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In recent years, the automotive industry has experienced a dramatic
mutation in the develop ment of electric vehicles. One of the most
important aspects of this type of vehicle is its thermal management.
Among the various parts of an electric vehicle that are subjected to thermal
management, the battery is of particular importance. Battery cell
temperatures may exceed the allowable range due to continuous and high-
pressure operation and various weather conditions, and this, in addition to
performance, severely affects battery life. Therefore, the appropriate
cooling system is essential. In this research, the most common methods of
battery cooling are investigated. First, three-dimensional thermal analysis
on the battery is performed using the computational fluid dynamics
method in transient and steady-state phases. Then, the effect of changing
the cooling flow rate on the maximum temperature of the battery cell as
well as the temperature difference of the cells in the battery pack is
investigated. The effect of changing inlet coolant temperature change on
battery cell temperature distribution is also investigated. The results show
that by increasing the flow rate from 0.5 to 1.2 liter per minute, the
maximum temperature in the battery pack and the temperature difference
between the cells decrease to 44.4 and 2.51 ° C, respectively. Also, by
changing the temperature of the inlet coolant from 15 to 30 ° C, the
maximum temperature in the battery pack increases up to 42.2 ° C and the
temperature difference is negligible.

1. Introduction

damage in hard-working conditions [8, 9]. In

Today, the automobile industry is rapidly
moving towards modern powertrain vehicles to
reduce environmental issues [1, 2]. Currently,
lithium-ion batteries are widely used in electric and
hybrid vehicles. The reason for their widespread
use is the high specific energy, power density, and
lifetime with the low self-discharge rate [3-5]. The
performance and efficiency of battery cells depend
on how they manage their heat [6, 7]. The battery
thermal management system must be designed so
that the battery cells perform optimally with no

*Corresponding Author
Email Address: gasemian@iust.ac.ir
https://doi.org/10.22068/ase.2023.629

addition, as an essential factor, temperature affects
various aspects of the lithium-ion battery,
including thermal and electrochemical behaviors
which can affect the vehicle's performance [10,
11]. The normal temperature of battery cells for
optimal performance is 20 to 40 degrees Celsius
[12, 13]. Likewise, a battery thermal management
system with proper performance should reduce the
temperature difference of battery cells in the
battery module to less than 5 degrees Celsius [14,
15]. There are different approaches for battery
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thermal management systems, which include: 1) air
cooling and 2) liquid cooling. The air-cooled
approach has attracted the attention of many
researchers due to its simplicity and lightweight
[16]. The liquid-cooling approach is more optimal
than the air-cooled method due to better heat
absorption.

Additionally, due to the low conductivity of air
[17], a very high airflow rate is required to cool the
battery cells adequately [18]. On the other hand,
the liquid-cooling method gives a better result in
terms of cooling than the air-cooling method due to
its high thermal conductivity. Although cooling
through water requires more complexity and cost
[19, 20].

Researchers have carried out several works on
battery thermal management systems using
different methods including neural networks [21,
22], finite element model [23, 24], LUMPED
method [25], partial differential equations method
[26], and computational fluid dynamics [27-29].
Lin and his colleagues [30] have investigated the
effect of using phase change materials using the
computational fluid dynamics method as well as
the experimental method. They concluded that the
use of phase change materials significantly reduces
the temperature of the battery during harsh
operating conditions. They also concluded that the
temperature uniformity in the module decreases
with the increase in the discharge time and also the
flow rate. Rao and his colleagues [31] have used a
three-dimensional model using Ansys Fluent
software for battery thermal modeling. In this
research, they investigated the effect of changing
the mass flow rate of water, the temperature of the
phase change material, and its thermal conductivity
on the thermal behavior of the battery. Results
showed that the liquid volume ratio of the phase
change material is strongly influenced by its
temperature and thermal conductivity. Also, the
results showed that increasing the channels reduces
the maximum temperature of the battery as well as
the temperature difference between the battery
cells. Using experimental and numerical methods,
Mir Mohammedi and his colleagues [32]
investigated the effect of using different nanofluids
on the cooling of the lithium-ion battery and the
heating of the battery during discharge. The results
showed that the temperature of the battery cells
reached 350.31 K after 300 seconds with the use of
water-alumina nanofluid at a rate of 5C. While
using air fluid for cooling, the temperature of the
complex increases by about 10 Kelvin. Also, the
results showed that the battery discharge rate using
water-gold nanofluid is lower than air and water as
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well as other nanofluids. Wang [33] has
investigated the effect of air cooling with forced
displacement on the cylindrical battery pack with
the help of numerical methods to design optimally
for the battery pack. In another paper, Wang [34]
presented an effective reciprocating air-cooling
method to control battery temperature. Hugh and
his colleagues [35] have designed small channels
on the cold plate for cooling rectangular battery
cells. They have investigated the effect of the
ambient temperature, the number of channels, the
flow direction, and the mass flow rate of the
incoming fluid on the temperature distribution and
the increase in battery temperature during battery
discharge. They concluded that the maximum
temperature of the battery decreases with the
increase in the mass flow rate and the number of
channels.

As seen in the literature review, despite various
studies on the electric vehicle battery cooling
system, no comprehensive research has been done
on the heat transfer of lithium-ion battery cells with
a cylindrical geometry with the help of fluid
cooling. In this research, the three-dimensional
analysis of the cooling of the battery pack in
transient and steady states is discussed using
ANSYS Fluent software. Then, the effect of c the
volume flow rate on the maximum temperature of
the battery pack and the temperature difference
between the battery cells is investigated.

2. Approach
2.1. Geometry

A wavy liquid-cooling channel is used for the
battery thermal management system with 2688
pieces of 21700 cylindrical Li-ion battery cells.
The schematic of this system is shown in Figure 1.
Channel depicted in Figure 2 is made of aluminum.
It should be noted that the battery pack consists of
16 modules. Each module has two coolant
passages. As the channels are identical and
symmetrical, the simulation is performed for only
one channel.

Figure 1: Schematic of cooling system



Figure 2: Cooling channel

The geometrical specification of the channel and
battery cell is given in Table 1.

Table 5: The geometry specification of coolant
passage and battery cells

Channel width (mm) 2
Channel height (mm) 30
Battery cell diamterer (mm) 21
Battery cell height (mm) 70
Number of cells in the module 168
2.2. Meshing

An unstructured mesh of polyhedron elements
was generated using Fluent meshing. The main
advantage of this meshing tool is producing high-
guality meshes at a faster turnaround time
compared to other tools. Moreover, this tool is
more suitable for conformal and non-conformal
interfaces for conjugate heat transfer models. The
mesh includes two zones: a fluid zone for the
coolant, and a solid zone for battery cells. The total
number of mesh generated in this model is
4,525,747 which consists of 1,815, 470 elements
for the solid domain and 2,710,277 for the fluid
domain. Figures 3 and 4 illustrate the mesh of fluid
and solid regions respectively. The minimum and
maximum mesh sizes are 0.05 mm and 0.8 mm,
respectively.
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Figure 3: Coolant passage mesh

Figure 4: Solid region mesh

The Smooth transition method is utilized for
generating the boundary layer meshes depicted in
Figure 5. the k- model due to high accuracy is
used for modeling turbulence. Note that the
standard wall function is utilized near the wall.

Figure 5: The boundary layer mesh

The quality of generated mesh in terms of
skewness and orthogonal quality is given in Table
2. As seen, the maximum skewness for both
regions is lower than 0.5 which represents the high-
quality mesh.

Table 2: Quality of generated mesh

Automotive Science and Engineering (ASE) 4028
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Average Maximum Orthogonal

Part skewness  skewness quality
Cooling 213 0.295 423
channel
Battery 201 0.307 4245

cells

2.3. Governing equations

The main governing equations of fluid flow
including continuity, momentum, and energy are
given by (1)-(5) respectively. The conjugated heat
transfer method is used to determine the
temperature distribution of coolant passage and
battery cells.
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2.3. Governing equations

Ethylene glycol/water mixture (50%) is
considered the coolant for the battery thermal
management system. The physical and thermal
characteristics of the coolant such as density,
dynamic viscosity, thermal conductivity, and heat
capacity at the temperature of 20°C are shown in
Table 3.

Table 3: Properties of battery cooling fluid at 20 °C

Property Value
Density (%) 1079
Specific Heat (kg'j) 3472
Thermal Conductivity (ﬁ) 0.38
Dynamic Viscosity (ﬁ) 0.41
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Also, the thermal and physical properties of the
battery cell at 30 °Care given in Table 4.

Table 4: battery properties at 30 °C [38]

Property Value
. kg
Density (ﬁ) 1605
ifi i
Specific Heat (kg.K) 2615.7
LW
Thermal Conductivity (—) 3
m.K
Internal resistance (m€2) 25

2.4. Initial conditions

The initial temperature in steady state simulation
for coolant and battery cell is considered to be 25°C
and 30 °C respectively. The coolant flow rate for
both steady and transient states is 1 Lit/min.

2.5. Boundary conditions

Velocity inlet and pressure outlet are considered
boundary conditions at the inlet and outlet of the
coolant passage. Also, It is needed to define the
interface as a boundary between the solid and fluid
regions. In the solid region, thermal losses due to
the heat generated by battery cells should be
calculated. This loss depends on current and
internal resistance. The internal resistance of the
battery cell is 25mQ and the amount of current that
flows through the battery pack in terms of time is
given in Figure 6.
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Figure 6: The amount of current in terms of time

As seen in Figure 6, the amount of current is
490amps for the first 11 seconds and then is
reduced to 200amps which corresponds to the
nominal current of electric components. The
maximum current is calculated according to the
maximum  power consumed by electric



components at the battery pack voltage of 360V in
the acceleration mode. The heat generated by a
battery cell can be written as per:

R 1% 6
Peey = e /n ©)

Where R., , nand [ are equivalent resistance,
number of cells, and current. The configuration for
the battery pack is parallel-serial connections
which 96 cells are in series and 28 are in parallel.
The amount of thermal losses during transient and
steady states is given in Table 5.

Table 5: The battery cell thermal loss during transient
and steady states

Operation state Value (W)
Steady 1.27
11sec < 7.65
Transient
11 sec > 1.27
3. Results

In this section, the thermal and fluid flow results
of numerical simulation are presented. Then the
effects of volume flow rate and inlet temperature
on the temperature distribution of the battery pack
are investigated.

3.1. Grid independency

To demonstrate mesh independency, three
additional meshes were generated and their results
in terms of pressure drop at a flow rate of 1 lit/min
are presented in Figure 7.
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Figure 7: Mesh independency test

According to Figure 7, for the number of
elements that is more than 2710277, the pressure
drop difference is lower than 1%. Therefore, this
grid number is used in this study.

3.2. Steady state

Ali Modarresi et al.

3.2.1. Pressure analysis

Figure 8 shows the pressure drop contour of the
coolant passage at a volume flow rate of Lit/min.

contour-1

Static Psrﬁgr:
30487
27099
23712
20325
16937
13550
10162
6775
3387

0
[Pa]

Figure 1: Pressure drop contour

The value of pressure loss between the inlet and
outlet at different volume flow rates is
demonstrated in Figure 9.
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Figure 9: Pressure drop at different volumetric flow
rates

Table 6 shows the pumping power at different
flow rates.

Table 3: Properties of battery cooling fluid at 20 °C

Volume flow rate (Lit/min) plzl\jvrgrpi(%)
05 0.13
08 0.35
1 0.56
12 0.82

3.2.2. Temperature analysis

The temperature distribution of the battery pack,
coolant passage, two adjacent cells, and one under
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Effect of inlet flow condition on the thermal behavior of battery pack using a wavy cooling jacket

steady-state operation is illustrated in Figure 11. In
this state, the volume flow rate and inlet coolant
temperature are set to be 1 Lit/min and 25 °C.

battery-module
Static Temperature
27
36.95
3562
3429
3296
3164
3031

28.98

2765
2633

25.00

(b) (©

Figure 10: Temperature distribution in the steady
state; a) battery module, b) two adjacent cells, c)
battery cell

According to Figure 10, the maximum
temperature in the battery pack reaches 27.38 °C.
The average temperature difference of the battery
cells is also 4.97 °C, which is lower than the
permissible criteria (5 °C) for the temperature
difference between battery cells (°C). The cell
located at the end of the second row has the lowest
temperature due to the highest contact with the
coolant passage compared to other cells. The
maximum and minimum average temperature of
battery cells is 36.22 and 31.35 °C respectively.

3.3. Transient state

According to Newton's second law, in the
acceleration mode, the driving force of the electric
motor and the current required by the electric
components will increase. At constant speed, the
power produced by the electric motor is equal to
the sum of the aerodynamic drag, and rolling
resistance.

Acceleration mode is always accompanied by the
maximum current and consequently heat losses.
Therefore, considering the importance of the
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acceleration period, the thermal analysis of the
battery cells in the transient state is necessary. By
considering the heat loss stated in sections 5-2, the
coolant temperature and the average battery cells
temperature during 30 seconds period at a volume
flow rate of 1 Lit/min are shown in Figure 11.
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Temperature (°C)
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A
[
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Time (s)

Figure 11: The average temperature of battery cells
and coolant in the transient state

As seen in Figure 11, the average temperature of
battery cells increases by 4 °C for 30 seconds. The
coolant temperature reaches 27 °C. According to
the above graph, the battery temperature slope
decreases after 11 seconds. The reason for this is
the reduction of heat dissipation of each battery cell
from 7.65 to 1.27 W. Regarding the coolant
temperature, at the beginning of the simulation, the
temperature slope has an upward trend due to the
higher heat produced by the battery cells compared
to the cooling power. After 11 seconds, the slope
of the line decreases due to the reduction of the heat
generated by the battery cells. In other words, after
this period, the cooling power becomes higher than
the rate of energy produced by battery cells.

Figure 12 shows the temperature distribution of
the battery pack, coolant passage, and one cell.
According to the temperature contour of one cell,
the part of the battery cell contacted to the cooling
channel has a lower temperature compared to the
upper and lower surfaces of the cell.
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Figure 12: Temperature distribution in the steady
state; a) battery module, b) two adjacent cells, c)
battery cell

3.3. The effect of coolant flow rate and inlet
coolant temperature

After finding the temperature distribution across
the pack, the impact of parameters including
volume flow rate and inlet coolant temperature was
proposed. Figures 13 and 14 show the effect of
coolant flow rate and coolant temperature at the
inlet on the average temperature difference and
maximum temperature within the pack.

43
2
41
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39

AT (°C)

38

Temperature (°C)

37
36

S = N W R N N

35
0.5 0.8 1 1.2

Volume Flow rate (Lit/min)

==—=NMax Temperature = Average Temperature Difference

Figure 13: Effect of the volume flow rate on
maximum temperature and average temperature
difference of battery cells

According to Figure 13, the maximum
temperature and temperature difference decreases
when the coolant flow rate increases. Based on the
permissible limit for the temperature difference
between the battery cells, the minimum required
coolant flow rate should be 1 Lit/min.
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Figure 14: Effect of inlet coolant temperature on
maximum temperature and average temperature
difference of battery cells

As seen in Figure 14, the maximum temperature
of battery cells rises when the inlet coolant
temperature increases. However, increasing the
inlet coolant temperature does not affect the
temperature difference across the pack.

4. Conclusions

In this research, we investigated the impact of
inlet coolant temperature and volume flow rate on
the thermal behavior of the battery pack. The
results of the numerical simulation are summarized
as follows:

e Increasing the inlet temperature from 15 °C
to 30 °C can increase the maximum
temperature of the battery pack by 35%.

e The minimum flow rate of 1 Lit/min could
keep the temperature difference within the
battery pack lower than 5 °C.

e Increasing the volume flow rate from 0.5 to
1.2 Lit/min can reduce the maximum
temperature and average temperature
difference by 36% and 11%. However, the
higher flow rate leads to a pressure drop
increment.
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List of symbols

P Pressure

u Velocity

T Temperature

K Thermal Conductivity
Gy Specific heat

Greek symbols

p Density
u Dynamic viscosity
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