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Abstract

A good thermal management system can effectively improve the performance of the lithium-ion battery and ensure the
thermal safety of the lithium-ion battery. Therefore, based on the heat-generating characteristics of lithium-ion batteries
obtained above, this paper established a composite thermal management system including heat pipes, thermally conduc-
tive silica gel, phase change materials, and microchannel liquid cooling plates. The velocity uniformity coefficient, friction
resistance coefficient, and thermal characteristic parameters are used as evaluation indicators, and the thermal management
system inlet flow is optimized to obtain the optimal inlet flow of the thermal management system. Based on this, the thermal
management capability of the established thermal management system under different operating conditions of the lithium-
ion battery is analyzed. It is advisable to select 0.67L/min as the inlet flow rate of the microchannel liquid-cooled plate of

the composite thermal management system.

Keywords Li-ion battery - Thermal management system - PCM - Heat pipe - Microchannel

Introduction

New energy vehicles mainly include electric vehicles, fuel
cell vehicles, etc. Due to the high cost of fuel cells, electric
vehicles are currently the main carrier of new energy vehi-
cles [1-3]. As the key component of electric vehicles, power
batteries are the source of power for the entire electric vehi-
cle. The ternary lithium-ion battery composed of Ni/Co/Mn
three elements has a high-energy density, which can effec-
tively increase the cruising range of electric vehicles [4].
At present, power battery thermal management sys-
tems (TMS) mainly include air cooling, liquid cooling,
heat pipe cooling, and phase change material cooling [5].
Among them, the air-cooled heat management system
has a simple configuration and low cost [6]. It has been
used in early electric vehicle power battery systems, but
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its heat dissipation efficiency is low, and it cannot meet
the heat dissipation requirements of current power bat-
teries during high-rate charging and discharging. There
are few studies on the air-cooling and heat management
system for power batteries [7—-10]. Huo et al. [11] estab-
lished a direct current (DC) liquid cooling system, using
a combination of experiment and simulation to study the
cooling of the liquid cooling system when the power bat-
tery is discharged at 5C. The results show that the flow of
coolant will affect the heat transfer capacity of the liquid
cooling plate; Jarrett et al. [12] designed a U-shaped liquid
cooling plate and analyzed the influence of the width and
position of the flow channel on the internal heat transfer
process of the liquid cooling system. They found that the
U-shaped liquid-cooled plate can improve the uniform-
ity of the temperature distribution of the power battery
module. Putra et al. [13] studied the influence of distilled
water, alcohol, acetone, and other working fluids on the
heat dissipation capacity of flat heat pipes. The heat man-
agement system of the heat pipe has the best heat dissipa-
tion capacity; Tran et al. [14] used an experimental method
to study the influence of the position angle of the heat pipe
in the thermal management system on the heat transfer
process. The research results show that the position angle
is different on the overall thermal management system.
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The effect of cooling capacity is small, but it has a greater
effect on the temperature difference inside the power bat-
tery module. Javani et al. [15] analyzed the influence of
the thickness of the phase change material on the internal
thermal management system. With the influence of the
heat transfer process, they found that when the thickness
of the phase change material is 3mm, the heat transfer
rate is fastest; Wilke et al. [16] applied paraffin/expanded
graphite composite phase change material to the lithium-
ion battery puncture experiment, and they found that the
paraffin/expanded graphite composite phase change mate-
rial can inhibit the temperature diffusion at the perforation
of the lithium-ion battery. Kong et al. [17] proposed a
thermal management system that combines liquid cooling
and phase change materials and studied its heat dissipa-
tion capacity. They found that the thermal management
system can keep the temperature of the lithium iron phos-
phate battery at 3C discharge. Below 312K, Bai et al. [18]
established a two-dimensional lithium-ion battery model
to analyze the heat dissipation capacity of a thermal man-
agement system coupled with heat pipes and phase change
materials. They found that compared to a single cooling
method, a composite thermal management system can
improve power and the uniformity of the temperature dis-
tribution of the battery module.

In summary, domestic and foreign researchers have
designed different composite thermal management systems,
such as phase change material/liquid cooling composite
thermal management systems and phase change material/
heat pipe composite thermal management systems. Exist-
ing studies have shown that, compared to a single thermal
management method, the use of a composite thermal man-
agement system can achieve different cooling methods to
“complement each other’s strengths” and meet the heat dis-
sipation requirements of the power battery system under
complex working conditions. Therefore, it is still the focus
and difficulty of current research to establish an appropri-
ate composite thermal management system to meet the heat
dissipation requirements of the power battery system under
complex working conditions [19-22].

This paper attempts to make several original contribu-
tions and improvements to the current research as shown in
the following:

1) Presented a thermal management system, which can
simultaneously meet the requirements of high-speed
discharge, abuse, and heating of power battery system
under low-temperature environment.

2) The changes of the overall average temperature and the
temperature difference between the maximum and mini-
mum temperature of the Li-ion battery module under
different liquid inlet flow rates of the thermal manage-
ment system were studied.
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3) The flow rate of 0.67L/min was selected as the best lig-
uid inlet flow rate by velocity uniformity coefficient,
friction coefficient, and thermal characteristics.

Model structure
Geometry

In this research, a three-dimensional model of a composite
thermal management system was established, as shown in
Fig. 1. The model mainly includes six lithium-ion batteries
(numbered Cell#1-#6), heat pipes, thermal silica gel, side
microchannel liquid cooling plates, phase change materi-
als, and bottom microchannel liquid cooling plates. The
lithium-ion battery model is established based on the 50Ah
LiNi0.8C00.1Mn0.102 (NCM) lithium-ion battery used in
the experiment, and the geometric dimensions are the same.
There are three heat pipes and two parts of thermally conduc-
tive silica gel between the lithium-ion battery. The evaporation
section of the heat pipe is attached to the surface of the battery,
and the thermally conductive silica gel is distributed between
the battery and the heat pipe. The condensing section of the
heat pipe is embedded in the phase change material. The phase
change material is attached to the microchannel liquid cooling
plate at the bottom. There are 18 pipelines inside the micro-
channel liquid cooling plate, one end is a volume flow inlet,
and the other end is a pressure outlet. The side microchannel
liquid-cooling plates are “S”-shaped, which are symmetrically
distributed at both ends of the lithium-ion battery. In order to
improve the uniformity of the temperature distribution of the
lithium-ion battery, the volumetric flow inlet directions of the
two-side microchannel liquid-cooling plates are opposite.

The geometric dimensions of thermal manage system,
lithium-ion batteries, side microchannel, and heat pipe are
shown in Table 1. In addition, the liquid in the microchannel
liquid-cooled plate is 50% ethylene glycol solution. The spe-
cific heat of glycol solution is 3.281 (kJ/kg-K), and its thermal
conductivity is 0.38 (W/m-K). And the heat pipe in the model
is sintered without coolant inside.

Mathematical model

The heat transfer process of the thermal management system
can be regarded as a three-dimensional unsteady heat con-
duction process. The heat transfer process of the established
three-dimensional model of the thermal management system
can be expressed by Eq. (1) [23]:
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Table 1 Geometric dimensions  peqqyreg Length (mm) Width (mm) Height (mm) Diam-
of components
eter
(mm)
Thermal manage system 150 130 125 -
Lithium-ion batteries 143 20 90 -
Side microchannel - - - 4
Heat pipe 28 2 120 2

In the formula, p, represents the density of the compo-
nent, C represents the specific heat capacity of the com-
ponent, 07/07 represents the rate of temperature rise, g,
represents the volume heat production rate, and k,, ky, and
k, are the thermal management systems in x, y, Thermal
conductivity in the z-direction.

The fluid in the liquid-cooled plate is a mixed solution
of ethylene glycol, which belongs to Mach number fluid
flow, and can be treated as an incompressible fluid. The
density of the fluid does not change with time. The mass
conservation equation can be expressed by Eq. (2) [24]:

@
ot

d(pu) + d(pv) + a(pw) _

0
0x dy 0z
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where p is the fluid density and «, v, and w are the veloc-
ity vector components on the coordinate axis, respectively.
In this study, the ethylene glycol mixed solution is
an incompressible fluid with constant viscosity, and the

momentum conservation equation can be simplified to
Formula (3) [25]:
x-direction:

2 2 2
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(3a)
y-direction:
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z-direction:
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(39)

In the formula, F, F 1 and F, are the components of the
volume force in the x, y, and z directions; p is the pres-
sure acting on the micro-element body; and u, v, and w
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are the velocity vector components on the coordinate axis,
respectively.

The established thermal management system follows the
first law of thermodynamics, and the energy conservation
equation is shown in Eq. (4) [26]:

o(pT) | o(puT)  (wT)  o(pwT) _

ot ox dy 0z
o(buory, o (buory, o (buory, o @
ax \ Cp, ox ox \ Cp, ox ax \ Cp, ox r

In the formula, &, is the thermal conductivity of the fluid,
T is the temperature, C, , is the specific heat capacity of the
fluid, and S; is the heat source in the fluid.

For the glycol mixed solution flowing in the liquid cool-
ing plate, due to the relatively high flow rate and the compli-
cated internal structure of the liquid cooling plate, the flow
state is changeable, the fluctuation is large, and turbulence is
easily formed. In this study, turbulent kinetic energy model
(k model) is used to deal with this.

Among them, the k equation, the turbulent kinetic energy
equation, is shown in Equation (5) [27]:

S0 4 Ok _ 1[(,”&)%] +”6_<0_+6_) pe
ot Tox; o oy ) 0x; ox; \ dx;  ox;
(5)
€ is the turbulent dissipation rate, as shown in Equation
(6):

Among them, the turbulent viscosity coefficient y, is
shown in Formula (7) [28]:

k2
P %)

Hi = .

In the formula, u;, and p is the P, numbers of k and &,
respectively; u, is the turbulent viscosity; and Cps cl,and c2
are empirical constants.

Boundary conditions

The simulations in this study were carried out with an initial
temperature condition of 20°C and a lithium battery discharge
multiplier of 1 C. Since the heat generation rate varies depending
on the operating condition of the battery, the heat generation rate
model from the literature by Bernardi D et al [29] was chosen
for the heat generation rate estimation as shown in Equation (8).
The inlet water flow rates for the cooling system used were 0.33
L/min, 0.50 L/min, 0.67/min, and 0.83 L/min.

The internal heat transfer form of the established ther-
mal management system model is heat conduction, and the
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heat exchange form with the external environment is ther-
mal radiation, as shown in Fig. 2. Analyze the heat transfer
process of the established thermal management system in
two environments. First, at normal ambient temperature,
the lithium-ion battery is discharged at different discharge
rates with or without an external heat source. At this time,
the heat is The electric core generates, the part where the
heat pipe connects with the surface of the electric core is
an evaporation section that absorbs heat, and the part where
the heat pipe connects with the phase change material is a
condensation section that releases heat. In a low-temperature
environment, the lithium-ion battery does not work. At this
time, the heat is provided by the ethylene glycol mixed solu-
tion. The part connecting the heat pipe and the phase change
material is the evaporation section that absorbs heat, and the
part connecting the heat pipe and the battery is a condensa-
tion section that releases heat.

- L(y UJFTGIU0
1=y, o+ T ®)

where V), is the volume of the lithium battery unit, / is
the charge/discharge current, U is the battery unit volt-
age (3.5V in this model), U, is the open circuit voltage, T
is the temperatgre, d—T“ is the temperature coefficient, and
(U —=Uy)/ Vs T% /V,, are the Joule heat and reversible reac-
tion heat, respectively.

Results and discussion

Performance analysis of thermal management
system under different inlet liquid flow

(1) Analysis of thermal parameters of thermal management
system at 0.33L/min inlet flow
Figure 3 shows the overall average temperature of the
Li-ion battery module and the temperature difference
between the maximum and minimum temperature of
the Li-ion battery module at an inlet flow rate of 0.33L/
min. As shown in the graph, the lithium-ion battery
module discharges to a faster average temperature rise
rate in the first 500s and slows down and stabilizes after
1000s. At the end of discharge, the average temperature
of the battery module is 303.9K. This is because the
heat management system has a low liquid inlet speed,
and the actual heat exchange area between the liquid
cooling plate and the battery module increases slowly.
In the early stage of lithium-ion battery discharge, the
heating battery cannot be dissipated in time, which
causes the overall temperature of the battery module to
rise. Faster, and then as the ethylene glycol mixed solu-
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Fig.2 Thermal management system boundary conditions. a Cell boundary conditions; b normal ambient temperature condition, and ¢ low ambi-
ent temperature condition.
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tion fills the microchannel liquid cooling plate, the heat
exchange area between the heat dissipation medium and
the battery increases to the maximum, and the overall
temperature of the lithium-ion battery module tends
to stabilize. Similarly, for the average temperature dif-
ference of the lithium-ion battery during the discharge
process, due to the partial heat exchange between the
thermal management system and the battery module in
the early stage, the internal temperature difference of
the battery module rises quickly. After the discharge is
carried out for 800s, the average temperature difference
of the battery module tends to be stable. At the end

T
400

T

I I I
600 800 1000 1200

Time(s)

of discharge, the average temperature difference of the
battery module is 5.2K.

Figure 3 shows the overall average temperature and
temperature difference of the lithium-ion battery mod-
ule under the 0.33L/min inlet flow rate. As shown in the
figure, the average temperature rise rate of the lithium-
ion battery module is faster before it is discharged to
500s, and it rises after 500s. The rate has slowed down
and stabilized after 1000s. At the end of discharge, the
average temperature of the battery module is 303.9K.
This is because the heat management system has a low
liquid inlet speed, and the actual heat exchange area
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between the liquid cooling plate and the battery mod-
ule increases slowly. In the early stage of lithium-ion
battery discharge, the heating battery cannot be dis-
sipated in time, which causes the overall temperature
of the battery module to rise. Faster, and then as the
ethylene glycol mixed solution fills the microchannel
liquid cooling plate, the heat exchange area between
the heat dissipation medium and the battery increases
to the maximum, and the overall temperature of the
lithium-ion battery module tends to stabilize. Similarly,
for the average temperature difference of the lithium-
ion battery during the discharge process, due to the
partial heat exchange between the thermal management
system and the battery module in the early stage, the
internal temperature difference of the battery module
rises quickly. After the discharge is carried out for
800s, the battery module the average temperature dif-
ference tends to be stable. At the end of discharge, the
average temperature difference of the battery module
is 5.2K.

Figure 4 is a cloud diagram of the overall tempera-
ture distribution of the thermal management system
at the inlet flow rate of 0.33L/min. As shown in the
figure, the high-temperature area of the thermal man-
agement system including the battery modules is con-
centrated in the middle and the positive and negative
positions of the lithium-ion battery. This is related to
the self-heating characteristics of lithium-ion batteries.
As mentioned in the summary of 2.3.2, when the side
reactions of lithium-ion batteries are not triggered, the
high-temperature regions of lithium-ion batteries are
concentrated at the positive and negative electrodes.
This is due to the electrochemistry at the positive and
negative electrodes caused by higher heat production.
And because the two ends of the lithium-ion battery
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Fig.4 Temperature distribution of TMS at the inlet liquid flow rate
of 0.33L/min
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are close to the side microchannel liquid-cooling plate
in the thermal management system, the temperature in
the middle position of the lithium-ion battery is higher
than other positions under the influence of this. In addi-
tion, the position with the lowest temperature in the
entire thermal management system is the “U”’-shaped
inflection point in the side microchannel liquid cooling
plate. There is no direct contact with the battery, so the
temperature is the lowest here.

Figure 4 is a cloud diagram of the overall temperature
distribution of the thermal management system at the
inlet flow rate of 0.33L/min. As shown in the figure, the
high-temperature area of the thermal management system
including the battery modules is concentrated in the middle
and the positive and negative positions of the lithium-ion
battery. This is related to the self-heating characteristics
of lithium-ion batteries. As mentioned in the summary of
2.3.2, when the side reactions of lithium-ion batteries are
not triggered, the high-temperature regions of lithium-ion
batteries are concentrated at the positive and negative elec-
trodes. This is due to the electrochemistry at the positive
and negative electrodes caused by higher heat production.
And because the two ends of the lithium-ion battery are
close to the side microchannel liquid-cooling plate in the
thermal management system, the temperature in the middle
position of the lithium-ion battery is higher than other posi-
tions under the influence of this. In addition, the position
with the lowest temperature in the entire thermal manage-
ment system is the “U”’-shaped inflection point in the side
microchannel liquid cooling plate. There is no direct contact
with the battery, so the temperature is the lowest here.

(2) Analysis of thermal parameters of thermal management

system at the inlet flow rate of 0.50L/min

Figure 5 shows the overall average temperature and the
temperature difference between the maximum and mini-
mum temperature of the Li-ion battery module under a
0.50L/min inlet flow rate. As shown in the figure, the aver-
age temperature rise rate of the lithium-ion battery module
is faster before it is discharged to 600s, and it rises after
600s. The rate has slowed down and stabilized after 800s.
When the discharge is cut off, the average temperature
of the battery module is 302.1K. Similarly, the average
temperature difference of lithium-ion battery modules also
tends to rise rapidly and then stabilize. Compared with
the temperature characteristics of the lithium-ion battery
module at the inlet flow rate of 0.33L/min, it can be found
that with the increase of the inlet flow rate, the changes of
the average temperature and the average temperature dif-
ference of the lithium-ion battery module are narrowing,
and the two values tend to be stable. This is due to the
increase in the inlet flow rate and the increase in the speed
at which the ethylene glycol mixed solution fills the micro-
channel liquid cooling plate. The heat exchange area of
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the microchannel liquid cooling plate and the lithium-ion
battery module increases faster, resulting in an increase
in heat exchange efficiency. The temperature difference
within the battery is also reduced.

Figure 6 is a cloud diagram of the overall tempera-
ture distribution of the thermal management system at
an inlet flow of 0.50L/min. As shown in the figure,
due to the self-healing characteristics of the lithium-ion
battery, the high-temperature area of the entire ther-
mal management system is concentrated at the positive
and negative electrodes of the lithium-ion battery. And
with the increase of the inlet flow rate, the temperature
distribution of the microchannel liquid-cooling plates
located on both sides of the thermal management sys-
tem tends to be more uniform, which results in the tem-
perature distribution of the main body of the lithium-
ion battery module that also tends to be uniform.
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Fig. 6 Temperature distribution of TMS at the inlet liquid flow rate of
0.50L/min
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(3) Analysis of thermal parameters of thermal management

“

system at the inlet flow rate of 0.67L/min

Figure 7 shows the overall average temperature and
the temperature difference between the maximum and
minimum temperature of the Li-ion battery module
under the 0.67L/min inlet flow rate. As shown in the
figure, the average temperature of the lithium-ion bat-
tery module shows a rapid upward trend before being
discharged to 500s, and after 500s, it tends to be stable.
When the discharge ends, the average temperature of
the battery module is 301.8K. Similarly, the average
temperature difference of lithium-ion battery modules
also tends to rise rapidly and then stabilized. Com-
pared with the temperature change of the lithium-ion
battery module at the inlet flow of 0.33L/min and
0.50L/min, the efficiency of the heat exchange area
between the microchannel liquid cooling plate and the
lithium-ion battery module is improved. At the same
time, the changes of the average temperature and the
average temperature difference tend to be more stable.
Therefore, the lithium-ion battery module at the inlet
flow rate of 0.67L/min is further advanced.

Figure 8 is a cloud diagram of the overall tempera-
ture distribution of the thermal management system at
the inlet flow rate of 0.67L/min. As shown in the figure,
compared with the temperature distribution of the ther-
mal management system at the inlet flow rate of 0.33L/
min and 0.50L/min, the high-temperature area of the
lithium-ion battery module is further reduced, and the
overall temperature distribution tends to be more uni-
form.

Analysis of thermal parameters of thermal management
system at the inlet flow rate of 0.83L/min

@ Springer
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Fig.7 Average temperature

and temperature difference of
battery modules at the inlet
flow rate of 0.67L/min
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Figure 9 shows the overall average temperature and the
temperature difference between the maximum and mini-
mum temperature of the Li-ion battery module at the inlet
flow rate of 0.83L/min. As shown in the figure, the overall
average temperature and temperature difference trend of
lithium-ion battery under the inlet flow rate of 0.83L/min
is basically the same as that at the inlet flow rate of 0.67L/
min and tends to be stable after 500s. When the discharge
is cut off, the average temperature of the lithium-ion battery
is about 301.7K, and the average temperature difference is
about 4.5K.

Figure 10 is a cloud diagram of the overall temperature
distribution of the thermal management system at an inlet
flow rate of 0.83L/min. As shown in the figure, the overall
temperature distribution of the thermal management
system has little change compared to when the inlet flow
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Fig.8 Temperature distribution of TMS at the inlet liquid flow rate
of 0.67L/min
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rate is 0.67L/min. The temperature distribution when the
liquid inlet flow rate is 0.50L/min is greatly improved
compared to when the liquid flow rate is 0.33L/min. The
high-temperature concentration area in the lithium-ion
battery module is significantly reduced, and the overall
temperature distribution is more uniform. This shows
that although the increase in the liquid inlet flow rate is
conducive to the improvement of heat exchange efficiency,
when the liquid inlet flow rate is too high, the effect of
improving the temperature distribution of the lithium-ion
battery module is not obvious, as described in subsections
4.1.1 and 4.1.2. According to the calculation of velocity
uniformity based on the principle of field synergy, with
the increase of the inlet flow rate, the velocity uniformity
coefficient y gradually decreases, which is not conducive
to the improvement of the temperature field. And as the
flow rate is too high, the frictional resistance coefficient
f gradually increases, which means that the thermal
management system needs to consume more power.

Performance comparison of thermal management
systems at different inlet liquid flows

Figure 10a shows the overall average temperature of the
lithium-ion battery module as the inflow rate increases
from 0.33 to 0.83L/min. As shown in the figure, the maxi-
mum temperature rise of the lithium-ion battery module
decreases from 304 to 301.9K as the liquid inlet flow rate
increases from 0.33 to 0.83L/min. The average tempera-
ture changes from 0.33 to 0.50L/min, while the average
temperature changes from 0.50 to 0.83L/min are less than
0.3K. Figure 10b shows the temperature difference between
the maximum and minimum temperature of the Li-ion
battery module when the liquid intake flow rate increases
from 0.33 to 0.83L/min. As shown in the figure, as the
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Fig.9 Average temperature

and temperature difference of
battery modules at the inlet
flow rate of 0.83L/min
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liquid inlet flow rate increases from 0.33 to 0.83L/min, the
temperature difference of the lithium-ion battery module
decrease from 5.4 to 4.4K. The temperature difference of
the lithium-ion battery module decreases by 0.6K when
the liquid flow rate increases from 0.33 to 0.50L/min; the
temperature difference of the lithium-ion battery module
decreases by 0.3K when the liquid flow rate increases from
0.50 to 0.67L/min; the temperature difference of the lith-
ium-ion battery module decreases by less than 0.1K when
the liquid flow rate increases from 0.67 to 0.83L/min. It can
be seen that the overall thermal characteristics of the ther-
mal management system are improved with the increase of
the inlet flow rate from 0.33 to 0.83L/min.

This paper quotes the velocity uniformity fraction and the
friction coefficient to analyze the overall thermal character-
istics of the thermal management system of a lithium-ion
battery module at different inlet flows. The velocity uni-
formity coefficient is used to analyze the synergy between
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Fig. 10 Temperature distribution of TMS at the inlet liquid flow rate
of 0.83L/min
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the velocity and temperature fields. The velocity uniform-
ity coefficient is used to analyze the synergy between the
velocity field and the temperature field. The higher the
velocity uniformity coefficient, the better the heat transfer
performance of the fluid. As the inlet flow rate increases, the
velocity uniformity coefficient of the glycol mixture in the
channel liquid cooling plate becomes lower and lower. The
coefficient of frictional resistance can be used to evaluate the
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Fig. 11 a Average battery pack temperature at different water inlet
flows; b temperature difference of the battery pack at different water
inlet flows
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internal flow field resistance of the designed microchannel.
The higher the coefficient of frictional resistance, the higher
the resistance to the flow of the glycol mixture inside the
microchannel liquid-cooled plate and the higher the energy
consumption required; the higher the flow rate, the higher
the coefficient of frictional resistance.

From Fig. 11, it can be seen that when the inlet liquid
flow rate is increased from 0.67 to 0.83L/min, the tempera-
ture rises of the lithium-ion battery; the decrease in tempera-
ture difference is very small, while at this time, the frictional
resistance coefficient is relatively high, and the required
energy consumption is relatively high, while at this time,
the frictional resistance coefficient is relatively high, and the
required energy consumption is relatively high. Therefore, it
is more reasonable to choose 0.67L/min as the inlet flow rate
of the microchannel liquid cooling plate of the composite
thermal management system.

Conclusion

This paper takes the lithium-ion battery during 3C discharge
as the research object and takes the speed uniformity coef-
ficient, friction resistance coefficient, and thermal charac-
teristic parameters as the evaluation indicators. The thermal
management system of the microchannel liquid-cooled plate
at four inlet flows of 0.33L/min, 0.50L/min, 0.67L/min, and
0.83L/min was also analyzed, and the optimum inlet flow
rate for the established thermal management system model
was finally determined. The main conclusions are as follows.

(1) When the liquid inlet flow of the thermal management
system is 0.33L/min and 0.50L/min, the average tem-
perature rise of the lithium-ion battery module dur-
ing 3C discharge is less than 308K, but the maximum
temperature difference exceeds 5K, so 0.33L/min and
0.50L/min enter the liquid The flow cannot meet the
heat dissipation requirements of the lithium-ion battery
module during 3C discharge.

(2) When the thermal management system has a liquid inlet
flow of 0.67L/min and 0.83L/min, the average tempera-
ture rise of the lithium-ion battery module during 3C
discharge is less than 308K, and the maximum tem-
perature difference is less than 5K, which can meet the
heat dissipation of the lithium-ion battery module dur-
ing 3C discharge demand.

(3) With the increase of the liquid inlet flow rate, the maxi-
mum temperature rise and the maximum temperature
difference of the lithium-ion battery module have been
reduced, and the overall thermal characteristics of the
thermal management system have been improved.
However, the higher the liquid inlet flow rate, the lower
the corresponding speed uniformity coefficient. The

@ Springer

efficiency of improving the thermal characteristics of
the lithium-ion battery module is also lower.

(4) Compared with the thermal management system when
the inlet flow rate is 0.67L/min, the increase in the inlet
flow rate of the thermal management system to 0.83L/
min will affect the temperature rise of the lithium-ion
battery, and the temperature difference has little effect,
and the friction resistance coefficient is relatively high
at this time, and the required energy consumption is
relatively high. Therefore, 0.67L/min is selected as the
liquid inlet flow rate of the microchannel liquid-cooled
plate of the composite thermal management system.
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