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Abstract: Air-cooled battery thermal management system (BTMS) technology is commonly used to
control the temperature distribution of the battery pack in an electric vehicle. In this study, parallel
plates are introduced to improve the cooling efficiency of the BTMS, which can change the airflow
distribution of the battery pack. Firstly, the effect of the number of parallel plates on the cooling
performance of the BTMS is investigated; within the acceptable range of power consumption loss, the
model with two parallel plates shows the best cooling efficiency, and Tmax and ∆Tmax are reduced
by 2.42 and 3.46 K, respectively. Then, the influences of the length and height of parallel plates
are studied; the optimal values for length and height are 1.5 and 30 mm, respectively. Finally, the
conclusions drawn above are used to design three optimization schemes for the model with four
parallel plates; the cooling efficiency of the battery pack can be improved efficiently, which illustrates
the feasibility of the above conclusions. Compared to the original model, Tmax and ∆Tmax are,
respectively, reduced by 3.37 K (6.17%) and 5.5 K (71.9%) after optimization.

Keywords: battery thermal management system; parallel plate; air-cooled; computational fluid
dynamics; cooling performance

1. Introduction

Today, the massive emission of carbon dioxide leads to the gradual aggravation of
the greenhouse effect. To reduce the emission of carbon dioxide from the transportation
industry, electric vehicles (EVs) are a good choice and have been developed rapidly in recent
years [1]. The battery pack plays an important role in the component of an EV, and the
economy, mileage, and power performance of EVs are determined by the performance of
the battery packs [2]. Lithium-ion batteries are widely used in EVs due to the characteristic
of high energy density and low self-discharge rate. The performance and life of lithium-
ion batteries are closely related to temperature; the operating temperature of lithium-
ion batteries should be controlled within the range of 25–40 ◦C [3], and the maximum
temperature difference of the battery pack should be kept within 5 ◦C [4]. An extremely
high temperature or temperature difference of the battery pack will accelerate the electrode
degradation and the reduction in lithium-ion battery capacity, and even threats to the safety
of EVs such as fire and explosion, while an extremely low temperature will increase the
internal resistance and cause under-capacity of batteries [5].

To this end, it is necessary to design a rational and efficient battery thermal manage-
ment system (BTMS) that can ensure the temperature and temperature difference of the
battery pack within a normal range. The optimization of the cooling module and strategy
has been widely studied. BTMS technology is mainly divided into three different types: air
cooling, liquid cooling, and phase change material (PCM) cooling [6]. Compared to liquid
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cooling technology and PCM cooling technology, air cooling technology has been employed
extensively due to the advantages of low cost, long service life, and no additional weight.

The cooling performance can be enhanced by improving the flow pattern of the battery
pack, and changing the structure of the model is an efficient choice. Peasran et al. [7]
compared the thermal performance for serial cooling and parallel cooling of a battery pack,
and the results indicated that the one with parallel ventilation provided a lower maximum
temperature of the battery pack and obtained better temperature uniformity. Based on
the parallel air-cooled BTMS, the spacing among the cells and the cell arrangement were
the focus of the research. Severino et al. [8] optimized the cell spacing by introducing
computational intelligence techniques, and a trade-off between the area, temperature, and
power consumption of the system was found; meanwhile, the maximum temperature
and maximum temperature difference of the battery pack both obtained a decrease of 2 K.
Chen et al. [9] proposed a novel optimization strategy of cell spacing among the battery
cells; in the case of steady and unsteady heat generation rates, the maximum temperature
difference of the battery pack was reduced by 29% and 37%, respectively. Wang et al. [10]
compared the cooling performance in the same conditions under five battery arrangements,
and the results showed that the best cooling capability and the lowest cost were achieved
by the 5 × 5 cubic structure, but in terms of the space utilization and the cooling efficiency,
axisymmetric module structure was a better choice. It is also an effective way to acquire
a different flow pattern by adjusting the position of the inlet and outlet of the BTMS.
Nine kinds of air-cooled systems with different inlet and outlet location were proposed
by Chen et al. [11], and the flow and temperature fields were calculated and compared; it
was found that when the inlet and outlet were both located at the middle of the module,
the system obtained the best cooling performance. The influence of the quantity of the
inlet and outlet has also been studied. Hong et al. [12] introduced a second outlet to the
battery pack, and the influences of the position and size of the second vent on cooling
efficiency were studied; the numerical calculation results showed that when the secondary
vent was located against the outlet of the system, the maximum temperature of the battery
pack was reduced by 5 K, and the maximum temperature difference was reduced by 60%.
Shahid al. [13] added a secondary inlet to change the direction of the airflow, and the
cooling performance of the battery pack was significantly enhanced. Park [14] combined
the secondary vent with the tapped ducts to increase the cooling efficiency of the air-
cooled BTMS. The cooling performance can be improved by introducing the tapered
inlet and outlet manifolds in particular. Xie et al. [15] designed a three-factor orthogonal
experiment; the air inlet and outlet angle were optimized, and the maximum temperature
and maximum temperature difference of the battery pack were reduced by 12.82% and
29.72%, respectively. Chen et al. [16] proposed an optimization strategy to obtain the
optimal angles of the plenums, and the cooling efficiency was improved without the total
volume and power consumption of the system.

The method of adding one or more partitions to the cooling module has been proven
to be feasible. Shahid al. [17] added a thin separating plate to the air-cooled BTMS; the
airflow was separated from the inlet plenum and the battery cells, and the best temperature
performance of the battery pack was acquired when the separating plate length was
121 mm. Na et al. [2] added a transverse partition to the battery pack module, and the
cooling flow was divided into multilayer flow channel; as a result, the maximum average
temperature difference of the system was reduced by 1.1 K. Zhang et al. [18] added spoilers
in the battery pack module directly under the cooling channel, and compared with the
original model, the maximum temperature and maximum temperature difference of the
optimal model, respectively, obtained a 6.66% and 94.24% reduction.

Therefore, it is a main method to improve the cooling performance by changing the
airflow distribution in the BTMS. Previous studies have paid more attention to designing
the high-efficiency cooling structure of the battery pack. There are few studies on improving
the airflow distribution by adding a parallel plate in the cooling channel. Zhang et al. [18]
added spoilers to the Z-type BTMS, and the influences of the inclination angle and height
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of spoilers on cooling performance were studied. However, their work was not targeted,
resulting in inefficiency, and the situation of spoiler installation in the cooling channel
was not fully considered. In this study, the typical Z-type air-cooled BTMS was employed
as the research object. To reduce the airflow into the cooling channel where the airflow
velocity is higher, the parallel plates were installed at the side of the battery cells (in
the cooling channel). The airflow velocity in each cooling channel was adjusted to be
more uniform, and the cooling performance of the system could also be improved. The
numerical computation method was employed to simulate and analyze the flow and
temperature fields of the BTMS. The influence of the number of parallel plates on the
cooling performance of the battery pack was investigated firstly. Then, the impact trends
of the position and length of parallel plates were also studied. Finally, the influence rules
of those factors were verified by applying them to one case. The method proposed in
this study is feasible for providing a reference to enhance the cooling efficiency of other
air-cooled BTMSs.

2. Materials and Methods
2.1. Physical Model
2.1.1. Battery Pack Model

In this paper, the Z-type air-cooled BTMS was employed, and the three-dimensional
(3D) diagram of the model is shown in Figure 1a. In order to achieve efficient simulation,
the positive and negative parts of the battery were ignored. Figure 1b shows the two-
dimensional (2D) diagram of the battery pack. As shown in Figure 1, the Z-type air-cooled
BTMS consists of eight prismatic battery cells (denoted as Bat1 to Bat8) and nine cooling
channels (denoted as cooling channel1 to cooling channel9). The length, width, and height
of the battery cell are 27 × 70 × 90 mm. The height and length of the inlet and outlet
manifolds are, respectively, set to 20 and 100 mm, and the width of each cooling channel is
set to 3 mm. The specific details of the air and battery cell in Ref. [11] are summarized as
follows: the specific heat, density, dynamic viscosity, and thermal conductivity of the air are
1005 J/(kg·K), 1.165 kg/m3, 1.86 × 10−5 kg/(m·s), and 0.0267 W/(m·K), respectively, and
the specific heat and density of the battery are 1337 J/(kg·K) and 1542.9 kg/m3, respectively.
In this study, the 3D model was simplified into a 2D model, the properties and calculation
in the direction of the length of the battery pack (70 mm) were ignored, and in the direction
of height and width, the thermal conductivity of the battery was 1.05 and 21.1, respectively.
The heat generation power of each battery cell was 11.8 W. The ambient temperature and
inlet airflow velocity were set to 299.15 K and 3.5 m/s, respectively.

2.1.2. Parallel Plate Model

For the original air-cooled model, the airflow velocity in each cooling channel is not
uniform, and the airflow velocities in the cooling channels near the air inlet are low, while
those away from the air inlet are high, which leads to a large temperature difference of
the battery pack. According to the above description, parallel plates were introduced to
change the airflow distribution. The parallel plates were set to be adiabatic, and thickness
was ignored. The number, length, and height of parallel plates can be adjusted, and the
effects of these factors on the cooling performance of the battery pack are investigated in
this paper. Figure 2 gives an example of the BTMS with two parallel plates.
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cooled battery thermal management system (BTMS); (b) 2D diagram of the Z-type air-cooled battery thermal management
system (BTMS).
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plates; (b) 2D example of adding two parallel plates.

2.2. Numerical Method
2.2.1. Numerical Model

In the present study, for an air-cooled BTMS, the maximum battery temperature (Tmax),
the maximum temperature difference (∆Tmax), and power consumption of the battery pack
were chosen as the evaluation indexes of the cooling performance, where each battery
temperature represents their average temperature. The computational fluid dynamics
(CFD) method was employed to simulate the temperature and flow fields of the system.
Power consumption is associated with the pressure drop (∆P), and the equation to calculate
the power consumption is:

WP = (Pin − Pout)×Q0 (1)

P = Pin − Pout (2)

where WP is the power consumption, Q0 is the inlet air flow rate, and Pin and Pout are the
average pressure at inlet and outlet sections. Due to the same inlet airflow velocity of all
cases, ∆P was used to evaluate the capacity to consume power in this study. On account
of the inlet airflow velocity of 3.5 m/s, which is much smaller than the acoustic velocity,
air was treated as the incompressible fluid. Therefore, the Navier–Stokes (N-S) equation
was chosen as the governing equation [19]. The Reynolds number was 6795 based on the
inlet airflow velocity, which is larger than 3000, so the status of the airflow was regarded
as turbulent flow. Therefore, the standard k-ε model was employed in this study, and the
Enhanced Treatment was selected [18]. All the governing equations are shown below.
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Continuity equation:
∇·→v = 0 (3)

Energy conservation equation:

ρaca
∂Ta

∂t
+∇·

(
ρaca

→
v Ta

)
= ∇·(ka∇Ta) (4)

Momentum conservation equation:

ρa

→
dv
dt

= −∇p + µa∇2→v (5)

or:

ρaµj
∂µi
∂µj

= − ∂P
∂xi

+
∂

∂xj

[(
µ + µj

) ∂µi
∂µj

]
(6)

Turbulent kinetic energy equation:

∂

∂t
(ρk) +

∂

∂xj

(
ρkµj

)
=

∂

∂xj

((
µ +

µt

αk

)
∂k
∂xj

)
+ Gk + Gb − ρε−YM + Sk (7)

Turbulent kinetic energy dissipation equation:

∂

∂t
(ρε) +

∂

∂xj

(
ρεµj

)
=

∂

∂xj

((
µ +

µt

αk

)
∂ε

∂xj

)
+ C1ε

ε

k
(Gk + C3ε + Gb)− ρC2ε

ε2

k
− Sε (8)

where ρa, Ca, ka, and µa represent the mass density, specific heat, thermal conductivity,
and dynamic viscosity of the cooling air, respectively;

→
v , Ta, and p represent the velocity,

temperature, and static pressure, respectively; k and ε are, respectively, the turbulent
kinetic energy and turbulent dissipation rate; µi and µj are the component of the velocity
vector; µ and µt are the molecular and turbulent dynamic viscosity, respectively; Gk and Gb
are, respectively, the turbulent kinetic energy generation result of mean velocity and the
turbulent kinetic energy caused by buoyancy effects; YM is the contribution of fluctuating
dilatation incompressible turbulent to the total dissipation rate; Sk and Sε are, respectively,
the source terms of k and ε; αk and αε represent the inverse effective Prandtl numbers,
which are constant; C1ε, C2ε, and C3ε are the empirical parameters.

The above equations were solved by the SIMPLE algorithm in the CFD software
ANSYS-FLUENT; furthermore, the central-differencing and second-order upwind schemes
were employed to discretize the diffusive terms and convective terms. For the definition
of the boundary, the velocity-inlet and pressure-outlet were selected, and the ambient
pressure was set to atmosphere pressure. The surrounding wall was set to be adiabatic.
Additionally, the following assumptions were considered in the simulation:

(1) The physical properties of the air and batteries are constant;
(2) the battery module is considered as a constant heat source and the heat generation

rate is constant;
(3) the ambient temperature and pressure are constant.

The simulation stops when the iteration residuals of continuity and energy equations
fall below 10−4 and 10−6, respectively.

2.2.2. Grid Independence Analysis

For the same air-cooled BTMS, Chen et al. [11] have verified that under the same
conditions, there was a very small error of the CFD calculation results between the 2D
model and 3D model, which was acceptable. Therefore, in this study, due to the fewer
grids, the 2D calculation model of the air-cooled BTMS was adopted to save the calculation
time. The grid and partial enlargement of the model are shown in Figure 3. The grid of the
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boundary layer was encrypted. Parallel plates only serve a function of changing the flow
pattern in this study. Under the premise of ensuring accuracy, to reduce the number of
grids and enhance the calculation efficiency, a grid independence analysis study was done.
The maximum temperature and minimum temperature of the battery pack were used to
examine the grid independence. Figure 4 shows the variation of two values as the number
of grids increases; it can be found that when the number of grids is larger than 73,272, the
maximum temperature and minimum temperature of the battery pack change less than
0.02 and 0.03 K, respectively. Thus, a similar grid size was adopted in the following study.
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2.2.3. Validation of the Computational Fluid Dynamics (CFD) Method

Chen et al. [11] replaced the batteries with aluminum blocks, and the same model of
this study was investigated by experiment. Under the condition of inlet airflow velocity
of 3, 3.5, and 4 m/s, the temperature of the center of each block’s surface was measured.
The details about the experiment can be found in [11]. To verify the feasibility of the
CFD method in this paper, the simulation was carried out under the same experiment
parameters. The maximum temperature and minimum temperature of the battery pack
were chosen as the target parameters, and the results show that both for experiment and
simulation, the highest and lowest temperature are located at the second and eighth battery
cell, respectively. The comparison of the simulation results and experimental results are
shown in Figure 5; as it can be seen, the error of the highest and lowest temperature is
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within 0.47% and 0.26%, respectively, which is acceptable. Thus, the CFD method used in
this paper is feasible.
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3. Results and Discussions
3.1. Install Parallel Plate to the Cooling Channel from High Air Velocity to Low Air Velocity

The flow and temperature fields of the basic model are shown in Figure 6. It can be
seen in Figure 6a that the airflow velocities in the cooling channel near the air inlet are
low, while those away from the air inlet are high, which leads to the temperature of the
battery cells near the air inlet being high and those away from the air inlet being low; the
temperature contour is shown in Figure 6b. To ensure the temperature uniformity of the
battery pack, the airflow velocity in each cooling channel should be uniform. According
to the above analysis of the basic model, to reduce the airflow velocity of those cooling
channels with high airflow velocity, the parallel plates were installed in the cooling channel
with high airflow velocity, and the installation location was the battery side. Figure 2
shows the installation details; the length and height were initially set to 1.5 and 0 mm,
respectively. The effect of the number of parallel plates on temperature performance was
studied. Parallel plates were gradually added from the cooling channel with the highest
airflow velocity to the lowest airflow velocity; the number of parallel plates gradually
increased from 0 to 9, and the corresponding cases were denoted as case0 to case9. For
example, when two parallel plates were installed, the first parallel plate was added in the
highest airflow velocity cooling channel, and the second parallel plate was added in the
second-highest airflow velocity cooling channel, and this case was denoted as case2, as
can be seen in Figure 2. Tmax, ∆Tmax, and ∆P of the battery pack under various numbers
of parallel plates are shown in Figure 7; as can be seen, the cooing efficiency of the BTMS
can be significantly improved by installing parallel plates. Tmax and ∆Tmax of the battery
pack were both reduced compared to the original model. As the number of parallel plates
increased, Tmax and ∆Tmax first decreased, then increased and decreased finally, showing
an s-shaped trend; ∆P increased gradually. Regardless of the pressure drop, case9 achieved
the best battery performance; the smallest Tmax and ∆Tmax were both obtained, and the
values were 325.06 and 3.01 K, respectively. However, the pressure drop of case9 was
34.76 Pa, which is 1.5 times more than the basic model. Considering the pressure drop
within an acceptable range, case2 showed a better cooling performance with a lower ∆P
increase, and the values of Tmax and ∆Tmax were 325.39 and 3.89 K, respectively, which
were reduced by 2.42 and 3.76 K, respectively, compared to the basic model. Figure 8 shows



Energies 2021, 14, 3096 9 of 17

the flow and temperature fields of case2. As can be seen in Figure 8a, compared to the
basic model shown in Figure 6a, a marked change in the velocity distribution can be found;
the airflow velocity in the cooling channel where the parallel plates are located decreased
significantly, which led to an obvious increase in the temperature of the battery cell at the
corresponding position; the temperature distribution of case2 is shown in Figure 8b.
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The temperature of each battery cell was associated with the airflow velocity on both
sides of the battery cell; the greater the airflow velocity, the larger the Reynolds number
and the larger the heat transfer coefficient, and a high cooling efficiency was achieved. The
airflow distribution of case0, case2, case5, and case9 are depicted in Figure 9. As can be
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seen, the airflow distribution was obviously changed after adding the parallel plates; the
airflow velocities of those cooling channels with parallel plates were significantly reduced,
while those without parallel plates were increased. As a result, the temperature uniformity
of the system was improved. According to the s-shaped trend shown in Figure 7, when the
number of parallel plates exceeded 2, the position of the highest temperature battery cell
was changed. The reason can be summarized as follows: some battery cells have parallel
plates installed on their sides, and the airflow velocities in those cooling channels with
parallel plates drop too much so that the temperature of the current battery cell increases
too much and exceeds the original highest temperature. ∆Tmax is also increased, until the
number of parallel plates exceeds 7 and the turning point appears again; this is due to the
disappearance of the above phenomena.
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3.2. The Influence of the Length of Parallel Plates

According to the above analysis, the models with two and nine parallel plates (case2
and case9) were chosen as objects of the following research; other conditions remained
unchanged. The influence of the length of parallel plates on cooling performance was
studied, and the calculation results are shown in Figure 10. The length of all parallel plates
was changed at the same time from 0.9 to 2.1 mm with a 0.3 mm step size. As can be seen
in Figure 10a, for the model with two parallel plates, when the length of parallel plates was
1.5 mm, the values of Tmax and ∆Tmax are both the lowest; they were 325.39 and 3.89 K,
respectively. As can be seen in Figure 10b, for the model with nine parallel plates, when the
length of parallel plates was 2.1 and 1.8 mm, respectively, the values of Tmax and ∆Tmax
both reach the minimum; the values were 323.27 and 1.23 K, respectively. Both for case2
and case9, as the length of parallel plates increased, the pressure drop increased gradually;
the reason is that the longer the parallel plates, the greater the resistance to airflow.
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Figure 10. Tmax, ΔTmax, and ΔP of the battery pack under various lengths of parallel plates; (a) cooling performance in case2 
under various lengths of parallel plates; (b) cooling performance in case9 under various lengths of parallel plates. 
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Figure 10. Tmax, ∆Tmax, and ∆P of the battery pack under various lengths of parallel plates; (a) cooling performance in
case2 under various lengths of parallel plates; (b) cooling performance in case9 under various lengths of parallel plates.

Figure 11 shows the influence of the length of parallel plates on temperature and
velocity distribution of the model. For case2, under various lengths of parallel plates, the
temperatures of eight battery cells are depicted in Figure 11a, and the average velocit in
each cooling channel is depicted in Figure 11b. As the length of parallel plates increased,
the resistance to airflow became greater; the average velocity in the cooling channel with
parallel plates installed was significantly reduced, which caused the temperature of the
corresponding battery cell to rise; there was a slight increase in the average velocity in other
cooling channels, so the temperature of other battery cells had a slight drop. The turning
point was 1.5 mm for the five length parameters. It can be found that when the length of
parallel plates was greater than 1.5 mm, the temperature of the eighth battery cell increased
too much, exceeding the temperature of the second battery cell (the previous hottest battery
cell) and becoming the highest temperature, and a higher temperature difference of the
battery pack was also produced. For case9 (each cooling channel has installed a parallel
plate), the calculation results are shown in Figure 11c,d. As the length of parallel plates
increased, the velocity distribution of the battery pack became more uniform; meanwhile,
Tmax of the battery pack was gradually reduced; however, to obtain the good temperature
performance, the power consumption caused by excessive pressure drop was unacceptable.
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Figure 11. Effect of the length of parallel plates on temperature and velocity distribution of the model; (a) temperature
distribution in case2; (b) velocity distribution in case2; (c) temperature distribution in case9; (d) average distribution in case9.

3.3. The Influence of the Position of Parallel Plates

Due to the best cooling performance, the BTMS with two 1.5 mm parallel plates (case2)
was chosen as the next research object. The effect of the installation position of parallel
plates was studied. In the above study, the parallel plate was installed at the bottom side of
the battery. In this section, as shown in Figure 2, the height of parallel plates was changed at
the same time from 0 to 90 mm with a 15 mm step size, and the calculation results about the
temperature and velocity distribution of the battery pack are shown in Figure 12. As shown
in Figure 12a, only the temperature of and seventh battery cell fluctuated considerably, the
maximum fluctuation was 2.89 and 0.82 K, respectively, and the eighth battery temperature
presented a lower value when the height was 30 or 45 mm. Other battery cells’ temperature
all kept the fluctuation within 0.5 K. The pressure drop was less affected by the installation
height of parallel plates, it showed a trend of decreasing first and then rising. Figure 12b
compares the airflow average velocity in each cooling channel with various installation
heights of parallel plates; it can be found that the airflow average velocity in the cooling
channel8 and cooling channel9 had an obvious fluctuation, while the airflow average
velocity in other cooling channels was stable. As we know, parallel plates were added in
the cooling channels on the sides of the eighth battery cell, so the conclusion was drawn
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as follows: the temperature of those battery cells with added parallel plates on the side is
significantly influenced by the installation height of parallel plates.
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Figure 12. Effect of parallel plates installation height on cooling performance of the model; (a) cooling performance of the
model under various installation height of parallel plates; (b) airflow distribution of the model under various installation
height of parallel plates.

3.4. Optimization Based on the Model with Four Parallel Plates

To verify the applicability of the conclusions obtained above, case4 was chosen as
the research object, and three optimization schemes were put forward according to the
above conclusions, which were, respectively, denoted as case4-opt1, case4-opt2, and case4-
opt3; the specific measures corresponding to each scheme are depicted in Table 1, and
the values of Tmax, ∆Tmax, and ∆P of the battery pack in each case are also summarized.
Figure 13 shows the calculation results about the temperature of the eight battery cells.
As can be seen in Figure 13, the temperature distribution of the module was changed
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significantly after optimization; Tmax and ∆Tmax of the battery pack were smaller than
those before optimization. It can also be found that the temperature of all battery cells in
case4-opt2 was lower than those in case4. In Table 1, the pressure drop of three optimization
systems fluctuated by a range of about 1.5 Pa compared to case4; therefore, the influence of
the power consumption was small and negligible. The values of Tmax and ∆Tmax of the
case4-opt3 both were the smallest; they were 324.44 and 2.15 K, respectively, which were
reduced by 1.44 and 2.16 K, respectively. Figure 14 shows the temperature contours of four
cases, which clearly describes the temperature changes of case4 under three optimization
schemes; the temperature of the sixth and seventh battery cells dropped significantly, and
the temperature distribution became more uniform.

Table 1. Specific measures corresponding to each scheme.

Case Height of Parallel Plates Length of Parallel
Plates Tmax (K) ∆Tmax

(K) ∆P (Pa)

Case4 Set all to 0 mm Set all to 1.5 mm 325.88 4.31 25.78
Case4-opt1 Set all to 0 mm Set all to 1.2 mm 324.73 2.20 24.35

Case4-opt2 Set the first three (from left to right) to
30 mm, set the fourth to 0 mm. Set all to 1.5 mm 324.59 3.05 26.07

Case4-opt3 Set the first three (from left to right) to 30mm,
set the fourth to 0 mm. Set all to 1.2 mm 324.44 2.15 24.29
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duced by 1.44 and 2.16 K, respectively. Figure 14 shows the temperature contours of four 
cases, which clearly describes the temperature changes of case4 under three optimization 
schemes; the temperature of the sixth and seventh battery cells dropped significantly, and 
the temperature distribution became more uniform. 

Table 1. Specific measures corresponding to each scheme. 

Case Height of Parallel Plates Length of Parallel Plates Tmax 
(K) 

ΔTmax 
(K) 

ΔP 
(Pa) 

Case4 Set all to 0 mm Set all to 1.5 mm 325.88 4.31 25.78 
Case4-opt1 Set all to 0 mm Set all to 1.2 mm 324.73 2.20 24.35 

Case4-opt2 Set the first three (from left to right) to 
30 mm, set the fourth to 0 mm. 

Set all to 1.5 mm 324.59 3.05 26.07 

Case4-opt3 Set the first three (from left to right) to 
30mm, set the fourth to 0 mm. Set all to 1.2 mm 324.44 2.15 24.29 
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For those optimal and basic systems, the calculation results about Tmax and ∆Tmax
of the battery pack under various inlet airflow velocities are shown in Figure 15. As can
be seen in Figure 15, as the inlet airflow velocity increased, Tmax of all cases had a certain
degree of reduction, but ∆Tmax was not sensitive and stayed relatively stable. The best
cooling efficiency was obtained by case4-opt3 at different inlet airflow velocities. Hence,
the above conclusions can be applied to other situations effectively.
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4. Conclusions

In this paper, parallel plates were introduced to change the airflow distribution of
the battery pack, and the cooling efficiency was effectively improved. The CFD method
was verified by the experiment results, so the flow and temperature fields were obtained
by simulation. Firstly, the effect of the number of parallel plates on cooling performance
was studied. The best cooling performance case was always selected as the next research
object. Secondly, the effects of the length and height of parallel plates on cooling efficiency
were investigated. Finally, three optimization schemes were designed for one previous
case (case4), and the validity of the conclusions was verified. The following findings and
conclusions can be obtained in this study.

(1) The cooling performance of the BTMS can be significantly improved by adding the
parallel plates. The effect of the number of parallel plates on cooling performance
was investigated; when the number of parallel plates was nine, Tmax and ∆Tmax were
both lowest, but ∆P increased greatly. Considering the acceptable range of power
consumption loss, the best cooling efficiency was obtained by the model with two
parallel plates; Tmax and ∆Tmax of the battery pack were, respectively, reduced by
2.42 and 3.46 K compared to the original model.

(2) As the length of parallel plates increased, the pressure drop gradually increased. For
the model with two parallel plates, the best cooling performance was obtained when
the length of parallel plates was 1.5 mm. For the model with nine parallel plates,
to obtain the good temperature performance, the power consumption caused by
excessive pressure drop was unacceptable.

(3) With the increase of the height of parallel plates, the temperature of the battery cell
without adding parallel plates was insensitive; instead, the temperature of the battery
cell with parallel plates added on the side fluctuated significantly, showing a trend of
decreasing first and then rising.

(4) The cooling performance of the battery pack can be improved by the optimization
schemes designed in this paper. For those cases, Tmax and ∆Tmax of the battery pack of
the third optimization system were, respectively, reduced by 3.37 and 5.5 K compared
to the original model, which achieved the best cooling performance. The temperature
uniformity of all cases remained stable for the various inlet airflow velocities.
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