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A novel liquid cooling system for pouch-type lithium-ion batteries (LIBS)
focuses on uniform temperature distribution and effective heat dissipation.
The system utilizes a microchannel cold plate with an innovative coolant
distribution design. The efficient microchannel design enhances thermal
performance without incurring additional energy consumption.
Additionally, using geometric patterns of cooling channels as an active
cooling system improves thermal management performance. This study
proposes a novel microchannel distribution path design, with each
microchannel dimensioning 1 mm?2 and embedded in the battery's critical
region to enhance the thermal contact among the LIB and the
microchannels. This study aims to simulate and evaluate the performance
of the cooling system under various Iranian environmental conditions
(Tehran, Shiraz, Isfahan, and Bandar Abbas) and operational parameters
(channel pattern, flow rate) to achieve optimal battery temperature and
reduce energy consumption. Numerical investigations were conducted
under 5C discharge conditions and a specific range of intake speeds
(0.1m/s to 0.5m/s). The findings demonstrate that the designed liquid
cooling successfully improves the thermal contact among the LIB and the
liquid cooling in the battery cell's hot region around the channel outlet port.
The proposed thermal management system reduces the maximum
temperature (Tpax) by 8K, and the maximum temperature difference
(AT.x) is improved by 4.17K. Furthermore, the system's performance
was evaluated under fluctuating heat generation rates, simulating real-
world driving cycles. The study found that under varying driving
conditions (based on the WLTP class 3 driving cycle), the
Tmax iNcreased progressively, with periodic peaks and dips, reflecting the
dynamic interaction between heat generation during high loads and the
cooling system’s efficiency. This demonstrates the system's capability to
manage thermal fluctuations effectively during practical driving scenarios.
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1. Introduction

Lithium-ion batteries (LIBs) are highly
significant with respect to energy density,
voltage, cycle lifespan and discharge rate in
comparison to alternative energy storage LIB.
Alternative technologies include nickel-metal
hydride (NiMH) and lead-acid batteries, which
are cost-effective but lower in energy density.
Their  specific  properties render  them
indispensable for Electric vehicles (EVs) and
Energy  storage  system (ESS) [1.,2].
Advancements in battery materials and
architectures have led to a steady rise in the
energy density of LIBs. By 2021, the average
energy density had achieved 300 Wh/kg [3]. The
rise in energy density has heightened the
importance of thermal management for safety.
Temperature plays an important role in
determining the performance and longevity of
LIBs. At lower temperatures, the reduction in
chemical Kkinetic rate and at lower temperatures,
the reduction in chemical interaction kinetics and
the corresponding increase in internal resistance
led to diminished battery capacity [4,5]. High
temperatures encourage the failure of battery
elements, resulting in diminished performance
and a shortened lifespan. Moreover, high
temperatures compromise thermal safety and can
potentially trigger thermal runaway. [6,7]. The
deployment of an effective battery thermal
management system (BTMS) is necessary for
ensuring the dependable operation of EVs. This
system safeguards thermal stability, optimizes
performance, and prolongs battery lifespan,
thereby preventing the risk of thermal runaway
[8,9]. Consequently, designing a system that
regulates Keeping the cell temperature within the
ideal range of 20°C to 50°C while improving
temperature uniformity is crucial for efficient
operation.

LIBs employ three primary thermal management
system (TMS): hybrid, passive and active
cooling. Active cooling consumes energy to
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regulate temperature through methods such as
water- or air-based TMS [10,11]. In contrast,
passive cooling maintains temperature without
energy input, often based on materials with high
thermal storage capacities, like PCM[12,13].
Numerous studies have focused on air-cooling
methods and battery arrangement optimization.
For example, the impact of air inlet position on
the thermal behavior of cylindrical cells under
forced air cooling has been investigated[14]. Xu
et al.[15] investigated the impact of dual-side air
inlet positioning on the thermal management of
cylindrical cells under forced air cooling. Their
results showed that the dual-side inlet design
reduced the AT,.x among the cells by
approximately 20%, improving temperature
uniformity and reducing the likelihood of
hotspots.  Additionally, this configuration
decreased fan energy consumption by about 20%,
enhancing cooling efficiency without increasing
fan power demands. This approach not only
improved thermal regulation within the battery
pack but also offered an energy-saving advantage
in cooling operations, making it a promising
method for battery thermal management. Wang et
al. [15] investigated air-cool BTMS efficiency in
EVs Dby employing parallel plates. Their
optimized design, consisting of two parallel
plates with dimensions of 1.5mm in thickness and
30mm in height, yielded a Ty, Of 3.37K and a
AT,,ax reduction of 5.5K above the ambient
temperatue. Widyanthara et al. [16] introduced a
variable fan system, examining the influence of
air inlet temperature and the number of fans.
Using the air-cooling methode, they modeled a
74 V, 2.31 kWh battery, revealing that the best
performance, with minimal energy use, was
achieved with three fans and a 25°C inlet
temperature. While this setup successfully
maintained all cells within the ideal temperature
range, a ATy, 0f 15°C persisted. Liquid cooling
systems, however, offer superior heat transfer
efficiency compared to air cooling systems are
preferred over air-cooling owing to the higher
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thermal conductivity of liquids. These systems
can cool module either directly using a high
thermal conductivity fluid or indirectly through
the use of a cooling plate [17,18]. Wang et al. [19]
conducted a comparative analysis of the thermal
efficiency between parallel and series flow
configurations in BTMS. Their study revealed
that parallel flow cooling resulted in a more
uniform temperature distribution, maintaining a
Tmax Delow 36°C and limiting the AT, .4 tO
4.17°C under 3C discharge rate. Li et al. [20]
developed a lightweight U-shaped liquid cooling
system for prismatic battery cells, which
improved thermal safety and reduced weight.
This system achieved a 21% reduction in
Tmax and a 45% decrease in the cooling plate's
weight, making it particularly suitable for EV
applications. Mangini and Thome [21]
investigated the impact of Flow parameters on
heat transfer during boiling in liquid cooling,
finding that the presence of a thin liquid film
significantly improved the thermal transfer
coefficient. Li et al. [22] investigated the
refrigerant flow configurations within a liquid
cooling system, discovering that annular flow
began at a lower quality with R1234ze than with
R32 and R134a due to the lower vapor density of
R1234ze. Jeyarajan et al. [23] investigated a
spiral zigzag design for liquid cooling,
optimizing six different configurations. Their
five-channel design, with a width of 18mm, and a
seven-channel design, with a width of 16mm,
proved to be the most effective. The three-
channel design had a peak outlet temperature of
330.84K. Wei et al. [24] focused on optimizing
the heat transfer performance of liquid cooling
with spiral channels for EV battery modules.
Their findings demonstrated that, with pressure
drops kept below 1000 Pa, the AT,,,x remained
within the ranges of 0.29K, 1.11K, 2.17K, and
3.43K for discharge rates of 1C, 2C, 3C, and 4C,
respectively. To further enhance heat transfer,
Dong et al. [25] developed a wavy channel that
lowered the Ty,.x by 1.75°C in comparison to a
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conventional parallel channel pattern. Lee and
Garimella [26] conducted a study on saturated
flow boiling heat transfer in microchannel heat
sinks (MCHS) and found that the pressure drop
increased significantly with higher flow rates.
additionally, the local heat transfer coefficient
rose almost linearly at low to moderate levels of
heat flux. Li et al. [27] introduced data on the heat
transfer coefficient and pressure drop of R32 in a
cold plate, showing that R32 provided a higher
heat transfer coefficient and lower pressure
compared to R134a. Lin et al. [28] introduced a
silicone gel and cross-structured cold plate
system, achieving a temperature of below 45°C
and a AT,,,x Within 2°C at a 3C discharge rate.
Worwood et al. [29] proposed a graphite for
Cooling of high-capacity LIBs, achieving an in-
plane thermal conductivity five times greater than
that of aluminum, without adding extra weight.
Their results indicated an 8°C reduction in peak
temperatures and a 5°C decrease in surface
temperature gradients compared to aluminum
fins during aggressive EV cycles.

In contrast to active thermal management
methods, passive cooling systems do not
consume energy and primarily rely on heat pipes
and PCMs. These materials absorb significant
heat during phase transitions with minimal
volume change. Additives with high thermal
conductivity are often merge into PCM
composites to improve thermal conductivity [30].
Huang et al. [31] developed a flexible composite
phase change material (CPCM) that reduced
contact resistance in BTMS, decreasing the
temperature by 10°C. Choudhary et al. [32]
investigated numerical analyses of battery packs
with finned structures and PCMs, finding that
finned structures improved heat transfer
efficiency and reduced Ty, by 8.17%. Rabiei et
al. [33] explored various liquid cooling
configurations, including Corrugated plate and
embedded foam metal cold plate. Their results
showed that wavy wall cold plate provided
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superior heat dissipation at higher inlet velocities,
while foam metal cold plate offered better
cooling and lower energy consumption at lower
velocities. Ki et al. [34] investigated a cooling
path for a battery pack, achieving ideal
temperature control and a temperature difference
of less than 2°C at 4.2 times lower flow rates. In
research operated by Wang et al. [35] tested
several fin designs, for use in PCM chambers.
Their results demonstrated that the X-shaped fin,
with its branching structure, delivered the best
thermal performance. A summary of the articles
and their important findings are shown in Table
1.

This work proposes a novel liquid cooling system
utilizing a cold plate for the TMS of pouch-type
LIBs, featuring an optimized coolant design. The
primary goals are to ensure a homogeneous
temperature distribution throughout the battery
surface and to facilitate efficient thermal
dissipation, both of which are essential for
optimal thermal management in LIBs. The study
also aims to minimize energy consumption while
achieving an optimal T, through an active
cooling system based on cold plate technology.
This system includes an inlet/outlet and a
thermally conductive plate. The analysis
evaluates the influence of operational parameters,
including varying environmental temperatures
across different cities in Iran (Tehran, Shiraz,
Isfahan, and Bandar Abbas), as well as different
geometric cooling channel patterns and flow
rates, on system performance. Additionally,
temperature variations across the battery module
and T,,,x are analyzed to guarantee optimal
thermal efficiency and mitigate potential safety
risks.

2. Materials and Method

The LIB cell used in this study is commonly
found in commercial EVs, such as the
Volkswagen and BMW i3. It features a carbon
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electrolyte, copper cathode, and aluminum anode,
with a dimension of 45mm in width, capacity of
7Ah, 9mm in thickness and 145mm in height. The
specifications of the battery and cooling plate are
outlined in Tables 1 and 2. The analysis was
performed on a module comprising three battery
cells and two cooling plates (Figure 1). The
cooling plate features an inlet cross-sectional area
of 1Imm?2. Additionally, a Poorest-sample plan
with a 5C discharge rate was modeled to compare
the TMS, with a user define function (UDF) code
used to calculate transient heat generation.

Table 1: A summary of the articles and their important findings

Cooling Key Performance .
author - Observations
Method  Features Metrics
Optimized design
reduces
temperature rise
Air Parallel plates Tmax:3-37K, abO\'je ambient
Wang et al. [17,18] . (1.5mm thick, ATppax:5.5K K R .
Cooling . ) improving cooling
30mm high) above ambient -
efficiency.
Maintains cells in
ideal temp range,
. though
Variable fan Best at 25°C
Air system with inlet temp with temperature
Wi I.[1 . difference
idetal. [16] Cooling 74V, 2.31kWh three fans, remains
battery model ATyax: 15°C significant.
Parallel flow
yields more
uniform
Liquid Par_allel Vs. Parallel: T,y < temperature than
Wang et al. [19] . series flow 36°C, ATpay: . )
Cooling . . series flow at high
configurations 4.17°C at 3C :
discharge rates.
Lightweight 21% Enhances thermal
- . safety and reduces
. Liquid U-shaped Tmaxreduction, .
Lietal. [20] . X system weight,
Cooling system for 45% weight X
. . ideal for EV
prismatic cells decrease L
applications.
Thin film
- enhances heat
Mangini & Thome Liquid Boiling he_at Improved transfer,
21] Coolin transfer with thermal transfer beneficial for
9 thin liquid film  coefficient
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Table 1: A summary of the articles and their important findings

Table 2: Battery Cell Specifications [36]

author Cooling Key Performance Observations Parameter Value
Method  Features Metrics
Capacity (mAh) 7000
R1234ze has
lower vapor i
R1234ze Initiates at lower  density, Nominal Voltage (V) 38
Lietal. [22] quul.d refrlgerant quality enhapcmg cooling
Cooling with annular compared to efficiency at
flow R32, R134a lower qualities. Density (kg/m3) 2263
Best at five- Positive Electrode Material Aluminum
channel (18mm) Optimized design
Spiral zigzag and seven- improves cooling
desi channel (16mm) o Negative Electrode Material Copper
. - lesign, i efficiency in
Jeyarajan et al. Liquid e widths; 3- . .
. optimized for . spiral zigzag
[23] Cooling X channel: . X
multiple T outlet = configurations.
configurations 330.84K Specific Heat Capacity 1523
(J/kg-K)
Maintains low . k, = 21.3,kqg = 21.3
temp differentials  1hermal Conductivity
ATpax: 0.29K .
max disch W/m-K
Liquid Spiral channels  (1C), 1.11K ?:t:ac;szn(lji; arge ) k, =213
Wei et al. [24] Coqolin with controlled  (2C), 2.17K ressure crop
9 pressure drops (3C), 3.43K .
(4C) constraints.
Nominal Voltage (V) 3.8
Operating Temperature (°C) 10-45
Battery module

Microchannel

Cold plate

,.Outlet

Figure 1: the design of the LIBs module, the cold
plates, and the positioning of the liquid cooling

Automotive Science and Engineering (ASE)

Table 3: properties of cold plate(aluminium)

Parameter Value
Size (mm) 451 x 453
Thermal Conductivity (W/m-K) 202.4
Specific Heat Capacity (J/kg-K) 871
Density (kg/m3) 2719
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3. Equations

The computational domain is segmented into
three distinct subdomains: the battery cell, the
cold plate (constructed of aluminum) and the
fluid section (comprising water). Each of these
subdomains is governed by a unique set of
equations, which are formulated to address their
specific thermal and fluid dynamics properties.

3.1. Battery

For the battery cell, heat generation is
influenced by a range of factors, including cell
size, state of charge (SOC), discharge rate,
temperature, and the rate of electrochemical
reactions. In this study, the heat generation model
relies on the relationship established by Bernardi
et al. [37], which links thermal generation to key
electrical parameters. By integrating this model
with the thermodynamic energy equation, new
insights and results were derived for a full cell
system, improving the understanding of thermal
behavior under varying operational conditions.

. ou
Q=1(U-V)-I(T =) ()

The parameters U, Q ,T, I and V in the equation
present the open-circuit voltage of the cell, heat
generation, cell temperature, current and voltage,
respectively. The above equation can be rewritten
according to previous studies [38] as follows:

q=R;i*- a2 2)
F

In the given equation i, AS, ¢, R; and F
represent the cell discharge current, entropy
change, internal heat production rate, internal
equivalent resistance, and Faraday's constant,
respectively. The inner equivalent resistance is
influenced by temperature and the SOC.

The SOC is defined as follows:

SOC =1 I 3
o 3)

Battery energy equation: 1 indicate the
discharge current; t denotes the discharge
duration and C, refers to the nominal battery
capacity:
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0 )
5 (P CooTs) =V - (koVTy) + ¢ @)

Here, p,, ky, C,p are the density, thermal

conductivity and specific heat capacity
respectively.

3.2. Cooling Fluid

The fluid part of the BTMS is governed by the
mass conservation, flow, and energy equations
and is rewritten as follows [39]:

op _
Ef-i‘V'(pr):O (5)

0 -
() +V (pW)=-Vp+V- @ (©

3.3. Cooling Plate

The energy balance equation governing the
cooling plate is mathematically represented as
follows [40]:

0
a (pscp,sTs) =V (ksVTs) (7)

Here C,s ks and p; represent the heat

capacity, thermal conductivity and density
respectively.

4. Initial and boundary conditions

CFD simulations were conducted to investigate
battery cooling using microchannels. Initially, the
entire domain was subjected to the ambient
temperature condition. Then, four ambient
conditions corresponding to the cities of Tehran,
Shiraz, Isfahan, and Bandar Abbas, with
temperatures of 295K, 298K, 301K, and 304K
respectively, were simulated[41]. By applying
the boundary conditions, the inlet speed (ranging
from 0.1 to 0.5m/s) and the outlet pressure
(ambient pressure) were kept constant. The inlet
fluid temperature in each simulation was matched
to the ambient temperature.

5. Numerical Methods and Grid
Independence

ANSYS Fluent was employed to conduct the
CFD simulation, utilizing a hexahedral mesh to
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enhance analysis precision. The governing
equations were resolved via a pressure-based
solver, with pressure-velocity coupling managed
through the SIMPLE algorithm. A UDF was
implemented to calculate the internal heat
production of the cell, based on well-established
mathematical models. To confirm grid
independence, four mesh sizes (32,154; 57,372;
88,596; and 115,782 elements) were tested.
During the discharge process at a 5C rate, with an
ambient temperature of 298K and a fluid velocity
of 0.3m/s, the Tyaxand the temperature
difference AT,,,x at 720 seconds(The simulation
was also performed in an transient) exhibited
variations of less than 5% and 5.7%, respectively,
between the two finest meshes. These findings
are depicted in Figure 2, which highlights the
variation in T, and AT,,.x across the different
mesh sizes.

Table 4: schemes and approximations done within simulation.

Simulation

Parameter Method/Approach

Mesh Type Hexahedral Mesh

Mesh Sizes 32,154; 57,372; 88,596 115,782 elements
Tested

Solver Type Pressure-Based Solver

Pressure-Velocity SIMPLE Algorithm

Coupling

Pressure 2nd Order

Momentum 2nd Order Upwind

Energy 2nd Order Upwind

Time Step Base_d on Courant-Friedrichs-Lewy (CFL)
condition

Grid Conducted with four mesh sizes; T,,.and

Independence ATp,ax Varied by less than 5% for the two

Study finest meshes

Boundary Inlet velocity: 0.3 m/s; Ambient

Conditions Temperature: 298K

UDF Used to calculate internal heat generation
based on mathematical model

Slmul_atlon 720 seconds at 5C discharge rate

Duration

Amirhossein jazari mamoei et al.
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Figure 2: Grid independence test during the 5C
discharge rate

6. Validation of the Numerical Model

In this research, validation was carried out
separately for both the LIB cell domain and the
cooling section due to the distinct parts involved.
The validation procedure involved comparing the
average temperature of a 100Ah LIB subjected to
normal air cooling at two distinct discharge rates,
beginning from a primary temperature of 293K,
with a convective thermal transfer coefficient of
5 W/m2K. data from Lin et al. [42] were
incorporated into this comparison, as depicted in
Figure 3. Additionally, a comparison was
conducted between the results for a straight-
walled liquid cooling and the discovering from
Fan et al. [43]examining different flow rates
during a 600-second discharge process at a
surrounding temperature of 300K. These
evaluation results are summarized in Table 5,
with the maximum deviation observed for
standard temperature deviation being 2.92%,
indicating strong agreement between the
simulation and experimental data. The standard
temperature digression is computed as follows:

(Tmax - Tavg)2 + (Tmin - Tavg)2 (8)

TD =
5 2

Automotive Science and Engineering (ASE) 4426
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Figure 3: Comparison of experimental and numerical
results for the average battery temperature rise[44].
Table 3: Evaluation of standard heat deviation inside
LIB

Fanetal.[43] Difference (%)

Flow Rate Present

(m3/h) Study

1.2 1.149 1.143 2.55
14 1.272 1.263 3.92
1.6 1.349 1.356 2.39
18 1.485 1.485 1.92

7. Results and discussion

This part offers a numeral analysis of the
suggested cold plate for a pouch-type LIBs under
high discharge rates (5C) using water cooling
with varying inlet velocities from 0.1m/s to
0.5m/s and four environmental conditions in Iran
with average temperatures of 295K, 298K, 301K,
and 304K, wunder different microchannel
geometric patterns.

7.1 Performance of the enhanced BTMS

In this part, the efficiency of the suggest BTMS
is evaluated by change the cooling pump speed
under a 5C rate and an inlet fluid temperature of
298K. Based on this hypothesis, the inlet
velocities, expressed in terms of Reynolds
numbers, are presented in Table 4. The flow
regime is determined based on the Reynolds
number. As shown in Table 4, the Reynolds
numbers are less than 2300, indicating a laminar
flow regime. Figure 4 shows the behaviour of the
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Thax OVer time and compares the temperature
monotony of the module at various inlet speeds.
As the flow rate increases, Tyax during the
discharge process gradually rises, becoming more
noticeable after the first 60 seconds (Figure 4a).
Additionally, the temperature difference
increases with higher flow velocities, leading to
reduced uniformity in the battery module (Figure
4b). During the early stages of discharge, after 80
seconds, the cooling fluid significantly reduces
the T,,ax due to the thermal conductivity of the
cooling plate and the convective heat transfer
coefficient of water. For inlet velocities of 0.1,
0.2, 0.3, 0.4, and 0.5m/s, the maximum
temperatures were 309.8K, 308.7K, 308.3K,
308.1K, and 307.8K, respectively. Therefore, a
mean Reynolds number of 813.24, corresponding
to an inlet velocity of 0.3m/s, was selected for
further analysis.

Table4: Comparison of Inlet Flow Speed by
Reynolds Number

Speed (m/s) Reynolds Number
0.1 2771.08
0.2 5441.6
0.3 8123.4
0.4 10842.2
0.5 13557.4
320
| —-m—- v=0.1(mis)
A V=0.2 (m/s) e
I —-w—- V=03 (mis)
I — ——- V=04(mis) ,v/
316 — -@—- V=0.5(m/s) /
[ v
£ "
£ ,rx
& -V
E. /"" & e>
E I o a-S
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g I / a® o
] /’ & & ./"/ .—’r/.
- A a 0@
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= 304 aA-B e  pB T @
- PR et a-
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Figure 4: distribution diagram of (a)
Tmax and (b) AT, .x With different speed values

7.2 Analysis of environmental conditions

EVs must perform reliably across a range of
environmental conditions and evaluates the
thermal efficiency of the proposed cooling
systems, with a focus on their performance at
varying ambient temperatures: 295K (Tehran),
298K (Shiraz), 301K (Isfahan), and 304K
(Bandar Abbas), under a 5C discharge rate and a
specific inlet speed of 0.3m/s. Figure 5 presents a
bar chart showing the T,,.x and AT, Of the
battery under these four environmental
conditions for the proposed cooling system.
Water, without pre-cooling, enters the
microchannels, achieving thermal equilibrium at
the ambient temperature. As the ambient
temperature increases, the maximum temperature
rises across all environmental conditions.
Notably, as the environment becomes warmer, a
decreasing trend in temperature difference is
observed, attributed to the higher ambient
temperature. At an inlet velocity of 0.3m/s and
under variable temperatures of 295K, 298K,
301K, and 304K with a 5C discharge rate, the
Tmax recorded were 305.6K, 308.6K, 309.2K,
and 310.9K, respectively. Additionally, the
ATpaxe 432K, 4.03K, 2.84K, and 2.26K
remained below 5K. Figure 6 illustrates
temperature distribution in a battery module
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under ambient temperatures of 295K, 298K,
301K, and 304K. As ambient temperature rises,
the module's T,,.x also increases, reaching
310.9K at 304K. AT,,.x decreases with higher
ambient temperatures, suggesting more uniform
cooling. The cooling system keeps AT,,.x below
5K, indicating effective thermal management
across various conditions.

o
=)

T T T T
| I Maximnm temperature (K)
—m— Maximum temperature difference (K)

=

w
=

w
2
T
I
h
wn

310

b

308

s
<
&

Maximum temperature (K)
w

W
<
E

o G
i in
Maximum temperature difference (K)

[
<
2

w
=]
=]
Lo
(=}

295 298 301 304

Inlet temperature (K)
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Figure 6: Temperature distribution contour of the
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7.3 Analysis and evaluation of cooling channel
geometric patterns

In this part, the evaluation of the placement of
microchannels and the effect of the number of
microchannels have been examined.

7.3.1 Effect of the number of microchannels

In this part, the thermal efficiency of the planed
cooling system is evaluated based on the number
of microchannels and its impact on the battery’s
thermal performance, as shown in Figure 7. The
simulation was conducted at an ambient
temperature of 298K and an inlet velocity of
0.3m/s. Figure 8 presents a bar chart of the Ty, .«
and ATy, of the LIB in relation to the number of
microchannels for the proposed cooling system.
As the number of microchannels increases, the
contact area between the coolant and the battery
rises. This leads to an enhanced heat transfer rate,
consequence in a reduction in battery
temperature. At an inlet velocity of 0.3m/s, the
Tmax for configurations with 2, 4, 6, and 8
microchannels  were  318.59K, 310.89K,
309.05K, and 308.31K, respectively.
Additionally, the AT,,,x recorded were 5.61K,
3.78K, 2.84K, and 2.43K.

(@) (b)

(© (d)

Figure 7: Schematic of the evaluated microchannels:
(a) 2 microchannels, (b)4 microchannels, (c) 6
microchannels, (d) 8 microchannels
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Figure 8: Bar chart of T,,,and AT,,, for the
battery module with varying numbers of
microchannels

7.3.2 Microchannel arrangement

The thermal efficiency of the optimized cooling
systems is evaluated based on the arrangement of
the microchannels in two configurations:
horizontal and vertical, under ambient conditions
of 298K and an inlet velocity of 0.3m/s. Figure 9
presents behavior showing the Ty, and AT, ax
of the LIB relative to the microchannel
arrangement (horizontal and vertical) for the
proposed cooling system. The vertical
microchannel configuration exhibits better
thermal performance compared to the horizontal
arrangement due to improved contact area
between the microchannel and the battery, and
the more efficient convective heat transfer
coefficient of water. T, for the horizontal and
vertical arrangements were 316.30K and
308.31K, respectively, and the Ty, Were 8.20K
and 4.03K, respectively. In terms of T,.x and
AT,ax, the vertical arrangement showed
approximately 2.52% and 50% better
performance compared to the horizontal
arrangement. Figure 10 shows the temperature
contour in horizontal and vertical arrangements,
as it is clear that the vertical arrangement has a
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Figure 10: Temperature distribution for the battery
module with different geometric patterns

lower temperature than the horizontal
arrangement.

7.4 Driving cycle

Recent researches have primarily emphasized on
evaluating the efficiency of BTMS under
constant heat production rates or constant
discharge rates. However, actual thermal
production in LIBs is closely tied to driving
behavior, leading to notable oscillations. This
section addresses oscillating heat production as a
representative condition of real-world battery
operation and examines the efficiency of BTMS
under these dynamic conditions. Based on data
for heat production in LIBs during the driving
cycle (WLTP class 3) [45], the volumetric heat
production rate was determined. Figure 11(a)
illustrates the heat generation rate at different
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driving intervals, with the rate peaking at 190,000
W/m3 and exhibiting oscillatory behavior
throughout  the. The  ATy.cand  the
AT,.x at three different inlet temperatures
(295K, 298K, and 301K) are presented in Figures
11(b), 11(c), and 11(d), respectively. The
Tmax increases from 295K to 304K, from 298K
to 307K, and from 301K to 310K. The periodic
peaks and dips over time indicate a balanced
interaction between heat generation during high
loads and cooling mechanisms.  The
AT, follows a similar pattern, peaking at
approximately 1K, which indicates uneven heat
distribution in the LIBs. Figure 12 presented the
temperature contours at the three initial
temperatures (295K, 298K, and 301K), with final
temperatures of 307K, 306K, and 305.5K,
respectively. The driving range and battery
charging time are key determinants of the overall
user experience in EVs. This research presents an
innovative  battery  module  architecture,
incorporating a dense cell configuration and an
optimized thermal management system to
enhance the energy capacity of the LIB pack,
thereby extending the EV's driving range.
Furthermore, the implementation of an elevated
charge/discharge rate in this design reduces the
time required for battery charging.
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Figure 12. Module temperature distribution
contour under three different input temperatures in
the driving cycle
7.4 Analysis of pressure drop and energy
consumption

In this section, the pressure drop and energy
consumption are analyzed based on inlet
velocities in the microchannels. As shown in
Figure 13, the pressure drops increases
significantly with higher inlet velocities. This is
due to the increased flow resistance as the fluid
moves faster through the channels. Specifically,
the pressure drop increases sixfold when the
speeds is raised from 0.1m/s to 0.5m/s. Similarly,
energy consumption rises with increasing inlet
velocity. This is attributed to the higher energy
losses from friction in the flow. As the inlet speed
increases from 0.1m/s to 0.5m/s, energy
consumption also increases by a factor of six.
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Figure 11: (a) Battery heat generation rate during the
driving cycle[45], distribution behavior of T, and
AThax at 0.3 m/s at (b) 295K, (c) 298K, (d) 301K
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8. Conclusion

In this discussion, a cooling system was
suggested to dissipate the heat generated from a
7Ah LIB module. The performance of liquid
cooling at a 5C discharge rate demonstrated that
the proposed system can successfully hold and
meliorate temperature monotony within the
optimal limit. Key factors such as the
performance of the thermal management system,
microchannel arrangement, the number of
microchannels, and environmental conditions
were examined to assess their impact on battery
pack performance. The findings are summarized
as follows:

1)Numerical simulations were performed under
four environmental conditions in lran: 295K
(Tehran), 298K (Shiraz), 301K (Isfahan), and
304K (Bandar Abbas), with an intake speed of
0.3m/s and a 5C discharge rate. As ambient
temperature increased ,the AT, increased, but
theAT,,x decreased. The Ty, for the respective
ambient conditions were 305.6K, 308.6K,
309.2K, and 310.9K

2)The analysis of microchannel orientation
(horizontal vs. vertical) showed that the vertical
arrangement provided 50% better cooling
performance due to increased contact area and a
higher convective heat transfer coefficient. The
Tmax and AT, for the vertical configuration
were 308.31K and 4.03K, while for the horizontal
configuration, they were 316.30K and 8.20K,
respectively.

3)As the inlet velocity increased, the Tp,axduring
discharge decreased, while the AT,,,x increased.
In the early stages of discharge (after 80 seconds),
the cooling fluid had a significant impact on
reducing Tpax-

4)Increasing the number of microchannels
resulted in greater contact area with the coolant
and an enhanced heat transfer rate. At an inlet
velocity of 0.3m/s, the Ty,.x for 2, 4, 6, and 8
microchannels  were  318.59K,  310.89K,
309.05K, and 308.31K, respectively.

5)The hybrid BTMS can improve the thermal
performance of the BTMS using passive cooling
strategies that do not consume energy. However,
inserting PCMs to the BTMS must be limited
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based on the overall weight of TMS. The
adoption and mass of PCM in this study can be
optimized in future research to achieve the best
thermal efficiency with an optimal PCM weight.
6)The pressure drop and energy consumption
were analysed based on different inlet velocities
in the microchannels. As inlet velocity increased,
the pressure drop rose significantly due to the
greater flow resistance at higher velocities. The
pressure drops increased sixfold when the intake
speed increased from 0.1m/s to 0.5m/s. Similarly,
energy consumption increased with inlet velocity
due to higher energy losses from friction and
turbulence. As the inlet velocity increased from
0.1m/s to 0.5m/s, energy consumption also
increased sixfold.

7) The efficiency of the BTMS was figure out
under situation that considered oscillating heat
generation, representing real-world  battery
operating scenarios. The AT, increased from
295K to 304K, 298K to 307K, and 301K to 310K.
The Tp,ax followed a similar pattern, peaking at
approximately 1K, indicating the presence of
uneven heat distribution within the battery cells.

Numen culture

c Charge rate (C)
Re Reynolds number
k Thermal conductivity coefficient
(W/m.k)
AT Maximum temperature
max difference (K)
t Time (s)
vV Velocity (m/s)
Tmax Maximum temperature (K)
Qgen Heat production (W)
R Internal resistance (L)
U Battery voltage (v)

| Current (A)
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m Mass (kg)
\% Voltage (v)
Greek
symbols
p Density (kg/m3)
u Dynamic viscosity (kg/ms)

Abbreviation

Battery thermal management

BTMS
system

SOC Charging mode

PPI Pores per inch

LIB Lithium-ion battery
TMS Thermal management system
CFD Computational fluid dynamics
UDF User-defined functionality
STD Standard deviation of

temperature

Composite phase change

CPCM .
material
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