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As a key component of a pure electric vehicle, the battery in an overheated
state will have a direct impact on battery life and vehicle safety. To promote
battery heat dissipation, a novel cobweb-like type (C-type) channel cooling
plate with asymmetric inlet and outlet is designed. The C-type channel
cooling plate is numerically simulated in two coolant flow directions (l¢g and
llzq), using the computational fluid dynamics software STAR-CCM+, and
compared to the conventional serpentine type (S-type) channel. Meanwhile,
the effects of three structural parameters (channel diameter, spacing, and
cooling plate thickness) on maximum temperature and temperature
difference of the C-type cooling plate, and pressure drop are
investigated. Based on this, the C-type channel is optimized by
orthogonal test. The results show that the C-type with llzg coolant flow
direction has a better heat dissipation effect on the battery module than the
C-type with lzg and S-type under the same conditions, and the maximum
temperature and temperature difference are respectively reduced by 0.2%
and 17.8%, while the pressure drop is increased by 17.3%. In addition,
increasing channel diameter can obtain good battery temperature
distribution and smaller pressure drop, while the increase of cooling plate
thickness and channel spacing has a greater effect on the battery
temperature difference compared to the change of maximum
temperature. Finally, the results of the orthogonal tests show that the
cooling effect is best when the diameter of the cobweb-like channel
cooling plate is 7mm, the thickness of the cooling plate is 12 mm, and
the channel spacing is 16 mm, and the maximum temperature and
temperature difference are reduced by 0.7% and 6.8%, respectively, and
the pressure drop is reduced by 37.6% compared to the initial cobweb-like
channel scheme. This offers a fresh perspective on cooling plate channel
design in liquid-cooled battery thermal management.
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1 Introduction

In recent years, with the energy crisis and environmental
pollution problems becoming more and more prominent in
countries around the world, pure electric vehicles have been
developing rapidly. As one of the three core technologies of
electric vehicles, the power battery module is of great
importance to the stability and safety of the vehicle (Lu
et al., 2020). Lithium-ion batteries, as the most used battery
in automotive battery modules, have many advantages such as
long service life, high energy density and low self-discharge
rate (Yang W. et al., 2020). However, lithium-ion battery also
has many disadvantages, such as their high temperature
requirements, and research shows that the most suitable
operating range for lithium-ion batteries is 20-40°C, with a
temperature difference of 5°C or less (Pradeep and Venugopal,
2020; Yang Y et al., 2020). Excessive temperature difference as
well as too high or too low temperature will have a large
impact on the battery performance, resulting in a reduction in
battery capacity, performance and shortened service life and
other bad changes, which can seriously cause thermal runaway
of the battery (Al-Zareer et al., 2019). In order to prevent such
phenomena, it is particularly important to design an effective
thermal management system for the battery.

At present, according to the different cooling media, the
cooling methods of power battery modules are mainly divided
into three types (Kausthubharam et al., 2021): air cooling (Yu
etal, 2019; Xie et al,, 2019), liquid cooling (Qian et al., 2016; Patil
et al,, 2020), and phase change material cooling (Wilke et al.,
2017; Huang et al., 2018; Choudhari et al., 2020). Air cooling is
divided into natural convection cooling and forced ventilation
cooling according to whether forced ventilation technology is
added to the system, but with the increasing requirements for
battery safety, charging speed and other performance, air cooling
is no longer able to efficiently dissipate the heat from the battery
(Saw et al., 2016; Zhao et al., 2016). The cooling method of using
phase change materials to achieve battery heat dissipation
requires the installation of another cooling system to assist in
heat dissipation, and the higher maintenance cost also limits its
application in the battery thermal management system (Alipanah
and Li, 2016; Li et al., 2018). Therefore, the liquid cooling method
with higher heat dissipation efficiency and lower cost has more
obvious advantages for battery module heat dissipation and can
effectively prevent the overheating of lithium-ion battery under
high discharge rate (Imran et al., 2018).

Among liquid-cooled cooling methods, cooling systems
based on microchannel cooling plates are often used to control
the battery temperature. Zhang et al. (2017) used a cooling
plate-based method to successfully control the power battery
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temperature difference within the optimal range. Behi et al.
(2020) experimentally demonstrated that micro-channel
cooling plates can effectively dissipate heat from the battery
under 8°C discharge rate conditions, thus preventing thermal
runaway of the battery. Sheng et al. (2019) developed a
serpentine channel cooling plate with dual inlets and
outlets. The effects of coolant flow direction, flow rate, and
channel width on the battery temperature distribution under
different operating conditions were analyzed by FloEFD
software, and the results showed that the coolant flow
direction and channel width of the cooling plate had a
great influence on the battery temperature distribution and
the power consumption ratio of the cooling plate, and
increasing the fluid flow rate significantly reduced the
maximum temperature rise of the battery module, but had
little effect on the temperature distribution. Rao et al. 2016,
Rao et al. 2017 designed parallel channel cooling plates for a
cylindrical battery module and analyzed the effects of the
number of channels and cooling contact area on the cooling
performance of the battery, and concluded that increasing the
number of channels of the cooling plate and the contact area
between the battery and the cooling plate can effectively
reduce the temperature rise of the battery, and also have a
significant effect on the improvement of the temperature
uniformity of the battery. Chung and Kim, 2019 referred to
typical fin cooling structure, a thermal model of a soft pack
battery pack based on liquid cooling was developed. The
thermal behavior of the battery pack was examined in
terms of cooling performance and temperature uniformity.
Numerical results showed that the asymmetric design of fin
arrangement negatively affected the temperature uniformity
of the battery pack. Huo et al. (2015) designed a battery
thermal management system based on parallel channel
plates for cooling rectangular lithium-ion batteries and
investigated the effects of channel number, flow direction,
inlet mass flow rate and ambient temperature on the
temperature rise and temperature distribution of the
battery discharge process. The results show that the
maximum temperature of the battery decreases with the
increase of the number of channels and the inlet mass flow
rate. And the cooling performance improves with the
increase of mass flow rate, but the increasing trend
becomes smaller.

The classic serpentine and parallel flow channels have
good heat dissipation performance, but due to their structure
has certain limitations on the flow direction of the coolant, it is
difficult to further improve the heat exchange performance
between the cooling plate and the battery module. Inspired by
the spider web structure in biology, a cobweb-like type
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(A) Schematic diagram of battery cooling structure based on cobweb-like channel schematic (B) Diagram of cooling plate structure.

TABLE 1 Structural parameters of cooling plate.

Parameter L w H, Dy Gy R1/R,/R3/Ry

Value/mm 160 150 10 4 15 8/10/12/14

(C-type) channel cooling plate with asymmetric inlet and
outlet was designed. Using the serpentine channel cooling
plate as a comparison, the effects of the flow direction of the
coolant, the size and spacing of the cooling channels, and the
thickness of the cooling plate on the cell temperature
the drop were
investigated numerically, respectively. On this basis, the

distribution and channel pressure
optimal combination of parameters for the cobweb-like
channel is obtained by using the orthogonal test method,
which provides an idea for the design of the battery

thermal management system.

2 Models and methods
2.1 Physical model

Figure 1A shows a simplified geometric model of the liquid
cooling device for lithium-ion batteries. The bottom of the
battery module is filled with thermal interface material (TIM)
to closely fit the cooling plate, and the heat generated by the
battery module is conducted to the cooling plate through the
TIM. surface, and then the heat is carried away by the coolant.
Figure 1B shows a schematic diagram of the structure of the
cobweb-like channel cooling plate. The cooling channel is
radial from the inside to the outside, and its shape is similar to
a spider web. The cross-section of the channel is circular, and
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the channels 1-4 are connected by a U-type channel. The
spacing of each channel is equal, and the specific structural
parameters are shown in Table 1. In addition, the distinctive
feature of the cooling channel is the asymmetric inlet and
outlet (a and b), which allow the cooling fluid to form two
different flow directions. The first flow direction (hereinafter
referred to as “Igy”) is that the coolant flows in from port a,
flows from the straight pipe into channel 1, passes through the
U-type channel, enters channel 2, channel 3 and channel
4 respectively, and finally flows out from port b. The
second flow direction (hereinafter referred to as “Ilgq”) is
that the cooling liquid flows into channel 4 from port b, passes
through channel 3, channel 2 and channel 1 respectively, and
finally flows out from port a.

2.2 Battery heat generation model

The interior of the lithium-ion battery is composed of
stacked cells. During the process of discharging heat, various
heats such as reaction heat and Joule heat are involved.
Complex chemical reactions, heat generation and thermal
conductivity of materials need to be considered when
calculating these amounts of heat. Therefore, a reasonable
battery heat generation rate model needs to be established. In
this paper, the widely used Bernardi battery heat generation
rate mathematical model is used, and its heat generation rate
equation is described by the following Eq. 1 (Bernardi et al.,
1985). Without considering the operating conditions of
battery abuse or thermal runaway state (limit state), based
on the Bernardi battery heat generation and heat conduction
theory, combined with the distribution law of the internal
materials of the battery, the structure of the battery cell is
appropriately simplified. It is assumed that the interior of the
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TABLE 2 Parameters of lithium-ion battery.

Specification Value
Anode material LiFePO,
Cathode material Graphite
Rated capacity/Ah 37

Rated voltage/V 3.7
Dimensions/mm 148 x 91 x 27
Internal resistance/mQ 0.7

Charging temperature/K 0~318.15
Discharge temperature/K -293.15~333.15
Operating voltage range/V 3.0~4.2
Battery thermophysical parameters

Density/kg-m™ 1,923

Specific heat capacity/J-kg"-K™' 1,535

Thermal conductivity/W-m ™K™' 1.1 (thickness direction)

30.8 (other sides)

battery is a homogeneous material, the density, specific heat
capacity, and thermal conductivity of the battery remain
constant regardless of temperature and state of charge.
Ignoring the convective heat transfer and heat radiation
inside the battery is to focus on the heat transfer between
the entire battery module and the cooling plate. The purpose is
to balance the relationship between model accuracy and
complexity.

q= Vib [I’R + T (dE,/dT)I] (1)
Where g is the heat generation power of lithium-ion battery per
unit volume, V, is the volume of the heat generating part of the
battery, I is the charge and discharge current, R represents the
joule heat generated by the battery, R is the internal resistance of
the battery, T(dEy/dT)I represents the reversible reaction heat
generated by the battery, dEy/dT is the temperature coefficient, E,
is the open circuit voltage, T is the battery temperature.

In this work, the technical specifications and thermophysical
parameters of the selected rectangular lithium-ion battery are
shown in Table 2.

2.3 Numerical solution

2.3.1 Computational fluid dynamics theory

To simplify the simulation, assume the following:
(1) The cooling plate is uniformly isotropic.

(2) The surface of the cooling plate except the upper surface is
assumed to be adiabatic.
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(3) The fluid is an incompressible stable fluid with constant
dynamic viscosity, specific heat capacity and thermal
conductivity and no internal heat source.

(4) The thermophysical properties of fluids and solids are
independent of temperature.

(5) The effects of gravity, viscous dissipation and thermal
radiation are ignored.

In addition, Reynolds number is an important parameter to
judge the fluid motion state. The Reynolds number at the
entrance of the cooling channel can be calculated according to
Eq. 2, and the Reynolds number of the coolant is less than the
critical Reynolds number 2,300. Therefore, the fluid motion
model involved in this work is laminar flow model.

pthVC

I

R. 2
Where R, is the Reynolds number, p, is the fluid density, D, is the
characteristic length, v, is the fluid velocity, u is the viscosity
coefficient of the fluid.

Based on the above assumptions, the governing equation of
incompressible laminar flow without internal heat source is
simplified as follows in steady-state conditions.

Continuity equation:

auj
ax, (©)
Momentum conservation equation:
a(puj) .\ a(puju,-) _ _a_p+ i Uou; @
Energy conservation equation:
3(pT) 3(pTu;) 3 (A oT
e (5)
ot Ox; ox;j\ ¢, 0x;
Energy conservation equations for solids
VT =0 (6)

Where u, x, and V are the velocity vector, vector operator

and  gradient  operator  respectively in  Cartesian
coordinate system, p is fluid density, p is fluid pressure, y is
the dynamic viscosity of fluid, ¢, is specific heat capacity of fluid,
A is the thermal conductivity of the fluid, T is temperature.
The transfer of heat g between channel round surface and fluid

can be calculated by Newton cooling formula, as shown in Eq. 7.

q=hA(T,~T) %

Where h is convective heat transfer coefficient, A is convective
heat transfer area, T,, is the temperature of the round surface of
the flow channel, T; is the temperature of coolant.
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FIGURE 2

(A) Grid independence test. The mesh model of (B) battery modual; (C) cold plate.

For the sake of simplicity, the maximum temperature (T .y)
and temperature difference (AT) of the battery module will
indicate the good or bad working condition of the battery.
The larger the maximum temperature and temperature
difference indicate the worse the working condition of the
battery module and the worse the performance of the cooling
plate. In addition, when the fluid in the channel is incompressible
laminar flow, the pressure drop (AP) between the inlet and outlet
of the cooling plate channel is shown in Eq. 8.

Vil _,
2D

AP intet = Poutlet (8)
where v is the velocity of fluid, [ is the length of channel along
flowing-direction, p is the density of fluid, D is hydraulic diameter of
the channel, f represents the friction factor. P;,,;.; and P, are the

total pressure of the inlet and outlet, respectively.

2.3.2 Grid independence test

In the numerical simulation of computational fluid dynamics
(CED), the quality and quantity of meshes in the model have an
important influence on the accuracy of the simulation, so
obtaining a good mesh is the premise of simulation calculation.
In this work, the grid module of STAR-CCM+ software is used for
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meshing. The polyhedral grid with excellent convergence, high
computational accuracy and low memory consumption is used for
the battery module, cooling plate and coolant, and the thin-body
grid with two layers is used for the thermal interface material with
small thickness. In addition, in order to obtain more accurate heat
transfer simulation results, the fluid part of the coolant is
encrypted, and five boundary layers are established at the
intersection of the fluid and the cooling plate channel, with a
total thickness of about 4% of the basic size (0.4 mm).

In order to determine the appropriate number of grids, the grid
independence verification is carried out using the cooling plate
structure in Figure 1B. First, six kinds of volume meshes with
different numbers and mesh quality above 0.95 were generated by
STAR-CCMH+, and then numerical simulation was carried out under
the same boundary conditions to the effect of the number of meshes
on the maximum temperature (Ty,,,) of the battery module, the
temperature difference (AT) of the module, and the pressure drop
(AP) between the inlet and outlet of the cooling plate, the grid
independence test results are shown in Figure 2A. The results show
that when the grid number reaches 1160828 and the grid number is
further increased, the changes of Ty,.y, AT, and AP are all less than
1%. This shows that the simulation results are independent of the
volume mesh number. Therefore, considering the actual calculation
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https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.992779

Zhao et al. 10.3389/fenrg.2022.992779
A Temperature (K) S-type B Temperature (K) C-type(l) c Temperature (K) C-type(Ily)
!309.18 309.18 > !309.18
307.93 307.93 307.93 .~
306.69 306.69 306.69
305.44 305.44 305.44
304.20 304.20 304.20
302.95 302.95 302.95
D Temperature (K) S-type E Temperature (K) C-type(lw) F Temperature (K) C-type(Ily)
.304.12 !304.12 304.12
- 303.64 303.64 ‘ 303.64
303.16 303.16 303.16
302.67 302.67 302.67 ’
302.19 302.19 ‘ 302.19
301.71 301.71 301.71
G Temperature (K) S-type H Temperature (K) C-type(li) | Temperature (K) C-type(Ily)
304.07 304.07 304.07
!303.09 Qij .303.09 !303.09
302.10 ‘7) 302.10 302.10
301.12 301.127 301.12
300.13 300.13 300.13
299.15 299.15 299.15
J  Pressure (Pa) S-type K Pressure (Pa) C-type(lss) L Pressure (Pa) C-type(Il)
1202.8 !1 202.8
962.24 962.24
721.68 721.68
481.12 481.12
240.56 240.56
0.0000 ( """" S '0.0000
FIGURE 3

channel.

Surface temperature distribution of (A—C) battery module; (D—F) cold plate; (G-1) coolant. (J—-L) Surface pressure distribution of cooling

TABLE 3 Parameters setting of cooling system.

Material properties

Coolant fluid

Coolant conductivity/W-m™"-K™!
Coolant specific heat/]-kg™"-K™
Coolant density/kg-m™

Coolant dynamic viscosity/Pa-s
Cold plate material

Plate conductivity/W-m™"-K™"
Plate specific heat/J-kg™"-K™"
Plate density/kg:m™

Thermal interface materials (TIM)
TIM conductivity/W-m K™
TIM specific heat/]-kg K™
TIM density/kg-m™

Battery discharge rate

1C

2C

3C

Frontiers in Energy Research

Value

Liquid water
0.6

4,181.72
997.56
8.8871E-4
AL

237

903

2,702

Silica gel
2,900

2

832

Heat generation rate/W-m™
5,515

16,300
32,357

06

conditions, the basic size of the grid is finally determined to be
0.01 m, the total number of grids is 1160828, and the grid quality is
0.98 (The best grid quality is 1). The meshed model is shown in
Figures 2B,C.

2.3.3 Boundary conditions

In this work, the inlet boundary is defined as the velocity inlet,
which is set to 0.3 m:s™", the temperature is set to 299.15 K, the
outlet boundary is defined as the pressure outlet, which is set to
0 Pa. The cooling plate material is aluminum, the cooling liquid
material is water, and the thermal interface material is filled
between the battery module and the cooling plate to improve
the heat exchange performance between the cooling plate and the
battery module. The heat source of the battery is set as a volume
heat source. The specific parameter values are shown in Table 3.

3 Results and discussion
3.1 Analysis and comparison

Under the discharge condition of 3C, the same boundary
conditions are set, and the serpentine (S-type) and cobweb-like
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Effect on the Tax, AT and AP of (A) cooling channel diameter (B) cooling plate thickness;

TABLE 4 Factor level table of orthogonal test.
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(C) cooling channel spacing.

TABLE 5 The results of orthogonal test.

Level Factor Test number  Test factor Test result
A/mm B/mm C/mm A B C T,/K AT/K AP/Pa
1 3 8 13 1 1 1 1 31224 5.92 1,543.1
2 4 9 14 2 1 2 2 311.93 572 1,637.1
3 5 10 15 3 1 3 3 31173 557 1,713.2
4 6 11 16 4 1 4 4 311.61 552 1,793.3
5 7 12 17 5 1 5 5 31157 5.57 1,867.4
6 2 1 2 308.94 5.36 1,1532
7 2 23 308.7 52 1,201.5
8 2 34 308.55 5.11 1,253.4
(C-type) channels in the two coolant flow directions (Igg and Il¢4) 9 ) 4 5 30851 5.17 1300.8
are respectively simulated. Therefore, the temperature field of the 10 5 5 1 309.06 5.19 11016
battery module, the cooling plate and the cooling liquid, and the 1 3 1 3 307.41 507 930.8
pressure distribution of the cooling channel are obtained. 12 3 2 4 30722 493 969.02
Figures 3A-C show the comparison of temperature 13 3 3 5 307.16 497 1,006.1
distributions of battery modules. As shown in Figure 3A, the 14 3 4 1 307.8 516 859
temperature of the surface of the battery module gradually 15 3 5 2 307.55 5 8975
increases along the flow direction of the cooling liquid, and 16 4 1 4 306.56 494 8323
there is an obvious temperature gradient. The lowest temperature 17 4 2 5 30647 493 8593
is at the coolant inlet, its value is 302.95K, the highest 18 4 3 1 307.17 52 7472
temperature is 309.18 K, and the temperature difference is 19 4 4 2 306.87 498 775.8
6.23 K. Therefore, the heat dissipation effect of the S-type 2 4 5 3 306.67 485 800.5
cooling plate on the battery module is not ideal. Figures 3B,C 21 5 1 5 306.05 493 7735
show that the temperature distribution of the battery module 2 5 2 1 306.84 531 683
using the C-type cooling plate. As shown in Figure 3B, the 23 5 3 2 306.51 501 7026
maximum temperature of the cooling liquid flowing to the 24 5 4 3 306.29 485 7245
battery module using Igg dropped to 308.81K, the 25 5 5 4 306.14 477 750

temperature difference was 5.66 K, and the temperature
distribution was improved to a certain extent. At the same
time, as shown in Figure 3C, the temperature distribution on
the surface of the battery with IlIgy is more uniform, and the
cooling effect of the battery is the best, the maximum
temperature is 308.56 K, and the temperature difference also
drops to 5.12 K.

The temperature distribution on the surface of the cooling
plate can indirectly reflect the cooling performance of the two
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structures (Deng et al., 2019; Yan et al,, 2019; Fan et al., 2022).
3D-F the
distributions on the cooling plate surface. As shown in

Figures show comparison of temperature
Figure 3D, the temperature distribution on the surface of the
S-type cooling plate varies greatly, the maximum temperature is

304.12 K, the minimum temperature is 301.71 K, and the
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Trend of orthogonal test results

temperature difference is 2.41 K. The high temperature is
mainly concentrated near the outlet of the channel, which is
consistent with the temperature distribution of the battery
As 3E,F,
distribution on the surface of the cooling plate is more

module. shown in Figures the temperature
uniform than that of the S-type cooling plate. The higher
temperature on the surface of the C-type cooling plate using
Isg is mainly concentrated in the corners, the highest
temperature is 304.01 K, and the lower temperature is
distributed in the middle of the cooling plate, the lowest
temperature is 302.09 K, and the temperature difference is
1.92 K. And the maximum temperature with Ilgg drops to
303.66 K, and the temperature difference drops to 1.5K.
Therefore, it is found that the flow direction II¢g makes the
temperature of the cooling plate controlled within a small
range, and the temperature distribution is more uniform,
which is more conducive to the cooling plate to exert the
best heat exchange performance, thereby ensuring the
effective heat dissipation of the battery module.

Figures 3G-I show the temperature comparison of the
the

temperature difference of the coolant using II¢q are smaller,

coolant. For C-type, maximum temperature and
and the temperature distribution is more uniform, which is
beneficial to reduce the temperature difference on the surface of
the battery, so that the battery can exert better performance.
The temperature distribution of the S-type coolant is polarized,
and the outlet temperature is much larger than the inlet
temperature, resulting in an excessive temperature difference,
which will have a greater impact on the normal operation of the
battery. In addition, as shown in Figures 3]J-L, the pressure
drops between the inlet and outlet of the cooling channel using
Isg and IIgy are 1,201.3Pa and 1,202.8 Pa, respectively.
Compared with the S-type cooling channel, the pressure
drop increases by 176 and 178 Pa respectively, which are

within the acceptable range.
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3.2 Results under different factors

In order to get the influence rule of cooling channel diameter on
battery heat dissipation, the flow direction of coolant is IIg4, the
initial thickness of cooling plate is 10 mm, the spacing of cooling
channel is 15 mm, and other boundary conditions are consistent.
The diameter is taken as a single variable to conduct simulation
analysis. As shown in Figure 4A, the cooling channel diameter has a
great influence on the maximum temperature, temperature
difference and pressure drop. Initially, as the diameter of the
the
temperature difference, and pressure drop decrease rapidly, but

cooling channel increases, maximum  temperature,
as the diameter continues to increase, the rate of decline becomes
significantly flat, indicating that the effect of diameter size begins to
weaken. When the diameter is 7 mm, the maximum temperature of
the battery module is basically the same as that of 6 mm, and the
temperature difference has a slight increase. The reason is that the
increase of the diameter reduces the temperature of the surface of the
cooling plate, the temperature of the bottom of the battery module
drops rapidly, but the temperature of the top does not change
greatly, and the heat cannot be transferred in time under the
condition that the thermal physical parameters of the battery
remain unchanged, which makes the battery The temperature
difference of the modules increases slightly.

In order to obtain the influence law of the thickness of the
cooling plate on the heat dissipation of the battery, the cooling liquid
flow direction adopts IIg, the diameter of the cooling pipe is 6 mm,
the spacing is 15 mm, and the rest of the boundary conditions are
the same. As shown in Figure 4B, as the thickness of the cooling plate
increases, the heat dissipation area of the cooling plate increases, and
the heat dissipation efficiency also improves, so that the temperature
difference of the battery module decreases significantly, but the
maximum temperature does not change much. When the thickness
of the cooling plate is 12 mm, the maximum temperature value of

the battery module does not change much, and the temperature
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TABLE 6 Range analysis results.

Test index Test result Test factor
A/mm B/mm C/mm
Tonax K; 1,559.08 1,541.2 1,543.11
K; 1,543.76 1,541.16 1,541.8
K; 1,537.14 1,541.12 1,540.8
K 1,533.74 1,541.08 1,540.08
Kjs 1,531.83 1,540.99 1,539.76
ki 311.82 308.24 308.62
k; 308.75 308.23 308.36
ki 307.43 308.22 308.16
kis 306.75 308.22 308.02
k; 306.37 308.20 307.95
R; 5.45 0.04 0.67
AT K; 283 26.22 26.78
Kp 26.03 26.09 26.07
Kj 25.13 25.86 25.54
K; 249 25.68 25.27
K;s 24.87 25.38 25.57
k; 5.66 5.24 5.36
k; 521 522 5.21
kis 5.03 5.17 5.11
kis 4.98 5.14 5.05
k; 4.97 5.08 5.11
R; 0.69 0.17 030
AP K; 8,554.1 5,232.9 986.8
K; 6,010.5 5,349.92 1,033.2
K 4,662.42 54225 1,074.1
K 4,015.1 5,453.4 1,119.6
K;s 3,633.6 5417 1,161.4
k 1,710.8 1,046.6 986.8
k; 1,202.1 1,070.0 1,033.2
k; 932.5 1,084.5 1,074.1
kis 803.0 1,090.7 1,119.6
kis 726.7 1,083.4 1,161.4
R; 984.1 44.1 174.6

difference tends to be flat. In addition, since the pressure drop is not
directly related to the thickness variation of the cooling plate, the
pressure drop remains at the same level.

As shown in Figure 4C, when the diameter of the cooling
channel is 6 mm and the thickness of the cooling plate is 11 mm,
as the distance between the cooling channels increases, the
maximum temperature on the surface of the battery module
decreases gently, and the temperature difference decreases
significantly. The analysis shows that the volume fraction of
the cooling channel in the cooling plate increases, which
increases the heat exchange area between the cooling plate
and the cooling liquid, and improves the heat dissipation
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performance of the cooling plate to a certain extent. However,
as the spacing continues to increase, when the cooling channel
spacing is 17 mm, the temperature difference of the battery
increases to a certain extent. In addition, the increase in

spacing also causes the pressure drop to rise rapidly.

3.3 Cooling plate structure optimization

3.3.1 Orthogonal test

The analysis shows that three factors (cooling channel diameter,
cooling plate thickness and cooling channel spacing) have an
important impact on the temperature distribution on the surface
of the battery module. In order to obtain the optimal structural
parameters of the cooling plate, the orthogonal test method is used
to optimize the structure of the cooling plate. The above three
experimental factors are represented by letters A, B, and C
respectively. According to the results of single-factor variable
simulation, each experimental factor has five levels, and the L,s
(5%) orthogonal table is selected. The factor level table is shown in
Table 4.

According to the orthogonal test scheme, the simulation
models corresponding to each factor and each level are
established respectively, and the T,,,,, AT and AP are used as
evaluation indicators. The results of orthogonal test as shown in
Table 5. The trend of the whole orthogonal test results is shown
in Figure 5. The maximum temperature is the smallest at test
number 21, the temperature difference is the smallest at test
number 25, and the pressure drop is the smallest at test
number 22.

3.3.2 Range analysis

The range analysis method (R method) determines the
degree of influence of factors in the orthogonal test on Tmax,
AT, and AP. The larger the R value, the greater the influence of
this factor on the test index. In this paper, R; is used to
represent the range value of the jth column factor. The
specific calculation formula is described as follows (Pan
et al., 2019):

ij = ZTmaxjm (9)
i = K (10)
R; = max(kjm) - min(kjm) (11)

Where Kj,, is the test index sum corresponding to the m level of
the jth column factor; kj,, is the average value of Kj,;; n is the
number of test levels; (j = A, B, C; m = 1,2,3,4,5).

Table 6 shows the results of the range analysis. The order of
the influence degree of the three experimental factors on Ty
AT, and AP is consistent: A > C > B. The cooling channel
diameter has the greatest influence on each index, followed by the
cooling channel spacing, and finally the cooling plate thickness.
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For the maximum temperature index, the optimal factor level
combination is A5;BsCs, at which time the maximum temperature
of the battery module is the smallest. For the temperature
difference index, the optimal factor level combination is
AsBsC,, at which time the temperature difference of the battery
module is the smallest. For the pressure drop index, the optimal
factor level combination is As;B;C,, at which time the pressure
drop between the inlet and outlet of the channel is the smallest.

When evaluating the cooling performance of the cooling plate, it
generally depends on the maximum temperature and temperature
difference of the battery module. While meeting the battery cooling
requirements to the greatest extent, it also has a reasonable voltage
drop. According to the results of the range analysis, factor A has the
greatest influence on the maximum temperature, temperature
difference and pressure drop index. The optimal factor level is 5,
so the cooling channel diameter is 7 mm. Factor B has the least
impact on the three indicators. The optimal factor level for both the
maximum temperature and temperature difference of the battery
module is 5. At the same time, in terms of pressure drop, the optimal
factor level for the minimum pressure drop is 1, but according to
Figure 4B, it can be seen that the thickness of the cooling plate has
little effect on the pressure drop, so the thickness of the cooling plate
is 12 mm. The influence degree of factor C on the three indicators is
the second. As shown in Table 5, the maximum temperature index
values of level 4 and level 5 are not much different, but there is a
large difference in the temperature difference index, so take the level
4 with the smaller temperature difference index value, so the cooling
channel spacing is 16 mm. Finally, considering the three indicators
comprehensively, the optimal combination of structural parameters
of the cooling plate is determined as AsBsC,.

4 Conclusion

1) To promote efficient heat dissipation of the battery, a cooling
plate with cobweb-like channel is designed. The novel
structure is found to be effective in reducing the maximum
temperature and temperature difference of the battery
module through CFD modeling.

2) The comparison of the simulation results between S-type and
C-type shows that the cobweb-like cooling plate has better heat
dissipation, and the maximum temperature and temperature
difference of the battery module are lower, but the channel
pressure drop is slightly higher. Secondly, the flow direction of
the coolant in this structure has an important effect on the heat
dissipation of the battery module. Compared with Iy, the overall
temperature distribution of the coolant is more uniform with the
II¢4 flow direction, and the temperature difference on the surface
of the cooling plate is smaller, thus the overall heat dissipation of
the battery module is better.

3) When the cooling channel diameter is 3~7 mm, the cooling
plate thickness is 8~12mm and the channel spacing is
13~17 mm, the performance of the cooling plate improves
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and the maximum temperature and temperature difference
of the battery module decreases with the increase of the
diameter, spacing and thickness. The orthogonal test results
found that the best heat exchange between the cooling plate and
the battery is achieved when the cooling channel diameter is
7 mm, the thickness of the cooling plate is 12 mm, and the
spacing is 16 mm. In summary, the cobweb-like channel cooling
plate provides a certain reference value for the study of thermal
management of automotive power lithium-ion batteries.
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