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Abstract: This study focused on the design of a battery pack cooling channel based on a Tesla Model S
electric car. This study aimed to achieve a balance between cooling efficiency and pressure drop while
maintaining safe and optimal operating temperatures for the batteries. A cooling channel design
similar to the basic type employed in the Tesla Model S using 448 cylindrical Li-ion batteries was
considered. Consequently, important parameters, such as the maximum temperature and temperature
difference in the battery cells in a module, as well as the pressure drop of the coolant, were analyzed.
In addition, the characteristics of the temperature changes in each cooling channel shape were
investigated. The temperature limit for the battery in a module and the temperature limit difference
were set to 40 ◦C and 5 ◦C, respectively, to evaluate the performance of the cooling system. Further,
the effects of discharge rates (3C and 5C), cooling channel shapes (counter flow and parallel types),
and coolant inlet velocities (0.1, 0.2, 0.3, and 0.4 m/s) on battery thermal management were analyzed.
The results revealed that the parallel type channel yielded a lower pressure drop than the basic type
channel; however, it was not as effective in removing heat from the battery. In contrast, the counter
flow type channel effectively removed heat from the batteries with a higher coolant pressure drop in
the channel. Therefore, a multi-counter flow type cooling channel combining the advantages of both
these channels was proposed to decrease the pressure drop while maintaining appropriate operating
temperatures for the battery module. The proposed cooling channel exhibited an excellent cooling
performance with lower power consumption and better heat transfer characteristics. However,
relatively minimal differences were confirmed for the maximum temperature and temperature
difference in the battery module compared with the counter flow type. Therefore, the proposed
cooling channel type can be implemented to ensure the optimal temperature operation of the battery
module and to decrease system power consumption.

Keywords: battery thermal management; cooling strategy; lithium-ion battery; cooling channel
shape; pressure drop

1. Introduction
1.1. Research Background

In response to recent environmental regulations and the energy crisis, an increasing
number of countries worldwide are implementing or reviewing emissions trading systems
(ETS) and carbon taxes to prevent carbon emissions at the national level [1–3]. Electric
vehicles, as representative eco-friendly vehicles, offer advantages, such as relatively low fuel
costs and reduced noise levels compared to internal combustion engines, which emit carbon
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dioxide, and the supply of electric vehicles has been steadily increasing every year [4–7].
According to the 2022 market research by SNE Research, the demand for electric vehicles
in the first half of the year increased by 61.3% compared with the same period last year.
Moreover, the electric vehicle market economy is expected to grow within the automobile
industry in terms of its economic impact [8,9]. In general, Li-ion, nickel–manganese, and Li-
polymer batteries are primarily used as power sources in electric vehicles. Among them, Li-
ion batteries are used as the power source for most electric vehicles, including the Chevrolet
Volt and Tesla models, owing to their advantages of high energy density, high capacity,
long lifespan, and light weight [10,11]. However, when Li-ion batteries are used in vehicles,
the high voltage requirements generate significant heat inside the battery during driving.
This heat increases the internal temperature of the battery, which promotes electrochemical
reactions. This increases the rate of charge transfer, expands the energy and power capacity,
and improves the battery’s output and efficiency. This heat generation promotes better
overall battery performance [12]. However, excessive temperatures can negatively impact
the performance and lifespan of the battery by increasing internal resistance [13,14]. In
particular, a battery used in a vehicle is likely to generate a high discharge rate owing to
high-speed charging and repeated load changes related to frequent high-speed driving.
Such high discharge rate can cause a rapid increase in the battery temperature, resulting in
thermal runaway, which threatens the safety of the battery and the lives of passengers [15].
In addition, the temperature difference between the cells in the module is set as 5 ◦C
in the optimal operating temperature range (25–40 ◦C) when considering the life and
efficiency of the battery even within the operation limit. Upon exceeding this range, the
performance of the module may be adversely affected owing to electrical imbalance in the
battery [16,17]. Therefore, a battery thermal management strategy, which can maintain an
optimal operating temperature range and minimize the temperature difference between
battery cells for safe and efficient driving, must be developed [18,19].

1.2. Literature Review

Battery cooling methods are primarily categorized as air cooling [20,21], liquid cool-
ing [22,23], heat pipes [24,25], and using phase change materials (PCM) [26,27]. Air cooling
is a simple and inexpensive method, but the limitations of air’s thermal conductivity and
heat capacity make it less efficient in large electric vehicle battery packs [28,29]. Methods
utilizing phase change materials (PCM) are considered an effective thermal management
method and require additional materials and space, but they have a limitation in that they
can absorb heat generated by the battery but cannot transfer heat away [30]. Heat pipes
are primarily used as a passive strategy, but they are relatively expensive, and their use
is limited by local gravity [23]. On the other hand, liquid cooling methods work very
effectively due to the higher thermal conductivity and heat capacity of liquid coolants
than air [31], and they offer benefits such as a streamlined structure and straightforward
arrangement, providing advantages in terms of compactness and ease of organization [32].
Given these advantages, certain prominent EV brands, such as Tesla Model S, BMW i8, and
Chevrolet Volt, have embraced liquid cooling technology [33].

Water cooling is used as a cooling system to prevent the battery from overheating, but
it can still be problematic as the coolant heats up along the flow path, which can lead to a
gradual temperature rise and non-uniformity of heat [31]. Therefore, an effective battery
thermal management system (BTMS) must ensure that all Li-ion batteries can operate
within an appropriate temperature range. The evaluation of a BTMS is mainly performed
using the maximum temperature and the temperature difference across the battery pack.
This study specifically focuses on thermal non-uniformity. If the thermal non-uniformity is
not addressed, the internal resistance of the Li-ion battery may appear different, resulting
in non-uniformity of the current, which in turn leads to thermal non-uniformity of the
battery [34]. Therefore, maintaining the thermal uniformity of the battery pack is a very
important factor for the overall performance. In recent years, many efforts have been made
to improve the thermal non-uniformity by attempting different strategies.
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C. Zhao et al. [35] considered a Tesla Model S pack with wavy channels and 71 18650
Li-ion battery modules, showing the thermal characteristics under different charging and
discharging conditions. H. Wang et al. [19] produced a design with 20 18,650 Li-ion
batteries and aluminum boards with curved surfaces. The results showed that at 3C
discharge rate, the parallel cooling method showed the best thermal characteristics with
a maximum temperature of 35.74 ◦C and a temperature difference of 4.71 ◦C. L. Xie, Y.
Huang et al. [36] showed the thermal characteristics of adding baffles to the cooling channel
using 48 18650 Li-ion batteries. However, by increasing the height and number of baffles,
the heat transfer effect was improved, but the pressure increased. H. Zhou et al. [37]
proposed a liquid cooling scheme based on a semi-spiral duct considering nine 18650 Li-ion
batteries. Changing the flow direction of the fluid was effective in improving the thermal
characteristics of the batteries. At a 5C discharge rate, the temperature difference between
the maximum temperature at the end of discharge and the battery was 30.5 ◦C and 4.6 ◦C.
L. Sheng et al. [38] proposed a novel cellular cooling jacket (CCJ) cooling scheme considering
seven 21700 Li-ion batteries. By changing the liquid channel diameter and cooling medium,
they showed a maximum temperature of 39.67 ◦C with a maximum temperature deviation
of 4.71 ◦C. Y. Zhuang et al. [39] proposed a honeycomb cooling scheme, consisting of
seven 18650 Li-ion batteries, six hexagonal liquid cooling plates with 18 flow channels, and
PCM. By optimizing the PCM and the cold plate, the hybrid BTMS showed good thermal
uniformity, with a maximum temperature of 51 ◦C and a maximum temperature deviation
of 4 ◦C. G. Liang et al. [40] used 20 18650 Li-ion batteries to design a six cooling channel
configuration with a serpentine inner surface and an internal flow channel. By applying a
counter flow strategy, more uniform and symmetrical temperatures were achieved at both
the battery and module levels, with performance results showing a maximum temperature
of 38.95 ◦C and a maximum temperature deviation of 4.36 ◦C.

However, most of the aforementioned studies applying water-cooled cooling used
a much smaller number of cells than the number of cells in a real car. They also started
with simple flow paths initially and later introduced complex flow paths and additional
water-cooled components gradually. The studies so far have mainly focused on flow char-
acteristics and design optimization. In addition, studies analyzing thermal management
strategies under specific conditions using long cooling channels have a limitation, in that
high pressure drops result in lower power consumption efficiency and non-uniform tem-
perature control. Furthermore, predicting accurate temperature distributions based on
thermal management strategies for battery unit modules applied in real-world vehicles is
challenged by the limited number of cells used in the analysis.

1.3. Motivation and Novelty

With the recent surge in popularity of electric vehicles, battery stability and intra-cell
temperature uniformity have been the subject of intensive research. However, this prior
research initially started with simple cooling flow path geometries and gradually evolved
to more complex geometries. While this approach is useful in theory, it can pose significant
challenges when applied to real-world automotive designs.

In addition, a module in a real car has about 400 or more cells connected to it, which
is a substantial difference from previous studies, which mainly performed thermal analy-
sis on 70–100 cells, which may not accurately reflect the thermal characteristics of a real
car module. Therefore, to overcome these challenges, this study formulated and ana-
lyzed a thermal management strategy based on the cooling flow path configuration for
448 cells in the module of a Tesla Model S. This allowed us to more accurately model and
understand the thermal issues, which may occur in a real car module. The novelty of this
research is that it considered modules from real cars, rather than complex cooling flows,
and modified existing simplified cooling flow geometries to provide results, which more
closely approximate thermal issues. We expect this to contribute to providing important
information needed to improve battery reliability and performance in electric vehicles.
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To analyze the temperature distribution according to the shape of the cooling channel
at the battery module level, the battery cooling channel applied to the Tesla Model S was
first investigated as the basic type of cooling channel in this study. Thus, a new counter
flow cooling path type was implemented using the ANSYS 2022 R1 software to improve the
temperature uniformity within the battery module, which is a disadvantage of the snake
cooling path. Subsequently, heat exchange was performed in the two cooling channels to
improve the temperature uniformity of the module. In addition, to solve the high-pressure
loss problem, a new parallel type cooling passage was proposed, and the pressure drop
was decreased using a short cooling passage.

Finally, a multi-counter flow type was proposed to enhance heat transfer and reduce
the pressure drop effects within a battery module.

Therefore, by implementing the proposed cooling passage type to the thermal manage-
ment system of an electric vehicle, the thermal management efficiency can be significantly
enhanced compared to the conventional snake cooling passage type.

2. Computational Models and Verification
2.1. Geometry and Boundary Conditions

In this study, we utilized the ANSYS 2022 R1 SpaceClaim software to facilitate model
creation, drawing inspiration from R. Pakrouh et al.’s [41] snake type. We modeled a
cylindrical battery, designating the snake type model as the most basic type in this research.
The size of the cylindrical battery cell was 18 mm × 65 mm (diameter × height), and that
of the unit module of the battery cells was 609 mm × 242.9 mm × 65 mm (W × D × H).
The module comprised 32 horizontal and 14 vertical cells, and the width of the cooling
channel applied to the module was 3 mm. In this study, three cooling channels were
configured—basic, parallel, and counter flow—and the cooling effect of each channel con-
figuration was analyzed. The basic type was set as the basic cooling channel configuration
in this study.

When cooling water flows through the cooling water channel inlet, the heat generated
in the batteries is released via heat transfer between the batteries and the cooling channel.
Therefore, the temperature of the coolant starts to increase as it flows into the channel,
and that of the battery decreases owing to heat dissipation to the coolant. The basic type
configuration shown in Figure 1a has a large energy loss owing to a high pressure drop and
temperature imbalance between the batteries; therefore, the cooling efficiency is expected
to be lower than that of other cases [42]. In addition, the path of the channel through which
the cooling water passes is meandered, which causes a temperature imbalance inside the
module. Moreover, a temperature difference occurs in the battery cells at the coolant inlet
and outlet, which also causes a temperature imbalance inside the module. To solve these
problems, this study first proposed parallel and counter flow type cooling channels, as
shown in Figure 1b,c, respectively. By applying the parallel type configuration, the long
channel length of the basic type was shortened, thereby minimizing the energy loss by
reducing the friction factor due to pipe friction, whereas in the counter flow type, the length
of the cooling water channel inside the module remained the same as that of the basic type;
however, the cooling water channel was divided into two separate channels, one at the
top and one at the bottom. Thus, the height of each cooling channel was half of that in the
basic type.
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Figure 1. Schematic and computational analysis area for each channel type: (a) Basic type, (b) Parallel
type, (c) Counter flow type.

The cooling water flows in through inlet 1 and flows out through outlet 1, and another
coolant flows into inlet 2 and flows out through outlet 2. The cooling water flowing into
cooling water channel 1 and that flowing into cooling water channel 2 exchange heat via
heat transfer, e.g., via a counter flow heat exchanger.

Therefore, in this study, two novel cooling channel geometries were proposed and
compared with a conventional basic type cooling channel in order to enhance the heat
management of the battery module and improve the temperature uniformity among
the cells.

Table 1 lists the geometric parameters for each model.

Table 1. Geometric parameters for BTM simulations.

Basic Type Parallel Type Counter Flow Type Unit

Battery diameter 18 18 18 mm
Battery height 65 65 65 mm

Cooling channel width 3 3 3 mm
Cooling channel height 65 65 32.5 mm

Heat transfer region 50.75 50.75 50.75 Angle
Number of cells 448 448 448 EA.

In this study, the commercial computational fluid dynamics program FLUENT 2022.
R1 was used, and the finite volume method was used to discretize the governing equations.
The pressure field and velocity field were considered in terms of coupling and computation
time, and the SIMPLE algorithm was applied [43]. The spatial discretization of momentum
and energy was set to quadratic. Therefore, the conservation equations of mass, momentum,
and energy were solved using the Navier–Stokes equations. The flow velocities at the inlet
of the cooling water channel were 0.05, 0.1, 0.2, 0.3, and 0.4 m/s, and the Reynolds numbers
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(Re) were 285, 571, 1141, 1712, and 2283, respectively. A laminar flow model was used, as all
Re values were less than 2300. The fluid used in actual automotive cooling is a mixture of
water and ethylene glycol, which is preferred by many automotive industries due to its high
cooling efficiency and corrosion protection, but this study is a basic study for further in-
depth research, and it focuses on providing a solution to increase battery cooling efficiency
through a simple model. For this reason, the cooling fluid was assumed to be water, as it is
the most common fluid, and this was done to produce more intuitive and understandable
results. In addition, it was assumed that the cooling water was incompressible and that
the flow of the cooling water was in a steady state. Table 2 lists the boundary conditions
for the simulations used in this study. The boundary condition of the inlet for the cooling
water was set to a flow velocity; the outlet was set to atmospheric pressure; and the external
temperature was set to 25 ◦C. Since the inside of the battery module is filled with velocity-
stopped air, and the battery surface (cell to cell) acts as the contact surface with the outside
air, except for the contact surface between the battery and the coolant, convective heat
transfer occurs. Therefore, natural convective heat transfer is applied, and the convective
heat transfer coefficient is set to 5 W/m2·K [44]. In addition, all outer boundaries of the
coolant channel in the simulation, except for the inlet and outlet of the cooling water, were
assumed to be adiabatic, and the initial temperature of all parts was set to 25 ◦C. Table 3
lists the properties of the materials used in the simulations.

Table 2. Boundary conditions for BTM simulations.

Condition Value Unit

Battery Convective heat transfer coefficient 5 W/m2·K
Ambient air temperature 25 ◦C

Coolant
Inlet velocity 0.05, 0.1, 0.2, 0.3, 0.4 m/s

Inlet temperature 25 ◦C
Outlet pressure Ambient pressure Pa

Walls All walls, except inlets and outlets Insulated -

Initialization Initial temperature 25 ◦C

Table 3. Physical properties for BTM simulations.

Material
Density Heat Capacity Thermal Conductivity Viscosity[
kg/m3] [J/(kg·K)] [W/(m·K)] [kg/(m·s)]

Battery cells [45] 2720 300 3 -
Coolant water 998.2 4182 0.6 0.001003

2.2. Governing Equations

The mathematical model applied in the simulation was based on the following
assumptions:

1. The physical properties of the battery material are uniform, and the heat generated by
the battery is constant and uniform.

2. The current density is uniform throughout the battery during the charge–discharge cycle.
3. Thermal radiation is neglected.

While the assumed heat generation may differ from real-world situations, this is a
fundamental study; therefore, rather than considering a complex non-linear heat generation
model (transient), a simpler model (steady) was used to study the cooling characteristics
under typical heat generation [46,47].

According to the above assumptions, the energy equation of the battery is expressed as

∇·(kb∇Tb) +
.

Q = 0 (1)
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where kb is the thermal conductivity of the battery; ∇Tb is the temperature difference
between the batteries; and

.
Q is the battery heating rate.

.
Q was based on a study by

Bernardi et al. [48].
The exothermic equation is expressed as follows:

Qgen = Qirre + Qrev = I(Uca −Uan −U)− IT
d(Uca −Uan)

dT
(2)

where Qirre is the irreversible heat; Qrev is the reversible heat; I is the current; Uca,Uan are
the open circuit voltages of the negative and positive electrodes, respectively; U is the
terminal voltage; and T is the battery temperature.

For batteries, Uan and Uca, according to the state of charge (SOC) and depth of dis-
charge (DOD), were referred to in the literature [49–51].

Because heat generation is assumed to be uniform, the calorific value per battery
volume can be expressed as follows:

.
Q =

Qgen

∀b
(3)

where
.

Q is the volumetric heat generation rate; Qgen is the battery calorific value from
Equation (2); and ∀b is the volume of the battery. The Q values were simulated by setting
3C (74,852.4 W/m3) and 5C (165,654.4 W/m3) as per the study by Pakrouh et al. [41].

The fluid-governing equations for calculating the mass and volume of the coolant,
velocity and pressure of the fluid, and heat transfer are as follows:

ρ f (∇·u) = 0 (4)

ρ f (∇·uu) = −∇P +∇·(µ∇u) (5)

ρ f

(
∇·Cp, f uTf

)
= ∇·

(
k f∇Tf

)
(6)

where ρ f , Cp, f , Tf , k f , and ∇Tf represent the density, specific heat, temperature, thermal
conductivity, and temperature difference of the fluid, respectively.

The simulation was set to a laminar flow model by calculating the Reynolds number
of the cooling water.

Re =
ρVDh

ν
(7)

Dh =
2× Awidth×Blength

Awidth + Blength
(8)

The boundary conditions of the battery at the interface are expressed by the laws of
conservation of energy and Newton’s law of cooling, as follows:

−kb
∂T
∂n

= −k f
∂T
∂n

(9)

.
Qconv = hA

(
Ts − Tf

)
(10)

where kb and k f are the thermal conductivities of the battery and coolant, respectively;
.

Qconv is the heat transfer by convection per unit area; h is the convective heat transfer
coefficient; Ts is the temperature of the battery surface; and Tf is the ambient temperature.
According to Min et al., the value of h was set to 5 W/m2·K[44].

The mass flow rate of the coolant through the channels is expressed as

.
m f = ρ× ν× Ac (11)
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where Ac is the cross-sectional area of the channel.
Subsequently, based on the pressure drop, the pump power can be expressed as

P = (∆P)×
.

m f

ρ f
(12)

where P is the pump power; ∆P is the pressure drop; m f is the mass flow rate of the cooling
water; and ρ f is the density of the cooling water [45].

A constant temperature of 25 ◦C was set at the inlet of the channel, and atmospheric
pressure was set as the boundary condition at the outlet.

Tf ,outlet = 25 ◦C (13)

Pf ,outlet = Patm (14)

Further, as the initial condition of the simulation, the overall temperature, including
that of the battery and coolant, was considered as starting from 25 ◦C.

Tf ,inlet = 25 ◦C (15)

2.3. Grid Independence Verification

This study focused on simulating the thermal behavior of a basic type model with
448 Li-ion batteries and cooling channels using the FLUENT 2022 R1 Meshing software
and NVIDIA DGX STATION (Future Automotive Intelligent Electronics Core Technology
Center, Cheonan, Republic of Korea) to generate the grid. A hexahedral mesh was used to
ensure the accuracy and speed of the simulations. The accuracy of the simulation results
is affected by the size and number of grids used in the mesh. In general, the higher the
number of grids, the higher the accuracy of the simulation results. However, the cooling
channel model independence must be verified to reduce the impact of grid number and
size on the calculation results. To determine the grid independence of the model, the effect
of grid size on the coolant outlet temperature Toutlet was investigated.

The inlet mass flow rate of the cooling water used in the simulation was 9.73245× 10−3,
and the cooling water temperature was set at 25 ◦C. This is because in order to ensure the
reliability of the boundary conditions and grid quality for the subsequent comparative
validation of this simulation model and R. Pakrouh et al.’s [41] model, the minimum
flow rate and cooling water temperature of R. Pakrouh et al.’s [41] model were used as a
reference. In the grid independence test, the grid size used for the simulation was changed
stepwise to evaluate its effect on the accuracy of the results. This test aimed to determine the
minimum grid size required to obtain accurate results while minimizing the computational
cost of the simulation.

In this simulation, we used a cubic grid and compared the error rate between the
theoretical value of the outlet temperature and the simulation results for each grid size, as
shown in Table 4. It can be observed that the error rate increases as the grid size increases,
indicating that the simulation does not converge more accurately. However, with the
1.4 mm and 1.6 mm grid sizes, the error rate exceeded 5%, indicating that the results were
unreliable with these grid sizes. This is because the grid was too coarse to accurately
capture the flow and heat transfer details. However, increasing the grid size from 1.2 mm
to 1.0 mm resulted in a slight increase in the outlet temperature from 0.02% to 0.009 ◦C.
This shows that the solution has already converged to a stable solution and that increasing
the number of grids further will not significantly improve the accuracy and will only add
unnecessary computational cost. Therefore, a grid size of 1.0 mm was chosen for this
simulation to balance the computational cost with the accuracy of the results.
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Table 4. Grid independence verification results.

Grid Size 1.6 mm 1.4 mm 1.2 mm 1.0 mm

Theoretical coolant outlet temperature (◦C) 38.6 38.6 38.6 38.6
Simulation coolant outlet temperature (◦C) 36.62 36.64 36.73 36.74

Error rate 5.13% 5.1% 4.84% 4.82%

3. Results and Discussion
3.1. Reliability Verification of the Model

Thus, the reliability of the battery thermal management model developed in this study
was verified. For this, the simulation data obtained in this study must be compared and
verified with those obtained by other researchers. Such validation confirms the accuracy
and reliability of the computational model and the results obtained. In this study, as shown
in Figure 2, the maximum temperature of the battery in the module (Tmod.,max) according
to the change in discharge rates (3C, 5C) and inlet flow velocities (0.05, 0.1, 0.2, 0.3, and
0.4 m/s) of the Li-ion battery and the temperature difference between the maximum and
minimum temperatures (∆Tmod.,max) were verified through comparisons with the reference
(Pakrouh et al. [41]) and basic type.
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Figure 2. Comparisons of temperatures between the reference and basic type with various coolant
inlet velocities under 3C and 5C discharge rates. (a) maximum temperature within the module
at a discharge rate of 3C; (b) temperature difference within the module at a discharge rate of 3C;
(c) maximum temperature within the module at a discharge rate of 5C; (d) temperature difference
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Figure 2a,d show the maximum temperature of the battery in the module (Tmod.,max)
at different coolant inlet flow velocities. Evidently, the 3C discharge rate exhibited tem-
perature differences of 0.4, 1.1, 1.4, 1.5, and 1.8 ◦C according to the flow velocity change;
in the case of the 5C discharge rate, they were 1.2, 5.1, 3.9, 4, and 4.1 ◦C, respectively.
A temperature difference occurred because of the slight geometric differences between
the basic and reference models used in this study. In this study, since we modeled the
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battery cooling channels similar to those used in real Tesla electric vehicles, the contact area
between the battery cells and the cooling channels is 659.4 mm2 for the reference model and
259.1 mm2 for the model developed in this study, as shown in Figure 3. This results in an
area difference of 400.3 mm2. This results in a difference in heat transfer between the cells
at each corner, increasing the maximum temperature of the module by 1.18% at 3C and
2.44% at 5C discharge rate.
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Figure 3. Comparisons of geometric differences between the reference and basic type.

Figure 2b,c show the temperature difference (∆Tmod.,max) between the average temper-
ature of the 186th cell of the battery ( Tave.,186) and that of the 1st cell of the battery ( Tave.,1)
according to the calculation method of the reference model. The maximum temperature
difference between the batteries within a module was calculated using Equation (16).

∆Tmod.,max = Tave.,186 − Tave.,1 (16)

Consequently, temperature differences of 0.18, 0.09, 0.11, 0.16, and 0.17 ◦C were
observed at the 3C discharge rate, and those of 0.56, 0.49, 0.21, 0.017, and 0.15 ◦C were
observed at the 5C discharge rate according to the inlet flow velocity change, respectively.
Therefore, the basic model developed in this study was similar to the simulation results of
the reference model. Thus, the reliability of the model can be validated by showing similar
trends in the discharge rate and cooling water velocity changes.

3.2. Effect of Cooling Channel Geometry on BTM

In this study, the effect of temperature on the BTM was analyzed using three channel
types: basic, parallel, and counter flow types. The heat generated inside the battery
increased the overall temperature of the battery module. To dissipate the heat generated by
the battery, the coolant flows along the flow path, absorbs the heat generated by the battery,
and increases the coolant temperature. Figure 4 shows the visualization of the temperature
distribution of the 32.5 mm (1/2 battery height) part of the middle height of the battery cell
for discharge rates of 3C and 5C. It was analyzed according to the type of flow path with
the reference inlet flow velocity (0.05 m/s) used in the reference model.



Energies 2023, 16, 7860 12 of 30

Energies 2023, 16, x FOR PEER REVIEW 11 of 29 
 

 

Figure 3. Comparisons of geometric differences between the reference and basic type. 

Figure 2b,c show the temperature difference (∆𝑇 ., ) between the average tem-
perature of the 186th cell of the battery (𝑇 ., ) and that of the 1st cell of the battery 
(𝑇 ., ) according to the calculation method of the reference model. The maximum tem-
perature difference between the batteries within a module was calculated using Equation 
(16). ∆𝑇 .,  =  𝑇 ., − 𝑇 .,  (16)

Consequently, temperature differences of 0.18, 0.09, 0.11, 0.16, and 0.17 °C were ob-
served at the 3C discharge rate, and those of 0.56, 0.49, 0.21, 0.017, and 0.15 °C were ob-
served at the 5C discharge rate according to the inlet flow velocity change, respectively. 
Therefore, the basic model developed in this study was similar to the simulation results 
of the reference model. Thus, the reliability of the model can be validated by showing 
similar trends in the discharge rate and cooling water velocity changes. 

3.2. Effect of Cooling Channel Geometry on BTM 
In this study, the effect of temperature on the BTM was analyzed using three channel 

types: basic, parallel, and counter flow types. The heat generated inside the battery in-
creased the overall temperature of the battery module. To dissipate the heat generated by 
the battery, the coolant flows along the flow path, absorbs the heat generated by the bat-
tery, and increases the coolant temperature. Figure 4 shows the visualization of the tem-
perature distribution of the 32.5 mm (1/2 battery height) part of the middle height of the 
battery cell for discharge rates of 3C and 5C. It was analyzed according to the type of flow 
path with the reference inlet flow velocity (0.05 m/s) used in the reference model. 

  
(a) Basic type. 

  
(b) Parallel type. 

  
(c) Counter flow type. 

Figure 4. Comparisons of temperature distributions between basic, parallel, and counter flow types
with 0.05 m/s coolant inlet velocity under 3C and 5C discharge rates.

Figure 4a shows that the coolant absorbs heat from the battery through a serpentine
path using a basic type channel. Initially, the cold coolant at 25 ◦C entered the channels
and absorbed a significant amount of heat generated by the battery. As the coolant flowed
through the channels, the amount of heat absorbed from the battery gradually decreased,
and the temperature of the batteries at the outlet gradually increased, forming a wide hot
area at the outlet. This is because the cooling water had already absorbed a significant
amount of heat at the outlet, and the cooling water temperature was significantly higher
than the initial temperature of 25 ◦C. Figure 4b shows a parallel type channel with multiple
channels instead of the single channel of the basic type, and the uniform mass flow rate
of the cooling water entered eight flow paths. Evidently, the edge battery cells at the top
and bottom of the cooling passage conducted heat exchange on only one side, whereas the
central battery conducted heat exchange with the cooling passage on both sides, thereby
forming a high-temperature region in the center.

Figure 4c shows that the counter flow type channel has a similar cooling path to the
basic type; however, the cooling water flowed into the upper and lower two channels from
opposite entrances and exits. Therefore, when the coolant moved toward the outlet of the
channel, the temperature of the fluid gradually increased owing to the heat absorbed by the
battery; however, the temperature inside the module was evenly distributed because of the
heat exchange generated by the cold coolant flow (25 ◦C) from the opposite inlets. Figure 5
shows the maximum temperature of the battery in the module, average temperature of
the first battery cell, and temperature difference between the maximum temperature of
the battery in the module and the average temperature of the first row of battery cells
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based on the temperature distribution visualization presented in Figure 4. The formula for
calculating the temperature difference is as follows:
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Basic and counter flow type temperature difference

∆Tmod.,max = Tmod.,max − Tave.,1 (17)

Parallel type temperature difference

∆Tmod.,max = Tmod.,max − Tave.,1row (18)

Figure 5a shows that the maximum temperature inside the battery module increased
according to the cooling water channel shape at discharge rates of 3C and 5C. The maximum
temperature of the parallel type channel increased by 1.14 and 2.52 ◦C at 3C and 5C
discharge rates, respectively, compared to the basic type channel. This is because the
length of the parallel type channel was shorter than that of the basic channel; therefore,
relatively less heat was absorbed or discharged through the outlet. However, the counter
flow type reduced the maximum temperature of the module by 1.36 and 3.02 ◦C at 3C and
5C discharge rates, respectively, compared to the basic type. This is attributed to more
active heat exchange through the flow of cooling water in opposite directions. The heat
exchange was improved, leading to more efficient cooling of the battery, owing to the
configuration of two intersecting coolant channels.

Figure 5b shows that the temperature difference increased within the battery module
because the basic and parallel types absorbed and dissipated battery heat only through
a one-way passage. With an increase in the discharge rate, the temperature difference
increased by a factor of approximately two. This implied that the temperature difference
became more severe as the discharge rate increased for each part of the battery module,
leading to reduced battery performance. Conversely, a counter flow type cooling flow
path comprises two intersecting channels, thereby allowing the coolant and heat to be
distributed more evenly throughout the battery module. Consequently, compared to
the basic type, the temperature difference within the module was reduced by 6.78 and
15.01 ◦C at discharge rates of 3C and 5C, respectively, resulting in more uniform temperature
distribution and improved battery performance.

Overall, the counter flow type cooling channel demonstrated superior performance in
terms of both the maximum temperature and temperature difference in the battery module.
Its design facilitated improved heat exchange between the coolant and the battery, resulting
in more effective cooling.
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3.3. Effect of Coolant Inlet Velocity on BTM

In this section, we investigate the effect of coolant inlet velocity on the performance of
the battery cooling system.

In this study, the basic, parallel, and counter flow type cooling channels were compared
under the conditions of cooling water inlet velocities (VInlet) of 0.1, 0.2, 0.3, and 0.4 m/s
and discharge rates of 3C and 5C.

Figure 6 shows the temperature distribution of each cooling channel according to
different discharge rates (3C and 5C) and flow velocities (0.1, 0.2, 0.3, and 0.4 m/s). Figure 7
also shows the effect of the cooling water inlet flow velocity on the maximum temperature
and temperature difference in the battery module based on the visualization of the temper-
ature distribution presented in Figure 6. As described in Section 1, if the battery continues
to maintain a high temperature, the life of the battery decreases, and the driver’s safety
may also be threatened owing to thermal runaway. Therefore, the temperature range of
25–40 ◦C is considered ideal for the battery to ensure optimal performance, while the
temperature difference within the module should be limited to within 5 ◦C. Therefore,
when the fluid velocity increased, the maximum temperature and temperature difference
in the battery module decreased regardless of the discharge rate. This is due to the oc-
currence of the enhanced convective heat transfer with an increase in the fluid velocity.
Convective heat transfer is the heat transfer between a surface and a moving fluid. With an
increase in fluid velocity, the heat transfer rate was increased, resulting in a decrease in the
maximum temperature.

At the discharge rate of 3C, shown in Figure 7a, even when the coolant inlet flow
velocity was the lowest (0.1 m/s), the maximum temperatures of the battery modules of
the basic, parallel, and counter flow type cooling channels were maintained within the
temperature limit (Tmod.,Limit) of 40 ◦C. In addition, the temperature difference according to
the 3C discharge rate in Figure 7b was maintained within the temperature limit difference
(∆Tmod.,Limit) of 5 ◦C when the velocity was over 0.2 m/s in each cooling channel. This is
because when the flow velocity is low, the temperature distribution across the cooling chan-
nel becomes unbalanced, resulting in a large temperature difference. However, the counter
flow type cooling channel was able to maintain the temperature difference (∆Tmod.,Limit)
within the acceptable limit of 5 ◦C, even when the flow velocity was as low as 0.1 m/s.

At the discharge rate of 5C (Figure 7c), for the lowest flow velocity of 0.1 m/s, it was
confirmed that the basic, parallel, and counter flow types all reached the temperature limit
(Tmod.,Limit) of 40 ◦C or higher. In addition, even when the flow velocity increased, the
maximum temperature was confirmed to be over 40 ◦C. However, at the 5C discharge
rate and fluid velocity of 0.2 m/s or greater (Figure 7d), although the counter flow type
temperature difference in the module was maintained within the temperature limit differ-
ence (∆Tmod.,Limit) of 5 ◦C, it was not maintained in the basic and parallel types. The most
important outcome of this part is the counter flow type performance. The temperature
difference in the counter flow type was within the range of 5 ◦C temperature difference
limit despite the change in discharge rate (3C and 5C), and minimal change was observed
with an increase in the flow rate (0.1, 0.2, 0.3, and 0.4 m/s). Therefore, the performance of
the cooling system is dependent on the shape of the cooling channel, and it was confirmed
that counter flow type cooling with opposite fluid flows in the two cooling water channels
was the most effective.
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Figure 7. Comparisons of maximum temperatures and temperature differences in battery module
between basic, parallel, and counter flow types with various coolant inlet velocities under 3C and
5C discharge rates. (a) maximum temperature inside the module according to a discharge rate of
3C; (b) temperature difference inside the module according to a discharge rate of 3C; (c) maximum
temperature inside the module according to a discharge rate of 5C; (d) temperature difference inside
the module according to a discharge rate of 5C.

3.4. Effect of Pressure Drop on BTM

For battery cooling systems, the pressure drop is an important factor to consider.
A pressure drop indicates that the fluid pressure decreased as the coolant fluid flowed
through the channels. Maintaining a proper pressure drop is essential for the efficient
and effective operation of cooling systems. In battery cooling systems, a higher pressure
drop can increase power consumption, which can ultimately affect battery performance
and lifespan. Therefore, the selection of an optimal cooling system, which can provide an
adequate pressure drop while efficiently cooling the battery, is crucial.

Figure 8 and Table 5 compare the pressure drop results of the basic, parallel, and
counter flow type cooling channels with respect to the coolant flow velocity.
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Table 5. Pressure drops and differences between the cooling channels with various coolant inlet
velocities.

Inlet Velocity
[m/s]

∆Pbasic
[Pa]

∆Pparallel
[Pa]

∆Pbasic−∆Pparallel
[Pa]

∆Pcounterflow
[Pa]

∆Pbasic−∆Pcounterflow
[Pa]

0.1 723.29 9.14 714.15 747.02 23.72
0.2 1686.92 19.03 1667.89 1737.25 50.32
0.3 2856.43 29.50 2826.92 2937.94 81.51
0.4 4217.28 40.48 4331.96 4331.96 114.67

The basic and counter flow type channels exhibited an increased pressure drop with
the increase in coolant flow velocity. This is attributed to frictional losses, which occur
when a fluid passes through a long, narrow channel. As the flow velocity increased, the
resistance of the fluid increased, resulting in a higher pressure drop. The frictional loss
is proportional to the length of the channel; therefore, a longer length of the basic and
counter flow type channels compared with the parallel type channel resulted in a higher
pressure drop.

In particular, the counter flow type channel has an area of 97.5 mm2, and the basic type
channel has a two-fold difference in area compared to the counter flow type channel. As a
result, even at the same flow rate, a larger pressure drop occurs as the narrower channel is
passed through.

For example, at a flow rate of 0.1 m/s, the pressure difference between the basic type
and counter flow type was 23.72 Pa, but as the flow rate increased, this difference increased
to 114.67 Pa at a flow rate of 0.4 m/s. This difference was caused by the different hydraulic
diameters of the channels. On the other hand, the parallel type channel showed a much
lower pressure drop than the basic type and counter flow type channels. This is because
the length of the parallel type is 632.5 mm, while the length of the basic type and counter
flow channels is 5186.1 mm, which is a difference of 4553.6 mm. Therefore, there is less
friction loss, resulting in a lower pressure drop. The pressure drop difference between the
basic type and parallel type is 741.16 and 4176.81 Pa at flow rates of 0.1 m/s and 0.4 m/s,
respectively. Therefore, when designing a cooling channel, the length and cross-sectional
area of the channel must be considered to minimize the friction loss and pressure drop.
Moreover, design methods, which can increase the cooling efficiency while reducing the
length, such as parallel type channels, must be considered.

The battery cooling system removes heat from the battery and maintains a stable
battery temperature. The performances of these battery cooling systems are determined
by the battery discharge rate and temperature limit requirements. Figure 9 shows the
comprehensive results of (Tmod.,max) and (∆Tmod.,max) according to the 3C and 5C discharge
rates and coolant flow velocities. Tables 6 and 7 show whether each cooling channel satisfies
the battery cooling system temperature limit requirements based on the results shown
in Figure 9.
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Figure 9. Comparisons of temperature limits and temperature limit differences in battery module
between basic, parallel, and counter flow types with various coolant inlet velocities under 3C and 5C
discharge rates. (a) According to the discharge rate of 3C and the coolant flow velocity (Tmod.,max);
(b) According to the discharge rate of 5C and the coolant flow velocity (Tmod.,max).
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Table 6. Confirmation of temperature requirements for BTM of three cooling channels under 3C
discharge rate.

Inlet Velocity
[m/s]

Basic Type Parallel Type Counter Flow Type

Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C

0.1 o x o x o o
0.2 o o o o o o
0.3 o o o o o o
0.4 o o o o o o

Table 7. Confirmation of temperature requirements for BTM of three cooling channels under 5C
discharge rate.

Inlet Velocity
[m/s]

Basic Type Parallel Type Counter Flow Type

Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C

0.1 x x x x x x
0.2 x x x x x o
0.3 x x x x x o
0.4 x x x x x o

Table 6 presents the results for the battery discharge rate of 3C. Evidently, the only
cooling channel, which maintained the temperature limit difference (∆Tmod.,Limit) within
5 ◦C even at the lowest flow velocity (0.1 m/s), was the counter flow type. It also sat-
isfied the requirement of a temperature limit (Tmod.,Limit) of 40 ◦C or less. Therefore, the
counter flow type channel is the only cooling channel, which can satisfy the performance
requirements of the battery cooling system at a 3C discharge rate.

Table 7 presents the results for the case where the battery discharge rate was 5C.
In this case, the basic, parallel, and counter flow types all failed to satisfy the re-

quirements at the temperature limit (Tmod.,Limit) of 40 ◦C. However, the counter flow type
channel maintained the temperature limit difference (∆Tmod.,Limit) within 5 ◦C when the
flow velocity was over 0.2 m/s. This is because the counter flow type channel is particularly
effective in dissipating the heat generated during high battery discharge rates.

Therefore, counter flow type channels are the only channels, which can satisfy the per-
formance requirements of battery cooling systems even at 5C discharge rates. Summarizing
all the above results, the counter flow type exhibited better performance than the basic and
parallel types in terms of temperature. However, it exhibited a higher pressure drop than
the basic type. Therefore, for optimization, this study analyzed the effect of combining a
parallel type cooling channel with the lowest pressure drop and a counter flow type cooling
channel with excellent temperature on the battery cooling system. Thus, by combining
the advantages of both types, an optimized cooling channel design was proposed for the
battery cooling system.

3.5. Effect of Optimized Cooling Channel

The combination of parallel type and counter flow type channels is a new design
solution to overcome the limitations of battery cooling systems. As shown in Figure 10,
multi-counter flow type cooling channels provide approximately twice as many cooling
channels as parallel type cooling channels. This was not considered in this study because
the cost can vary with fluctuations in material prices, and in high-performance equipment,
weight can also affect performance. The goal of this research is to provide a solution, which
can effectively dissipate the heat generated by the battery while keeping pressure losses
low. The counter flow type channel is effective in removing heat from the battery; however,
it is longer, and the cross-section of the flow channel is 1/2 smaller than that of the basic
channel, resulting in a higher pressure drop. In contrast, parallel type channels are short
and have a low pressure drop, but they are not effective in removing heat from the battery.
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Therefore, the cooling channel shape was optimized by combining the advantages of both
channels.
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Figure 10. Schematic and computational analysis area for multi-counter flow.

Figure 10 shows a schematic of a cooling channel, which combines the advantages
of both types of channels (parallel type and counter flow type). The two passages have
opposite fluid flows and are composed of a parallel channel structure rather than a single
channel structure (basic type and counter flow type).

Figure 11 shows a temperature distribution comparison between the multi-counter
flow types.

The figure shows that with an increase in the flow velocity, the high-temperature and
low-temperature regions of the basic type cooling channel were clearly visible, whereas
the multi-counter flow type cooling channel showed a uniform temperature distribution.
In addition, the maximum temperature of the battery module was lower than that of
the basic module as the flow rate increased. Figure 12 shows the maximum temperature
and temperature difference in the battery module based on the temperature distribution
visualization shown in Figure 11.

The results presented in Figure 12 show the maximum temperature and temperature
difference in the battery module at various flow rates (0.1, 0.2, 0.3, 0.4 m/s) and discharge
rates (3C, 5C). The results show that the maximum temperature is similar for the basic
type and multi-counter flow type, but the temperature difference between cells in the
battery module is significantly different. This is because, as mentioned in the Introduction,
keeping the temperature difference between cells in the battery module within 5 ◦C has
an important impact on battery life and efficiency. Especially in the low-speed section, the
cooling flow path of the multi-counter flow type reached the target temperature of 5 ◦C
earlier than the basic type, and we focused on this point. Specifically, in Figure 12a,b, the
multi-counter flow type, compared to the basic type, reduced the maximum temperature
to 0.16, 0.08, 0.05, and 0.04 ◦C at 3C discharge rate and 0.35, 0.19, 0.12, and 0.11 ◦C at 5C
discharge rate. This implies that the multi-counter flow type is effective in reducing the
maximum temperature of the battery module; however, the difference between the two
types is relatively small.
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Figure 11. Comparisons of temperature distributions between basic and multi-counter flow types
with various coolant inlet velocities under 3C and 5C discharge rates.

Further, Figure 12c,d show that the multi-counter flow type significantly reduced the
temperature difference. Compared to the basic type, it was confirmed that the difference in
temperature difference was greatly reduced by 3.31, 1.71, 1.15, and 0.87 ◦C at 3C discharge
rate and by 7.32, 3.79, 2.54, and 1.93 ◦C at 5C discharge rate. The largest difference in
temperature difference was observed at the 5C discharge rate, suggesting that the multi-
counter flow type was particularly effective in reducing the temperature difference at high
discharge rates. Overall, the multi-counter flow type was found to be effective in reducing
both the peak temperature and temperature deviation of the battery module, particularly
at high discharge rates. In addition, the maximum temperature and temperature deviation
of the battery module were compared for the counter flow type—which was the best in
terms of temperature—and the multi-counter flow type cases.
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Figure 13 compares the maximum temperature and temperature difference in the
battery module at various flow rates (0.1, 0.2, 0.3, 0.4 m/s) and discharge rates (3C and
5C) for the counter flow type cooling channel—which showed superior performance in
terms of temperature compared to the basic type cooling channel—and the newly proposed
multi-counter flow type cooling channel. The results show that the maximum temperature
and temperature difference decrease in a similar trend. Although the counter flow type
cooling channel reached the target temperature of 5 ◦C in the low-speed section first, we
found that the multi-counter flow type also reached 5 ◦C in a similar way. Therefore, the
multi-counter flow type cooling channel is not much different from the counter flow type,
which showed the best performance in terms of temperature. It also showed superior
performance compared to the basic type cooling channel, and we focused on this point to
derive the results.

Specifically, the maximum temperature difference between the counter flow and multi-
counter flow types decreased by 0.59, 0.29, 0.21, and 0.15 ◦C at 3C discharge rate and by
1.31 ◦C, 0.65 ◦C, 0.46 ◦C, and 0.33 ◦C at 5C discharge rate. In addition, the difference in the
temperature difference between the counter flow and multi-counter flow types decreased
by 0.34, 0.17, 0.11, and 0.09 ◦C at 3C discharge rate and by 0.76 ◦C, 0.37 ◦C, 0.26 ◦C, and
0.19 ◦C at 5C discharge rate. Therefore, it is evident that the counter flow type is effective
in reducing the maximum temperature and temperature difference in the battery module,
but the difference between the two types is relatively small. In addition, as the flow rate
increased, the difference between the two cooling channels decreased, regardless of the
discharge rate. However, the counter flow type consumes more power owing to the higher
pressure drop. Although this can be effective in reducing the maximum temperature and
temperature differences, it necessitates more power to cool the battery.
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Figure 14 and Table 8 show the basic, counter flow, and multi-counter flow type
pressure drop comparisons for various fluid velocities (0.1, 0.2, 0.3, and 0.4 m/s). The
counter flow type exhibited a higher pressure drop than the basic and multi-counter
flow types.

Table 8. Pressure drops and differences between basic, counter flow, and multi-counter flow types
with various coolant inlet velocities.

Inlet Velocity
[m/s]

∆Pbasic
[Pa]

∆Pmulti−counterflow
[Pa]

∆Pbasic−∆Pmulti−counterflow
[Pa]

∆Pcounterflow
[Pa]

∆Pounterflow−∆Pmulti−counterflow
[Pa]

0.1 723.29 9.42 713.87 747.02 737.6
0.2 1686.92 19.64 1667.28 1737.25 1717.61
0.3 2856.43 30.47 2825.96 2937.94 2907.47
0.4 4217.28 41.80 4175.48 4331.96 4290.16



Energies 2023, 16, 7860 24 of 30Energies 2023, 16, x FOR PEER REVIEW 23 of 29 
 

 

 
(a) 

 
(b) 

Figure 14. Comparisons of pressure drops between basic, counter flow, and multi-counter flow 
types with various coolant inlet velocities. (a) Comparison of pressure drop between basic type and 
multi-counter flow type; (b) Comparison of pressure drop between counter flow type and multi-
counter flow type. 

As shown in Figure 14a, with an increase in fluid velocity, the pressure drop of the 
multi-counter flow type decreased significantly compared with that of the basic type. 

Specifically, the difference in pressure drop was reduced by 713.87, 1667.28, 2825.96, 
and 4175.48 Pa compared to the basic type at various fluid velocities (0.1, 0.2, 0.3, and 0.4 
m/s). Further, Figure 14b shows that the difference in pressure drop was reduced by 737.6, 
1717.61, 2907.47, and 4290.16 Pa compared to the counter flow type, respectively. 

This is because the multi-counter flow type has a multi-channel design, and the fluid 
flow path is shorter than that of the basic and counter flow types. These short flow paths 
reduce the pressure drop, improve cooling efficiency, and reduce power consumption. 
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As shown in Figure 14a, with an increase in fluid velocity, the pressure drop of the
multi-counter flow type decreased significantly compared with that of the basic type.

Specifically, the difference in pressure drop was reduced by 713.87, 1667.28, 2825.96,
and 4175.48 Pa compared to the basic type at various fluid velocities (0.1, 0.2, 0.3, and
0.4 m/s). Further, Figure 14b shows that the difference in pressure drop was reduced by
737.6, 1717.61, 2907.47, and 4290.16 Pa compared to the counter flow type, respectively.

This is because the multi-counter flow type has a multi-channel design, and the fluid
flow path is shorter than that of the basic and counter flow types. These short flow paths
reduce the pressure drop, improve cooling efficiency, and reduce power consumption.

Figure 15 shows the comprehensive results of Tmod.,max, ∆Tmod.,max, and ∆P under 3C
and 5C discharge rates and various flow rates for all simulation results. Tables 9 and 10
provide an assessment of whether the battery cooling system satisfied the temperature
limit requirements.
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Table 9. Confirmation of temperature requirements for BTM of all cooling channels under 3C discharge rate.

Inlet Velocity [m/s]
Basic Type Parallel Type Counter Flow Type Multi-Counter Flow Type

Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C
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Table 10. Confirmation of temperature requirements for BTM of all cooling channels under 5C discharge rate.

Inlet Velocity [m/s]
Basic Type Parallel Type Counter Flow Type Multi-Counter Flow Type

Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C Tmod.,Limit ≤ 40 ◦C ∆Tmod.,Limit ≤ 5◦C
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Table 9 and Figure 15a show the results when the battery discharge rate was 3C.
According to Table 9, the cooling channels, which maintained the module temperature
difference within the temperature limit difference (∆Tmod.,Limit) of 5 ◦C, even at the lowest
fluid speed of 0.1 m/s, were the counter flow and multi-counter flow types. In addition,
the maximum temperature of the battery module remained within the specified limit of
40 ◦C, meeting the performance requirements for the battery cooling system, particularly
at a 3C discharge rate. This demonstrates that the multi-counter flow type cooling channel
is capable of satisfying the thermal management needs of the battery system under such
operating conditions.

Table 10 and Figure 15b show the results when the battery discharge rate was 5C.
In this case, all cooling channels did not meet the requirement to keep the maximum
temperature of the battery module within the limit of 40 ◦C. In addition, the temperature
difference (∆Tmod.,Limit) within the module was relatively poor in situations where the
multi-counter flow type cooling channel had a very low inflow rate of 0.2 m/s compared
with the counter flow type. This is because the multi-counter flow type cooling channel
was about eight times shorter than the counter flow type. Because the multi-counter flow
type has a relatively short flow path length, it exits the cooling channel before sufficient
cooling is achieved in a relatively low fluid velocity section. This has been shown to
reduce cooling efficiency. Nevertheless, the multi-counter flow type cooling channel
meets the performance requirements of the battery cooling system at a 5C discharge rate.
Figure 15c shows that the multi-counter flow type exhibited a very low pressure drop and
low power consumption. Therefore, summarizing all the results, the multi-counter flow
type exhibited better performance than the basic type in terms of temperature and pressure
drop. This cooling channel reduced the battery temperature difference while maintaining a
low pressure drop, which was the goal of this study. Thus, the multi-counter flow type is
an optimized cooling channel suitable for use in battery cooling system designs.

4. Conclusions

The cylindrical Li-ion batteries used in electric vehicles require effective thermal
management through liquid cooling for safe and efficient operation. The objective of this
study was to investigate the utilization of liquid water as a coolant in the cooling system of a
Tesla Model S vehicle. Subsequently, the effects of geometry of the cooling channel, coolant
flow rate, and battery discharge rate on battery thermal management were confirmed.

1. The superior cooling performance of the counter flow type compared to the basic type
was confirmed, as evidenced by the reduced maximum temperature and temperature
difference within the battery module. However, the counter flow type exhibited a
higher pressure drop and power consumption than the basic type.

2. The parallel type had a small pressure drop but did not properly remove the heat
generated from the battery; meanwhile, the counter flow type had a high pressure
drop but effectively removed the battery heat. Therefore, this study proposed the
use of a multi-counter flow type cooling channel, which combined the advantages
of both channels to reduce the pressure drop and maintain the battery module
temperature appropriately.

3. The multi-counter flow type channel achieved both efficient cooling and low power
consumption. Further, it was confirmed that the maximum temperature and tem-
perature difference in the module were relatively small compared with those of the
counter flow type.

This study serves as a foundation for the development of a thermal management
system for cylindrical Li-ion batteries utilized in electric vehicles.
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