnergyLab XM, the
power booster is used to increase the range.
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Figure 1. Experiment platform and tests.

2.2. EIS Test at Different Temperatures and AC Amplitude

Given that the impedance of the battery is influenced by both temperature and cur-
rent amplitude, EIS tests are conducted on the battery at various temperatures and AC
amplitudes to determine the parameters of the fractional-order equivalent circuit model.
In addition, the SOC of the battery studied is set at 20% before conducting the EIS test.
According to [26,27], lithium plating is more likely to occur under large-rate charging
and low-temperature conditions. In addition, a high SOC increases the risk of lithium
plating [28]. Since the EIS test includes the charging process, lithium plating may occur
during the large-current EIS test. To mitigate this risk, a low SOC is chosen here. However,
an excessively low SOC may expose the battery to the danger of over-discharge during the
EIS test. Consequently, an SOC of 20% is chosen as a balanced compromise. The specific
procedure involved initially charging the battery to full capacity using Constant Current
Constant Voltage (CCCV) charging, with a charge current of 1 A and a charge cut-off
current of 0.02 A. The constant voltage is 4.2 V. Subsequently, the battery is discharged
with a constant current of 1 A after a resting period of 30 min. Discharging is terminated
once the discharged capacity reached 0.8 Ah. At this time, the SOC of the battery is 20%.
Considering the actual capacity of the battery is 1.05 A, the actual SOC of the battery
is 23.8%. The effect of SOC is not discussed in this paper, and the error in SOC is only
3.8%. Therefore, the error is ignored. The impedance test is in galvanostatic mode, and the
frequency range is 0.1 Hz to 10° Hz. Numerous studies [19,22,23,29,30] have focused on
low-temperature AC heating strategies. In these investigations, the battery’s maximum
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heating temperature typically hovers around 10 °C. The minimum temperature is usually
determined based on the temperature range in which the battery will be used. In addition,
the literature calibrates the parameters of the battery every 5 °C. The minimum discharge
temperature of the battery used in this paper is —15 °C. Therefore, the test temperatures
chosen for this paper are 10 °C, 5 °C, 0 °C, =5 °C, —10 °C, and —15 °C. After each tem-
perature adjustment, the battery needs to be left for 2 h before the impedance test. The
impedance tests are performed at different amplitudes of 0.25 A, 0.65A,1A,15A,2 A,
and 2.5 A. The time interval between successive impedance tests with varying amplitudes
at the same temperature is 1 h.

2.3. BPC Test

Before conducting the BPC test, it is necessary to predefine the relevant parameters.
Figure 1 illustrates the key parameters of the BPC, which encompass charge time ¢,
discharge time t;s, charge amplitude A, and discharge amplitude Ay, period Tpys.,
frequency fyuise, and ratio Ryyise- Tputse and fyuise have straightforward interpretations. #.,
and ty;s signify the duration of the charging and discharging within one cycle of the
waveform, respectively. Ay, and Agj; indicate the magnitude of charging and discharging
within one cycle of the waveform, respectively. In addition, Ry, represents the ratio
of tis to Tpyse within one cycle of the waveform. An accurate electro-thermal coupled
model is crucial for precise calculations of heating power in the battery. The accuracy
of the equivalent circuit model can be assessed by comparing the discrepancy between
the terminal voltage calculated by the model and the terminal voltage obtained through
experimental measurement. Furthermore, the accuracy of the heat generation calculation is
evaluated by comparing the temperature rise calculated by the electro-thermal coupled
model with the temperature rise measured experimentally. Consequently, the BPC test
consists of two types: voltage testing and temperature testing. For voltage testing, the
test temperatures include 10 °C, —5 °C, and —15 °C. The specific parameters of different
BPCs at each temperature are presented in Table 1. The frequencies of the BPCs include
three kinds of 1 Hz, 50 Hz, and 100 Hz. Each frequency includes two BPCs with different
parameters, denoted as BPC I and BPC II, respectively. BPC I has a discharge amplitude
of 3.5 A and a charge amplitude of 1.5 A. The ratio is 0.5. For BPC II, both discharge
amplitude and charge amplitude are 2.5 A. The ratio is 0.7. During the voltage testing,
both current and voltage are collected by the EnergyLab XM. The sampling frequency is
100 times the corresponding BPC frequency. Moreover, a 2 h stabilization period is set
after each temperature adjustment, and the time interval between BPC tests conducted at
the same temperature is set to 30 min. As an example of the test procedure at 10 °C, the
battery is initially placed in a 10 °C environment for 2 h to reach the desired temperature.
Subsequently, the BPC I@1 Hz test is performed using the EnergyLab XM and the power
booster. Since the EnergyLab XM has a high sampling frequency, a sufficient amount
of current and voltage data can be obtained in just a few seconds. After the BPC I@1
Hz test, the battery is allowed to stand for 30 min to stabilize. The BPC II@1 Hz test is
then conducted following the same methodology. Similar procedures are followed for
the other BPCs listed in Table 1. Upon completing the BPC II@100 Hz test, it signifies the
completion of the voltage testing at 10 °C. Subsequently, the temperature is adjusted to
other specified values to continue the testing. Once all the measurements at —5 °C and
—15 °C are completed, the voltage testing is considered finished. For temperature testing,
unlike voltage testing, it is only necessary to obtain the temperature rise data of the battery
under different BPCs in Table 2 without the need for high-frequency sampling of current
and voltage. The BPCs for temperature testing consist of three different frequencies. There
are two types of BPCs at each frequency, BPC III and BPC IV. The ratios of BPC III and
BPC 1V are 0.5 and 0.7, respectively. For BPC III, both the discharge amplitude and charge
amplitude are 2.5 A. The discharge amplitude and charge amplitude of BPC IV are 1.5 A
and 3.5 A, respectively. The temperature testing is performed according to the following
procedure. The battery is first placed at —13 °C for 2 h. Subsequently, the BPC IlI@1
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Hz is applied to the battery using the EnergyLab XM and the power booster, while the
temperature of the battery surface is measured simultaneously. After a 30 min duration, the
heating of the battery is discontinued. The battery is left for 1 h and then subjected to BPC
IV@1 Hz. The other BPCs are conducted following the same procedure. Upon completion
of the BPC IV@100 Hz, it indicates the conclusion of the temperature testing.

Table 1. The BPCs for voltage testing.

Discharge Charge
Frequency fy,15. (Hz) Ratio Rpyjse Amplitude Aj;s  Amplitude A,  Abbreviation
(A) (A)
0.5 3.5 1.5 @1 Hz
1 07 25 25 @1 Hz
0.5 3.5 1.5 @50 Hz
50 07 25 25 11@50 Hz
0.5 3.5 1.5 1@100 Hz
100 07 25 25 @100 Hz
Table 2. The BPCs for temperature testing.
Discharge Charge
Frequency fy,15. (Hz) Ratio Rpyise Amplitude Az;s  Amplitude A,  Abbreviation
(A) (A)
0.5 25 25 Ille@1 Hz
1 07 15 35 V@l Hz
0.5 25 25 1I@10 Hz
10 07 15 35 V@10 Hz
0.5 2.5 25 11I@100 Hz
100 07 15 35 V@100 Hz

3. Mathematic Model
3.1. Calculation of Heating Power

The heat generation of the battery can be quantified by the heating power. Without
considering the heat of mixing and side reactions, the heat generation of the battery consists
mainly of reaction heat and Joule heat [31]. The reaction heat is determined by the effective
entropy potential of the battery and is reversible heat for the electrochemical reaction [32].
For AC heating, the reaction heat generated by the charging and discharging process can
cancel each other. Therefore, AC heating can be used to consider only Joule heat [33]. Joule
heat includes ohmic internal resistance heat generation and polarization internal resistance
heat generation [25]. Therefore, based on the parameter definitions of the BPC in Figure 1,
the heating power g of the battery under BPC conditions can be expressed as

2 2
o o Adjsz/distdis Achﬂz/chatchu

q = qdis + Gcha = T + T

pulse pulse

@

where g4 and gy, denote the discharge heating power and charge heating power, re-
spectively. Z' ;s and Z'j,, represent the real part of the impedance corresponding to the
discharge and the real part of the impedance corresponding to the charge, respectively.
They can be calculated by the fractional-order equivalent circuit model. In addition, the
accuracy of the heating power calculation cannot be directly verified. Indirect validation is
performed by comparing experimental measurements of cell temperature with calculated
values from the thermal model. Therefore, an accurate electro-thermal coupled model is
necessary for the calculation and verification of the heating power.
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3.2. Electro-Thermal Coupled Model

The fractional-order equivalent circuit model can accurately describe the impedance
variation of the battery at different frequencies [34]. Hence, the electrical model in the
electro-thermal coupled model is constructed using a fractional-order equivalent circuit
model. The fractional-order equivalent circuit model is shown in Figure 2. The constant
voltage source U, represents the open circuit voltage (OCV) of the battery. The resistance
R represents the ohmic resistance of the battery. The remaining polarization process inside
the battery is described by two parallel structures of resistance and constant phase element
(CPE). In addition, the battery in this paper is a 1 Ah pouch cell. Considering the relatively
small size of the battery, the temperature distribution gradient of the battery is neglected.
Therefore, the lumped thermal model is used to describe the temperature rise variation of
the battery.

-y —
|

|
[ CPE, CPE, '
| s o |
R A o+
_I_O
—
R, R,

Uoc <+> U’

| o

Figure 2. The fractional-order equivalent circuit model.

For the fractional-order equivalent circuit model, the real part of the impedance 7'
can be calculated as [21]

Ry 4+ w™R3Q; cos "5~ Ry + w"R3Q, cos 3"
14 2w™"RyQq cos 5 + w?mR2Q; 1+ 2w"RyQs cos 1 + w?2R3Q,

7' =Ro+ ()

where w is the angular frequency of the current. Q and n are the generalized capacitor and
depression factors of CPE. The terminal voltage U; of the battery can be expressed as

Ut = Upe + Up (3)

where U), is the polarization voltage, which can be expressed as [34]

_ _ (S ms™ _ Ry Ry
up(s) - Z(S)I(S) - (Zﬁl bksﬁk +RO I(S) - Rllenl 1 + RzQZSnZ +1 +RO I(S) (4)
the coefficients are expressed as
[m a2 a3 ag |=[ RiR2Q2 Ri RiR2Q1 Ry ]
[ N1 Ky N3 Ny ]: { ny 0 ny 0 } (5)
[b1 by b3 by |=[RiRQ1Q2 RiQ1 RoQy 1]
[B1 B2 B3 Bal=[m+m m mn O]
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VDDA

Fractional calculus is difficult to solve directly. The Griinwald-Letnikov (GL) definition
can discretize fractional calculus and realize the solution of fractional-order equations [35,36].
Then, the solution for the polarization voltage is

By
k=1 Afﬁk ©)

0" 2k (- 1)g< f;k ) (t— ARy — Tty Xy 5" Abt)ék(_l)g< ﬁ;k >Up(t—gm)}

where At is the sampling time interval. [t/ At] is the integer part of ¢/ At. <Z ) is the Newton

binomial term and can be expressed as

(y) _ 14(14—1)‘-&;!(#—3"'1) (g>0) (7)
8 1 (§=0)

where y represents the non-integer order of fractional calculus, representing a and .
The lumped thermal model is expressed as [18]

mcii—f =q—hS(T — Tam) (8)
where m is the battery mass, which is 22 g. c is the specific heat capacity. The value provided
by the battery manufacturer is 1.1 J¢ 'K~!. T and T, represent battery temperature and
ambient temperature, respectively. S is the surface area of the battery, and the value is
73.05 cm?. h is the equivalent heat transfer coefficient, which needs to be identified by
experiment. The procedure begins by placing the battery in a —15 °C environment for 2 h.
Subsequently, the battery is heated to approximately 10 °C using the BPC heating method.
The battery is then left to rest for 1.5 h. The temperature change during the resting phase of
the battery is used to calculate /.

3.3. Determinations of Model Parameters
3.3.1. Electrical Model Parameters

Figure 3 displays the EIS test results conducted at different temperatures and current
amplitudes. It is evident from the figure that the high-frequency impedance arc is min-
imally influenced by the current amplitude. However, the low- and medium-frequency
impedance arcs gradually diminish in size as the current amplitude increases. Moreover,
these characteristic frequencies are 8 Hz, 6.3 Hz, 5 Hz, 20 Hz, 25 Hz, and 63 Hz with decreas-
ing temperature. These characteristic frequencies remain relatively stable around 6 Hz at
temperatures above 0 °C. However, as the temperature drops below 0 °C, this characteristic
frequency increases. These characteristic frequencies are determined based on the degree
of impedance variation with current amplitude. Furthermore, as the temperature decreases,
the reduction in impedance arc becomes more pronounced. Firstly, at the same temperature,
the impedance arcs contract with increasing current amplitude, which is related to the solid
electrolyte interphase (SEI)/cathode electrolyte interphase (CEI) processes and the charge
transfer process. According to our previous research [37], the resistances of the SEI/CEI
processes and the charge transfer process decrease with increasing current amplitude at
low temperatures, which leads to the contraction of the impedance arc. Secondly, as the
temperature decreases, the SEI/CEI processes and the charge transfer process slow down,
causing the corresponding frequencies to decrease. However, in Figure 3, the characteristic
frequency decreases with decreasing temperature only at temperatures above 0 °C. For
temperatures below 0 °C, the characteristic frequency increases. This phenomenon may
be related to the conduction process. The conduction process is the contact impedance of
particle/particle and particle/current-collector, and it usually occurs more quickly than
SEI/CEI processes and the charge transfer process [38]. At relatively high temperatures,
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the conduction process is less affected by current, with only the SEI/CEI processes and
the charge transfer processes being influenced. However, once the temperature drops to a
certain level, the conduction process may also be affected by the current. Furthermore, the
conduction process exhibits a relatively broad frequency distribution. As the temperature
decreases, the influence of the current on this process becomes increasingly pronounced.
Consequently, the characteristic frequency progressively increases when the temperature
drops below 0 °C.
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Figure 3. EIS test results at different temperatures and amplitudes.

Figure 4a illustrates the correlation between each parameter of the fractional-order
equivalent circuit model and the impedance arc. The calculation of each parameter is
fitted using Zview software [39]. The calculated results correspond to the experimental
values as depicted in Figure 4b-h. These results demonstrate that the parameters of the
fractional-order model are influenced not only by temperature but also by current ampli-
tude. It should be noted that the effect of current amplitude on Ry seems to be negligible
in Figure 3. This is due to Ry being relatively small and its influence being negligible
compared to temperature. Despite this, both temperature and current are taken into con-
sideration when considering the fractional-order equivalent circuit model parameters to
ensure accuracy.
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Figure 4. Electrical model parameters and the fitting results under different temperatures and
amplitudes. (a) The relationship between the equivalent circuit model and the EIS test. (b) The fitting
result of Ry. (c) The fitting result of R;. (d) The fitting result of R;. (e,g) The fitting results of CPE;.
(f,h) The fitting results of CPEj.

Referring to [22,37], relationship between R; and the current and temperature and
relationship between R; and the current and temperature can be expressed as

1n{MeKT1+ {( e KTI) +1]0'5}

1
X1

R(L,T) = ©)

where R represents R or Ry. M, X, and K denote the coefficients of the equation. For Ry
and the parameters of CPE, the polynomial is used to represent the relationship between
them and the current and temperature in this paper, which can be expressed as

AL T) =dy+d\T +dal + dsT? + dyTI + dg T + dyT?1 (10)

where A refers to Ry and the parameters of CPE. d denotes the coefficients of the polynomial.
The fitting results for each parameter of the fractional-order equivalent circuit model are
presented in Figure 4b-h. The coefficient of determination R? reflects the goodness of fit.
The closer R? is to 1, the better the fit is demonstrated. The coefficient of determination R2
for Ry and R; are 0.97838 and 0.97143, respectively, indicating the accuracy of Equation
(9). Furthermore, the coefficient of determination R? for Ry, n1, Q1, np, and Q, are 0.99343,
0.99177,0.9814, 0.97443, and 0.98933. Among the Ry and the parameters of CPE, 1, exhibits
the smallest R? value of 0.97443, supporting the accuracy of Equation (10). Consequently,
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Equations (9) and (10) effectively capture the relationship between the parameters of the
fractional-order equivalent circuit model and the temperature and current, which provides
a reliable foundation for the calculation of battery heating power.

3.3.2. Calculation of Equivalent Heat Transfer Coefficient h

Another important parameter is the equivalent heat transfer coefficient 1 of the thermal
model. & can be calculated by the temperature change of the battery during resting. The
solution of Equation (8) is

_ q+ hSTam

T hS

(1 e mt) + Tipem et (11)
where T indicates the temperature of the battery at the start moment. When g is 0,

Equation (11) becomes

hS
T =Tyu+ (Tt:O - Tum)e_wt (12)

Figure 5 shows the fitting result of the battery cooling curve. The maximum absolute
temperature error is less than 0.5 °C. The calculated value for  is 7.0993 Wm 2K 1.
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Figure 5. Battery cooling curve fitting result.

4. Results and Discussions
4.1. Validation of the Electro-Thermal Coupled Model

Figure 6 shows the measured voltages and the calculated voltages of BPCs I and II at
different frequencies (1 Hz, 50 Hz, 100 Hz) and temperatures (10 °C, —5 °C, =10 °C). In
the error plots, the gray areas indicate the absolute value of error is less than 0.05 V. The
error of the terminal voltage calculated by the electro-thermal coupled model is larger at
the frequency of 1 Hz and the temperature of —15 °C. Some voltage errors are even greater
than 0.1 V. Nevertheless, the absolute value of the voltage error is in general within 0.05 V
in others. Only a few errors are outside the gray area. Therefore, the results indicate that the
electro-thermal coupled model can calculate the voltages of BPCs at different temperatures
and frequencies relatively accurately. This ensures the accuracy of the BPC heating power
calculation under various voltage constraints in the subsequent analysis.

159



Batteries 2023, 9, 457

(a) Meas. —— | @ Hz——I11@1Hz | Temperature (b) 45 Meas. — 1 @1Hz II@1Hz | Temperature (c) Meas. — | @1Hz 11@1Hz | | Temperature
400 | Sim. - — 1 @Hz— — ll@1Hz 10¢C Sim. - — [@Hz— — I@1Hz —5C 450| | sim. - - |@MHz— — I@1Hz _15C
s s40 s
T 375 T T3.75
S S S
g L 3
<>7 3.50 g - g 3.00
325 30
0.10 0.10
005 005
2 2
5 000 5 0.00
Y005 005
-0.10 -0.10 2
0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 20 25 3.0 0.0 0.5 1.0 1.5 20 25 3.0
Time(s) Time(s) Time(s)
42
() 4 00 [ moas. | @50Hz — | @50Hz | | Temperature (e) Meas. 1 @50Hz — 11 @50Hz | | Temperature (), ,[[Meas. — 1 @5soHz—T1@50Hz || Temperature
Sim. — — 1 @S0Hz— — I1@S0Hz 8 3| 5™ — - 1@0Hz— —lI@50Hz sC “T| Sim. — — 1 @50Hz— — I@50Hz —15¢C
s ’ S39 =
S S
§o75 _ 3
S 3 3.6
S350 233
3.0
3.25
0.10
o 1 o Il
005 _ _
2 2 2
5 0.00 gy o5 5 5
Y005l E &
~010 . . . . . ~010 . . . . . ~0.10 . . . . .
0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05 0.00 0.01 0.02 0.03 0.04 0.05
Time(s) Time(s) Time(s)
(9) 4.00[ | Meas. — 1 @100Hz—11@100Hz | Temperature (h)4 00|, Meas: —— 1 @100Hz—11@100Hz " remperature (i) 4.2[meas. 1 @100Hz — 11 @100Hz | Temperature
Sim. — — [ @100Hz— — [|@100Hz 10C UUF Sim. — — [ @100Hz— — I @100Hz -5C Sim. — — [ @100Hz— — Il @100Hz -15C
S35 s 39
> >3.75
S S
8350 £3.50
o o
s s
3.25 3.25
3.00 3.00
.10 0.10
I I i
005 005 _
2 2 2
5 000 5 0.00 5
%005 Y005 .
-0.10 -0.10 .
0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03 0.00 0.01 0.02 0.03
Time(s) Time(s) Time(s)

Figure 6. Battery voltage validation at different temperatures and frequencies. (a,d,g) The results at
10 °C. (b,e,h) The results at —5 °C. (¢ f,i) The results at —15 °C.

The accuracy of the battery heating power calculation is validated through battery
temperature rise experiments. Figure 7 illustrates the temperature variations of the battery
under BPCs IIT and IV at different frequencies (1 Hz, 10 Hz, 100 Hz) and the tempera-
ture values computed by the electro-thermal coupled model. For BPC III, the absolute
temperature error remains within 1.2 °C, while for BPC 1V, it is within 1 °C. These results
demonstrate that the developed electro-thermal coupled model accurately predicts the
temperature changes in the battery. Furthermore, it confirms the capability of the electro-
thermal coupled model to accurately calculate the heating power of BPC with different
parameters at various temperatures. Additionally, it is observed that for both BPC III and
BPC 1V, a lower frequency corresponds to a higher balanced temperature. This can be
attributed to the larger real part of the impedance at a lower frequency, resulting in higher
heating power.
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Figure 7. Battery temperature validation at different frequencies. (a) The results of BPC IIL. (b) The
results of BPC IV.

4.2. Determination of BPC Parameters

The definition of BPC in Figure 1 contains several parameters, which makes it difficult
to study the heating power variation of the BPC with different parameters. In practical
scenarios of AC heating applications, there are two primary types of AC heating schemes.
One category encompasses the AC heating scheme with energy injection, as seen in in-
stances where battery packs are heated through charge devices [40—-43]. The second type
involves the AC heating scheme without energy injection. In the latter approach, the
design of the AC heating scheme commonly leverages circuit elements to configure heating
systems, effectively employing controlled switching elements to induce AC heating in
batteries [13,14,16,44]. For the AC heating scheme with energy injection, adhering to an
equilibrium between discharge and charge ampere-hours in a single cycle may not be
theoretically essential. In contrast, for the AC heating schemes without energy injection,
it is preferable to uphold parity between discharge and charge ampere-hours in a single
cycle, thereby mitigating energy consumption. Given the context of EV applications, the
AC heating scheme without energy injection proves more expedient for implementation.
Furthermore, the AC heating scheme with energy injection can also embrace the strategy
of equalizing the charge and discharge ampere-hours. Consequently, this paper delves
into an analysis of the influence exerted by varying BPC parameters on heating power
under the stipulation of maintaining equal charge and discharge ampere-hours. This can
be expressed as

Adgistdis = Achatcna (13)

Subject to the constraints outlined in Equation (13), the BPC can be uniquely deter-
mined by the three parameters: frequency fyuis., ratio Rp,s., and discharge amplitude Agjs.
In addition, the failure boundary of the battery also needs to be considered during the de-
sign of AC heating strategies. Therefore, in this study, the heating power corresponding to
different BPC parameters must satisfy the failure boundary constraints. Although various
approaches have been proposed by researchers for the development of AC heating strate-
gies, the determination of constraint boundaries remains a topic of controversy. Currently,
recognized failure modes of low-temperature AC heating include lithium plating, over-
charge, and over-discharge [25,30,45], which have been the focal points of recent research.
Controlling the polarization voltage of the battery, specifically the charge and discharge
cut-off voltages, is one way to mitigate these failure modes. However, the relationships
between lithium plating and terminal voltage, overcharge and terminal voltage, and over-
discharge and terminal voltage under high-frequency AC conditions remain unclear. Thus,
to encompass a wide range of terminal voltage, this paper considers charge cut-off voltage
constraints within the range of 4.2 V-5 V and discharge cut-off voltage constraints within
the range of 2 V-3 V. In addition, although the parameters determining the BPC include
frequency fyuse, ratio Rpyuse, and discharge amplitude Ag;s, Agjs is determined by the voltage
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constraint. When the frequency f1 and ratio Rs. are determined, there is a maximum
amplitude Ay so that the terminal voltage is exactly at the constraint boundary and the cor-
responding heating power is maximum. This heating power is the object of the subsequent
study in this paper.

In addition to the discharge amplitude A js, two other parameters that require attention
are frequency fy, s, and ratio Ry, s, The ratio R, s, takes values between 0 and 1. The values
of 0 and 1 represent complete charging and complete discharging, respectively. Therefore,
0 and 1 cannot be taken. For this research, the ratio analysis ranges from 0.05 to 0.95 and the
calculation of the heating power is conducted at an interval of 0.05. Moreover, the selection
of frequency range is based on the EIS test results of the battery. Four frequencies (0.5 Hz,
5 Hz, 100 Hz, and 10,000 Hz) are chosen to ensure the coverage of the entire impedance
distribution as extensively as possible. Figure 8 illustrates the distribution of these four
frequencies over the EIS at different temperatures. The current amplitude corresponding to
each impedance is 0.25 A.
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Figure 8. Distribution of the studied frequencies over the impedances.

4.3. Heating Power of the Battery with Different BPC Parameters

Figure 9 shows the variation of the relationship between Ry, and heating power
with frequency and temperature at different discharge cut-off voltages. The legends for
the 0.5 Hz, 5 Hz, and 100 Hz results in the figure range from 0 W to 150 W, while the
legends for the 10,000 Hz results range from 0 W to 300 W. The black areas in the plots
indicate that the heating power exceeds the maximum value in the legend. For further
analysis of the heating power distribution, Figure Al provides detailed information for
each case. The heating power falling in the black area can be examined and analyzed
in Figure Al. In each subplot of Figures 9 and Al, it is evident that the heating power
gradually increases as the discharge cut-off voltage decreases at the same Ryuise- When the
discharge cut-off voltage is set to a smaller value, a higher discharge current is required to
reach the discharge cut-off voltage. Additionally, based on Equation (13), the charge current
also increases accordingly. Consequently, the battery heating power increases. Then, under
the same discharge cut-off voltage constraint, the battery heating power becomes larger
first and then smaller as Ry, s, increases in most cases. The heating power variation can be
attributed to the combined effects of currents and time of discharge and charge. To illustrate
this phenomenon, the results for 100 Hz@—5 °C with the discharge cut-off voltage of
2.7 V as shown in Table 3. Combined with Equation (1), currents and the time of discharge
and charge are relatively large in terms of magnitude. (In calculating the heating power,
the discharge time is #4;5/T,1sc and the charge time is t.,,/ Tpu1s, according to Equation (1))
Although Z' ;s and Z' ,, exhibit variation, their impact on heating power is comparatively
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minor. Therefore, currents and the time of discharge and charge are the main factors
affecting the battery heating power. When Ry, s, increases, the discharge current diminishes
while the discharge heating power initially rises and subsequently declines. Notably, the
discharge heating power reaches its peak when Ry, is 0.8. When Ry, s, is less than 0.8,
although the discharge current decreases, the degree of decrease is not large. In addition,
the discharge time in one cycle increases. Therefore, the discharge heating power increases.
When Ry, exceeds 0.8, although the discharge time increases, the discharge current is
significantly smaller. Therefore, the discharge heating power decreases. Combined with
the above analysis, the reason for the increase in the discharge heating power is attributed
to the elevation in the discharge time, while the reason for the decline in the discharge
heating power is the reduction in the discharge current. In addition, when R, increases,
it can be seen from Table 3 that the charge current increases, and the charge heating power
initially rises and subsequently declines. When Rys. is 0.85, the charge heating power has
the maximum value. In the same way as the analysis of the discharge heating power, the
reason for the increase in the charge heating power can be attributed to the elevation in the
charge current. The decrease in the charge heating power can be attributed to the reduction
in charge time. Finally, the changes in the discharge heating power and the charge heating
power together determine the changes in the battery heating power.
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Figure 9. Variation of the relationship between Ry and heating power with frequency and temper-
ature at different discharge cut-off voltages.
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Furthermore, the relationship between heating power and frequency and the relationship
between heating power and temperature exhibit variability across different Ryuise values
and discharge cutoff voltages. Figure 9 demonstrates that the area covered in white and
red becomes larger as the temperature increases at the same frequency, which shows that
the area covered by the high heating power is increasing. Therefore, at the same discharge
cut-off voltage and Ry, the battery heating power may become larger with the increase
in temperature. This phenomenon can be explained by the variation of battery resistance
with temperature. In Figure 8, the resistance becomes small as the temperature increases.
Thus, at the same discharge cut-off voltage, the battery needs a larger current to reach the
constraint. From the above analysis, it is clear that the battery heating power is mainly
affected by the current. Therefore, the battery heating power becomes large as the current
increases. In addition, Figure Al shows that the relationship between the maximum heating
power and temperature is not certain. For example, at a frequency of 0.5 Hz, the Ry
value corresponding to the maximum heating power remains at 0.9 within the temperature
range of —15 °C to 0 °C. However, when temperatures are 5 °C and 10 °C, the Ry, value
associated with the maximum heating power increases to 0.95. Moreover, the maximum
heating power gradually increases with rising temperature. Conversely, when the frequency
is 100 Hz, the Rysc value linked to the maximum heating power tends to decrease with the
increase in temperature. The difference in the maximum heating power is not significant.
Additionally, the variations of Ry, corresponding to the maximum heating power with
frequency at the same discharge cut-off voltage are not the same at temperatures of —15 °C
and 5 °C. When the temperature is below 0 °C, Figure 9 demonstrates that the area covered
in white and red becomes large as the frequency increases at the same temperature, which
shows that the area covered by the high heating power is increasing. However, when the
temperature exceeds 0 °C, this phenomenon is not obvious. At the same temperature, the
area covered in white and red seems to first diminish and then grow large with increasing
frequency. At a frequency of 100 Hz, the region is the smallest and the heating power in this
region is significantly small. The reason for the difference can be attributed to variations
in battery resistance. For example, Table 4 demonstrates the parameter variations in
Equation (1) with different BPC frequencies at —15 °C and 10 °C when the discharge
cut-off voltage is 2.2 V and Ry is 0.85. Both Z' 4is and Z', decrease gradually with
increasing frequency at —15 °C and 10 °C. However, compared to the results at 10 °C, Z’ ;5
and 7', decrease more significantly at —15 °C, which also leads to a greater increase
in discharge and charge currents at —15 °C. Thus, the battery heating power at —15 °C
becomes large with the increase in frequency. When the temperature is 10 °C, the increase
in discharge and charge currents from 0.5 Hz to 100 Hz is not obvious and Z';;s and
Z' .q decrease, thus causing the battery heating power to reduce. When the frequency is
10,000 Hz, Z’ 45 and Z', are significantly smaller, which makes a significant increase
in the discharge and charge currents. Consequently, the battery heating power becomes
large again. Comprehensive analysis of the above shows that, when the temperature is
less than 0 °C, because the battery resistance reduces more obviously with the increase in
frequency, the battery heating power is mainly dominated by the discharge and charge
currents. Therefore, the battery heating power gradually becomes large with the increase in
frequency. When the temperature is equal to or greater than 0 °C, as the battery resistance
decreases less with the increase of frequency, the battery heating power is dominated by the
discharge and charge currents, in conjunction with Z’ ;5 and Z' ;. Therefore, the battery
heating power changes uncertainly with the increase in frequency. In addition, the variation
of the maximum heating power with different frequencies is similar to the variation of the
maximum heat production power with different temperatures. There is no obvious pattern
as can be seen in Figure Al.

Figure 10 shows the variation of the relationship between R, and heating power
with frequency and temperature at different charge cut-off voltages. The legends in the
figure range from 0 W to 130 W. The black areas in the plots indicate that the heating power
exceeds the maximum value in the legend. Figure A2 demonstrates detailed information
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for each case. In each subplot of Figures 10 and A2, the battery heating power at the
same Ry, s, increases gradually as the charge cut-off voltage becomes larger. This is similar
to the results for the discharge cut-off voltage. A larger charge cut-off voltage needs a
higher current to reach the constraint boundary. The heating power will also become larger.
Similar to the discharge cut-off voltage, the battery heating power becomes large first
and then smaller as Ry, increases in most cases under the same charge cut-off voltage.
Unlike the discharge cut-off voltage, the large heating power is mainly concentrated in
the interval where Ry is small. To illustrate this phenomenon, Table 5 shows the results
for 100 Hz@—5 °C with the charge cut-off voltage of 4.8 V. It can be seen that the battery
heating power first increases and then decreases with the increase of Ry, s, which is the
same as the changes of discharge heating power and charge heating power. Moreover,
the maximum values of the battery heating power, discharge heating power, and charge
heating power correspond to Ryyss. of 0.25, 0.2, and 0.45, respectively. Similar to the analysis
of the discharge cut-off voltage, due to the small influence of Z’ 5, and Z’ ;, on the battery
heating power, the discussion will exclusively focus on the currents and time of charge and
discharge. For the discharge heating power, with the increase of Ry, s, the variation of the
discharge heating power is the same as the variation of the discharge current. Therefore,
the change in the discharge heating power is mainly dominated by the discharge current.
For the charge heating power, with the increase of Ry, the charge current gradually
increases, while the charge time gradually decreases. The initial increase in charge heating
power can be attributed to the increase in charge current. As the charge time decreases
sharply afterward, the dominant factor of the charge heating power changes from the
charge current to the charge time. As a result, the charge heating power becomes small
with the increase in Rpyse-

Table 4. Parameter variations in Equation (1) at —15 °C and 10 °C with different BPC frequencies
under the discharge cut-off voltage of 2.2 V when the Rys is 0.85.

Temperature (°C) —15 10

foutse (H2) 0.5 5 100 10,000 0.5 5 100 10,000
Agis (A) 6.13 7.12 1091 18.89 17.74 18.14 18.26 28.37

Z' 4is (Q) 0.2085 0.1578 0.0956 0.0637 0.0765 0.0652 0.0522 0.0435

Gais (W) 6.66 6.79 9.67 19.31 20.47 18.24 14.79 29.74

Acpa (A) 34.73 40.34 61.81 107.04 100.54 102.81 103.49 160.79

Z! e (QY) 0.1062 0.0960 0.0742 0.0589 0.0587 0.0536 0.0433 0.0414

Geha (W) 19.21 23.44 42.52 101.30 89.03 85.05 69.54 160.71

q (W) 25.87 30.24 52.19 120.61 109.51 103.29 84.33 190.45

Similar to the discharge cut-off voltage, the effect of temperature and frequency on
the heating power is also diverse. First, it can be seen from Figure 10 that at the same
frequency, the area covered by high heating power becomes larger as the temperature
increases. Therefore, at the same charge cut-off voltage and Ry, the battery heating
power may become large with the increase in temperature. The reason is the same as that
for the discharge cut-off voltage, which is caused by the decrease in battery resistance due
to the increase in temperature. When the battery resistance decreases, the current increases
at the same charge cut-off voltage. Thus, the battery heating power becomes large. In
addition, the relationship between the maximum heating power and temperature is not
clear in Figure A2. For example, at 0.5 Hz, the Ry,s, corresponding to the maximum heating
power at the same charge cut-off voltage is 0.1 when the temperature is less than 5 °C.
When the temperature is 10 °C, the Ry,s becomes 0.05 and the maximum heating power
becomes larger as the temperature increases. At 10 kHz, the Ry, of the maximum heating
power at the same charge cut-off voltage becomes larger as the temperature increases. Then,
at the same temperature, the result of high heating power distribution with frequency is
similar to that of discharge cut-off voltage. When the temperature is less than 0 °C, the
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region of high heating power distribution increases with frequency. When the temperature
is equal to or greater than 0 °C, the region of high heating power distribution decreases and
then increases with frequency. To explain this phenomenon, Table 6 shows the parameter
variations in Equation (1) with different BPC frequencies at —15 °C and 10 °C when the
charge cut-off voltage is 4.8 V and Ry is 0.2. Whether the temperature is —15 °C or
10 °C, the battery resistance gradually gets small as the frequency increases. However, at
—15 °C, the resistance decreases more significantly, which makes the increase in current
at —15 °C more pronounced. Therefore, the battery heating power becomes progressively
larger with increasing frequency at —15 °C. When the temperature is 10 °C, the current
does not increase much from 0.5 Hz to 100 Hz, while the resistance decreases. Therefore,
the battery heating power decreases. When the frequency is 10,000 Hz, the current is a
little larger. Therefore, the battery heating power becomes large again. Comprehensive
analysis of the above shows that at —15 °C, the battery heating power becomes larger
with the increase of frequency, which is determined by the current. The change of battery
heating power at 10 °C is determined by the current and resistance together. In addition,
the variation of the maximum heating power with different frequencies in Figure A2 is
similar to the result of discharge cut-off voltage. Neither of them has a clear pattern.
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Figure 10. Variation of the relationship between Ry,s, and heating power with frequency and
temperature at different charge cut-off voltages.
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Table 6. Parameter variations in Equation (1) at —15 °C and 10 °C with different BPC frequencies
under the charge cut-off voltage of 4.8 V when the Rys is 0.2.

Temperature (°C) —15 10

fputse (Hz) 0.5 5 100 10,000 0.5 5 100 10,000
Agis (A) 19.59 23.44 35.59 59.85 61.52 63.33 64.69 84.00

7/ 4is (Q) 0.1294 0.1110 0.0795 0.0608 0.0626 0.0560 0.0449 0.0426

Gais (W) 9.93 12.20 20.13 43.52 47.37 44.93 37.55 60.15

Agia (A) 4.90 5.86 8.90 14.96 15.38 15.83 16.17 21.00

Z’ e (Q) 0.2292 0.1669 0.0991 0.064 0.0784 0.0665 0.0530 0.0435

Gena (W) 4.40 459 6.27 11.47 14.84 13.34 11.10 15.35

q (W) 14.32 16.78 26.41 54.99 62.21 58.27 48.65 75.50

The variations of the relationship between R, s and heating power with frequency
and temperature for different discharge and charge cut-off voltages are analyzed in Fig-
ures 9 and 10, respectively. However, when the AC heating strategy in practice is designed,
the charge and discharge cut-off voltages should be considered simultaneously. Figure 11
shows the variation of the relationship between Ry,s and heating power with charge and
discharge cut-off voltages at —5 °C and 100 Hz. The curves in the figure represent the
maximum heating power that can be achieved at the corresponding charge and discharge
cut-off voltages. When both charge and discharge cut-off voltages are considered, the
battery heating power is determined by the smaller one. Therefore, the intersection of the
heating power curves for the charge and discharge cut-off voltages is the maximum heating
power under the constraints of charge and discharge terminal voltages, such as the green
dots in Figure 11. If the value of Ry, is smaller than the Ry,5, value of the intersection,
the maximum heating power is determined by the discharge cut-off voltage. Conversely, if
the value of Ry is larger than the Ry, value of the intersection, the maximum heating
power is determined by the charge cut-off voltage. The two figures on the right in Figure 11
demonstrate the influences of the discharge cut-off voltage and the charge cut-off voltage
on the position of the intersection, respectively. As the discharge cut-off voltage increases,
the intersection gradually shifts towards a larger Ry, value. Conversely, as the charge
cut-off voltage decreases, the intersection gradually shifts towards a smaller Ry, value.
Moreover, the heating power corresponding to Ryys. of 0.5 is not the maximum heating
power. For example, when the charge cut-off voltage and the discharge cut-off voltage are
5V and 3V, the maximum heating power corresponds to Ry,5, of about 0.8.
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Figure 11. Variation of the relationship between Ry, and heating power with charge/discharge

cut-off voltages at —5 °C and 100 Hz.

The intersection of the heating power curves for the charge and discharge cut-off
voltages corresponds to the maximum heating power. Thus, the impact of different fre-
quencies and temperatures on the heating power under the constraints of both charge and
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discharge cut-off voltage can be assessed through the intersection. In this study, the charge
and discharge cut-off voltages of the battery are 4.2 V and 3 V, respectively. Therefore,
the maximum heating power at these voltage constraints serves as the basis for analyz-
ing the effects of frequency and temperature, and the results are presented in Figure 12.
Figure 12a,b depict the variations in maximum heating power with frequency and tem-
perature and the distribution of the corresponding R,s, value, respectively. Notably, the
maximum heating power increases with temperature for a given frequency. Similarly, at
a constant temperature, the maximum heating power exhibits continuous growth with
the increase in frequency. Figure 12b reveals that the value of Ry, corresponding to the
maximum heating power is predominantly 0.55. The value of R, corresponding to the
maximum heating power is 0.5 only when the frequency is 0.5 Hz and the temperatures are
5°Cand 10 °C.
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Figure 12. Maximum heating power and the corresponding Ry at different frequencies and
temperatures when the voltage range is 3 V-4.2 V. (a) Maximum heating power. (b) R, s, of maximum
heating power.

5. Conclusions

This paper investigates the impact of various BPC parameters on the heat generation
of the battery by the electro-thermal coupled model under the premise that the charge
capacity and discharge capacity are equal. The main conclusions of this study can be
summarized as follows:

(1) The heating power of the battery increases with a decrease in the discharge cut-off
voltage and an increase in the charge cut-off voltage. Under the discharge cut-off
voltage constraint, higher heating powers are observed in the range of larger Ryuise
values. Conversely, the higher heating powers are mainly concentrated in the range
of smaller R, s, values for the charge cut-off voltage constraint.

(2) The symmetrical BPC approach does not result in maximum heating power. The
relationship between the maximum heating power and Ry, is influenced by both
the charge cut-off voltage and the discharge cut-off voltage. Specifically, the R,
of the maximum heating power increases with an increase in the discharge cut-off
voltage, while it decreases with a decrease in the charge cut-off voltage.

(3) When the voltage constraint range is set between 3 V and 4.2V, the Ry of the
maximum heating power is primarily 0.55. Moreover, under the same frequency, the
maximum heating power gradually increases with rising temperatures. At frequencies
of 0.5 Hz, 5 Hz, 100 Hz, and 10,000 Hz, the maximum heating power exhibits a
progressive increase with higher frequencies at a constant temperature.

BPC heating offers higher heating efficiency compared to SAC heating. However, BPC
involves multiple parameters, making it challenging to optimize the BPC heating strategy.
The research approach in this paper provides the possibility of optimizing the BPC heating
strategy. Moreover, the findings of this study demonstrate that the widely used symmetrical
BPC heating is not the most efficient strategy. To enhance heating efficiency when designing
BPC heating, intervals with higher frequencies should be considered. Additionally, the
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optimization of the BPC heating strategy should not only consider amplitude and frequency,
but also the BPC ratio. In future work, the terminal voltages corresponding to lithium
plating, overcharge, and over-discharge of the battery will be determined. Under these
constraints, the frequency, the ratio, and the amplitude of BPC heating will be optimized.

Author Contributions: Conceptualization, R.H.; Methodology, R.H., ].Z., X.W. (Xueyuan Wang) and
X.Z.; Software, R.H.; Validation, G.W.; Formal analysis, R.H., B.J. and X.W. (Xueyuan Wang); Investi-
gation, G.W.; Resources, X.P,, X.Z.,].Y. and H.D.; Writing—original draft, R.H.; Writing—review &
editing, RH., BJ., ].Z., X.P., X W. (Xueyuan Wang), X.Z. and ].Y.; Supervision, H.D.; Project adminis-
tration, X.W. (Xuezhe Wei) and H.D.; Funding acquisition, H.D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (NSFC,
Grant number U20A20310) and sponsored by Program of Shanghai Academic/Technology Research
Leader (22XD1423800).

Data Availability Statement: The authors are unable or have chosen not to specify which data have
been used.

Acknowledgments: Ranjun Huang would like to thank the assistance of Dongdong Qiao (School
of Automotive Studies, Tongji University, Shanghai 201804, China) and Guangxu Zhang (School of
Automotive Studies, Tongji University, Shanghai 201804, China) for their help in drawing the pictures
in this paper.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

Heating power(W)

[ — ]

[ — ]

16 33 49 8 79 0 23 45 68 91 109 0

[ — ]

[ ]

30 60 9 120 145 0 74 149 223 298 37 O

[ — ]

1223 35 4 55 0 93 186 279 372 446

0.5Hz@10

628 30
voliage(V)

—
% 6 % 120 14

20 22 24 26 28 30 26 28 30
Voliage(V) it voitage(V)

| [ — ]
$ 74 A1 1817 0 45 90 135 180 216

628 30 20 22 24
voitage{V) DI

SHz@-10T

20 22 24 26 28 30
voltage(V)

202224 26 28 30
Voltage(V)

202224 26 2830 20 22 24 26 28 30
voltage(V) voliage(V)
— . — -
a1 62 @ 9 0 20 48 72 % 115

2022 24 26 28 30
Discharg voitage(V)

202224262830 202224 2628 30
voltage(V)  Di Voitage(V)

20 22 24 26 28 30
tage(V)

S1 101 152 203243 0 175 340 624 698 838 O 183 66 549 732 878
—

10000Hz@0 10000H2@5T

20 22 2.4 26 28 30
Disch ff voitage (V)

20 22 24 26 28 30
i Voltage(V)

.4 26 2.8 30

2 2 426 28
cut-off voltage(V)

28 30 24 26 2.8 30
ioff voitage(V)

20 22
Discharge cut-off voitage(V)

20 22 20222
Discharge Discharge cut

Figure Al. Variation of the relationship between Ry,s, and heating power with frequency and
temperature at different discharge cut-off voltages.
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Abstract: In this study, the effects of battery thermal management (BTM), pumping power, and
heat transfer rate were compared and analyzed under different operating conditions and cooling
configurations for the liquid cooling plate of a lithium-ion battery. The results elucidated that when
the flow rate in the cooling plate increased from 2 to 6 L/min, the average temperature of the battery
module decreased from 53.8 to 50.7 °C, but the pumping power increased from 0.036 to 0.808 W.
In addition, an increase in the width of the cooling channel and number of channels resulted in a
decrease in the average temperature of the battery module and a reduction in the pumping power.
The most influential variable for the temperature control of the battery was an increase in the flow
rate. In addition, according to the results of the orthogonal analysis, an increase in the number of
cooling plate channels resulted in the best cooling performance and reduced pumping power. Based
on this, a cooling plate with six channels was applied to both the top and bottom parts, and the top
and bottom cooling showed sulfficient cooling performance in maintaining the average temperature
of the battery module below 45 °C.

Keywords: lithium-ion battery; cylindrical battery; liquid cooling; battery thermal management;
pumping power; cooling performance

1. Introduction

Massive consumption of fossil fuels depletes non-environmentally friendly energy
sources and exposes the earth to severe problems, including climate change and global
warming [1]. Therefore, as concerns about environmental issues and resource depletion
have grown worldwide, considerable focus is placed on eco-friendly energy sources for
replacing fossil fuels. In light of the current situation, interest in electric vehicles that
do not release pollutants like carbon dioxide and nitrogen oxide has increased in many
nations, even industrialized nations. Due to its high energy density, extended lifespan,
environmental friendliness, and cost-effectiveness, lithium-ion batteries (LIBs) have become
popular in electric cars (EVs) and hybrid electric vehicles (HEVs) [2,3]. An important issue
to be solved for the stable operation of LIBs is the excessive heat generation owing to
rapid charging and discharging. An increase in the generated heat of the battery raises
the battery temperature, which boosts the production of more battery heat. Generally,
the safe operating temperature of a battery pack is a maximum temperature of 40 °C
and a temperature difference between batteries of 5 °C or less. For safe and normal
battery operation, maintaining these temperatures below the safe operating temperatures
is important [4]. Excessive heat generation in battery packs causes stability problems
and decreases the overall performance and lifespan of the battery system. In particular,
problems such as the formation of SEI (Solid Electrolyte Interphase) inside the battery occur,
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gradually reducing battery capacity [5]. Thus, a more efficient battery thermal management
system (BTMS) is needed [6-8]. Especially as the capacity and current of batteries have
rapidly increased, battery safety has become a major concern.

There are three different categories of cooling systems utilized in battery thermal
management systems: air cooling, liquid cooling, and phase change (phase change material
(PCM) and heat pipe) cooling. First, the air cooling method has a disadvantage because air
has a lower heat capacity and thermal conductivity than liquids. However, it was widely
used in early BTMS owing to the simplicity of its structure, its light weight, and its low cost
in the cycle configuration [9,10]. It was confirmed by Fan et al. [11] and Yu et al. [12] that
an air cooling system employing the 18650 battery maintains the temperature of the battery
below the safe operating temperature at 0.5 and 1 C-rate and is an appropriate BTMS at a
low C-rate. Zhou et al. [13] conducted a study using an air distribution pipe model in an
air cooled system. At a rate of 3 C-rate or higher, the air cooling system could maintain
the battery below the safe operating temperature. However, as the C-rate increased, the
pumping power increased rapidly to control the temperature of the battery. As a result,
the air cooling system is not practical for high C-rates because the rapid rise in pumping
power impacts the power capacity of the electric vehicle negatively.

Due to its large heat capacity and thermal conductivity, the liquid cooling system is
more effective than the air cooling technique. It also has benefits like high-temperature
uniformity, high efficiency, and economic viability [14]. The liquid cooling system is divided
into a direct cooling method, in which batteries are cooled by directly contacted thermal
fluid and an indirect cooling method, in which batteries are indirectly cooled by a cooling
plate cooled by thermal fluid. The liquid cooling system is classified into two types: a
direct cooling method, where batteries are cooled by thermal fluid that comes into direct
contact with them, and an indirect cooling method, where batteries are cooled indirectly
by thermal fluid through cooling plates. By reducing contact heat resistance, the direct
cooling technique maximizes battery cooling performance [15]. Liu et al. [16] evaluated the
thermal behavior of dynamically cycling batteries exposed to static and flowing mineral
oil (MO) in a series of tests using oil-immersed battery cooling systems. Even at a 4 C-rate
discharge, the battery temperature can be kept below 35 °C at a flow rate of 5 mL/min
below 30 °C when the flow rate exceeds 15 mL/min. Kim et al. [17] examined the cooling
performance in relation to the heat transfer fluid (HTF), the number of battery cooling
block ports, and the header width, and optimized the model by using the liquid immersion
cooling method on a 1S16P battery module. The cooling model performed best when
there were three ports and a 5 mm header width, which was consistent with low-pressure
drop and good cooling performance. When the flow rate of R134a was 3 and 5 L/min, the
maximum temperature of the battery and the temperature difference between the batteries
were, respectively, 30.5 °C and 4.91 °C and 28.7 °C and 3.28 °C at 25 °C outside settings.
The results reached were appropriate for preserving a consistent battery temperature range.
However, immersion cooling is not widely used commercially owing to its fluid cost,
weight, and performance uncertainties [18].

Despite having less cooling effectiveness than the direct cooling method, indirect
cooling has been the subject of several studies since it is an effective method when con-
sidering factors like electrical stability, fluid cost, weight, etc. The importance of a range
of cold plate channel sizes and designs in battery cooling was numerically supported by
Pulugundla et al. [19]. Lai et al. [20] and Zhou et al. [21] applied structures such as a
half helical duct and thermally conductive structure (TCS) to the outside of the cell in
the battery liquid cooling system. These structures improve the cooling performance by
increasing the contact area between the cells and the cooling device. It was confirmed that
the half helical duct and TCS kept the battery below the safe operating temperature at
5 C-rate with high heat generation. Zhao et al. [22] and Qian et al. [23] studied improving
cooling performance using a liquid cooling system. Their results revealed that increasing
the flow rate reduced the temperature of the battery module effectively and improved the
temperature uniformity.
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The PCM cooling method can maintain the temperature in the battery and release
it as needed while using little to no fan power. The benefits of adopting this strategy ap-
proach are more obvious when the ambient temperature is low, and the energy utilization
efficiency can be significantly increased [4]. However, when the PCM completely changes
its phase, achieving accurate control of the battery temperature is difficult. Accordingly,
cooling using PCMs requires additional research and is studied along with other cooling
methods. Lv et al. [24] employed liquid cooling and PCM to manage the heat generation
of a 18650 battery. They reported that at a 2 C-rate, the composite system reduced the
maximum temperature of the battery by 15 °C more than the single system. Wu et al. [25]
conducted an experimental study that combined a PCM, a heat pipe, and liquid cool-
ing for a 18650 battery. As the discharge cycle of the battery increased at a 3 C-rate, the
composite system reduced the maximum temperature by 28 °C or more than the single
system. Accordingly, it was confirmed that the combined PCM and liquid cooling sys-
tem is an appropriate BTMS to maintain the battery below a safe operating temperature.
The liquid cooling system is a basic component of battery thermal management in the
combined system.

The liquid cooling system can manage the produced heat of the battery at a high C-rate,
and it is a basic component for maintaining high efficiency even in a phase-change cooling
system. Currently, cylindrical, prismatic, and pouch-type batteries are used in EVs. In
particular, the liquid cooling BTMS for a cylindrical battery has a curved surface compared
with prismatic pouch-type batteries; thus, it is more difficult to mount a cooling plate
on the surface. However, cylindrical batteries have the advantages of better consistency,
more material processing, and longer lifetimes, and are more adaptable to situations
where multiple batteries must be combined in series and parallel [26]. Much information
is available on the cooling capacity according to the structure of the cooling plate in a
rectangular battery module. However, due to the structural characteristics of cylindrical
batteries, many studies have applied cooling plates to the sides, but few studies have
applied cooling plates to the top and bottom. Using a cold plate to the side is complicated
because the cold plate must be designed to contact between battery cells. Therefore, in this
study, a numerical analysis of cooling performance and pump output was performed to
apply cooling plates to the top and bottom of a cylindrical battery. In the 24516P module
structure, the heating characteristics of the 21700 cylindrical battery module and the heating
environment of the battery were numerically analyzed. In addition, to effectively control
the heating of the cylindrical battery module, the average temperature, cooling capacity,
and pumping power of the battery module according to changes in the structure of the
cooling plate and operating conditions were compared and analyzed. Additionally, analysis
findings for the cooling system, which maintained a temperature that could guarantee
stable battery performance, were also provided. The obtained results will help improve
the cooling performance of a cylindrical battery using liquid cooling and optimize the
parameters of the cooling system. In addition, it can enhance the safety and performance
of EVs through battery temperature management.

2. Methods and Simulation
2.1. Simulation Model

The cooling performance of the liquid cooling system using a 21700 cylindrical battery
cell was investigated using ANSYS Fluent 2022 R2. The battery model in this study used
the battery parameters from the anode and the cathode material of Li(NiggCop1Mng1)O;,
and the battery specifications used in the simulation are presented in Table 1. A schematic
and 3D model of the battery module and BTMS used in the simulation are shown in
Figure 1 [27]. As shown in Figure 1a, to uniformly dissipate heat from the battery, a thermal
pad was positioned between the battery module and cooling plate. A cooling plate was
placed at the bottom to control heat generation from the battery. In Figure 1b, the battery
module is depicted. The 384 cylindrical battery cells were composed of 24S16P. Figure 1c
depicts the internal shape of the cooling plate, which was composed of five U-type channels
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with dimensions of 440 x 580 x 6 mm?. The cooling water flow path of the cooling plate
had a U-shape, and the cooling water entered the inlet branches and flowed in the cooling
plate. The gap between the channels was maintained at 10 mm. In this study, the widths of
the channels are expressed as L1 and L, and the height is expressed as h;. Water is the HTF
that circulates inside the cooling plate to cool the battery. The correlations of the thermal
properties of the water are shown in Table 2.

Table 1. Specifications of a 21700 battery.

Parameter Specification
Diameter (mm) 21
Height (mm) 70
Weight (g) 67.5
Nominal capacity (Ah) 4.95
Nominal voltage (V) 3.69
Charge cut-off voltage (V) 4.25

Battery

Channel of cooling plate

(0

Figure 1. Battery module and BTMS with a cooling plate for liquid cooling: (a) schematic diagram of
the battery module; (b) 3D model of the battery module; (c) structure of a cooling plate.

Table 2. Thermal properties of HTF [28].

Parameter Specification
Density (kg/m?) 765.33 + 1.8142T — 0.0035T2
Specific heat (J/kg-K) 28070 — 281.7T + 1.25T2 — 2.48 x 1073T% + 1.857 x 10~°T*
Thermal conductivity (W/m-K) —0.5752 + 6.397 x 1073T — 8.151 x 10~°T?

9.67 x 1072 — 8.207 x 10™*T +2.344 x 10~6T2

Viscosity (Pa-s) 044 % 10-9T5

2.2. Governing Equations

This study was carried out under the following presumptions: first, the fluid flow was
a single-phase flow; second, the flow field was completely filled with HTF; third, thermal
resistance and radiation emission were neglected; fourth, the HTF was an incompressible
fluid. The mass, energy, and momentum conservation equations were used to analyze a
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cylindrical battery cooling system. The turbulence model of the realizable k—e¢ model was
used because it can be applied to a wide flow range and is highly accurate in stream and
heat transfer analysis [29]. It is the same when cold plates are used at the top and bottom
of the battery module.

Bernari et al. [28] calculated the heating value of the battery. The proposed internal
resistance was used to estimate the heat generation quantity using the heat generation
correlation Equation (1).

Qgen = Qir + Qre = IZR - ITcellaLé%r (1)
where Qgen is the total heating value generated by the battery cell, and Q;- and Q. are the
irreversible and reversible heats generated during charging and discharging, respectively.
I'and R are the charging/discharging current and resistance, T is the temperature of the
battery cell, and dlpcy /0T is the temperature coefficient of open-circuit voltage. The
equation used by Lai et al. [13] for the temperature coefficient of the open-circuit voltage

by Lai et al. [20] is given in Equation (2).

BL;och = —0.355 + 2.154 x 2.154 x SOC — 2.869 x SOC? +1.028 x SOC3, (2
where SOC represents the state of charge of the battery.

Battery heat generation was calculated by averaging the heat generated during the
discharge process. The pumping power used for liquid cooling was calculated using
Equation (3).

Ppump = APQu, (3)

where Ppymp is the pumping power, AP is the pressure drop between the inlet and outlet of
the cooling plate, and Qy, is the flow rate of HTF.

2.3. Initial and Boundary Conditions

Table 3 shows the test conditions for the simulation. The ambient and initial tem-
perature of the battery module and HTF was set to 25 °C. The number of channels was
determined considering the size of the cooling plate, and the channel width was determined
by considering the ratio of the top and bottom widths based on standard conditions. The
standard condition is marked with a (*) based on the cooling plate of Kim [27]. To inves-
tigate the influence on the flow rate (Q), channel width (L;/L;), and number of channels
(n1), the average temperature of the battery module and the average temperature difference
between the upper and lower parts were calculated and compared. To examine the cooling
performance of the BTMS, the pressure drops at the inlet and outlet of the cooling plate as
well as the pumping power were calculated.

Table 3. Simulation conditions.

Parameters Range
Ambient temperature (°C) 25
Initial temperature (°C) 25

. - 3

Boundary condition and flow rate Battery volumetric heat generation (W/m>) 225,000

Heat transfer coefficient (W/m?2-K) 10
Flow rate (L/min) 2,3%4,5,6
. 15.3/8.1,17.3/10.1,19.3/12.1 %,21.3/14.1,
Top (L1)/Bottom width (L) (mm) 233/161

Channel shape Height (i) (mm) 36

Number of the channel (117) 4,5%6

* Standard condition.
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2.4. Validation of Simulation Model

In this study, the open-circuit voltage of the temperature coefficient and internal
resistance of a 21700 cylindrical battery was used to predict the heat generated from the
cylindrical battery, and a heating value prediction model for the cylindrical battery was
developed. The results were also contrasted with those of Sheng et al. [30], who tested the
heating value of 21700 cylindrical battery cells at rates of 1-2.5 C. Based on this, the heating
value of the cylindrical battery cell was predicted at a rate of 3 C-rate conditions, and the
cooling performance was predicted according to the change in the cooling plate structure
and operating conditions during the cylindrical battery module cooling.

Because computational fluid dynamics analyze physical phenomena using a divided
grid, the number of grids dramatically influences the overall analysis results. Therefore,
ensuring the reliability of the analysis results through a grid-independent test based on the
number of grids is necessary. Figure 2 shows the average temperature of the battery module
for each mesh node under the heating value condition of the 3 C-rate. As the number
of mesh nodes increased, the temperature of the battery module decreased, and it was
52.17 °C when the number of mesh nodes reached 2,809,041. As mesh nodes increased to
4,675,798, it was 52.17 °C, and the temperature did not change significantly as the number
of mesh nodes increased. Therefore, in this study, 2,809,041 mesh nodes were used to
analyze the battery modules.

52.45
. Charging rate : 3 C-rate
| Ambient and Initial temperature : 25°C
52.40 - 0 "
—®— Grid independence
o
S_ 52.35 n
2
3
£
E 52.30
E [ ]
3
$52.25 4
~
52.20
u ]
52.15 T T T T
0 1x10° 2x10° 3x10° 4x10° 5x10°

Number of the mesh node

Figure 2. Grid independence test of the mesh node.

Figure 3 shows a comparison of the results of the heating value prediction model of this
study with the experimental results of the 1-2.5 C rate of Sheng et al. [30]. The change over
time in the average temperature of the battery predicted in the simulation exhibited a trend
similar to that of the experimental values at all C-rates. The average battery temperature,
as reported by Sheng et al. [30] under the 1 C-rate discharging process, was 46.7 °C, and
the predicted temperature of this study was 34.8 °C. The maximum and average error rates
were 27% and 15%, respectively. The battery’s average temperature during the 2 C-rate
discharging condition was 67.5 °C and 57.1 °C, respectively; the maximum error rate
was 15%, and the average error rate was 5.6%. The average temperature of the battery at
2.5 C-rate was 80.8 and 75.1 °C, respectively. Compared to high C-rate discharge conditions,
low-rate discharge conditions require longer discharge times and are more affected by the
charging environment. In the case of low-rate discharge conditions, because the discharge
time is extended, the total heat loss of the cell during discharge is more significant than that
under high-rate discharge conditions. Therefore, under low-rate discharge conditions, the

180



Batteries 2023, 9, 538

uncertainty due to heat loss is considerable, which causes greater errors in experimental
and analysis results. Additionally, the initial temperature is 30 °C in the experiment of
Sheng et al. [29], but it is 25 °C in this study; therefore, it is 5 °C higher than the initial
temperature of this study. It affected the battery heat generation and loss, leading to a
rather significant inaccuracy. The simulation error, however, is within the reliable error
range and is a maximum of 9.8%.

b Experiment (Sheng et al., 2021) Simulation (This study)
0O 2.5 C-rate — 2.5 C-rate
& 2 C-rate = 2 C-rate
O 1 C-rate = 1 C-rate
Ddl
75 - s

%) o
5=
$
H ﬁ s
g 2 Q
1< [m]
5 £ ==
=~ 50 £ M

Time (min)
Figure 3. Comparison of the results between this study and those reported by Sheng et al. [30].

3. Results and Discussion
3.1. Effect of the Inlet Flow Rate of Cooling Fluid

Figure 4 depicts the impact on the cylindrical battery’s cooling performance at a flow
rate of 2 to 6 L per minute under a three-cycle discharging process. After 3 C-rate discharges,
the battery module’s average temperature was 85.4 °C; when the flow rate increased, this
temperature reduced to 79.4 °C on average. The average battery temperature decreased
by 3.12 °C, from 53.8 °C to 50.7 °C, as the flow rate rose from 2 to 6 L/min. The average
temperature difference between the top and bottom of the battery increased with the flow
rate; however, this difference was small. Figure 4b depicts the pressure drop and pumping
power of the cylindrical battery cooling according to the flow rate. The flow rate increases
with an increase in the pressure drop. The pressure drop increased from 1.09 to 8.08 kPa
when the flow rate was raised from 2 to 6 L/min. As the flow rate rose, the pressure
drop rose. Accordingly, the pumping power increased from 0.04 to 0.81 W. The pumping
power increased 22 times when the flow rate rose from 2 to 6 L/min, although the battery
temperature drop was just 3.1 °C. Raising the pump power for cooling in an electric vehicle
can reduce the driving range due to increased electric power consumption. Despite a higher
flow rate, battery cooling capability has a limit. Because of the cylindrical shape of the
21700 battery, installing the cooling plate at the bottom does not provide a sufficient heat
transfer area for cooling. Thus, a wide heat transfer area needs to be designed to manage
local excessive heat when a battery is used in a fast-charging and discharging environment.
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Figure 4. Cooling performance according to the flow rate of the HTF: (a) average temperature
variation of the battery module; (b) pressure drop and pumping power.

3.2. Effect of Channel Width and Number

Figure 5 shows the change in the cooling performance according to the change in the
channel width of the cylindrical battery cooling plate. The average temperature of the
battery module varies with channel width, as shown in Figure 5a. The width of the channel
was varied, while the gap between the channels was maintained at 10 mm. When cooling
was not performed during the 3 C-rate discharge process, the average temperature of the
battery module was 85.4 °C. As the channel width increased, the average temperature
of the battery module decreased. The average temperature of the battery module was
52.7 °C when the cooling plate’s width was 15.3 mm and fell to 51.9 °C when it was
23.3 mm—a 0.81 °C difference. Compared with the case without cooling, the highest
battery temperature reduction rate was 39.2% at a channel width of 23.3 mm. In addition,
the average temperature difference between the upper and bottom regions of the battery
increased by 0.27 °C, from 13.7 °C to 14.0 °C, while the width of the cooling plate channel
increased from 15.3 to 23.3 mm. This was due to an increase in the contact area between
the lower portion of the battery module and the area through which the cooling fluid
flowed when the cooling plate channel’s width widened. As such, the temperature of the
battery module decreased, but the upper part of the battery module was not significantly
affected. The pressure drop and pumping power in regard to channel width are shown in
Figure 5b. The pressure drop on the cooling plate decreased from 2.53 to 1.89 kPa as the
width rose from 15.3 to 23.3 mm. As a result, the pumping power dropped from 0.13 to
0.09 W by 26%. This is due to the fact that the pressure drop was minimized by widening
the cooling path, while maintaining the same flow rate. As the channel width of the cooling
plate increased, the average temperature of the battery module decreased; however, the
temperature difference between the upper and lower parts of the module increased.

Figure 6 depicts the cylindrical battery’s cooling performance according to the quantity
of cooling plate channels. The average temperature of the battery module is shown in
Figure 6a as a function of the quantity of cooling plate channels. As the number of cooling
plate channels increased from four to six under the 3 C-rate discharging condition, the
average temperature of the battery module decreased by 1.55 °C from 53.3 °C to 51.7 °C.
Consequently, the average rate of temperature decrease reached a maximum of 39.4%. In
addition, as the number of cooling plate channels increased from four to six, the average
temperature difference between the upper and lower parts of the battery module increased
from 13.5 °C to 14.0 °C. Thus, it was established that improving the cooling performance of
the cylindrical battery could be accomplished by increasing the number of cooling plate
channels. This was due to an increased contact area between the battery module and the
cooling route caused by the increased number of cooling plate channels. The differences
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in pressure drop and pumping power based on the quantity of cooling plate channels are
depicted in Figure 6b. As the number of cooling plate channels increased from four to six,
the pressure drop decreased from 2.34 to 1.86 kPa, and the pumping power decreased by
20.5% from 0.12 to 0.09 W. The fluid flow rate through each channel on the cooling plate
reduced as the number of channels rose, minimizing the pressure drop in the cooling plate.
Additionally, as the number of cooling plate channels increased, the pumping power was
reduced and the cooling plate’s performance was enhanced. It was confirmed that the
design of the optimal channel number in the cooling plate is an essential factor in battery
thermal management and the pumping power of electric vehicles.
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Figure 5. Cooling performance according to channel width: (a) average temperature variation of the
battery module; (b) pressure drop and pumping power.
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Figure 6. Result of cooling performance according to channel number: (a) average temperature
variation of the battery module; (b) pressure drop and pumping power.

3.3. Result of the Orthogonal Analysis

The orthogonal analysis method reflects the degree of influence of a variable on the
evaluation index within the influence range of the variable. The larger the range of influence
(Rj), the greater the degree of influence of the variable [31]. The influence of flow rate,
channel width, and channel number on battery thermal management performance and
pumping power were assessed in this study utilizing the results of the orthogonal analysis
approach. R; is the influence range, and Equation (4) can be used to assess it.

Ri = max(kl, kz, k3) — min(kl, kz, k3), (4)
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where kj is the result obtained under conditions smaller than the standard condition, k;
is the result obtained under the standard conditions, and k3 is the result obtained under
conditions larger than the standard condition. The results of the orthogonal analysis are
shown in Table 4.

Table 4. Results of the orthogonal analysis.

Toog [°C AT g [°CI W, W]
K 53.77 13.37 0.04
ko 5217 13.88 0.11
Q& ks 51.43 14.02 0.24
R; 234 0.65 0.20
ky 52.36 13.82 0.12
ka 5217 13.88 0.11
= ks 52.00 13.94 0.10
R; 0.36 0.12 0.02
ky 53.27 1348 0.12
ks 5217 13.88 0.11
n ks 51.72 14.04 0.09
R; 1.55 0.56 0.03

In the average temperature (Tqyg) and average temperature difference (AT qyg) of the
battery module, the largest R was obtained in the flow rate change and the lowest R in the
channel width change. Therefore, the degree of influence on the average temperature and
average temperature difference was in the order of Q1 > 11 > L;. In terms of the pumping
power, the largest R was in the flow rate change, and the smallest R was in the channel
width change. Therefore, the degree of influence of the pumping power was similar to that
of the average temperature. When considering the average battery temperature, the larger
the influence range, the more advantageous it is for temperature control performance. On
the other hand, the smaller the pumping power influence range, the smaller the electric
vehicle’s power consumption. In terms of battery thermal management, the influence range
of the number of channels has the second largest value. Additionally, its pumping power
value is the lowest. Therefore, the quantity of channels in the cooling plate is the variable
that affect BTM most significantly.

3.4. Result of Cooling Performance by Adapting an Improved Cooling System

Based on the optimized model from the orthogonal analysis results, considering
the cooling performance under the 3 C-rate discharging condition, it was confirmed that
the optimal cooling performance could be obtained in the model with Q = 3 L/min,
L =19.3 mm, and n = 6. However, when the cooling plate was applied only to the lower
part, the temperature of the battery module was higher than the safe operating temperature
of 40 °C. In particular, the temperature was slightly higher in the upper part where the
cooling plate was not in contact. To reduce the heat generation of the battery module
effectively, the cooling performance was investigated by applying a cooling plate to the
top and bottom of the battery module. Figure 7 depicts the variances in the average
temperatures of three C-rate discharge situations. The temperature contours of the battery
modules with bottom cooling are shown in Figure 7a,b, respectively. When only bottom
cooling was applied, the highest temperature of the battery module was 62.3 °C at the
outlet side. In addition, the average temperature of the battery module was 51.7 °C. When
top and bottom cooling were applied, the highest temperature of the battery module was
41.5 °C at the outlet side of the battery module, and the average temperature was 35.8 °C.
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As a result, the battery module’s maximum temperature dropped by 20.7 °C in comparison
to when only bottom cooling was used.
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Figure 7. Comparison of bottom cooling and top and bottom cooling; (a) bottom cooling of the
battery module; (b) top and bottom cooling of the battery module; (c) temperature variation of the
bottom cooling and top and bottom cooling.

The average temperature and temperature differential of the battery module for
bot-tom cooling and top and bottom cooling are compared in Figure 7c. The average
temperatures of the battery module for only bottom cooling and top and bottom cooling
were 51.7 °C and 35.8 °C, respectively. By applying top and bottom cooling, the average
temperature of the battery module could be reduced by 16 °C compared to only bottom
cooling. The maximum and minimum temperature differences of the battery module in
bottom cooling and top and bottom cooling were 22.8 °C and 7.1 °C, respectively. The
cooling plate’s pressure drop rose by around 2.03 times, from 1.86 kPa for bottom cooling
to 3.78 kPa for top and bottom cooling. As top and bottom cooling was applied, the
pumping power was slightly higher, but the average temperature of the battery module
could be maintained below 40 °C. Battery cell temperatures above 40 °C during charging
and discharging have a negative impact on the formation of SEI inside the battery [32],
but the top and bottom cooling in this study was robust enough to withstand this, and
performance degradation and capacity reduction were minimized. Therefore, it was
confirmed that maintaining a safe operating temperature could be accomplished when
cooling plates were simultaneously applied to the top and bottom of the battery module.
The temperature difference of the battery module was relatively uniform compared to
bottom cooling, even though it did not reach the recommended level (5 °C). It is believed
that the recommendations for temperature difference within the module can be achieved
through improvements in the battery cooling plate.
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4. Conclusions

This study investigated the influence of a number of variables, including the flow rate,
channel width, and channel number, on the liquid cooling performance of a 21700 cylindrical
battery module. The results showed that the average temperature of the battery module
decreased from 53.8 °C to 50.7 °C when the flow rate in the cooling plate increased from
2 to 6 L/min, but that the pumping power increased from 0.04 to 0.81 W due to the
higher pressure drop. Therefore, increasing the cooling flow rate improves the cooling
performance; however, selecting an appropriate flow rate is important because the pumping
power increases. In addition, as the width increased from 15.3 to 23.3 mm, the average
temperature of the battery module decreased from 52.7 °C to 51.9 °C. Pumping power
dropped from 0.13 to 0.09 W by 26%. Under the 3 C-rate discharging condition, the
average battery module temperature was reduced by 1.55 °C and the pumping power by
20.5% as the number of cooling plate channels rose from four to six. Nevertheless, it was
difficult to achieve the safe operating temperature of the battery module under 3 C-rate
discharge conditions by installing a cooling plate at the bottom. To achieve a safe operating
temperature, it is necessary to increase the heat transfer area of the battery.

Orthogonal analysis was conducted to investigate the influence of each variable on the
cooling performance of the battery module. It was confirmed that increasing the number
of channels was the most effective method for improving the cooling performance and
reducing the pumping power. Based on the optimized model from the orthogonal analysis
results, the cooling performance was investigated by applying top and bottom cooling
to enhance cooling. As a result, when compared to the case where just bottom cooling
was used, the average temperature and maximum temperature of the battery module
dropped by 16.0 °C and 20.7 °C, respectively. Moreover, the average temperature could be
maintained below 40 °C for safe operation. Therefore, a safe operating temperature could
be effectively maintained when cooling plates were simultaneously applied to the top and
bottom of the battery module, and the reliability and lifetime of the battery system could
be improved by significantly reducing the temperature difference in the battery module.
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Nomenclature

LIB Lithium-ion battery

EV Electric vehicle

HEV  Hybrid electric vehicle
BTMS  Battery management system
PCM  Phase change material

TCS Thermally conductive structure

Ly Top width of cooling channel (mm)

Ly Bottom width of cooling channel (mm)
n Height of cooling channel (mm)

Qgen Total heating value of battery cells (W)
ir Charge/discharge irreversible heat (W)
Qre Charge/discharge reversible heat
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I Current (A)
R Resistance ()
Teenl Battery cell temperature (°C)

Upocy  Open circuit voltage (V)
Wpump ~ Pumping power (W)

AP Inlet and outlet pressure difference (kPa)
Qu Flow rate of water (L/min)
Q; Flow rate (L/min)

Tavg Average temperature of battery module ((°C)
ATmwg  Average temperature difference of battery module ((°C)

Ky Smaller condition result
K> Standard condition result
K3 Larger condition result
R; Influence range

* Standard condition
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Abstract: This paper introduces a novel hybrid thermal management strategy, which uses secondary
coolants (air and fluid) to extract heat from a phase change material (paraffin), resulting in an increase
in the phase change material’s heat extraction capability and the battery module’s overall thermal
performance. A novel cold plate design is developed and placed between the rows and columns of the
cells. The cold plate contains a single fluid body to improve the thermal performance of the battery
module. Experimental studies were conducted to obtain the temperature and heat flux profiles of the
battery module. Moreover, a numerical model is developed and validated using the experimental
data obtained. The numerical data stayed within +2% of the experimental data. In addition, the
ability of nanoparticles to increase the thermal conductivity of water is examined and it is found that
the cooling from the liquid cooling component is not sensitive enough to capture the 0.32 W/m K
increase in the thermal conductivity of the fluid. Furthermore, in order to enhance the air cooling, fins
were added within the air duct to the cold plate. However, this is not feasible, as the pressure drop
through the addition of the fins increased by ~245%, whereas the maximum temperature of the battery
module reduced by only 0.6 K. Finally, when scaled up to an entire battery pack at a high discharge
rate of 7 C, the numerical results showed that the overall temperature uniformity across the pack was
1.14 K, with a maximum temperature of 302.6 K, which was within the optimal operating temperature
and uniformity ranges. Therefore, the developed thermal management strategy eliminates the
requirement of a pump and reservoir and can be scaled up or down according to the energy and

power requirements.

Keywords: phase change material; Li-ion cylindrical cells; computational fluid dynamics (CFD)
analysis; battery thermal management; hybrid cooling; liquid channels

1. Introduction

A major issue encountered by the transportation industry is the reduction in green-
house gas emissions, as they are responsible for 29% of the overall emissions [1]. To
overcome this issue, transportation electrification was introduced, and lithium-ion (Li-ion)
batteries are currently being used to develop electric vehicle (EV) packs. This is mainly
due to the low rate of the self-discharge of the Li-ion cells, the high energy density, the
extended lifecycle, and the high power density [2-4]. However, thermal issues related to
Li-ion batteries need resolution, as they require a narrow operating temperature range for
effective performance [5].

The strategies developed for thermal management (TMS) are based on the primary
strategies that include air, fluid, and phase change material (PCM). The most cost-effective
is the air-based TMS; however, air has limited cooling capabilities due to its low thermal
properties [6]. Fluids generally have higher cooling capacities compared to air; therefore,
they are capable of improved cooling and can effectively maintain the required thermal
environment for the operation of the Li-ion cells [7]. The simplest form of liquid-based
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TMS is designed using electrically insulating fluids. These fluids extract heat from the cell’s
surface through direct contact [8-10]. Usually, there is an increased viscosity associated
with these fluids, which results in the requirement of a large pumping capacity. Moreover,
in large battery packs, there is an increased risk of the leakage of the fluid that can cause
unfavorable effects on the electrical battery pack [11]. To counter these issues, electrically
noninsulating fluids are utilized. They have lower viscosities compared to insulating fluids;
therefore, they require less pumping power. In order to incorporate them into the battery
pack, cold plates are used that contain these fluids. The cold plates are connected to the
cells” surface to extract heat. However, the application of the cold plates is restricted to
rectangular cell geometries because the degree of manufacturing difficulty for cylindrical
cells is higher [12-14]. An alternative to a cold plate is to use serpentine liquid channels
developed to run through the cylindrical cell rows. These liquid channels contain electri-
cally noninsulating fluids. In these cases, the part of the cell in contact with the channels
cools at a higher rate than the part not in contact, causing temperature nonuniformity.
Zhao et al. [15] developed multiple configurations of serpentine channels, and temperature
uniformity occurred incrementally in the streamwise direction of the contact surface area
with the liquid channels. Furthermore, to eliminate the restrictions of using cold plates for
cylindrical cells, Rao et al. [16] used variable-sized blocks of aluminum placed in contact
with the cylindrical cells, and the length of the block was varied to achieve uniform cooling
through the battery pack. Liquid channels ran within these aluminum blocks to extract
heat from the blocks. Liquid cooling is effective at extracting heat from the cells; however,
the high pumping power causes a hindrance in its application within the battery packs [17].

PCMs are also effective in extracting heat through latent heat capacity. Initially, its
use was suggested by Al-Hallaj and Selman [18], and later on, Javani et al. [19] showed
that a high thermal uniformity is achievable in battery packs. Jiang et al. [20] applied a
composite phase change material (CPCM), and maximum temperatures were limited to
44 °C. This CPCM was developed by combining a paraffin base with expanded graphite
(EG) to increase the thermal conductivity. In comparison, through a 1 m/s airflow, the
temperature reached 72 °C. He et al. [21] conducted an investigation with the EG/paraffin
CPCM, and the results concluded with a 2.82 °C of temperature uniformity with 7% of EG.
This was considered as the optimum EG proportion within the CPCM. Furthermore, a novel
CPCM composition was investigated by Hussain et al. [22]. For the CPCM, the nickel foam
was coated with saturated paraffin and graphene. Based on the results, when compared
to pure paraffin, the thermal conductivity of the CPCM increased 23-fold. A novel CPCM
consisting of dual regions of two different phase change temperatures was designed by Ye
et al. [23]. The lower temperature region was activated at regular ambient temperatures.
This enabled the TMS to maintain the battery module temperature between 25.9 and 34.9 °C.
Similarly, at high ambient temperatures, the higher temperature region was activated.
Through this, the battery module temperature was kept below 49.2 °C. In addition to
dual phase change temperature regions, EG was added to the CPCM, and 1.98 W/m K
of thermal conductivity was achieved. Additionally, a flexible CPCM was studied by Wu
et al. [24]. The flexibility of the CPCM allowed it to encase the cylindrical geometry of
the cell completely, which increased the surface area in contact with the cell, resulting in
increased heat transfer. The novel CPCM had a thermal conductivity of 1.64 W/m K and
exhibited better flexibility between —5 and 20 °C. Compared to a rigid CPCM, the results
concluded a 4 °C reduction in the maximum temperature. Furthermore, Faraji et al. [25]
developed a CPCM by adding hybrid nanoparticles, and the results concluded a safe
operation of the electronic components with a significantly high temperature uniformity.
Arshad et al. [26] added copper nanoparticles to the PCM and the results showed that the
heat transfer rates were increased by ~2.9%, which resulted in a reduction in the melting
time of the PCM by ~2.6%. Faraji et al. [27] also studied the insertion of nanoparticles in
the PCM by adding SiO,—-MWCNT hybrid nanoparticles, and it was found that the melting
time of the PCM increased by 92% compared to pure PCM, and the maximum temperature
was reduced by 11 °C on the electronic components. The PCM application in the TMS
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exhibits promising results. However, its low overall heat transfer coefficient results in
a hindrance to its mass adoption. When the PCM is utilized and completely melted, a
secondary TMS is needed to charge the PCM.

Since there are a few drawbacks to using the cooling mediums individually in a TMS,
hybrid TMSs are introduced that combine two or more cooling mediums. A simple hybrid
system combines air and liquid cooling by incorporating mist into the airflow. This was
investigated by Saw et al. [4], and it was concluded that 3% of vapors within 5 g/s of airflow
is required to maintain the temperatures below 40 °C. Moreover, the natural evaporation of
water was utilized by Wei and Agelin-Chaab [6,28]. Water channel strips within the battery
pack were exposed to airflow. Through this, the water vapors were formed using natural
evaporation and were incorporated into the airflow stream. Additionally, the air particles
regained their heat capacity once they interacted with the water strips. This resulted in an
improvement of 56% in the uniformity and 20% in temperature reduction. Wang et al. [29]
studied a combination of cold plates and airflow. The cold plates were stationed below the
cells, and the airflow circulated through cold plate surfaces to extract heat from the cold
plates. Multiple strategies and concepts were tested. The temperature uniformity increased
2.42 times, and a further 3.45 °C maximum temperature reduction was achieved. In the
authors’ previous study [30], a novel design was developed by attaching liquid jackets to
cylindrical cells. The liquid jackets contained fluid, and since it was isolated to each cell, the
design was capable of employing direct cooling by using electrically noninsulating fluids.

In this paper, a novel hybrid thermal management strategy is developed by incorpo-
rating air, liquid, and PCM cooling, and analyzed experimentally and numerically. In this
strategy, the PCM is the primary coolant, which is in direct contact with the cells, whereas
the liquid and air are secondary coolants, which extract the heat simultaneously from the
PCM, resulting in the increased heat extraction capability of the PCM and the improved
thermal performance of the battery module. In order to eliminate the fluid pumping power
requirements, a novel cold plate is designed which houses a single body of stationary fluid
and can be placed between the cell rows and columns to improve the thermal performance
of the battery module. Additionally, a novel modular battery pack design is developed
which is capable of scalability in power and energy. The principal objective of this paper is
to maintain the maximum temperature of the battery module within the optimal ranges of
25-45 °C and attain high thermal uniformity within 5 °C. Moreover, secondary objectives
are to eliminate the pumping power for the fluids and reduce the airflow velocity, which
reduces the power requirements of the TMS.

2. Description of the Proposed Hybrid Strategy
2.1. Battery Module Configuration

Based on the objectives, novel hybrid thermal management strategy is designed and
developed. The strategy consists of a combination of air cooling, liquid cooling, and PCM
cooling systems. In order to develop the strategy, the following designs are considered:

e  The battery module should have a high temperature uniformity.
e  The fluid pumping power should be eliminated.
e  Itshould have modularity for scalability.

In the proposed hybrid strategy, PCM (paraffin) is used for direct cooling and airflow
within the air duct and water in the cold plates is used for indirect cooling, as shown in
Figure 1.

Rectangular cold plates of a 1.5 mm width and 0.5 mm wall thickness were added
in between each cell’s rows and columns, which were completely filled with fluid, and
which protrudes in the air duct. This cold plate was sealed and closed from all sides so
that there was no leakage of fluid. The cold plates were all connected to each other, and
the fluid within this was considered a single body of fluid. The working principle behind
this is divided into three stages. In the initial stage, the heat will be extracted using the
PCM through direct contact. In the intermediary stage, the fluid within the cold plates
will extract heat simultaneously from the PCM. In the final stage, the air flows over the
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protruded cold plate and will be used to cool the fluid within it. Due to a single fluid body,
the protrusion of the cold plate will allow the fluid in between the columns to cool as well.
Since the fluid in this strategy is sealed, the requirement for a fluid pump and reservoir is
eliminated, as shown in Figure 2.

Airflow
A 0 B0 B A
Air Duct 7" ” ."
0“”0’.' i
Duct Fans — — PCM
— Cells

Cold Plate

Figure 1. Three-dimensional schematic of the proposed strategy.

(®)

Figure 2. (a) Isometric view and (b) top cross-section view of the proposed strategy.

Moreover, for the experimental and numerical validation, the module housing was
made of wood, and paraffin was used as the PCM. Once the model was validated, for all
the numerical studies, an all-aluminum housing was used, and a CPCM with a higher
thermal conductivity was used.

Pure paraffin usually has a low thermal conductivity. In order to improve the cooling
of the Li-ion batteries, researchers have worked on increasing the various properties of
paraffin, including the thermal conductivity, using different types of property-enhancing
materials (PEMs), such as expanded vermiculite, graphene oxide, carbon foam, copper
foam, porous graphite foam, and expanded graphite. A review study by Mishra et al. [31]
reviewed a paraffin-based PCM equipped with various PEMs for the past 17 years that
were developed by researchers. For this study, a paraffin base combined with copper foam
was selected as the CPCM, as it has a higher thermal conductivity of 3.11 W/m K and has
a feasible phase change temperature range for Li-ion batteries. The material details are
provided in Table 1.
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Table 1. Physical properties of the materials used [31-33].

Thermal Melting Heat

Materials Density (kg/m3) Sp:}uﬂ?c II(—I)eat Conductivity Capacity T:;laii;il::(g"%)
& (W/m K) (/kg) P
Aluminum 2719 871 202.4 - -
Wood 700 2310 0.173 - -
Air 1.225 1006 0.0242 - -
Water 998.2 4182 0.6 334,000 100
Paraffin 880 2150 0.21 245,000 42-44
Paraffin with 880 2150 3.11 170,400 4243
Copper Foam

2.2. Increasing the Thermal Conductivity of Water through Nanoparticles

The fluid within the cold plate is required to remove heat from the CPCM. Hence,
thermal conductivity is one of the defining factors for heat removal. A high thermal
conductivity will result in increased heat removal from the CPCM. To study this, the fluid
within the cold plates was changed from pure water to water combined with nanoparticles.
In order to select the nanoparticles, recent studies in open literature were reviewed [34-39],
and it was found that 0.04% of silver and 0.16% multiwalled carbon nanotubes combined
with a water base (HO-AG-MWCNT) provided the highest thermal conductivity of
0.92 W/m K at 42.24 °C [36]. The temperature of 42.24 °C was selected, as it is the phase
change temperature of the CPCM (the paraffin base with copper foam).

2.3. Addition of Fins in the Battery Module to Improve Heat Transfer

This study attempts to further improve cooling by increasing the heat transfer from the
fluid in the cold plate to the airflow. This was done by adding fins to the cold plate region
within the air duct. Two separate configurations were developed. In the first configuration,
one fin of a thickness of 0.5 mm was added parallel to the airflow in the middle of the air
duct, as shown in Figure 3a. In the second configuration, two fins were added parallel to
the airflow, as shown in Figure 3b. In order to keep the same Reynolds number of 1950, the
velocity increased at the inlet, and the details for the two configurations are provided in
Table 2. The Reynolds nummber is calculated using the following equation:

—
Re="£° b

)

H

Fins in Air Duct

®)

Battery Module Housing

Figure 3. Schematic of the front view of (a) configuration 1 and (b) configuration 2.
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Table 2. Number of fins and corresponding inlet velocity for the developed configurations.

Battery Module Configuration Number of Fins Inlet Velocity (m/s)
Configuration 1 1 5.93
Configuration 2 2 9.28

2.4. Scalability of the Battery Module

The battery module with no fins and water as the fluid was used to scale it to the entire
battery pack. For reference, a Tesla 75 kWh battery pack with the dimensions of ~1660 mm
in length, ~964 mm in width, and 174 mm in height and a total of 5880 cylindrical cells was
used [40]. To accommodate the battery modules within the exact dimensions, 25 modules
were connected in a series (in terms of the airflow), which amounted to 1600 mm of length,
as shown in Figure 4a. Each series setup of modules (BMA) was connected 15 times in
parallel (in terms of the airflow), which amounted to a width of 960 mm, as shown in
Figure 4b.

(a)

1600 mm

960 mm

BMA# 14

BMA# 15

L R
| |
1600 mm
Figure 4. (a) Schematic of the battery module assembly (BMA) in the series; (b) schematic of the BMA
connections in parallel.

Finally, two arrays of series and parallel modules were placed vertically on each other
to amount to a height of 154 mm. Therefore, the total number of battery modules in the
battery pack is 750, which contains a total of 6750 cylindrical cells. The modules in the
width and height directions are in a parallel airflow; therefore, one series configuration
of 25 modules, as shown in Figure 4a, was used for the evaluation of the scalability of
the module. Since the spacing between the cells and cold plate is compact, it was not
feasible to conduct the simulation for all 25 modules at once due to the high computational
requirements. Therefore, the results were obtained for 2, 3, and 4 modules in a series,
and the maximum temperature of the airflow and the battery modules was extrapolated.
Moreover, a simulation was conducted for the airflow only across the 25 battery modules
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to obtain the pressure drop through the air duct. The schematic for the airflow domain is
shown in Figure 5. The domain is based on a single airflow channel within the air duct.

1600 mm

//'19mm

6 mm

Figure 5. Airflow domain for a single series air duct channel of the battery pack.

3. Experimental Setup and Procedure

In this study, two separate experiments were conducted. In Experiment I, the heat flux
profiles were obtained at the surface of a Samsung INR18650-25R cell. The heat flux profile
was obtained as a boundary condition in the numerical modeling. In Experiment II, the
battery module was manufactured, and the temperature measurements were obtained. The
detailed experimental setup and procedure are described in the subsections below.

3.1. Experiment I—Heat Flux Measurement

Experiment I was performed to acquire the heat flux measurements. This will then be
used in the numerical modeling as the transient boundary. The experimental setup is shown
in Figure 6a, and the schematics are shown in Figure 6b. The Samsung INR18650-25R
cell with aluminum tabs attached to the positive and negative terminals was used for this
experiment. The length of the cell is 65 mm, and the diameter is 18 mm. The nominal
discharge capacity is 2.5 Ah and 3.6 V [41]. The electrical insulation at the surface of the
cells was detached to obtain accurate measurements, as the noninsulated cells were used in
the battery module. For the charging of the cells, a Turnigy charger was used. It can charge
4 cell groups simultaneously up to 300 W and 20 A. The charger was powered through
a power supply (Jesverty SPS-3010N) which was sourced from Toronto, ON, Canada. To
discharge the cells, a load discharger (TDI RBL488) was used. It has high power draining
load capacities of up to 800 W and 120 A. It incorporates variable-speed forced-air cooling
to ensure a quiet environment. To measure the heat flux profiles, the Omega HFS-5 was
used. In order to measure the readings from the HFS-5 sensor, the data acquisition device
(DAQ) NI1-9211 was used.

As shown in Figure 6a, alligator clips were connected to the electrode tabs of the
Li-ion cell. The cell was charged in two stages. The first stage of the charging process
comprised a constant current (CC) charge at 1 A. During this stage, the voltage of the cell
increased gradually. Once the voltage reached 4.2 V, it was charged at constant voltage
(CV) of 4.2V, and the charging current was reduced from 1 A to 0 A. Once the cell was
completely charged, it was kept at an ambient environment of 25 °C for 1 h. The discharge
cycle of 2.5 A CC discharge was then initiated (which corresponds to 1 C) until the voltage
reached the cut-off voltage. During the discharge process, the data were logged using the
LabView.

The experiment was repeated three times for a 1 C discharge rate, and the error analysis
was conducted using the technique recommended by Moffat [42]. The details are tabulated in
Table 3. The average percentage uncertainty in the heat flux measurements is 4-3.59%.

Table 3. Calculated values of the relative bias and precision errors and total uncertainty of the heat
flux measurement.

Parameters Reference Value Absolute Bias Relative Bias Relative Precision = Total Uncertainty
(W/m?) Error (W/m?) Error (%) Error (%) (%)
Min. Heat Flux 18.99 1.27 6.69 1.90 6.95
Max. Heat Flux 584.16 1.27 0.22 0.05 0.22
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(a)
Power Supply ‘ ‘ Cell Charger Laptop with
LabView Software
Samsung INR18650 -
Cell Discharger 25R Cell NI DAQ Module
(® I_l
bower Cell Charger LabView Software
Supply
_ A 4 A
g g
Z B =
25 Z
< ) 5}
Positive Terminal [>>—" T)
Cell 2
Discharger 2
< —
Negative Terminal NI DAQ Module
Heat Flux Sensor

Figure 6. Experiment I—(a) setup and (b) experimental schematics.

3.2. Experiment II—Temperature Measurement

Experiment II was performed to attain the battery module’s temperature profiles. The
setup is shown in Figure 7a, and the schematics are shown in Figure 7b. The specifics
of the equipment are already provided in the previous section. For this experiment, the
module was manufactured. The outer casing was made from wood. The cells were placed
within the battery module with a series connection. Aluminum liquid channels were filled
with water and placed between the PCM material. An axial fan was used to force air
through the air duct in the battery module, and the velocity of the airflow was measured
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using the Proster Anemometer (sourced from Toronto, ON, Canada. Finally, one T-type
thermocouple was attached to each cell and the temperature was measured.

@

| Cell Discharger | | Power Supply ‘ ’ Cell Charger Laptop with
LabView Software

| Axial Fan ‘ ‘ Battery Module | | NI DAQ Module

(b)
Foser Cell Charger LabView Software
Supply
YWY A
Cell i [ Z =
. ow
Discharger el -
jal [—— attery
Fan |—— » Module NI DAQ Module
T
Positive Terminal Thermocouples 1 10 9
Negative Terminal

Figure 7. Experiment II—(a) setup and (b) experimental schematics.

To manufacture the battery module, the panels of the wooden housing were laser cut,
including the holes in the bottom and the top plates to hold the cells and liquid channels in
place. The wooden panels were then glued together. All nine cells were then placed inside
the housing. Four aluminum liquid channels were placed inside the housing and filled
with water. Thermocouples were then attached to each cell using adhesive tape. Then, the
PCM blocks (paraffin wax) were melted using a wax melt warmer, and the melted PCM
was then poured into the battery pack. The wires were then connected to the tabs of the
cells to connect them all in a series. Finally, the air duct was placed on the module.
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The procedure for Experiment II consisted of charging the cells using the Turnigy
charger. The cells were charged with the CC-CV process. The total voltage at the end of
charge was 37.8 V (the voltage of each cell was 4.2 V). The cells were discharged at the CC
once the measurements from the thermocouples reached 25 °C. The readings were logged
using LabView. Once the voltage of the battery module reached the cut-off voltage of 22.5V,
the discharge process was terminated.

The experiment was repeated three times for a 1 C discharge rate, and the error analysis
was conducted using the technique recommended by Moffat [42]. The details are tabulated in
Table 4. The average percentage uncertainty in the temperature measurements is +3.59%.

Table 4. Calculated values of the relative bias and precision errors and the total uncertainty of the
temperature measurement.

Parameters Reference Value Absolute Bias Relative Bias Relative Precision  Total Uncertainty
Q) Error (°C) Error (%) Error (%) (%)

Min. Temp. 25 1 4 2.22 4.57

Max. Temp. 47 1 2.13 1.49 2.6

4. Numerical Modeling
4.1. Governing Equations

The numerical model was conducted using ANSYS Fluent. The solidification/melting,
energy, and flow models in Fluent were coupled to achieve the numerical model for
this concept. The following assumptions were considered for the development of the
numerical model:

e Airflow through the duct is incompressible and the temperature of the air at the battery
module inlet is at an ambient temperature.

e  The fluid in the liquid cooling is incompressible and the temperature of the fluid at
the start of the discharge process is at an ambient temperature.

e There is no leakage of fluid from the liquid cooling components.

e  The battery module is kept at an atmospheric pressure.

The governing equations for the energy and fluid flow models are as follows [32].
Energy Equation

%(pE) +V. (?(pE + p)) =V <kTVT -y ni+ (fo-?)> +5, 2)

Momentum Conservation Equation

%(p?) +V-(p97) = ~VP+ VT 4pg + F 3)
where:
T=u [(v? + v37> - %v?u] @
Continuity Equation
g—f +V. (p?) = Sy G)

The solidification/melting model was only applied to the PCM region. The enthalpy—
porosity technique was used to model the phase change process. In this technique, the
interfaces where the solid melts are not explicitly tracked. Instead, a liquid fraction (B)
quantity is introduced, which provides the fraction of each cell volume that is in a liquid
form. This liquid fraction is based on the enthalpy balance [32]. The enthalpy of the PCM
is based on the latent heat and sensible enthalpy, as shown below [32].

H=h+AH (6)

198



Batteries 2024, 10, 32

where: .
h= hyp+ / ¢,dT @
Tmf

The liquid fraction is 0 if the temperature (T) is less than the solidification temperature
(Tsotidus) of the PCM. Additionally, the liquid fraction is 1 if the temperature (T) is more
than the melting temperature (Tjgiqus) of the PCM. The equation for the liquid fraction
during the change in the phase is provided below [32].

T — Tsoii
_ T solidus 8)
liquidus — tsolidus
The latent heat equation in terms of the liquid fraction and latent heat of the material
(L) is shown below [32].
AH = BL )

Therefore, the energy equation is as follows [32].

9 -

S (pH) +V-(poH) = V-(kVT) +5 (10)

The enthalpy—porosity technique considers the partially solidified region (the mushy

zone) as the porous medium. In regions that are completely solid, the porosity is equal

to zero. The momentum sink due to the reduced porosity in the mushy zone is provided
—

in Equation (11) and is utilized in the term F in the momentum conservation equation
(Equation (3)) [32].

2
5= %Amush(? ) (11)

4.2. Mesh-Independence and Time-Independence Studies

The cross-section of the developed mesh is shown in Figure 8. Since the air flows
within the duct region only, the inflation layers were added to the walls in this region to
capture the boundary layer.

(a)

Figure 8. (a) Isometric view and (b) cross-section view of the developed mesh.

In order to verify that the results are not dependent on the size of the elements in
the mesh, a mesh-independence study was performed. A coarse mesh, medium mesh,
medium-fine mesh, and fine mesh were developed. In each subsequent mesh, the total
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elements were increased by approximately 50%. To compare the results, the airflow velocity
profiles are provided in Figure 9a. In addition, the average velocity is provided in Figure 9b.
According to the results, the medium mesh was selected.

Moreover, a time-independence study (TIS) was conducted to make sure that the
results are not dependent on the time step. An optimum time-step size is required, as
a large time step will produce inaccurate results and a small time step will increase the
computational time significantly. The results are provided in Figure 9c for the TIS and a
time step of 0.5 s was chosen based on the results.
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Figure 9. (a) Velocity profiles, (b) average velocity based on a number of elements, and (c) temporal
velocity profiles for the different time-step sizes.
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4.3. Boundary Conditions and Simulation Procedure

In order to assess the impact of the nanofluids, the ambient temperature was set to
42.24 °C to evaluate and compare the phase change in the CPCM with different fluid
thermal conductivities. This is the temperature at which the CPCM will start to change its
phase. The CPCM was solid at the beginning of the discharge cycle, and once the discharge
process started, the CPCM started to melt due the heat absorption from the cells. The inlet
velocity of the airflow was based on the Reynolds number of 1950. The heat flux boundary
condition at the 7 C discharge rate was applied at the surface of the cells. Additionally,
the configurations were also simulated at an ambient temperature of 25 °C to evaluate the
reduction in the maximum temperature by the two configurations.

In order to evaluate the impact of the addition of fins, the ambient temperature was
set to 25 °C. The heat flux boundary condition at the 7 C discharge rate was applied at
the surface of the cells. The inlet velocity was changed for the three configurations, as per
Table 2.

For the scalability analysis, the inlet air velocity was based on the Reynolds number of
1950. The heat flux boundary condition at the 7 C discharge rate was applied at the surface
of the cells. The ambient temperature was set to 25 °C.

Moreover, a transient simulation was conducted using a pressure-based solver. The
SIMPLE scheme was used for the pressure-velocity coupling. The convergence criterion
was set to 0.000001 for the residuals of the continuity, velocities, and energy. Finally, a fixed
time advancement of a 0.5 s time-step size was used.

5. Results and Discussion
5.1. Heat Flux Profile and Numerical Model Validation

The heat flux profiles were obtained at various discharge rates ranging from 1 C to
7 C, and are provided in Figure 10a. In comparison, the highest heat flux throughout
the experiment was obtained for the 7 C discharge rate with 584 W /m?2; hence, 7 C was
considered as the worst-case scenario, and the numerical simulations for all the strategies
were conducted at this discharge rate.
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Figure 10. Cont.
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Figure 10. (a) Heat flux profiles and (b) numerical model validation results.

The numerical simulations provide effective results; however, it is important to vali-
date the results of the numerical model with the experimental results. Since the numerical
model is based on the battery module developed for Experiment II, the results of Experi-
ment II were used for validation. The validation results are shown in Figure 10b. It can
be seen that the numerical results are within the +2% temperature error bars, which falls
within the £3.59% experimental uncertainty. Therefore, the numerical model is considered
completely validated.

5.2. Thermal Analysis of the Proposed Hybrid Strategy

In order to comprehend the cooling phenomenon of the proposed hybrid strategy
with the CPCM (the paraffin with copper foam), the contours for the temperature are
provided in Figure 11. To evaluate the thermal performance, two separate simulations were
conducted. The first simulation was conducted at a 25 °C ambient temperature, and the
second simulation was conducted at the phase change temperature of the CPCM, which
is 42.24 °C in this case. The temperature contours for the 25 °C ambient temperature
are provided in Figure 11la—c, and the temperature contours for the 42.24 °C ambient
temperature are provided in Figure 11d—f.

It can be seen that, due to the presence of the cold plates, a high amount of cooling
was achieved. The lower-temperature surfaces are the ones that are in front of the cold
plates, whereas the higher-temperature surfaces are the ones that are facing the module
housing. Since the housing of the module is cooled through the ambient environment and
the airflow only, as compared to the liquid cooling effect for the other cell surfaces, these
temperatures were higher. This shows the effectiveness and importance of the presence of
liquid cooling within the proposed strategy.

Moreover, according to Figure 11b, the cold plates also act as a heat sink for the CPCM.
Adding a cold plate eliminates the high-temperature region within the composite PCM
between the neighboring cells as the fluid removes heat from the CPCM. Since the high-
temperature regions are eliminated, the temperature of the cells does not reach the phase
change temperature of the CPCM, and the melting does not occur.
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Figure 11. Temperature contours of the (a) cells, (b) composite PCM, and (c) fluid at the 25 °C ambient
temperature; temperature contours of the (d) cells, (e) composite PCM, and (f) fluid at 42.24 °C.

Additionally, according to Figure 11c, the lower portion of the fluid has the highest
temperature, and it gradually reduces to the minimum towards the top portion of the fluid.
This is because of the air-cooling effect on the cold-plate region that is protruding within
the air duct. Additionally, the lowest temperature of the fluid is exhibited near the inlet of
the air duct, and as the air flows through the cold plate, its heat extraction capacity reduces,
and the temperature of the fluid increases towards the outlet of the air duct. The impact of
the single fluid body can be seen in Figure 11c, as the same airflow allows the fluid to cool
between the cell columns.

Finally, at the ambient temperature of 42.24 °C, the phase change in the composite
PCM begins. It can be seen from Figure 11d—f that all temperatures for the entire battery
pack are within the range of 42.2 to 42.3 °C, as the phase change in the composite PCM
limits the temperature of the cells, and the PCM and the airflow at the same temperature
limits the cooling of the fluid to the ambient temperature of 42.24 °C.
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5.3. Increasing the Thermal Conductivity of Water through Nanoparticles

As discussed in Section 2.2, the thermal conductivity of the fluid is increased to 0.92 W/m K
using HyO-AG-MWCNT from 0.6 W/m K of water. To compare the effect of increased fluid
thermal conductivity using nanoparticles, two different sets of numerical simulations were
conducted. In the first simulation, the amount of CPCM usage through the phase change was
investigated. Since the phase temperature of the CPCM was 42.24 °C, the simulation was
conducted at an ambient temperature of 42.24 °C. Moreover, in the second simulation, the
increase in the maximum temperature was investigated, and for this, the ambient temperature
was set to 25 °C. The result of the phase change evaluation is provided in Figure 12a. It can be
seen that approximately 7% of the CPCM changed its phase using both fluids, and the graphs
completely overlap each other. Additionally, the result for the maximum temperature increase is
shown in Figure 12b. It can be seen that the maximum temperature in both instances increases
to 27.8 °C, and there is no difference in the results, as the graphs completely overlap each other.
This shows that the cooling from the fluid is not sensitive enough to capture the change of
0.32 W/m K thermal conductivity in the fluid.
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Figure 12. (a) CPCM phase change comparison and (b) maximum temperature increase comparison
of the battery module with water and HyO-AG-MWCNT.
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5.4. Addition of Fins in the Battery Module to Improve the Heat Transfer

As discussed in Section 2.3, in the first configuration, one fin was added to the cold
plate within the air duct, and in the second configuration, two fins were added. The fins
were incorporated to assist in improving the heat transfer to the airflow, as, through the fins,
the contact area with the airflow increases. However, this increase in the heat transfer will
come at the cost of a higher pressure drop. The results of this study are shown in Figure 13.
It can be seen from the results that the cooling achieved is not significant enough when
compared to the pressure drop increase. With one fin, the pressure drop increases from
~11 Pa to ~38 Pa, whereas the maximum temperature reduces by only ~0.6 °C. Similarly,
with two fins, the pressure drop increases by ~70 Pa, and the maximum temperature
reduces by ~0.5 °C when compared to the results of the one-fin configuration. Therefore,
the addition of fins does assist in improving the cooling. However, the pressure drop
increase is much higher, which will result in higher fan power requirements.
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Figure 13. Variation in the maximum and minimum temperatures with the maximum pressure drop
for the proposed configurations.

5.5. Scalability of the Battery Module

In order to evaluate the scalability of the battery module, four different numerical
simulations were performed. The first simulation consisted of one battery module only,
the second consisted of two battery modules in a series, the third consisted of three battery
modules in a series, and the fourth consisted of four battery modules in a series. The
maximum temperature of the airflow and battery modules was obtained and is provided
in Figure 14. As expected, it can be seen that the temperature of the airflow and modules
increases as the number of the modules increases in a series. This is because the air extracts a
higher amount of heat from the initial battery modules, and, as it moves along in a series, its
heat extraction capacity reduces, which results in an increase in the temperature. However,
due to the hybrid design of the developed battery module, the impact of this phenomenon
has been significantly reduced, as the temperature difference for the battery modules is
approximately 0.31 °C across the four battery modules. This is mainly because the CPCM
is used as the primary coolant, and it extracts the heat and maintains the uniformity. This
can also be seen in the temperature contours provided in Figure 15.
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Figure 14. Maximum temperature with the increasing battery modules for the (a) airflow and (b) cells.

Figure 15. Temperature contours of the cells in four battery modules connected in a series.
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In order to extrapolate the results over the 25 battery modules in a series, the equations
obtained from the trendlines for both the airflow and cell temperature were used and are

provided below. The R? value for the airflow trendline is 0.9953 and the battery module
trendline is 0.9963.

Air Flow Temperature = 0.293122289793738In B + 28.3571103960402 (12)

Battery Module Temperature = 0.2262348402933591In B + 28.725253374811 (13)

where B is the number of modules attached in a series.

The result of this extrapolation is provided in Figure 16. It can be seen that the
temperature difference between the maximum temperature of the final module and the
initial module is 0.72 °C, whereas the difference in the airflow is 0.94 °C. Moreover, the
overall temperature uniformity across the entire battery pack is 1.14 °C. This shows that,
even with 25 modules stacked in a series, the temperature uniformity is still high. Therefore,

the developed thermal management strategy can be scaled up or down according to the
vehicle requirements.
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Figure 16. Maximum temperature across 25 battery modules for the (a) airflow and (b) cells.

Similarly, the pressure drop was also obtained using the numerical simulations, and
the results for up to four battery modules are provided in Figure 17a. A trendline was
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obtained, and the results were extrapolated for the entire 25 battery modules in a series, as
shown in Figure 17b. The trendline equation is provided below.

Pressure Drop = 70.0459999999999923(82) + 2.89520000000002(B ) + 7.92099999999991 (14)
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Figure 17. Pressure drop across the increasing battery modules (a) through numerical simulations
and (b) through extrapolation.

Furthermore, for the verification, a numerical simulation was conducted over the
entire 25 battery modules in a series, and the pressure contours for the single air duct
channel are provided in Figure 18. For a single battery module, the maximum pressure
drop was ~11 Pa (Figure 13), whereas, for the 25 battery modules, the maximum pressure
drop increased to ~51 Pa. Additionally, for a single channel of 19 mm in width and 6 mm
in height, the airflow in terms of the cubic feet per minute (CFM) amounted to ~0.75 CEM.
Hence, for the complete battery pack, the total CFM requirement will be ~68 CFM.
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Figure 18. Pressure contours for the air duct channel for 25 battery modules in a series.

5.6. Comparison with the Open Literature

The results obtained from the scalability study were compared with the maximum
temperature and temperature uniformity of various thermal management strategies de-
veloped by researchers in the open literature. The comparison is provided in Figure 19.
Zeng et al. [43] developed a hybrid strategy by combining liquid cooling and microheat pipe
arrays. Liu et al. [44] developed a hybrid strategy by combining a CPCM and copper tube
liquid cooling. Xu et al. [45] developed a liquid cooling strategy using a wrench-shaped
cold plate with a bifurcation structure. Xiong et al. [46] developed a novel liquid-cooling
bionic flow channel in the shape of a spider web, and the results were compared with
honeycomb and helical flow channels. Ling et al. [47] designed various configurations of
minichannel cold plates and optimized the designs.
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Figure 19. Comparison of results with the thermal management results in the open literature [43-47].

It can be seen from Figure 19 that the maximum temperature of the scaled battery pack
ata 7 C discharge rate is similar to the results obtained in the studies in the open literature
with a smaller battery module and discharge rates up to 3 C. Moreover, the temperature
uniformity of 1.14 °C of the scaled battery pack is higher compared to the studies in the
open literature. Additionally, the open literature studies require flowing fluid through
the entire battery modules, which results in power consumption. However, the improved
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thermal performance obtained from the strategy developed in the present study is achieved
without the flow of fluid and pumping power requirements.

6. Conclusions

This paper proposed a hybrid thermal management strategy for electric battery mod-
ules and conducted experimental and numerical studies to evaluate the strategy. At the
core of the proposed strategy are cylindrical lithium-ion cells in direct contact with the
composite phase change material. An air duct was added to the top of the cells to allow
airflow. Rectangular cold plates were added between each cell’s rows and columns, filled
with fluid and protruding in the air duct. The cold plates were all connected, and the fluid
within this was considered a single body of fluid. Due to a single fluid body, the protrusion
of the cold plate within the air duct allowed the fluid in between the columns to cool as
well. Two experimental studies were conducted. In the first experimental study, the heat
flux profiles were recorded, and in the second study, the battery module was developed,
and temperature profiles of all the cells were obtained at a 1 C discharge rate. A numerical
model was also developed based on the proposed strategy and validated using the second
experimental study. The numerical data stayed within 2% of the experimental data. The
numerical results showed that the maximum temperature was limited to 300.95 K, and
a high temperature uniformity of 0.4 K was obtained. Additionally, when comparing
the addition of nanoparticles to increase the thermal conductivity of water, the results
concluded that the cooling from the fluid was not sensitive enough to capture the increase
of 0.32 W/m K thermal conductivity through the use of nanoparticles. Furthermore, to
enhance the airflow’s cooling, the proposed strategy was modified by adding fins to the
protruded cold plate section in the air duct. The results showed that the pressure drop
through the addition of fins increased by ~245%, which will result in higher fan power
requirements, whereas the maximum temperature of the battery module reduced by only
0.6 K. Additionally, when scaled up to an entire battery pack, the overall temperature
uniformity across the pack was 1.14 K, with a maximum temperature of 302.6 K, which was
within the optimal operating temperature and uniformity ranges. In terms of the airflow
requirements for the 25 battery modules, the maximum pressure drop was ~51 Pa, which
amounted to ~0.75 cubic feet per minute (CEM) of airflow. Hence, for the complete battery
pack, the total CFM requirement was ~68 CFM. Finally, when compared to data in the
open literature, the temperature uniformity of 1.14 K of the scaled battery pack at the 7 C
discharge rate was higher compared to the smaller battery modules with discharge rates of
3 C. Therefore, the developed thermal management strategy provides significant cooling
and temperature uniformity, eliminates the requirement of a pump and reservoir, and can
be scaled up or down according to the energy and power requirements.

7. Limitations and Future Research Outlook

As concluded above, the hybrid thermal management strategy is capable of maintain-
ing the battery module temperatures within the feasible operating range while significantly
reducing the energy requirements for the operation of the thermal management system.
However, gaps still remain which require further investigation and research in order to
apply this strategy to practical applications.

The limitations of the research performed in this thesis are as follows:

o The research was conducted on 18650 Li-ion cells and it is not applicable to larger cells
without further investigation.

e  The research was conducted on cylindrical Li-ion cells and it is not applicable to
different cell geometries without further investigation.

e The research is not applicable to discharge rates higher than 7 C without further
investigation.

e  The structural integrity of various developed components has not been investigated.
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Furthermore, several recommendations can be made for future research, as listed below:

Experiments should be conducted to obtain heat flux profiles of lithium-ion cells at
high charging rates and at various drive cycles, and used to obtain and improve the
thermal performance of the hybrid battery module.

Experiments should be conducted by developing a prototype of the scaled-up battery
pack to improve the numerical simulations for the scaled battery pack and further
validate it.

A study should be conducted for the developed hybrid battery module with larger
lithium-ion cells, such as the 26650 and 42120 cylindrical cells.

An experimental and numerical study should be conducted to evaluate the perfor-
mance of the developed hybrid thermal management strategies and battery module in
instances of thermal runaway.
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