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Abstract: Electric vehicles (EVs) and hybrid electric vehicles (HEVs) are a new trend for the vehicle
industry, due to the environmental regulations of the internal combustion engine (ICE) and pollutant
emission of transportation. However, despite being very promising, the durability of the battery, due
to overheating, is still an obstacle. In particular, electric vehicle batteries are manufactured with high
voltage and high capacity to ensure power and energy efficiency. For this reason, a high temperature
is generated in the system, which reduces the battery performance and life cycle. In this study,
three different layouts, based on a direct contact air-cooled system, are designed to compare and
improve the cooling performance. Further, a battery cooling test is conducted to verify the designed
model. The results show that the spoiler model reduces the maximum battery temperature by (about)
16%, and effectively improves the temperature distribution of the battery cell by (about) 65%, when
compared with a conventional cooling method without a spoiler.

Keywords: lithium-ion battery; numerical simulation; thermal management; air cooling; spoiler
model; temperature uniformity

1. Introduction

With the recent reinforcement of environmental regulations for internal combustion
engines, more people are looking to eco-friendly electric vehicles (EVs) and hybrid electric
vehicles (HEVs) [1,2]. For running an EV or HEV, a Li-ion battery system is essential.
Because a series of chemical reactions occur during the use of the battery, heat generation
inside the battery is unavoidable [3]. In particular, since the EV battery system has more
prominent dynamic characteristics of heat generation than other battery systems, due to
frequent load fluctuations, it is important to regulate the battery operating temperature
consistently (20 ◦C to 40 ◦C) for stable vehicle performance [4]. In addition to performance
degradation resulting from heat, the lifespan of a battery gradually decreases because
of different factors, such as repeated charging and discharging, state of charge, current,
and previous history, which is known as the “battery aging from use” [5,6]. Therefore,
it is necessary to maintain the proper battery operating temperature, through a thermal
management system, for the optimal performance and long-term durability of EVs [7,8].
Not all cylindrical batteries are applicable, but, generally, cylindrical batteries have a lower
energy density than other types of battery, requiring more cells to generate high capacity, as
well as extra space. Owing to such limitations, when battery cells are integrated in a narrow
space, the temperature of each battery cell is higher, due to the limited air flow, than when
a single cell is used [9]. Therefore, cylindrical battery cells have more spatial constraints
than other types of battery cells. Battery cooling systems can be divided according to the
method of heat exchange, including forced air cooling, forced water cooling, oil, other
cooling methods, and phase change materials (PCMs), as shown in Figure 1 [10–14].
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Figure 1. Types of battery cooling systems.

As shown in Figure 1, the air cooling type and the PCM type exchange heat through
direct contact, while the water cooling type involves water or oil passing through channels.
Extensive research has been performed on air cooling systems because of their various
strengths, such as cost and low weight. Xie et al. analyzed the correlation between the fluid
passage angle and cooling performance in air cooling systems, and proposed a passage
angle for maximum efficiency [15]. Wang et al. assessed the cooling performance according
to the number and arrangement of cells, and the location of fans and vents, and suggested
the optimal cell and fan arrangement [16]. The FEA model studied by Wang et al. did not
consider battery pack components other than the batteries. This can be solved by deriving
the error range by conducting experiments. However, there is an uncertain aspect because
there is no such process. Fan et al. analyzed the relationship between the arrangement
of cells, fluid output and input temperature, and the cooling system using cylindrical
battery cells [17]. By comparing the performance according to the cooling method, Chen
et al. found that the air cooling type consumes the most power when the maximum
temperature is controlled within a certain range [18]. Sun et al. proposed a cooling strategy
to improve the temperature uniformity inside the battery pack [19]. They suggested several
ducts with an optimal design and improved temperature uniformity by making a “Z-type”
duct. Because the Z-type duct proposed by Sun et al. was designed using pouch-type
batteries, the batteries are arranged in a straight line, producing even air flow. However,
cylindrical battery cells with curved cell arrangements have uneven air flow between the
cells, resulting in different temperatures around the cells [20]. Liu et al. proposed a “J-type”
duct, and improved the performance of the battery pack cooling system [21]. These studies
mainly focused on the maximum temperature to improve the cooling performance, while
insufficient research has been conducted on constant temperature distributions. In addition,
if the shape of the inlet of the air flow channel for cooling the battery is changed, it is
difficult to change the design of the vehicle engine room where the batteries are installed.
Any volume and weight increases are disadvantageous, in terms of fuel efficiency and
the weight of the automobiles. In this study, without changing the volume of the battery
pack, the cooling performance was investigated by designing a fluid passage that achieves
uniform temperature distribution inside the cylindrical battery pack. For consistent cooling
for a battery pack, a method was developed to increase the amount and rate of air flow in
locations with higher temperatures, by using a spoiler. The weight of the battery pack case
used in this study was around 1.3 kg, while the spoiler weighed about 1 g. Compared to the
total weight, the weight of the spoiler was so light that it should not affect motor driving.
Therefore, the design used in this study is superior, in practical terms, to previous studies
on battery pack uniformity. In addition, a cooling system suitable for a cylindrical battery
pack was developed and tested by simulating and comparing the cooling performances of
the previously presented Z-type model and the proposed spoiler-type model.
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2. Battery Simulation Modeling
2.1. Research Process

The research objective was to improve the temperature uniformity, to within the stan-
dard deviation range, by reducing the maximum temperature of the previously proposed
Z-type model. When the temperature deviation was reduced to within the standard devia-
tion, through simulation, the temperature uniformity improved by 40%, which was the goal
when designing the cooling system. If the simulation result did not exceed the standard,
the optimal position and length were determined by modifying the location of the spoiler.
Once the improvement in the cooling performance was confirmed, using computational
fluid dynamics (CFD), the validity of this study was verified with experiments.

2.2. Lumped Thermal Model for Li-Ion Battery Cell

Li-ion batteries generate the following four types of heat when being used: reaction
heat, Joule’s heat, polarization heat, and side reaction heat. Wan suggested Equation (1) for
the process of heat generation in batteries [22].

q =
I2(OIR + PIR)

V
, (1)

In the equation, q is the heat generation rate per unit volume, I indicates the current,
OIR is the ohmic internal resistance (IR) of the battery, PIR is the polarization IR of the
battery, and V refers to the volume of the Li-ion battery.

Wan assumed that the thermal properties of the internal material are uniform in a
battery heat transfer simulation study, and that uniform heat is generated in each part of
the battery by ignoring the convection and radiant heat transfer occurring between solid
and liquid materials, and maintaining the internal current balance [22]. Therefore, through
this assumption in this study, the battery thermal model was assumed to be a lumped
capacity method to reduce the computational load.

2.3. Battery Pack Modeling

The battery model applied in this study consisted of 27 cells of the 18650 cylindrical
lithium-ion battery, and Figures 2 and 3 show the specifications of the exterior case, interior
design, and battery pack. The battery cells were arranged in nine rows in an in-line tube
bank form.
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(c) top view of spoiler-type model.

A battery management system (BMS) was installed at the outlet of the cooling channel
to minimize friction loss in the cooling air flow. Three different layouts, i.e., the Z-type
cooling path model, a model with a heatsink at the outlet, and the spoiler-type model
proposed in this study, were applied to compare and improve the cooling performance.
For the Z-type model, the inlet and outlet air flow channels are located diagonally in the
battery case. In addition, the air flow channels are 5 mm in size and are situated at intervals
of 15 mm for uniform air distribution to the battery cell. Moreover, the last interval at the
channel outlet is 13 mm. The ‘Heatsink model’ employs a series of 5 mm deep grooves,
manufactured at 2 mm intervals, in a heatsink shape, at the flow path outlet of the Z-type
model. Finally, the airflow improvement model presented in this study employs a small
‘spoiler’ for airflow control that is additionally installed in the ‘Heatsink model’. Two
spoilers were installed in the systems. The first had a height of 7 mm and a length of 40 mm,
and was located 48 mm away from the entrance of the cooling channel, to change the air
flow into the battery cell; the second spoiler was installed 98 mm away from the cooling
channel entrance, so that air flowing in the x-direction was directed into the y-direction.
The spoilers were designed with a curved surface to minimize the coefficient of friction for
the inflow air.

2.4. Numerical Method

CFD simulation was performed using ANSYS Fluent 2021 R1. The energy, momentum,
and continuity equations commonly used for CFD are as follows:

∂

∂t

(
ρ(e +

v2

2
)

)
+∇·

(
ρv(h +

v2

2
)

)
= ∇·

(
ke f f∇T −∑

j
hj
→
J j +

=
τe f f ·

→
v

)
+ Sh (2)

where ke f f is the effective conductivity and
→
J j is the diffusion flux for j. The first three

terms on the right side of Equation (2) represent conduction, diffusion, and energy transfer
to viscous dissipation, respectively. In Equation (2), enthalpy h is defined as an ideal gas.
For incompressible materials, the pressure value is included, as shown in Equation (3). In
this equation, Yj is the mass fraction for j, the sensible heat for hj is part of enthalpy, only
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including the enthalpy change resulting from specific heat, p indicates the pressure, and ρ
is the density.

h = ∑
j

Yjhj +
p
ρ

(3)

Equation (4) is a mass conservation equation, where Sm is the mass added or lost.

∂ρ

∂t
+∇·

(
ρ
→
v
)
= Sm (4)

Equation (5) is the momentum equation, where ρ
→
g is gravity and

→
F is external force.

∂

∂t

(
ρ
→
ν
)
+∇·

(
ρ

→
→
ν ν

)
= −∇p +∇·

(
=
τ
)
+ ρ
→
g +

→
F (5)

In this study, the most popular model of k–ε turbulence was used. Proposed by Laun-
der and Spalding, this model has most commonly been used for calculating turbulence [23].
Because, in this study, only flow rates were considered for the air inflow condition, the
standard k–ε model was used, and the equations are shown in Equations (6) and (7), where
k is the turbulent kinetic energy, Gk indicates the generation of turbulent kinetic energy
resulting from the mean velocity gradients, Gb is the generation of turbulent kinetic energy
caused by buoyancy, Ym is the contribution of the fluctuating dilatation in compressible
turbulence to the overall dissipation rate, σk is the turbulent Prandtl number for k, σε is the
turbulent Prandtl number for ε, and S is the source term.

∂

∂t
(ρk) +

∂

∂xi
(ρkui) =

∂

∂xj

[(
u +

ut

σk

)
∂k
∂xj

]
+ Gk + Gb − ρε−YM + Sk (6)

∂

∂t
(ρε) +

∂

∂xi
(ρεui) =

∂

∂xj

[(
u +

ut

σε

)
∂ε

∂xj

]
+ C1ε

ε

k
(Gk + C3εGb)− C2ερ

ε2

k
+ Sε (7)

2.5. Simulation Mesh and Boundary Conditions

To create a simulation mesh, ANSYS Mesh was used. Because creating a mesh is
important for an accurate simulation, ANSYS Mesh linked with ANSYS Fluent (www.
ansys.com/products/fluids/ansys-fluent, accessed on 1 December 2021) was used.

The number of generated elements was approximately 450,000, which is shown in
Figure 4. During the simulation, the physical properties of aluminum were used for both
the battery and the battery pack case, and the values are shown in Table 1. The cylindrical
battery cells were made with aluminum cans, and the battery pack case was made of
aluminum for thermal conductivity, durability, and a light weight. For the air flowing into
the inlet to cool the battery cells, an inflow rate of 10 m/s and a flow temperature of 25 ◦C
were set under the condition of using a blower with a maximum flow rate of 21 m3/h. For
the outlet, air was free to flow in and out. In this study, the amount of heat generated
by the battery cells was assumed to be normal, and was set to 17,700 W/m3, considering
the characteristics of the battery described in Equation (1) and Table 2. The generated
heat was cooled by convection with the outside air and convective heat transfer with the
incoming air.

Table 1. Material properties of Al6061.

Parameter Value

Density [kg/m3] 2719
Specific Heat [J/(kgK)] 871

Thermal Conductivity [W/(mK)] 202.4

www.ansys.com/products/fluids/ansys-fluent
www.ansys.com/products/fluids/ansys-fluent


Processes 2022, 10, 505 6 of 12

Processes 2021, 9, x FOR PEER REVIEW 6 of 13 
 

 

𝜕𝜕𝑡 (𝜌𝜀) + 𝜕𝜕𝑥௜ (𝜌𝜀𝑢௜)= 𝜕𝜕𝑥௝ ቈ൬𝑢 + 𝑢௧𝜎ఌ൰ 𝜕𝜀𝜕𝑥௝቉ + 𝐶ଵఌ 𝜀𝑘 (𝐺௞ + 𝐶ଷఌ𝐺௕) − 𝐶ଶఌ𝜌 𝜀ଶ𝑘+ 𝑆ఌ 
(7) 

2.5. Simulation Mesh and Boundary Conditions 
To create a simulation mesh, ANSYS Mesh was used. Because creating a mesh is im-

portant for an accurate simulation, ANSYS Mesh linked with ANSYS Fluent (www.an-
sys.com/products/fluids/ansys-fluent, accessed on 1 December 2021) was used. 

The number of generated elements was approximately 450,000, which is shown in 
Figure 4. During the simulation, the physical properties of aluminum were used for both 
the battery and the battery pack case, and the values are shown in Table 1. The cylindrical 
battery cells were made with aluminum cans, and the battery pack case was made of alu-
minum for thermal conductivity, durability, and a light weight. For the air flowing into 
the inlet to cool the battery cells, an inflow rate of 10 m/s and a flow temperature of 25 °C 
were set under the condition of using a blower with a maximum flow rate of 21 m3/h. For 
the outlet, air was free to flow in and out. In this study, the amount of heat generated by 
the battery cells was assumed to be normal, and was set to 17,700 W/m3, considering the 
characteristics of the battery described in Equation (1) and Table 2. The generated heat 
was cooled by convection with the outside air and convective heat transfer with the in-
coming air. 

 
Figure 4. Configurations of CFD mesh: (a) battery pack case; (b) fluid area and exhaust heatsink; 
(c) battery cell and BMS. 

Table 1. Material properties of Al6061. 

Parameter Value 

Density [kg/m3] 2719 

Specific Heat [J/(kgK)] 871 

Thermal Conductivity [W/(mK)] 202.4 

Figure 4. Configurations of CFD mesh: (a) battery pack case; (b) fluid area and exhaust heatsink;
(c) battery cell and BMS.

Table 2. Specifications of the 18650 battery cell used in this study.

Parameter Value

Nominal Capacity 2600 mAh (0.2 C, 2.75 V discharge)
Minimum Capacity 2550 mAh (0.2 C, 2.75 V discharge)
Charging Voltage 4.2 ± 0.05 V
Nominal Voltage 3.7 V
Charging Method CC-CV

Max. Charge Current 2600 mA (ambient temperature 25 ◦C)
Max. Discharge Current 5200 mA (ambient temperature 25 ◦C)

Discharge Cut-off Voltage 2.75 V
Cell Weight 47.0 g max

Cell Dimension Height: 65 mm max, diameter: 18.40 mm max

3. CFD Simulation Results and Discussion

The heat transfer coefficients used for convection and outside air temperature were
assumed to be natural convection with air, and were set to 5 W/m·K and 25 ◦C, respectively.
A simulation using the “coupled” solution method, which obtains a strong and efficient
single-phase implementation for a steady-state flow [24], was performed.

The result was calculated by Ansys software using an NVIDIA DGX Station (Future
Automotive Intelligent Electronics Core Technology Center, Cheonan, Korea).

3.1. Simulation Result 1: Temperature Distribution

Figure 5 shows the simulation results of the battery pack designed in this study.
Figure 5a shows the Z-type cooling model, Figure 5b shows the heatsink model, Figure 5c
shows the spoiler-type model. A maximum temperature of 34.54 ◦C was observed for cell 7
in the Z-type model, and a maximum temperature of 33.76 ◦C was observed for cell 6 in
the heatsink model. The heatsink and Z-type models had the same air flow amount and
rate in the battery cells. For this reason, the Reynolds number was the same, as was the
heat transfer coefficient inside the cells. However, because the addition of the heatsink
model increases the area of heat transfer compared to the Z-type model, the heatsink model
shows similar temperature distribution to that of the Z-type model, but the cooling effects
for cells 4, 5, 6, 7, and 8 were improved. In Figure 5b, the temperatures of cells 15 and 16 of
the Z-type model were lower than those of nearby cells. In general, the temperature of the



Processes 2022, 10, 505 7 of 12

central cell should be high because of the conduction between cells, but a large amount
of air flows towards cells 15 and 16, resulting in more impact from convection than from
conduction. A more detailed discussion is provided in Section 3.2.
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For quantitative data analysis, Figure 6 shows the cell temperature values of all the
models compared. When the average temperatures of the Z-type and heatsink models
were compared, the latter model was 0.25 ◦C lower, but it is difficult to conclude that
this was an effective improvement in cooling. However, the average temperature of the
spoiler-type model improved by 9% to 27.5 ◦C. The maximum temperature was 29.01 ◦C
in cell 10, showing a 16% improvement when compared with the Z-type model. The
largest difference in the temperature of the battery cells was 2.78 ◦C, which was 5.29 ◦C
lower, and an approximately 65.5% improvement, compared with the Z-type model. In
addition, the standard deviation improved by 72%, from 2.58 ◦C to 0.73 ◦C. A comparison
between cells 10 and 19 revealed that the spoiler-type model had higher temperatures
than the Z-type model. In other words, the average temperature decreased through air
flow improvement, but the average temperature decrease was smaller than the maximum
temperature decrease resulting from cells whose temperatures increased more than those
in the existing model. Even though the temperatures of cells 10 and 19 were slightly
higher, the maximum temperature of the spoiler-type model was lower than the average
temperature of the Z-type model. Thus, the spoiler-type model yielded better results for
carrying out effective cooling, with respect to maximum temperature and temperature
uniformity. That is why temperature distribution was analyzed with the air flow inside the
battery pack.

3.2. Simulation Result 2: Velocity Distribution

Figure 7 shows the amount and rate of air flow inside the battery pack to analyze the
cause of the temperature distribution change. In the Z-type and heatsink models, air flowed
from the inlet, through the passage near cell 19, to the outlet, so more air passed through
cells 1, 10, 19, and 20. This increased the Reynolds number and heat transfer coefficient,
improving the cooling efficiency. Because the amount of air flow inside the battery varied
depending on the location of the spoiler, it was placed in such a way as to increase the flow
of air towards cells 6 and 7, where the temperature was high. Accordingly, the cooling
uniformity was improved by increasing the Reynolds number for cells 5, 6, and 7.
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As shown in Figure 7c, the air flow changed between cells 25 and 26, when the spoiler
was installed near the inlet. For the air flow distribution of the Z-type and heatsink models,
the air flow between cells 14 and 17 was slower than 1 m/s, and little air flow was found. In
the spoiler-type model, however, the maximum flow rate at the same location was 3.3 m/s,
indicating that air flowed smoothly between the battery cells. This helped improve the
uniformity of the battery pack temperature.

4. Battery Cooling Experiment for Model Verification
4.1. Experimental Set Up

The developed spoiler-type model was validated in a real system. The test settings
for examining the battery pack designed in this study are shown in Figure 8. The battery
pack case was made of aluminum, and the electrode tabs of the battery cells were protected
by a plastic case for insulation. In addition, plastic insulation was used between the BMS
and the battery cells to reduce the impact of heat generated from the BMS and the electric
wires, and the wires were set along the plastic case. The battery pack case and fluid passage
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were manufactured according to the dimensions shown in Figure 3, and they were tested.
An FLIR E53 thermal imaging camera (FLIR Systems, Wilsonville, OR, USA) was used to
measure the battery temperature (detailed specifications are shown in Table 3. To create the
condition of thermal equilibrium between the battery cell temperature before discharge,
after a full charge, and the surrounding temperature, the battery was discharged after
approximately 1 h. The battery was discharged from the full charge voltage of 12.5 V to the
full discharge voltage of 8.4 V using a discharge current of 20 A, the maximum discharge
current. Since the surrounding temperature was 19 ◦C during the test, the test results were
compared with the results of another simulation, in which the surrounding temperature of
25 ◦C was reset to 19 ◦C.
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Figure 8. Schematics of the experimental system for the spoiler-type model: (a) inside the model;
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Table 3. Specifications of the FLIR E53 thermal imaging camera.

Parameters Value

IR Resolution 240 × 180 (43,200 pixels)

Object Temperature Range −20 to 120 ◦C (−4 to 248 ◦F)
0 to 650 ◦C (32 to 1200 ◦F)

Detector Type and Pitch Uncooled microbolometer, 17 µm
Thermal Sensitivity/NETD <0.04 ◦C @ 30 ◦C (86 ◦F), 24 mm lens

Spectral Range 7.5 to 14.0 µm
Image Frequency 30 Hz

Field of View (FOV) 24 mm × 18 mm (18 mm lens)
F-Number f/1.3

4.2. Experiment Result

Figure 9 shows the results of testing the performance of the spoiler-type cooling system
and the analysis results. The maximum and minimum values of the left and right sides of
the battery pack were measured with an infrared camera, and these values were compared
with the simulation results. For the temperature distribution, the simulation results were
in line with the test results. The maximum and minimum values of the left and right
sides shown in Figure 9a,b were compared with the experimental results Figure 9c,d to
investigate the quantitative accuracy of the simulation results, and the results are shown in
Figure 10. The error bar indicates a range of 5%.
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The maximum temperature measured in the experiment was approximately 23.3 ◦C,
with an error of approximately 4%, while the error of the minimum value of the right
side was approximately 1%. According to the experiment, heat was generated in the BMS
and the wires, which led to a higher temperature compared to the simulation, but it was
still within the error range. Considering such errors, the proposed spoiler-type model is
superior, based on the data obtained from the actual experiment. In addition, the spoiler
model proposed in this study has an advantage in terms of weight. The battery pack used in
a Tesla weighs about 450 kg and uses 6800 cells, so the case alone weighs about 130 kg [25].
Considering that the weight of the spoiler used in this study was 1/1000 of the weight of
the case, there is the promise that it can improve the performance of the battery with about
1 kg of parts. However, the battery pack used in this study was not the actual capacity used
in vehicles, but a smaller type of battery pack, manufactured simply. Therefore, additional
research is necessary to apply it to an actual scale model. At this time, by using the design
presented in this study, it is possible to design a battery pack with excellent performance,
battery efficiency, and a light weight.

The temperature distributions of battery modules vary with different numbers, ar-
rangements, and distances of battery cells; therefore, it is necessary to employ the simulation
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method used in this study to explore the cooling performance [22]. The 3S9P type used in
this study had the maximum temperature in cells 6 and 7, where the spoiler was installed.
Therefore, if the maximum temperature occurs in a different cell, the optimal location can
be found with a simulation, instead of using the same spoiler location as in this study. By
changing the air flow with a spoiler, as in this study, the battery cooling system can be
improved effectively.

5. Conclusions

In this study, three different cooling layouts were designed based on a direct contact air-
cooled system. A flow path design with a spoiler was proposed to maintain the temperature
uniformity of the cells in the battery pack. To analyze the effect of cooling performance,
according to the flow path design, the spoiler-type model was compared with the basic
Z-type model and the heatsink model.

(1) In a comparison of the spoiler-type cooling system with the Z-type model, the maxi-
mum temperature difference of the battery cells improved by approximately 65.5%,
from 8.07 ◦C to 2.78 ◦C, and that inside the battery pack improved by approximately
14%, from 32.94 ◦C to 28.28 ◦C.

(2) It is clear that the proposed spoiler-type model matched the experimental data very
well, since the maximum relative error was less than 4%. Therefore, the proposed
spoiler-type model reproduces real battery cooling system characteristics with suffi-
cient precision.

(3) Further research is required to apply the basic battery pack used in this study to an
actual scale model, in which case-efficient research will be possible if the method
developed in this study is used.

(4) Finally, we obtained results that the spoiler-type model performs better for achieving
a higher cooling effect. Therefore, in order to use the spoiler-type model, the shape
and location of the spoiler should be considered, because the spoiler cooling method
depends upon the number and arrangement of the battery cells.
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