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Abstract: This study addresses the issue of heat dissipation in 18,650 cylindrical lithium-ion battery
packs and proposes a novel heat dissipation model that combines paraffin wax-expanded graphite
composite phase change material (CPCM) with liquid cooling. Initially, a comparison is conducted
between the heat dissipation effects of the battery pack under natural convection and the heat
dissipation achieved through the utilization of CPCM. Subsequently, the CPCM model is employed
to identify the optimal battery arrangement. Subsequently, a heat dissipation model is developed by
coupling CPCM with liquid cooling. The simulation outcomes obtained using COMSOL software
demonstrate that employing the paraffin-expanded graphite CPCM liquid cooling coupled heat
dissipation model can achieve a reduction in battery spacing to 0 mm while maintaining the maximum
surface temperature of the battery between 20-45 °C and improving the temperature uniformity of
the battery during 1-3 C cyclic charging and discharging. This approach ensures the battery pack’s
normal operation, enhances safety, and prolongs the battery pack’s service life.

Keywords: CPCM; expanded graphite; liquid cooling; thermal management

1. Introduction

With the escalating production and consumption of fossil fuels, global climate issues
have reached a critical level [1-3]. New energy vehicles have emerged as a preferred choice
for many individuals due to their benefits such as reduced fossil fuel consumption and
lower exhaust emissions [4,5]. Lithium-ion batteries are favored as the primary power
source for new energy vehicles due to their high voltage, long cycle life, lightweight design,
and wide temperature range. Maintaining their temperature within the optimal range of 25
to 45 °C and minimizing temperature differences between modules are crucial for efficiency
and safety [6-9]. Therefore, battery thermal management technology is a key focus in the
field of new energy vehicles.

Common thermal management methods can be divided into air cooling, liquid cooling,
phase change materials (PCM), and combinations thereof [10-12]. Among these, PCM-
based cooling systems offer a simplified structure and utilize the impressive heat storage
capacity and latent heat of phase change, which can better maintain battery temperature
stability and balance [13,14].

The low thermal conductivity of individual PCM, such as paraffin, can hinder the
cooling efficiency of battery thermal management systems [15]. To address this, researchers
have blended high thermal conductivity materials such as graphene, metal foam, and
expanded graphite with paraffin to create composite phase change materials (CPCMs)
that enhance thermal conductivity [16-18]. Combining PCM with liquid cooling has
become popular due to the high heat transfer efficiency of liquid cooling methods [19-21].
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However, incorporating CPCM into battery packs necessitates consideration of weight
and volume. Optimizing temperature control with minimal phase change materials is a
current challenge.

Within this research, a heat dissipation model is developed, combining paraffin ex-
panded graphite CPCM and liquid cooling, to investigate the impact of CPCM heat dis-
sipation on cylindrical lithium-ion batteries using numerical simulation methods. The
research focuses on several key aspects. Firstly, the influence of different battery spacing
on the surface temperature of the battery pack is examined under the heat dissipation
provided by the CPCM model. Based on the optimal battery layout, a structure model
incorporating paraffin expanded graphite CPCM and liquid cooling for enhanced heat
dissipation is designed. Key aspects include battery module design, CPCM design, and
battery arrangement.

2. Battery Module Modeling
2.1. Geometric Modeling

In this study, 18,650 cylindrical lithium-ion batteries with a rated capacity of 3.4 Ah
are utilized. The battery module adopts six batteries in series and four batteries in parallel,
forming the entire six series and four parallel battery configurations. In this study, the bat-
tery module is enclosed directly within a phase change material. The edge of the battery is
positioned at a distance of 4.5 mm away from the surrounding box. Furthermore, the height
of the box is equal to that of a standard lithium-ion battery. The composite phase change
material (CPCM) used in this study is prepared by mixing paraffin and expanded graphite.
The ratio between paraffin and expanded graphite is 4:1. The numerical simulation of
the battery modules is carried out using COMSOL Multiphysics 5.5, which is a software
package capable of simulating multi-physical field couplings. The lithium-ion battery’s
specification parameters can be found in Table 1. Table 2 presents the basic parameters of
the phase change material (PCM) and composite phase change material (CPCM) used in
the study. Figure 1 illustrates the battery pack model employed in the simulations.

Table 1. Specification Parameters of Battery.

Parameter Value
Capacity/Ah 3.4
Diameter/mm 18
Height/mm 65
Weight/g 46
Nominal Voltage/V 3.7
Discharge Cut-off Voltage/V 2.5
Internal Resistance/mQ) 35
Radial Thermal Conductivity /W-(m-K) -1 0.897
Axial Thermal Conductivity /W-(m-K)~ 1 29.557
Density /kg-m~3 2055.2
Specific heat capacity/J-(kg-K)~ 1 1399.1

Table 2. Basic Parameters of CPCM.

Parameter Value
Melting temperature/°C 42.98
melting range/°C 2
thermal conductivity /W-(m-K)~ 1 7.85
Density / kg~m_3 714
Specific heat capacity /J-(kg-K) ™! 2500

latent heat/k]~1<g*1 181
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Figure 1. Battery pack model.

Add “Empty Material” in the “Materials” module of COMSOL software, and set the
geometric domain, thermal conductivity, constant pressure heat capacity, and density of
the material. This can achieve the goal of simulating cooling media such as air or PCM.

2.2. Battery Heat Generation Model

The heat production of a battery pack needs to be calculated before conducting a
numerical analysis. The heat generation of a battery can be divided into four components:
reaction heat, polarization heat, side reaction heat, and ohmic heat. The commonly used
formula for calculating heat production is the Bernardi equation [22], which is

dT

q =1(Uoc — Uo) — I<T @
where q is the heat generation power of the battery, W; I is the current, A; U, is the open
circuit voltage, V; U, is the terminal voltage, V; T is the current temperature of the battery,
K; The derivative of open circuit voltage to temperature, V/K.

Equation (1) is a simplified heating model constructed by A et al. based on the
principles of internal resistance and entropy increase reaction. Among them, the first term
represents Ohmic heat and polarization heat, while the second term is related to the process
of entropy change and electrochemical reactions.

Set the charging and discharging cycle conditions in the “Integrated Battery” module
of COMSOL. Import the data of the open circuit voltage and the temperature derivative of
the open circuit voltage measured in the experiment. The applied current is set to 3.4 Ah/C,
and the initial state of charge (SOC) is set to 1.

In COMSOL’s “multiphysics simulation” module, the “electrochemical thermal” cou-
pling module can be selected to couple the “lumped battery” interface and “heat transfer”
interface to achieve Equation (1).

2.3. CPCM Model

Simplified assumptions for establishing the CPCM model include: ) Assuming that
there is only heat conduction between the battery, CPCM, and the shell, and neglecting
thermal radiation effects; ) Considering only heat conduction within the CPCM, disre-
garding macroscopic liquid flow and convective heat transfer; 3) Considering the thermal
conductivity of CPCM as isotropic; (9 Assuming there is no gap between the battery and
CPCM, and disregarding contact thermal resistance between the CPCM and individual
battery cells; &) Assuming the initial temperature of both the CPCM and battery pack to be
the same.

The calculation formula of the specific heat capacity of CPCM is

Cs . Tepem < T
Cp = (1 — G)Cs + eCL + ﬁTs < TCPCM < T] (2)
CL Tepem= Ty
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where Cs and Cy, are the specific heat capacity of solid CPCM and liquid CPCM respectively;
L is the latent heat of CPCM; Tcpcy is the current temperature of CPCM T and T are
the initial and cut-off temperatures of phase transition; 6 is the volume fraction of liquid
CPCM, which can be expressed as

0— Tepem — Ts T,

=== °° T T 3
T, -T. <Tcpem < T ®)

2.4. Initial and Boundary Conditions

When using COMSOL software for simulation, the initial conditions set are:
t=0,T(x,y,z) =T 4)

where Ty is the initial temperature, consistent with the ambient temperature, and is a
constant value of 25 °C.

The boundary conditions at the contact surface between the lithium-ion batteries and
CPCM is - oT

—ko5- = —kepamy ©)

where ki, and kcpey are the thermal conductivity of the battery and CPCM, respectively;
g—g is the temperature gradient.

Under the “heat transfer module” of COMSOL software, “Heat flux” can be set to set
the boundary conditions of the battery pack. Set the outer surface of the battery pack to
come into contact with stationary air, and the heat flux can be represented as:

qo = h(Text — T) (6)

where, q, is the heat flux; h is the heat transfer coefficient, the heat transfer coefficient under
natural convection of air can be taken as 1 W/ (m2~K) ; Text is the external temperature,
taken as 25 °C; T is the temperature of the battery pack’s outer surface.

2.5. Battery Pack Layout Model

The spacing between batteries in the battery pack model is denoted as “x” mm, with
specific values assigned as 0, 2, 4, and 6. The thickness of the aluminum shell used to
encapsulate the CPCM is set to 1 mm, and this value is directly assigned within the
COMSOL simulation software, not represented in the figure. Figure 2 illustrates the
structure of the CPCM heat dissipation battery module.

117+5x

ab®

B1+3x
18+x

A\ — - - - - - vy

Figure 2. Top View of Battery Pack Model.
2.6. Mesh Partitioning

Considering the computational complexity of the model, a symmetrical simplification
method was adopted to calculate only the 6s2p battery packs on the half side. The simula-
tion model mesh is selected as free tetrahedral meshes. The grid of the air-cooled battery
pack and CPCM battery pack models includes “44,344” domain elements, 12,216 boundary
elements, and 1432 edge elements. The grid of the CPCM liquid-cooled coupled battery
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pack model includes “76,246” domain elements, 18819 boundary elements, and 1895 edge
elements. Mesh partitioning of the model is shown in Figure 3.
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Figure 3. Mesh Partitioning of the Model.

3. Results and Discussion
3.1. Lithium-Ion Battery Pack with Natural Convection Air Heat Dissipation

The maximum surface temperature of a lithium-ion battery pack only with natural
air convection heat dissipation is investigated. The distance between battery cells is set to
2 mm. The battery module undergoes cyclic charging and discharging at a rate of 1-5 C, as
shown in Figure 4.

80
| 1C(Air)|
724 2C(Air)
3C(Air)| T
64 4 S sise d B
(@) ———4C(Air), =
2 56 5C(Air) N
g
5 484
&
£
@ 404
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Figure 4. Maximum Surface Temperature of Air-Cooled Battery Pack.

The battery module begins from a fully charged state (i.e., SOC = 1) and undergoes
charge and discharge cycles at a rate of 1-5 C. During battery charging, the lithium-ion
battery produces an endothermic reaction. When the heat generated by the current flowing
through the internal resistance is less than the heat absorbed by the lithium-ion battery, the
battery temperature drops. The figure shows that under 1 C cyclic charging and discharging
for 6000 s, the maximum surface temperature of the battery pack stays below 35 °C, within
the optimal operating temperature range of 20-45 °C for lithium-ion batteries. At higher
charging and discharging rates of 2-5 C, the maximum surface temperature of the battery
pack exceeds the optimal operating temperature range of 45 °C. In particular, at a rate of
5 C, the maximum temperature reaches 75 °C, indicating a state of battery abuse. Moreover,
with the increase in charging and discharging cycle time, the battery temperature continues
to rise, which is likely to lead to the problem of thermal runaway, thus damaging the battery
performance and safety. This suggests the need for effective thermal management of the
battery pack to maintain the temperature within the appropriate range.
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3.2. Lithium Ion Battery Pack with CPCM Heat Dissipation

After evaluating the natural convection air heat dissipation, this study refers to the
comparative analysis by Wang and Du [10] regarding CPCM densities, thermal conductivity,
latent heat, and phase change temperatures. A composite phase change material is prepared
by mixing paraffin and expanded graphite in a 4:1 mass ratio. The six series four parallel
battery packs with a battery spacing of 2 mm are wrapped for heat dissipation tests. Figure 5
illustrates the highest surface temperature curve of the paraffin-expanded graphite CPCM
heat dissipation battery module under cyclic charging and discharging at a rate of 1-5 C.

60 = 1C(CPCM)|
2C(CPCM)
55 4 IC(CPCM)
504 4C(CPCM)
SC(CPCM)

Temperature/(

0 1000 2000 3000 4000 5000 6000

Time/s
Figure 5. Maximum Surface Temperature of the Battery Pack Wrapped in CPCM.

The figure clearly demonstrates that the battery pack utilizing paraffin and expanded
graphite for heat dissipation exhibits a considerable decrease in the maximum surface
temperature compared to natural air convection heat dissipation. Under the same charging
and discharging cycle of 6000 s, the maximum surface temperature of the battery has
decreased by 2.22, 4.56, 14.00, 15.84, and 12.36 °C, respectively. The results demonstrate
that using paraffin and expanded graphite in CPCM improves thermal conductivity. At
charge rates of 1-4 C, CPCM exhibits increasing heat absorption. However, at 5 C, beyond
the CPCM’s phase transition temperature, heat absorption decreases significantly. In
addition, with the increase in charging and discharging cycle time, the battery temperature
is still rising, and the ideal Thermal equilibrium state is not reached. Table 3 displays the
maximum surface temperature of a lithium-ion battery pack with paraffin and expanded
graphite CPCM heat dissipation at 1-5 C.

Table 3. The Maximum Surface Temperature of the CPCM Battery Pack.

Rate of Charge and Discharge/C 1 2 3 4 5

Maximum temperature of air-cooled 3436 47 40 58.07 67 46 75,42

battery pack/°C
Maximum temperature of
CPCM battery pack/°C 32.15 42.84 44.27 51.61 63.06
Maximum temperature drop/°C 2.22 4.56 14.00 15.84 12.36

3.3. Effect of Varying Battery Spacing on Temperature Rise of Battery Pack Models

Figure 6 illustrates the surface temperature distribution of the battery module with
CPCM heat dissipation at a 1 C discharge rate for different battery spacing values (x =0, 2,
4, and 7 mm); Figure 7 displays the highest surface temperature curve of the battery pack
over time at a 1 C discharge rate with varying cell spacing. Table 4 presents the maximum
surface temperature of battery modules at a 1 C discharge rate for different battery spacing.
Figure 8 shows the effect of different battery spacing on the specific and volumetric energy
density of the battery pack.
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Figure 6. Temperature Distribution of Battery Pack with Different Battery Spacing.
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Figure 7. Maximum Surface Temperature with Different Battery Spacing.
Table 4. Maximum Surface Temperature of Battery Packs with Different Battery Spacing.
Battery Spacing/mm 0 2 4 6
Maximum surface temperature of batter
b Yo e 32.15 31.56 31.04

pack/°C
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Figure 8. Specific and Volumetric Energy Densities with Different Battery Spacing.

The maximum surface temperatures of the battery pack are observed to be 32.82, 32.15,
31.56, and 31.04 °C for battery spacing of 0, 2, 4, and 6 mm, respectively. When the battery
spacing is increased from 0 mm to 2 mm, the maximum surface temperature of the battery
pack decreased by 0.66 °C. However, when the spacing is further increased from 4 mm to
6 mm, the maximum surface temperature of the battery pack only decreases by 0.52 °C.
Increased spacing between battery cells improves cooling effectiveness, but the rate of
improvement diminishes. Moreover, as the battery spacing gradually increases, the specific
energy density and volume density of the battery also slightly decrease. Considering factors
such as battery weight, volume, energy density, and cost, it is more appropriate to set the
battery spacing to 0 or 2 mm.

3.4. Lithium-Ion Battery Pack with CPCM Liguid Cooling Heat Dissipation

To enhance the heat dissipation of CPCM and address the issue of heat dissipation
after complete melting, this study develops a heat dissipation model that incorporates
paraffin-expanded graphite CPCM and liquid cooling through a flow field. The length
and width of the runner board are the same as the bottom surface of the battery module.
The thickness of the runner plate is 10 mm. The runner plate is made of aluminum and
has four runners each with a cross-sectional dimension of 2 mm by 2 mm and a length of
4 mm at the inlet and outlet. The flow channel is 4 mm away from the bottom of the battery.
Assuming that the bottom of the CPCM battery pack seamlessly contacts the flow channel
plate. Water is used as a coolant, with an inlet flow rate of 0.001 m/s. The cross-sectional
area of the flow field model is depicted in Figure 9.

Battery CPCM

N T

Fluid ¢ hﬂﬂﬂﬂ-\\

I g

b

|
=

Liquid inlet

Figure 9. Cross Section of Flow Field Model.
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Based on the selection of a battery spacing of 0 or 2 mm, 1-5 C cyclic charging and
discharging tests are performed on the CPCM liquid cooling coupling model. Figure 10
illustrates the highest surface temperature curve of the paraffin expanded graphite CPCM
liquid-cooled coupled heat dissipation battery module during cyclic charging and discharg-
ing at a rate of 1-5 C.

p—1C(CPCM-Liquid) 4C(CPCM-Liquid) o —— 1C(CPCM-Liquid) 4C(CPCM-Liquid)
56 4 2C(CPCM-Liquid) 5C(CPCM-Liquid) 56 = 2C(CPCM-Liquid) 5C(CPCM-Liquid)
~ 3C(CPCM-Liquid) ~ JC(CPCM:-Liquid)
& 484 O a8
:_:344. N\t 544- AN AN~
g byt Sl [ N - b
g 404 - g 40
E 36 4 é 36 4
32 324
28 4 28 4
2.‘ ) L) L ] \J ) T :4 L) T L) T L) T Ll
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Time/s Time/s
(a) x=2mm (b) x =0 mm
Figure 10. Maximum Surface Temperature of the Battery Pack with CPCM Liquid Cooling Model.
Figure 10a shows that, at 1-5 C, the battery pack with CPCM liquid cooling coupling
achieves a lower maximum surface temperature compared to CPCM heat dissipation
alone. With a constant battery spacing of x = 2 mm, the maximum surface temperature
decreases by 2.51, 5.28, 0.57, 5.92, and 10.13 °C, respectively. Liquid cooling coupling greatly
improves the heat absorption effect of CPCM. This study attempts to reduce the battery
spacing to 0 mm. When the charging and discharging rate is between 1-3 C, the maximum
temperature of the battery can be maintained below 45 °C. Even with high-rate charging
and discharging at 5 C, the maximum temperature of the battery can be maintained below
60 °C. Figure 10b illustrates the effectiveness of CPCM and liquid cooling in reducing
the battery size while ensuring the cooling effect. Table 5 presents the maximum surface
temperature of the CPCM liquid-cooled battery pack at 1-5 C.
Table 5. Maximum Surface Temperature of the Battery Pack of CPCM Liquid-cooled Coupling Model.
Rate of Charge and Discharge/C 1 2 3 4 5
Maximum temperature CPCM 32.15 42.84 44.27 51.61 63.06
of batter agk /°C CPCM-Liquid (x = 2 mm) 29.64 37.56 43.70 45.69 52.93
yp CPCM-Liquid (x = 0 mm) 30.41 39.16 44.22 48.84 57.71
Maximum temperature X =2 mm 2.51 5.28 0.57 5.92 10.13
drop x =0 mm 1.74 3.68 0.05 2.77 5.35

At the same time, compare the CPCM liquid cooling coupling heat dissipation with
the battery pack with only channel plate heat dissipation. Figure 11 and Table 6 show
a comparison of the surface temperature difference of the battery. It can be seen that
coupling CPCM with liquid cooling can improve the cooling effect on the basis of CPCM
heat dissipation, while also improving the temperature uniformity of the battery on the
basis of liquid cooling heat dissipation.



Energies 2023, 16, 5260

10 of 12

Temperature Difference/

Liquid
CPCM-1L hll‘_lld

Charge/Discharge Rate/C

Figure 11. A Comparison of the Surface Temperature Difference of the Battery.

Table 6. A Comparison of the Surface Temperature Difference of the Battery.

Rate of Charge and Discharge/C 1 2 3 4 5

Temperature difference of

liquid cooled battery pack/°C 1.05 3.07 4.89 6.57 8.35
Temperature difference of CPCM

and liquid cooled battery pack/°C 0-79 212 294 565 532

Temperature difference drop/°C 0.26 0.95 1.95 0.92 3.03

4. Conclusions

This study develops a paraffin-expanded graphite CPCM liquid cooling coupled heat

dissipation model. It analyzes the heat absorption effect and studies the impact of different
battery spacing on surface temperature. The optimal battery layout for the CPCM model is
determined, and a CPCM liquid cooling coupled heat dissipation model is established. The
findings are summarized as follows.

@

@)

®)

4)

The addition of expanded graphite to paraffin in the CPCM enhances its thermal
conductivity, resulting in improved heat absorption during the sensible heat stage.
Under the 1-5 C charge-discharge rate, the maximum surface temperature of the
battery pack using the paraffin expanded graphite CPCM heat dissipation model
is lower by 2.22, 4.56, 14.00, 15.84, and 12.36 °C compared to the air cooling heat
dissipation model.

Increasing the spacing between individual batteries in the battery pack can provide
a certain cooling effect. However, the cooling efficiency improvement diminishes as
the spacing increases. Therefore, it is crucial to consider cooling requirements, battery
pack size, and cost in order to determine the optimal spacing.

CPCM liquid cooling coupled with heat dissipation effectively reduces the maximum
surface temperature of the battery pack at a charging and discharging rate of 1-5 C.
The temperature decrease is 2.51, 5.28, 0.57, 5.92, and 10.13 °C. This study attempts to
reduce the battery spacing to 0 mm. When the charging and discharging rate is be-
tween 1-3 C, the maximum temperature of the battery can be maintained below 45 °C.
Thus, CPCM liquid cooling can reduce battery size while ensuring heat dissipation
efficiency.

By coupling CPCM with liquid cooling, the cooling effect can be improved on the
basis of CPCM heat dissipation, while also improving the temperature uniformity of
the battery on the basis of liquid cooling heat dissipation. Moreover, this structure
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places the flow channel plate below the CPCM battery pack, which is simpler than
the structure of inserting pipes or liquid cooling plates in the middle of the battery,
making it easy to install, repair, and replace, and reducing costs. This study optimizes
the cooling effect, temperature uniformity, structural size, and cost of the lithium-ion
battery pack thermal management system.
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