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Abstract: In order to ensure the safety and extend the lifecycle of lithium-ion power batteries in
electric vehicles, a battery thermal management system based on minichannel liquid cooling is
proposed to cool rectangular lithium-ion batteries, and a three-dimensional cooling system model
is established. The effects of the number of channels, the thickness of heat conducting silicone
grease and the thermal conductivity of the battery itself on the temperature rise and voltage drop
changes during the discharge process of the battery are studied. The results show that the maximum
temperature of the battery decreases with the increase of the number of channels, and the voltage drop
inside the channel increases with the increase of the number of channels. The maximum temperature
of the battery increases with the increase of the thickness of the thermal grease, but the increase
is only 1.26 K. The maximum temperature and local temperature difference of the battery change
significantly with the change of the thickness of the battery and its own thermal conductivity. The
simulation results will be beneficial to the design of a battery thermal management system based on
minichannel liquid cooling.

Keywords: lithium-ion batteries; liquid cooling; local temperature difference; maximum temperature

1. Introduction

Nowadays, greenhouse gases and pollutions released by fossil fuels are significant,
which necessitate the development of new and renewable energy sources. The transporta-
tion industry is maneuvering towards sustainable and low-carbon automobiles, such as
pure electric vehicles driven by energy storage batteries, to achieve the goal of carbon
neutrality [1-3]. Lithium-ion batteries are the most popular and have acquired enormous
attention as a power source for electric vehicles thanks to their performance superiority,
for example, a higher energy density, truncated self-discharge rate, strengthened lifetime
and reposeful discharge plateau [4-6]. However, lithium-ion batteries are sensitive to
temperature because of complex and continuous electrochemical-thermal coupled reac-
tions during the discharging process, such that both higher or lower temperatures will
attenuate the performance and shorten the lifecycle. Especially for higher temperatures,
thermal runaway may be triggered, causing fire or even explosion accidents. Therefore,
establishing an effective thermal management system and regulating the operating tem-
perature of lithium-ion batteries in a safe and appropriate range, 25-40 °C for a maximum
temperature and lower than 5 °C for a minimum temperature difference, as given in [7-9],
is indispensable.

Recently, various thermal management technologies were adopted to mitigate the
thermal issues and render the temperature of the battery within an optimal range, such as
phase change material (PCM)-based [10,11], air-based [12,13], liquid-based or hybrid ther-
mal management technologies [14]. The PCM-based battery thermal management system
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is a kind of passive method which shows some merits, including zero energy consumption
for cooling medium circulation and no requirement of additional auxiliary components [15].
As the most mature thermal management technology, the lower heat transfer coefficient
and the air-cooling system’s sensitivity to the environmental temperature seriously restricts
the applicability, especially for batteries discharged at a higher rate.

Among the above thermal management technologies, the liquid cooling system
presents an excellent performance result from the outbound heat transfer efficiency and
reliability. Su et al. built a computational fluid dynamics model to analyze the influence of
the cooling plate thickness, the cooling plate wall thickness, the inlet coolant temperature
and the flow velocity based on the comprehensive performance of the battery’s thermal
management system [16]. In order to accurately calculate the heat generation rate of the
battery, an electrochemical model and a heat transfer model were coupled so to analyze
the effect of the flowing parameters and the structure parameters of the cold plate on
the cooling efficiency of the system [17]. Generally, increasing the mass flow rate is an
efficient way to enhance the heat transfer performance. Nevertheless, this inevitably leads
to parasitical energy consumption resulting from the pump work. Optimizing the structure
of the liquid cold plate was an effective method to improve the cooling effect with lower
additional energy consumption. Jiang et al. [18] used the mini V-shaped ribs to optimize
the structure of the liquid cold plate and the result showed that this way can improve the
Nusselt Number and the Friction Factor of the channels compared with those of the smooth
channel and the channel with a straight rib. As shown in Ref. [19], the cooling plate with a
convex structure has a better cooling performance than the honeycomb structure, the airfoil
structure and the U-shaped structure. Except for the flow parameter, the structure of the
cold plate or the channels and the arrangement of the pack, it has also been verified that
the coolant category has a significant influence on the cooling performance of the cooling
system. For example, water [20], R134a [21], hydrogen [22] and HFE7000 [23] present
different cooling effects when used in various cooling systems.

Heat removal from a battery is determined by the heat conduction in the battery
and the heat convection from the battery surface to the coolant. Therefore, the causes
affecting the performance of the liquid-based thermal management system include ex-
ternal factors which mainly determine heat convection on the battery surface, including
the arrangement of the battery pack, the structure of the cold plate or the channels and
the flowing parameters, including the mass flow rate, the category of the coolant or the
inlet temperature [24]. Simultaneously, the internal factors, namely the thermophysical
properties of the lithium-ion battery, such as the characteristics of thermal conductivity,
have a profound impact on the heat conduction within the battery [25]. For the Li-ion
battery, thermal conductivity is anisotropic [26], that is, the thermal conductivity in an
out-of-plane direction is poor because heat from the core to the surface must pass through
layers, including electrodes, the separator current collectors and the contact resistance
between different layers. Comparatively, thermal conductivity in the in-plane direction is
much higher. However, this is determined by the structure of the Li-ion battery, and the
available surface for the heat transfer from the batteries to the coolant is normal for the
out-of-plane direction [27]. This means the poor thermal conductivity in the out-of-plane
direction, as well as the thickness of the batteries, are significant to the performance of the
BTMS. This will lead to a higher temperature gradient in the out-of-plane direction. This
temperature gradient may aggravate the electrochemical performance of the batteries and
lead to degradation. The other factors influencing the heat transfer process of the Li-ion
to the cold plate is the thermal contact resistance [28], the untight contact between the
batteries and the metal cold plate, which can be important in determining the effectiveness.

However, the existing works mainly focus on the external factors, as summarized
above, and there has been no complete heat transfer process analysis considering the
anisotropy of thermal conductivity and contact resistance. In the present manuscript, a
minichannel-based liquid cooling battery thermal management system was designed and
a computational fluid dynamic (CFD) model was built. Firstly, the width and number of
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channels was determined. Then, the performance was comprehensively analyzed based
on a complete thermal resistance network considering the effect of the internal thermal
resistance and the contact thermal resistance.

2. Model and Methodology
2.1. Physical Problem

The whole structure of the liquid cooling-based battery thermal management system
(BTMS) is shown in Figure 1. Figure 1a shows the distribution structure of the battery
packs in electric vehicles, where batteries are usually used in the form of a pack in practical
application. Figure 1b illustrates the structure of the whole cooling system. The cold plates
are made of aluminum and distributed on both sides of the battery, and thermal grease is
added between the cold plate and the battery. In this study, because this model was axial
symmetrically arranged, took the structure shown in the Figure 1c, which included the half
battery on the right side, the cold plate in the middle and the half battery on the left side.

Thermal grease Cold plate

Figure 1. Schematic of the cooling system: (a) New energy vehicle with battery pack structure.
(b) Liquid-cooled battery module. (c) Partial cooling system. (d) Partial cooling system section.

In this simulation, a LiFePOy battery with the nominal capacity of 9 Ah was considered.
Its thickness, width and height were 6 mm, 84 mm and 130 mm, respectively. The thickness
of the cold plate was 3 mm, and the height and width were the same as the battery. The
channels were evenly distributed in the cold plate. The width of the cold plate was 84 mm,
and when the number of channels were 2, 4, 6 and 10, the corresponding channel widths
were 20 mm, 10 mm, 6.7 mm and 4 mm, respectively, and the distances between the
adjacent channels were 14.6 mm, 8.8 mm, 6.25 mm and 4 mm, respectively. Moreover, the
thickness of the thermal grease was considered between the battery and the cold plate.
When there was thermal grease, the thickness of thermal grease was considered as 0.1 mm,
0.3 mm, 0.6 mm, 1 mm and 2 mm. For the thermal resistance of the battery, four different
thicknesses of the battery were designed, and the thickness of the battery was expressed by
Tpatt, which were 5 mm, 6 mm, 7.5 mm and 10 mm, respectively, while four different thermal
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conductivities of the battery were designed, which were 0.1 W m 1K 102Wm 1K1,
03Wm 'K land04Wm 1K1, respectively.

2.2. Mathematical Model

In this research, the battery was rectangular in shape, and heat was generated from
the cell transfers into the cold plate through the contact surface, then dissipated into the
coolant of water, which flows through the minichannel [29,30]. So, this process involved
the mass and momentum conservation, with the equations as follows:

V.o=0 )

9v = = Vp U oo
at (v )v pl Pl v (2)

Meanwhile, the energy conservation of the coolant was expressed by Equation (3).

oT
o1p (at - VT> = V2T 3)
where p; (kg m™~2) is the density of the coolant, ¢, (J kg~ K1) is the heat capacity of the
coolant and k; (W m~! K~1) is the thermal conductivity of the coolant.

The energy conservation equation of the battery can be expressed as the following:

T (2 0 0 [T ot ary] o
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where p}, (kg m3), cpb (J kg’1 K1) and k, (W m~! K~1) are the density, specific heat
and thermal conductivity of the battery, respectively. It should be emphasized that the
anisotropy of the thermal conductivity was considered; namely, ky was much less than kx
and k,. Additionally, the thermal conductivity in the thickness direction ky was a variable
in the present research.

Additionally, due to the battery side, a convective boundary condition existed, and the
amount of heat dissipated due to the movement of a fluid can be expressed using Equation (5):

Ja = ha(Tb - Ta) ®)

where T, (K) is the ambient temperature, h, (W m~2 K1) is the convective heat transfer
coefficient of air and g, (W m~2) is the heat flux.

The lithium-ion battery generates a large amount of heat due to electrochemical reac-
tions under charge and discharge working conditions. Heat generation during the charging
and discharging process in the lithium-ion battery mainly consists of three parts: joule heat,
chemical reaction heat and polarization heat. The heat generation rate was calculated using
Equation (6) and the related parameters were gained from experiment [31,32].

dUpc
oT

I(Uoc — U) — IT

q (6)

Vbatt

where g (W m~3) is the heat generation rate, Vi, (m?) is the volume of the battery cell, U
(V) is the terminal voltage, Uoc (V) is the open circuit voltage and dUpc /9T is the entropy
coefficient of the heat.

The first term to the right of the equal sign of Equation (6) represents the joule heat
due to the ohmic resistance and the polarization heat due to polarization resistance inside
the battery cell, which led to a difference between U and Upc. So, Equation (6) was
simplified to

1 1n
1 Vbatt {I k=

oT
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Among the parameters, the value related to the battery’s own characteristics was
dUopc/dT, and the maximum thermal entropy coefficient was taken as 0.2225 mV /K, which
was experimentally measured in Ref. [20]. In order to ensure the margin, the maximum
thermal entropy coefficient was used to calculate the maximum heat production, which can
be met in the cooling system, so the actual heat production can also be met. The internal
resistance of the battery was a certain value, which was 15 mQ) [33]. In this paper, the
discharge rate of the theoretical operation of the electric vehicle was considered to be 3C,
and for a 9 Ah battery, the discharging current was 27 A; based on the above thermal
entropy coefficient value and resistance value, the generation rate was 89,370 W m 3,

2.3. Initial Condition and Boundary Condition

In this simulation, the battery was assumed to be fully discharged under the constant
current mode, with a discharge rate of 3C and discharge time lasting 1200 s. Meanwhile,
the velocity inlet and pressure outlet boundaries were used for the inlet and the outlet of
the coolant flow in the minichannels, respectively. The inlet velocity was 0.05 m/s and
the gauge pressure at the outlet was 0 Pa. The walls between the different subdomains
(the battery body and the thermal grease, the thermal grease and cold plate, the cold plate
and the minichannels) were defined as the thermal coupled interface. The XZ plane of
the battery was set as an adiabatic boundary condition, the XY plane of the battery and
the cold plate were set as the natural convective boundary condition and the convective
heat transfer coefficient was 5 Wm—2 K1, according to the literature [34]. For the initial
temperature of the battery, the coolant inlet temperature was 25 °C, which was equal to the
ambient temperature.

All the parameters used in the present research are listed in Table 1.

Table 1. The geometric parameters and physical parameters used in the present research.

Parameter Value

Nominal voltage 32V
Recommend charge 365V

Length (L) 130.5 mm
Width (W) 84.5 mm
Thickness (T) 12 mm

Mass (M) 248 g

Density (water) 998.2 kg m~3
Heat capacity (water) 4182 kg 1K1
Thermal conductivity (water) 0.6 Wm—1 K1
Density (Al) 2719 kg m~3
Heat capacity (Al) 871Jkg ' K!
Thermal conductivity (Al) 2024Wm 1 K!
Ambient temperature 25°C
Convective heat transfer coefficient 5Wm2K™!

2.4. Grid Division and Independence Verification

The CFD software ANSYS Fluent 2022R1 was used to calculate the results. The
governing equations were dealt with using a simple method, and the second-order upwind
was selected. The maximum iteration step was 20 and the time step was 1 s. The grid of
the whole cooling system is shown in Figure 2a. An unstructured grid was employed to
discretize the battery model and the cold plate. The independence test of the grid number,
which was important to the transient simulation, was firstly carried out on five different
grid numbers to ensure the calculation accuracy. Figure 2b shows the results of the test,
where the maximum temperature change of the battery was less than 0.05 K when the grid
number increased from 6,608,976 to 13,881,024. So, the grid number of 6,608,976 was used
in this study.
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Figure 2. (a) Unstructured grid and the local enlarged mesh; (b) Grid independence test.

3. Results and Discussions
3.1. The Impacts of the Number of Channels

In this section, the impact of the number of channels in the cold plate on the cooling
performance of the battery is discussed. The thickness of the thermal grease and the
thickness of the battery were 0.3 mm and 6 mm, respectively, and the thermal conductivity
of the battery was 0.2 W m~! K~1. Four kinds of cold plates with different channels were
designed under the same cross-sectional area, and the number of channels was 2, 4, 6 and
10, respectively. It should be emphasized that the cross-section or flow cross area was the
same for the cold plates with different channels; namely, when the number of channels
changes, the width of a single channel is also changed.

The changed curves of T, AT and the pressure drop during the 3C discharge process
with the different channel numbers are shown in Figure 3. The comparison of the four
kinds of cold plates with different channels, due to the channels corresponding to the same
flow cross area, changed the number of channels, which had little effect on the cooling
performance of the battery, but the variety of the pressure drop was relatively large. It
can be seen from Figure 3a,b that, when the number of cooling channels was 2, Tr, and
AT were 307.17 K and 8.19 K at the end of the discharge, respectively. When the channel
number was 10, compared with the case of the two channels, T, decreased by 0.28 K and
AT decreased by 0.22 K, respectively. T, and AT rose more quickly before 350 s, and it
tended to be stable after 650 s, which proved that, under the same cooling area, the change
of the number of cooling channels had little effect on the cooling performance. In addition,
when the channel width was constant, the cooling performance was improved rapidly by
increasing the number of channels [24], which indicated that the cooling area was the main
factor affecting the cooling performance of the battery. Figure 3c shows that the pressure
drop was 21.77 Pa for the cold plate with two channels, which increased by 40% for the
cold plate with 10 channels, and which reached to 30.44 Pa; thus, the variety of the pressure
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drop was relatively obvious, which demonstrated that the number of channels should be
restricted so as to avoid the increased pressure loss and cost. The number of channels had
little effect on the cooling performance of the battery; however, with the increased of the
number of channels, the increased flow area led to the increased pressure drop.

308 9
—_— 8 i
2 306 - -
e 307.4
E 307.2 | o—e—o—a—o—o—0—— 6F
£ n W0 eyt 6a] g e
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32
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B
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=]
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B2 ST
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Channel number
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Figure 3. (a) Maximum temperature; (b) Temperature difference; (c) Pressure drop variations with
different number of cooling channels.

Figure 4 shows the simulated temperature fields at the end of the discharge (i.e., after
1200 s), which was the temperature cloud at the height of the X/2 direction in the YZ
plane, and the result showed that the temperature gradient of the battery mainly existed in
the thickness direction. A lower the temperature near the cold plate along the thickness
direction of the battery was observed. Figure 5 shows the temperature cloud in the Y/2
direction in the XZ plane and includes the temperature distribution of the channels and the
fluid. It can be found that, with the increased number of channels, the temperature of the
cold plate gradually decreased. The cooling channels were evenly distributed along the
width direction. The temperature change of the whole cooling channel was 0.27 K. When
the cooling number was 2, the temperature at the outlet of the flow channels increased by
3K.
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Figure 4. Temperature cloud at the middle position along the coolant flow direction.
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Figure 5. Temperature cloud at the middle position in the Y direction.

Under the same cooling area, the increased number of channels had little effect on the
cooling performance, but it had a great influence on the pressure drop. So, the number
of channels should not be too many. In this paper, the optimal number of channels was
10. The temperature cross-sectional view shows that the maximum temperature difference
mainly existed in the thickness direction, and from this, we can observe the cooling of the
cold plate and the liquid.

3.2. Effect of Thickness of Thermal Grease

In application, because the contact surface between the battery and the cold plate was
not smooth, there was a gap between the contact surfaces which was filled with air. Due to
the low thermal conductivity of air, there was a large contact thermal resistance between
the battery and the cold plate. Adding materials with a high thermal conductivity between
the cold plate and the battery, such as thermal grease, would reduce the contact thermal
resistance and improve the heat transfer between the battery and the cold plate, thereby
improving the cooling performance of the battery. Generally, different kinds of highly
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thermal conductive fillers were efficient candidates for commercialized TIMs due to the
low thermal impedance and low cost [35]. In the simulation, only the effect of the thickness
of the thermal grease on the cooling performance of the battery was studied because the
contact between the battery and the cold plate was good. The thickness of the thermal
grease was expressed by T, and the effects of six kinds of thermal grease with different
thicknesses on the cooling performance of the battery were studied. In this section, the
number of cooling channels was 10, the thickness of the battery was 6 mm, the thermal
conductivity of the battery was 0.2 W m~! K~! and the density, specific heat and thermal
conductivity of the thermal grease were 2300 kg m—2,1000] kg~ K~' and 24 Wm~1 K1,
respectively. When the battery was in rigid contact with the cold plate, the equivalent
thickness of the thermal grease was calculated by Equation (8).

k
hg = -2 8
R, ®)
where hg (W m—2 Kil) is interfacial thermal conductivity, which is 400 W m 2 K1 [36],
and kg (W m~ ! K1) is the thermal conductivity of thermal, which is 2.4 W m~! K1 in this
paper [37].

According to Equation (8), the thickness of the equivalent thermal grease was 6 mm
when rigid contact was considered between the battery and the cold plate. Figure 6 shows
the change curves T, of and AT during the 3C discharge process with different thicknesses
of thermal grease. When the thickness was 6 mm, T, was 308.11 K and AT was 7.91 K at
the end of the discharge, compared with the thickness of the thermal grease, which was
2 mm, while Ty, increased to 0.84 K. The T, and AT of different thicknesses rose more
quickly before 400 s, and the trend of the variation of T, and AT was relatively stable after
600 s. Figure 6b shows that the temperature difference for the different thermal contact
resistances reaching the maximum value when the time was 400 s, which was 0.437 K. As
the thickness of the thermal grease increased from 0 mm to 6 mm, AT had little change,
which was less than 0.5 K. Although the thickness of the thermal grease had little effect
on the cooling performance of the battery, as concluded above, it can be predicted that the
influence will be more obvious with the increase of the heat generation rate.

308

Maximum temperature(K)

308.11K

8.04K

Rty iy yy
790K W

0.44K —¢— () mm
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1 mm

2 mm

—=— 6 mm

N N n " N 1 1 1 1 1

400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time(s) Time (s)
(a) (b)

Figure 6. (a) Maximum temperature and (b) temperature difference variations with different thick-
nesses of silicone grease.

3.3. Effect of Thermal Resistance of Battery

Compared with the interface contact thermal resistance, the larger thickness and
smaller thermal conductivity in the Y direction of the battery itself made the internal
thermal resistance of the battery still dominate the heat transfer process in the battery,
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and the thermal properties, such as the thermal conductivity, dramatically influenced
the highest temperature that a cell can safely withstand, as well as the thermal runaway
propagation [38]. Firstly, the effect of the battery thickness on the cooling performance
was studied, whereby the number of cooling channels was 10, the thickness of the thermal
grease was 0.3 mm and the thermal conductivity of the battery was 0.2 Wm~1 K1,

The change curves of Ty, and AT during the 3C discharge process with the different
thicknesses of the battery are shown in Figure 7. It was found that when the thickness
of the battery was 10 mm, T, and AT were 318.84 K and 19.67 K, respectively. At this
time, Ty, exceeded 313.15 K, and it demonstrated that a battery thickness set as 10 mm
can cause safety problems and reduce the lifecycle of the battery. The heat generated in
the battery cannot be released in time and this results in a larger maximum temperature
and poor temperature uniformity. However, for the battery with a thickness 5 mm, T,
increased to 14.4 K and AT increased to 14.01 K, respectively, compared with the battery
thickness of 10 mm. Figure 7 shows T, and AT increased rapidly before 200 s, and the T,
and AT of every thickness design rose slowly after 600 s, especially when the thicknesses
were 5 mm and 6 mm. When the thickness of the battery was reduced from 10 mm
to 5 mm, the thermal conductivity of the battery was constant; therefore, the thermal
resistance of the battery decreased with the decrease of the battery thickness, so that the
heat generated by the battery needed to be transferred to the cold plate through a small
thermal resistance. Thus, the battery can work within a better temperature range and
temperature uniformity. Therefore, when the thermal conductivity of the battery was
constant, changing the thickness of the battery had an obvious influence on the cooling
performance of the battery.

320

w w w
= —_ —
n <o wn

Maximum temperature (K)

w
3
=3

0 1 1 1 L L L

400 600 800 1000 1200 0 200 400 600 800 1000 1200
Time (s) Time (s)
(a) (b)

Figure 7. (a) Maximum temperature and (b) temperature difference variations with different thick-
nesses of the battery.

Figure 8 shows the simulated temperature fields at the end of the discharge, whereby
it was the temperature cloud at the height of the X/2 direction in the YZ plane, and the
result proved that the temperature gradient mainly existed in the thickness direction of
the battery. It showed that the lower the temperature was near the cold plate along the
thickness direction of the battery.
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Figure 8. Temperature contours of different thicknesses of the battery.

In addition, the effect of the thermal conductivity of the battery on the cooling perfor-
mance was studied, whereby the number of cooling channels was 10, the thickness of the
thermal grease was 0.3 mm and the thickness of the battery was 6 mm.

Figure 9 shows the change histogram of T, and AT during the 3C discharging process
with different thermal conductivities. When the thermal conductivity of the battery was
0.1 Wm~! K1, the maximum temperature and temperature difference of the battery were
the largest, which were 313.77 K and 15.02 K at the end of the discharge, respectively.
Compared with the thermal conductivity at 0.1 W m~! K~!, when the thermal conductivity
was 0.4 W m~! K71, the cooling performance of system was the best, which for Tr, was
303.09 K and for AT was 4.34 K, and the temperature difference also reached the optimal
range. The change histogram of Ty, and AT from 0.2 W m~! K~! to 0.4 Wm~! K~! was
small, as T, changed to 3.84 K and AT changed to 3.69 K. On the contrary, when the thermal
conductivity increased from 0.1 Wm ™! K~! to 0.2 W m~! K~!, the change histogram of T,
reduced from 313.77 K to 306.93 K, and there was a falling trend of AT from 0.1 Wm~! K~!
to 0.2 W m~! K1, whereby AT decreased to 8.03 K, such that the variety of the T, and
AT histograms was apparent. When the thermal conductivity of the battery was increased
from 0.1 Wm ! K1 t0 0.4 Wm! K1, the thickness of the battery was constant, and the
thermal resistance of the battery decreased with the increase of the thermal conductivity, so
that the heat generated by the battery needed to be transferred to the cold plate through
a small thermal resistance, which was taken away by the cooling liquid flowing in the
channel. In general, when the thickness of the battery was constant, the change in the
thermal conductivity had a great impact on the cooling performance of the battery.

Figure 10 shows the simulated temperature fields at the end of the discharge, and it
was the temperature cloud at the height of the X/2 direction in the YZ plane, whereby the
result proved that, when the thickness of the battery was constant, thereby changing the
thermal conductivity, the temperature gradient mainly existed in the thickness direction of
the battery. It was found that the lower the temperature near the cold plate was along the
thickness direction of the battery.
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Figure 9. (a) Maximum temperature and (b) temperature difference variations with different thermal
conductivities of the battery.
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Figure 10. Temperature contours of different thermal conductivities of battery.

When the thickness of the battery increased from 5 mm to 10 mm, or the thermal con-
ductivity of the battery increased from 0.1 W m 11K 1t004Wm 1K1 the temperature
changed obviously. For the lithium-ion battery, the temperature difference was very large
because the thermal resistance of the battery in the thickness direction was large. At the
same time, when the discharge rate was 3C, the battery had a low heat generation rate,
which made the variety of the external convection heat transfer coefficient have little impact
on the battery temperature.

Based on the research in this paper, from the perspective of cost and temperature
management, the case of 10 channels had the best cooling performance for the battery, and
more channels will increase the pressure drop in the channels, leading to an increase in cost.
The smaller the thickness of the battery and the larger the thermal resistance, the better
the cooling performance of the battery. Therefore, the optimal configuration was that the
number of channels was 10, the thickness of the thermal grease was 0.1 mm, the thickness
of the battery was 10 mm and the thermal conductivity was 0.4 W m~1 K~1.
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4. Conclusions

In order to reduce the maximum temperature and local temperature difference of
the lithium-ion battery during the 3C discharge process, the effects of the number of
channels, the thickness of thermal grease and thermal resistance of the battery on the
cooling performance were analyzed. Relevant results from this study include:

(1) Under the same flow area, with the number of cooling channels increased, the max-
imum temperature and the temperature difference of the battery at the end of the
discharge decreased, but the trend was small. Instead, the pressure drops in the
channel increased obviously due to the increase of the flow resistance. Therefore, the
optimal number of channels was 10 in this study.

(2) In this paper, effect of the thickness of the thermal grease on the cooling performance
also got smaller. When the thickness increased, it had poor temperature uniformity
inside the battery. In practical applications, since there was contact from the thermal
resistance between the battery and the cold plate, adding thermal grease in the middle
can reduce the impact of the contact thermal resistance, and the smaller the thickness
of the thermal grease, the better the cooling performance of the battery.

(3) The thickness of the battery and its own thermal conductivity had more obvious
effects on the cooling performance. In this paper, when the thickness of the battery
was 10 mm and the thermal conductivity was 0.4 W m~! K~!, the cooling effect of the
battery was the best. So, the thermal resistance of the battery played a leading role in
the total thermal resistance of the battery’s thermal management system.

In practical application, these factors were very important to the battery’s thermal
management, and the discussion of these factors can provide guidance for the design of a
battery’s thermal management system in the future.
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