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

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

1. Introduction

In recent years, there is an increasing emphasis on the development and use of clean
energy because of the rising CO2 emissions. As the transportation industry with high
emissions, EV is rapidly developing and rising due to their clean, emission-reducing
and energy-efficient characteristics [1]. As the heart of EV, the working condition and
performance of power battery largely determines the performance of EV. Compared with
other batteries, lithium-ion batteries are widely used in EV today due to their high energy
density [2], and the battery’s performance is closely associated with its temperature and
temperature difference [3]. If battery temperature can be controlled at 20–50 ◦C and the
temperature difference can be controlled below 5 ◦C [4], the battery will show good working
performance and long service life. However, its internal violent chemical reaction makes
the temperature difficult to control. Too high a temperature will trigger the side reactions
in it, which will result in thermal runaway and explosion. Therefore, there is a need to
develop an efficient BTMS for effective heat dissipation of the battery to ensure that it is
maintained at an optimal operating condition temperature.

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

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

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

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

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

2. Model Description

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

Specifications Value

Battery pack 864 × 174 × 159 mm
Insulation layer 1 × 174 × 168 mm

Liquid cooling plate 991 × 411 × 51 mm
End plate 912 × 177 × 159 mm
Box cover 991 × 411 × 169 mm

Conductive row 72 × 26 × 2 mm
Nominal voltage 133.2 V

Energy (Cell measurement value calculation) 18 kWh

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

3. Results

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

3.1. Bionic Model Design Parameters

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

H =
x√
Rex

(1)

Rex =
vx
ϑ

(2)

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

3.2. Boundary Conditions

During the simulation, the ternary Lithium battery is discharged in the 1C state. Due
to the large surface area of the cells, the thermal resistance between the cells and the
side plates is neglected. The ambient temperature of the battery pack is set to 25 ◦C. The
coolant inlet and outlet temperature is set to 25 ◦C, and the volume flow rate is set to
5.04 × 10−3 L/min. The end plate and the box are convection heat dissipation with the
outside world, and the convection heat transfer coefficient is 3 W/(m2·K).
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3.3. Control Equations

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

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

(
ρCp

)
cell

∂T
∂t

= kin

(
∂2T
∂x2 +

∂2T
∂y2

)
+ kth

∂2T
∂z2 + qgen (3)

where ρ, Cp, kin, kth and T represent the density, specific heat capacity, in-plane thermal
conductivity, through-plane thermal conductivity and temperature, respectively.

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

qgen =
1

Vb

(
I2R + ITb

dUOCV
dT

)
# (4)

where Vb denotes volume, I denotes discharge current, R denotes internal resistance, Tb

denotes the thermal conductivity of the cell, and dUOCV
dT denotes the entropy thermal coefficient.

The continuity, momentum and energy equations can be expressed as [37]:

∂ρ f

∂t
+

∂ρ f Ui

∂xi
= 0 (5)

∂ρ f Ui

∂t
+

∂

∂xj

(
ρ f UiUj

)
= −∂p′

∂xi
+

∂

∂xj

[
µe f f

(
∂Ui
∂xj

+
∂Uj

∂xi

)]
(6)

∂

∂t

(
ρ f htot

)
− ∂p

∂t
+

∂

∂xi

(
ρ f Uihtot

)
=

∂

∂xi

(
k f

∂T
∂xi

)
+

∂

∂xi
(Uiτ) (7)

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

∂

∂t

(
ρ f k
)
+

∂

∂xi

(
ρ f Uik

)
=

∂

∂xi

[(
µ +

µt

σk

)
∂k
∂xi

]
+ Pk − ρ f ε + Pkb (8)

∂

∂t

(
ρ f ε
)
+

∂

∂xi

(
ρ f Uiε

)
=

∂

∂xi

[(
µ +

µt

σε

)
∂ε

∂xi

]
+

ε

k

(
Cε1Pk − Cε2ρ f ε + Cε1Pkb

)
# (9)
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where k and ε denote the turbulent kinetic energy and turbulent dissipation rate, respec-
tively. The model constants Cε1 = 1.44, and Cε2 = 1.92.

Turbulent viscosity µt and the production term Pk of the solution equations can be
described as:

µe f f = µt + µ (10)

µt = Cµρ f
k2

ε
(11)

Pk = µt

(
∂Uj

∂xi
+

∂Ui
∂xj

)
∂Ui
∂xj

(12)

3.4. Grid Independence Analysis

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

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

Specifications Value

Cell Length 148 mm
Cell width 27 mm
Cell height 97 mm

Weight 0.88 kg
AC internal resistance ≤0.1 mΩ

Nominal capacity 50 Ah
Nominal Voltage 3.7 V

Life cycle ≥2000
Maximum allowable charging temperature range 0–55 ◦C
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4.2. Thermal Model Validation

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

Table 3. CFD calculation parameters.

Specific Heat
(J/kg·K)

Density
(kg/m3)

Thermal Conductivity
(W/m·K)

Dynamic Density
(Pa·s)

Battery pack 1033 2218 17.4, 5.3, 23
Thermal pad 1800 2000 1.8
Epoxy plate 1581 1800 0.2

Insulated board 1260 1150 0.2
Aerogel 1180 230 0.025

Conductive row 900 2700 243
Cabinet 900 2700 209

Coolant
(25/30/35/40 ◦C)

3281 1073 0.38 0.00394
3300 1071 0.384 0.00339
3399 1066 0.391 0.00256
3358 1063 0.394 0.00226

Insulation layer 1700 65 0.034
Heating film 1130 1840 1.2
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5. Results and Discussion
5.1. Performance Comparison of BFS Channel and Flat Type Channel

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

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

The temperature field distribution of the liquid cooling plate for both structures are
shown as Figure 6c,d. In comparison, the BFS liquid cooling plate in Figure 6d exhibits a
lower temperature field distribution on average. It can be seen that the temperature field
of the pack shifts somewhat towards the outlet side and produces better cooling in the
second half of the liquid cooling. The channel temperature on the inlet side is closer to
the initial temperature, and this effect continues until after the sixth bend. Preliminary
analysis suggests that this structure may have had some lifting effect on the flow field flow
velocity to produce this temperature field backward shift. In addition, the uniformity of the
temperature field of the liquid cooling plate is significantly improved after the structural
optimization. Compared to the Tmax of 30 ◦C on the outlet side of the flat plate type, the
Tmax on the outlet side is about 29 ◦C, and the area of the temperature field occupied by the
high temperature is reduced by about 1/4.
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Figure 6. (a) Thermal cloud of cell pack at Tmax of flat type channel (b) Thermal cloud of cell pack
at Tmax of BFS type channel (c) Thermal cloud of liquid cooling plate at Tmax of flat type channel
(d) Thermal cloud of liquid cooling plate at Tmax of BFS type channel (e) Comparison of average
values of temperature along x1 and x2 for both structures.

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

y f lat = −4.2× 10−5x7 + 7× 10−4x6 + 0.0085x5 − 0.28x4 + 2.58x3 − 10.76x2 + 20.84x + 24.88 (13)

y f ish = 5.96× 10−4x7 − 0.0233x6 + 0.3685x5 − 3x4 + 13.7x3 − 34.13x2 + 43x + 16 (14)

where R2
f lat = 0.9631, R2

f ish = 0.9788.
For the flat panel type channel, the Tmax is 39.85 ◦C. There are multiple high tem-

perature fluctuations in the x-direction with a maximum curvature of 2.58 (data points
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one and two). The ∆Tmax is 2.58 ◦C, showing a significant temperature inhomogeneity. In
contrast, the optimized model has a maximum curvature of 1.41, and a flat fluctuation in
the x-direction, with a ∆Tmax of only 2.27 ◦C. Moreover, its maximum temperature point
undergoes a certain shift left, which is consistent with the previous findings. This also
shows that it has better thermal performance results.

5.2. Orthogonal Experiments

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

Table 4. Factor level parameters.

Level 1 2 3 4

D 10 12.5 15 17.5
H 1.75 2.5 3.25 4
S 7 9 11 13

In order to analyze the effect of the parameters of this structure on the thermal perfor-
mance, 16 different parameters of the lower channel structure are designed. Some of the
design drawings are shown in Figure 7.
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Each set of orthogonal experiments is started at an initial temperature of 25 ◦C, and
the parameter settings and results are shown in Table 5. Tmax represents the maximum
temperature of the 36 cells in the pack during discharge in the BFS flow channel. ∆Tmax
represents the maximum value of the difference between the maximum and minimum
temperature of the 36 cells during discharge in the BFS flow channel. ∆T represents the
difference between the maximum temperature of the 36 cells in the flat-type channel and
the BFS channel. The results show that BFS channel produces some thermal performance
optimization at different parameters compared to the Tmax of 39.85 ◦C and ∆Tmax of 2.58 ◦C
under the flat-type channel. The Tmax and ∆Tmax of battery pack are optimized up to 10.8%
and 16.7%, which occur in group 5 and group 2 respectively. The optimization effect of
this structure is a result of a multi-parameter combination, and the optimization effect of
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different parameters for Tmax and ∆Tmax have different optimization effects, as shown in
Figure 8. Therefore, it is necessary to analyze the effect of the three parameters on the two
indicators so that the appropriate combination of parameters can be selected later according
to the specific needs, and the best indicator optimization effect has been achieved.

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

Groups Caliber
(mm)

Breadth
(mm)

Density
(mm) ∆T (◦C) Tmax (◦C) ∆Tmax (◦C)

1 10 1.75 7 0.94 38.91 2.37
2 10 2.5 9 1.1 38.75 2.15
3 10 3.25 11 1.04 38.81 2.28
4 10 4 13 1.05 38.80 2.33
5 12.5 1.75 9 1.61 38.24 2.27
6 12.5 2.5 7 1.07 38.78 2.24
7 12.5 3.25 13 1.09 38.76 2.19
8 12.5 4 11 1.08 38.77 2.24
9 15 1.75 11 1 38.85 2.25

10 15 2.5 13 1.03 38.82 2.23
11 15 3.25 7 1.05 38.80 2.28
12 15 4 9 1.03 38.82 2.27
13 17.5 1.75 13 0.96 38.89 2.27
14 17.5 2.5 11 1.1 38.75 2.18
15 17.5 3.25 9 1.16 38.69 2.29
16 17.5 4 7 1.15 38.70 2.19
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5.3. Analysis of Experimental Results

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

Q = Max{K1, K2, K3, K4} −Min{K1, K2, K3, K4}# (15)

where Ki represents the average of the indicators corresponding to one parameter.
The results of the calculations are shown in Table 6. For the Tmax, S has the maximum

Q, followed by D, and finally H. For ∆Tmax, the influence size is ranked as H > D > S. The
analysis shows that the influence size of the parameters is different for different indicators.
Therefore, the combination of parameters needs to be fully considered in the structural
design to achieve the best thermal performance optimization.

Table 6. Results of orthogonal experimental analysis.

Indicators
Parameters

D H S

Tmax K1 38.8175 38.7225 38.7975
K2 38.6375 38.775 38.625
K3 38.8225 38.765 38.795
K4 38.7575 37.7725 38.8175
Q 0.1850 0.0525 0.1925

∆Tmax K1 2.2825 2.29 2.27
K2 2.235 2.2 2.245
K3 2.2575 2.26 2.2375
K4 2.2325 2.2575 2.255
Q 0.05 0.09 0.0325

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



Batteries 2023, 9, 134 13 of 18

In addition, the effect of different levels of a single parameter on battery cooling is
analyzed. Obviously, the increase in D produces a larger heat exchange area. However,
when D increases from 13 mm to 17.5 mm, Tmax has a slight increase of 0.055 ◦C rather than
a decrease as shown in Figure 10a. Moreover, a larger increase of 0.052 ◦C in ∆Tmax occurs
during this process. As D increases, Tmax and ∆Tmax produce a decrease in the overall trend,
but with some degree of upward fluctuation.
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Figure 10. (a) Curve of the effect of D on Tmax and ∆Tmax (b) Curve of the effect of H on Tmax and
∆Tmax (c) Curve of the effect of S on Tmax and ∆Tmax.

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

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

5.4. Analysis of BFS Structure Design Principles

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

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

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

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

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

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

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

(3) The mechanism of action of the structure is also deeply explored in this study. It
is found that vortex flow is generated in the microstructure, which reduces the friction of
coolant and increases the flow velocity. This mechanism of action avoids the collision of
coolant with the flow channel and increases the flow velocity by a maximum of 2.72% and
reduces the flow pressure by 4.98%. Further research ideas are provided for BTMS using
high viscosity with high density coolant.
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