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ORIGINAL STUDY

Exploration on the Efficacy of Ag and CuO Nanofluids
for Pouch Lithium-ion Batteries and its Thermal
Management

Anitha Dhanasekaran a,*, Yathavan Subramanian a, Rajkumar Dhanasekaran b,
Ramesh K. Gubendiran b,***, Abaniwo R. Mafo c, Veena Raj a, Hayati Yassin a, Abul K. Azad a,**

a Faculty of Integrated Technologies, Universiti Brunei Darussalam, Gadong, BE1410, Brunei
b Department of Science & Humanities, University College of Engineering (Anna University), Arni, India
c Department of Biochemistry, Prince Abubakar Audu University, Ayingba, Kogi State, Nigeria

Abstract

Lithium-ion batteries still remain a cornerstone for the sustainable transportation by the way of its usage in electric
vehicles (EVs). However, their optimal performance hinges on maintaining at consistent thermal conditions especially
during operation, and at high discharge rates. The present study proposes a novel mini-channel cooling system spe-
cifically designed for a 10 Ah lithium-ion pouch cell. This innovative design incorporates cold plates on both battery
surfaces for enhanced heat dissipation. In addition, the efficacy of silver (Ag) and copper oxide (CuO) nanofluid
coolants by comparing with traditional water cooling in three distinct battery design configurations was also studied.
Design 1 and 2 comprises respectively with partially and fully encased cold plates with mini-channels distributed both
segmentally and centrally, and Design 3 the present proposed model featuring a fully covered cold plate with a
serpentine flow layout for optimized heat transfer efficiency. Extensive computational analysis using ANSYS FLUENT
18.1 software reveals the superiority of Design 3. Notably, this configuration achieved significantly a lower maximum
cell temperature (306.7 K and 305.0 K) with 0.25% and 0.5% Ag nanofluid coolants compared to Design 1 and 2, at a
discharge rate of 5C. This underscores the potential of silver nanofluids for superior battery thermal management,
particularly within the optimized Design 3 framework. These findings offer valuable insights for developing enhanced
battery thermal management systems in EVs.

Keywords: Mini-channels, Nanofluids, Thermal management, Lithium-ion batteries, Electric vehicles

1. Introduction

I n the domain of energy storage and environmental
preservation, lithium-ion batteries (LIBs) are pro-

gressively supplanting traditional fuels and establishing
themselves as the industrial norm [1e3]. Their growing
popularity can be ascribed to their superior energy
density, minimal self-discharge rates and extended
lifespan. In 2021, global shipments of lithium-ion bat-
teries reached a substantial production of 294.5 GWh,
with China contributing significantly with 158.5 GWh
[4]. This suggests an anticipated marginal increase in

LIB demand over the next five years, as these batteries
play a crucial role in new energy vehicles (NEVs) like
EVs and hybrid EVs. Among the various types of LIBs,
large-sized pouch-type batteries (PTB) emerge as the
primary power source for NEVs due to their promising
characteristics [5,6]. Specifically, the efficiency and
safety of LIBs are intricately tied to their operational
temperature and the temperature differentials among
cells [7,8]. During charging and discharging cycles, sig-
nificant heat is generated due to Joule's law of heating
effect and entropy changes, resulting in a faster tem-
perature rise. It is recommended [9] to maintain the
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operating temperature of LIBs within a narrow range
of 15~35 �C, with a permissible temperature difference
of less than 5 �C among cells in a battery pack; other-
wise, thermal runaway may occur, leading to battery
explosion.
In view of above reasons, effective thermal manage-

ment (TM) techniques are indispensable for these
large-sized LIBs to address the substantial temperature
rises and non-uniform temperature gradients.
Numerous research efforts have been made to develop
more promising battery thermal management systems
(BTMS) and they are broadly categorized into various
types. These fundamental BTM systems include air
[10,11], liquid [12,13] and phase-change material
cooling [14,15]. Both active & forced air and as well as
liquid cooling systems (LCS) are currently in use for
commercial EVs. As battery capacity and operating
power increase, LCS are becoming the favorable choice
due to their enhanced cooling performance and ther-
mal conductivity [16]. Particularly, the design of flow
channels plays a crucial role in the indirect-contact
mode of liquid cooling. For cylindrical batteries, flexible
structures like flat, wavy tubes etc., are typically
employed, whereas cold plates with internal mini-
channels are commonly used for energy dense PTB. In
recent days, there has been significant interest in mini-
channel liquid cooling systems. For instance, Huo et al.
[17] devised a cold plate with parallel straight channels
on the battery surface to analyze the cooling perfor-
mance. Notably, Jia et al. [18] investigated the BTM
using a traditional water-cooling approach on a 20 Ah
LiFePO4 Li-ion cell with a partially covered cold plate
and mini-channels distributed segmentally and cen-
trally. These insightful research findings have signifi-
cantly influenced the design of mini-channel liquid
cooling systems, offering valuable perspectives on the
impact of diverse design and operating parameters.
Relying on Jia et al.'s [18] design, Wu et al. [19] con-
ducted valuable research to improve the model by
employing a water-cooling approach through fully
encased cold plates with mini-channels distributed
both segmentally and centrally. Their proposed model
exhibited superior cooling performance compared to
Jia et al.'s [18] work and this serves as the foundation
for this proposed research.
Even though Wu et al. [19] design has demonstrated

good performance, it can be further improved by
adopting innovative minichannel arrangements within
cold plates. For instance, Jin et al. [20] designed a novel
cold plate with oblique channels on the battery surface
and compared it traditional (straight) channel config-
uration. Deng et al. [21] investigated a practical liquid
cooling approach used for rectangular LIBs. The
applied cooling system was a serpentine-channel-sha-
ped cold plate to improve the cooling performance.

Jarrett and Kim et al. [22] have developed a liquid
cooling system incorporating a serpentine channel
design. Computational Fluid Dynamics (CFD) simula-
tions was utilized therein to refine the model focusing
on optimizing parameters, such as the weighted
average pressure drop and mean temperature. Based
on this literature review, it is evident that adopting
innovative cooling channel arrangements such as
serpentine flow patterns within cold plates leads to
better cooling performance compared to designs with
channels distributed segmentally and centrally. This
improved heat transfer can significantly benefit battery
thermal management.
Another promising avenue for enhancing BTM in-

volves the utilization of nanofluids, which are conven-
tional coolants (such as water or ethanol) infused with
nanoparticles like Al2O3 or CuO. This approach holds
significant potential for improving heat transfer char-
acteristics. Nanofluids achieve higher thermal conduc-
tivity compared to traditional coolants by incorporating
nanoparticles into the base fluid, enabling more
promising heat dissipation from batteries [23e25].
This attribute is particularly crucial for high-discharge-
rate operations that generate considerable heat.
Furthermore, nanofluids exhibit outstanding stability
and suspension properties, effectively preventing par-
ticle settling and sedimentation. This ensures a durable
and reliable cooling solution for EV batteries. Their
compatibility with existing LCS also simplifies integra-
tion into current battery pack designs, making them an
attractive option for the EV industry [26]. However, the
literature on the performance of nanofluids in BTMS is
limited [27]. This underscores the need for further
research in this area to fully understand and optimize
their effectiveness in enhancing BTMS.
Keeping in view of these authentic reports, modifi-

cations are hereby proposed to the mini-channel cool-
ing arrangement within Wu et al. [19] design. This
improved design has been designated by as Design 3. It
incorporates a fully covered cooling plate with a
serpentine flow pattern and shall be compared with
Design 1 and Design 2. Adopting the initial comparison
using water as the coolant, the use of nanofluids con-
taining silver and copper oxide nanoparticles would be
investigated. These nanoparticles are selected for their
high thermal conductivity and less agglomeration and
sedimentation effects, making them more favorable for
efficient heat transfer in various thermal applications
such as solar thermal collectors, etc., [28,29]. This
study would particularly focus on crucial parameters
such as the type of coolant (water vs. nanofluid), vol-
ume fractions (0.25% & 0.5%) and flow velocities to
find out how promisingly each coolant improves
temperature reduction within the proposed battery
module (Design 3). Ultimately, it has been aimed to
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compare the performance of these Designs namely 1, 2
& 3 and coolants to gain valuable insights into opti-
mizing BTMS in EVs using a combination of innovative
channel designs and nanofluids.

2. Methodology

2.1. Conceptual description

This study delves into thermal management strate-
gies for a lithium iron phosphate (LiFePO4) battery, a
popular choice in electric vehicles due to its stability
and longevity (3.2 V, 10 Ah, pouch-type configuration
details are Provided in Table 1 [30]). The battery's key
components e the anode and cathode tabs and the
main body are visualized in Fig. 1 (a) & (b). Fig. 2 (a)-
(c) showcases three distinct mini-channel LCS utilized
for the analysis. Each system utilizes a pair of 3 mm
thick aluminum (Al) cold plates to sandwich a single
battery cell. These cold plates house mini-channels
each with a precisely defined cross-sectional area of
2 mm � 6 mm. Tables 1 and 2 offers a comprehensive
overview of these cooling systems including their 3D

modeling and design specifications (created using
CATIA software).
The core of this investigation lies in understanding

how the arrangement of flow channels within the cold
plates impacts cooling performance. Comparison of
three designs is appended hereunder.

� Design 1: Introduced by Jia et al. [18]. This design
utilizes partially encased cold plates with mini-
channels distributed in a segmented and central
configuration.

� Design 2: Building upon Design 1 and it employs
full cold plate coverage, while maintaining the same
mini-channel arrangement as established by the
model of Wu et al. [19].

� Design 3: The proposed model of this work offers
an improved design with full cold plate coverage
featuring a serpentine flow pattern for the mini-
channels. It is anticipated that this design would
enhance temperature uniformity within the battery,
providing valuable insights into optimizing cooling
efficiency through flow channel arrangements.

2.2. Physical and mathematical models for the novel
design of batteries

When a battery is being cycled or decycled, heat is
generated inside the battery, mostly in the form of
Joule heat and electrochemical reactions. This heat is
vented outside or transmitted to surrounding cooling
plates. It is well-identified that during high charge/
discharge rates, the tabs typically reach their peak
temperature. The heat created is transferred to the
battery body, wherever the temperature is lower,

Table 1. Ideal values of battery parameters [30].

No Key parameters of a battery Typical values
material deployed

1 Cathode LiFePO4

2 Anode Graphite
3 Nominal voltage 3.2 V
4 Nominal capacity 10 Ah
5 Average density (kg m�3) 1881.45
6 Width (mm) 100
7 Length (mm) 115
8 Thickness (mm) 12

Fig. 1. a) Dimensions and b) Image of a pouch-type battery [19].
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Fig. 2. Different type of mini-channel LCS architectures designed for the pouch type LIB; a) Design 1 [18]; b) Design 2 [19]; and c) Design 3 (Our
proposed model).

Table 2. Comparison of battery design Configurations.

Configuration Battery arrangement Mini-channel integration Cold plate placement

Design 1 (Jia et al. [18]) Partially encased cold
plate

Mini-channels distributed
segmentally and centrally.

Partially encase the battery surface and
directly contact with mini channels.

Design 2 (Wu et al. [19]) Fully covered cold plate Same as Design 1. Fully covers the battery surface and
directly contact with mini channels.

Design 3 (Our work) Fully covered cold plate Serpentine flow pattern
(3 flat tubes) can help to
maximize the contact area
between the cooling fluid
and the cold plate, improving
heat transfer efficiency.

Fully covers the battery surface and
directly contact with mini channels.
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simultaneously blocking the battery cores heat dissi-
pation channel. As a result, the tab temperature is also
considered in this study as it plays a crucial role in the
TM of battery cells. Liquid water serves as the cooling
fluid in this study; water enters the system from the
left (next to the positively charged electrode, where the
most heat output occurs). Before exiting the battery
system at the outlet, the coolant absorbs high temper-
ature from the battery system, including the heat from
the cold plates. Four different subdivisions have been
established inside the present computational domain:
cold plate, minichannel, positive and negative tabs and
the battery body. These subdivisions play a crucial role
in providing a quantitative explanation of the pertinent
fluid and heat transport processes. The numerical
equations are detailed in Table 3 and their explanations
are provided hereunder.

1. Cold plate: This component, typically constructed
from aluminum due to its excellent thermal con-
ductivity and it plays a vital role in heat dissipa-
tion. Heat transfer within the cold plate is
governed by transient Fourier's law, applicable to
solid structures.

2. Mini-channels: A network of mini-channels facili-
tates the efficient flow of coolant throughout the
battery system. A constant mass flow rate of liquid
water is introduced into these channels. Reynolds
number calculated using Equation (1), character-
izes the flow regime within the mini-channels and it
is given by;

Re¼rf uDh

mf
ð1Þ

where: Re ¼ Reynolds number, rf ¼ Density of coolant
(water), u ¼ Velocity of coolant, Dh ¼ Hydraulic

diameter of channel (assumed 3 mm in this study) and
mf ¼ Dynamic viscosity of coolant (water). Based on the
highest flow rate employed (1 � 10�3 kg/s), the Rey-
nolds number is approximately 286, indicating laminar
flow within the mini-channels.

3. Positive and Negative tabs: These current collec-
tors constructed from copper and aluminum
respectively due to their high conductivity,
generate heat through ohmic resistance. Equation
(2) outlines the determination of the heat genera-
tion rate in the tabs:

qAl∕Cu¼QAl∕Cu

VAl∕Cu
¼ I2RAl∕Cu

VAl∕Cu
ð2Þ

where: QAl∕Cu ¼ Tabs heat generation rate,
RAl∕Cu ¼ Tabs resistance, VAl∕Cu ¼ Tabs volume and I ¼
Current flow.

4. Battery body: Heat generation within the battery
body is calculated using the Bernardi equation
(given in Equation (3)), which incorporates dy-
namic variations in battery temperature, resistance
and voltage coefficients.

qb¼
�
I2Rb� IT

dU
dT

�
∕Vb ð3Þ

where: qb ¼ Battery body heat generation rate,
Rb ¼ Battery body resistance (temperature dependent),
dU
dT ¼ Dynamic voltage temperature coefficient,
T ¼ Battery temperature and Vb ¼ Battery body
volume.
To achieve a precise temperature distribution, it is

imperative to accurately specify thermophysical pa-
rameters. The thermophysical properties of these bat-
tery body materials are homogenized and considered

Table 3. Governing equations [31,32].

Areas of computation analysis Equations

For positive, negative tab Energy equation

rAl∕cuCP;Al∕cu
vTAl∕Cu

vt
¼ V$ðkAl∕cuVTAl=CuÞþ qAl=Cu

Battery body Energy equation

rbCP;b
vTb

vt
¼ V$ðkbVTbÞþ qb

Cold plate
rcCP;c

vTc

vt
¼ V$ðkcVTcÞ

Coolant flow Mass equation
vrf

vt
þ V$ðrf u!Þ ¼ 0

Momentum equation
v

vt
ðrf u!Þþ V$ðrf u! u!Þ ¼ � VP

Energy equation

rf Cp; f
vTf

vt
þ V$ðrf Cp;f u

!Tf Þ ¼ V$ðkfVTf Þ
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constant to facilitate computation [33]. Table 4 pro-
vides detailed information regarding the thermo-
physical characteristics of these materials and they are
used in the present simulations.

2.3. Thermophysical characteristics of proposed
nanofluid

Thermal management is a critical aspect of lithium-
ion battery design, as excessive heat generation can
significantly impact performance and their lifespan.
This study explores the potential of nanofluids and
suspensions of nanoparticles in a base fluid by deeming
it as a novel approach to improve battery thermal
management by the way utilizing the proposed battery
designated as “Design 3”. Owing to the high thermal
conductivity of nanoparticles, it can significantly
enhance the heat transfer capabilities of the base fluid.
Herein, the study of use of silver (Ag) and copper oxide
(CuO) nanoparticles dispersed in water to create
nanofluid coolants has been made. These specific
nanoparticles were chosen for their favorable thermal-
physical characteristics, including high thermal con-
ductivity and good corrosion resistance making them
well-suited for battery applications.
Nanofluid coolants were prepared with silver and

copper oxide nanoparticles at the preferred volume
concentrations of 0.25% and 0.5%. These concentra-
tions was selected, based on previous relevant research
made by Wiriyasart et al. [34] and the same has been
corroborated in this work, whenever applicable and
appropriate. It has been demonstrated that higher
concentrations of nanofluids are more effective in
maintaining lower battery temperature. As the nano-
particle concentration increases, several factors
contribute to this enhanced cooling capacity. These
include improved thermal conductivity of the nano-
fluid, increased surface area for heat transfer and more
frequent molecular collisions within the fluid.
For a computational modeling purposes, the nano-

fluid is considered as a homogeneous liquid with
effective properties that capture its overall heat transfer
behavior. This simplification facilitates the use of
established heat transfer equations. It is to be noted

that the equations employed in this work is to describe
the conservation of mass, momentum and energy within
this effective nanofluid. To ensure accurate results,
selecting the most appropriate correlation for deter-
mining crucial nanofluid parameters, particularly ther-
mal conductivity, which is quite essential for a battery.
These correlations account for the properties of both
the nanoparticles and the base fluid. The specific
equations used for calculating the key thermal-physical
properties (thermal conductivity, density, specific heat
and viscosity) of the silver/copper oxide-water nano-
fluids employed in this study are summarized in Table
5. In addition, Table 6, presents the relevant parameters
for the chosen nanoparticles and water.

2.4. Boundary conditions and initialization

In this computational modeling, a constant discharge
rate of 5C is employed, assuming the designed battery
model fully depletes within 720 s. The boundary con-
ditions are defined for coolant entrance and outflow
within the mini-channels. For coolant flow, mass flow
inlet boundaries are implemented at the points, where
coolant enters the mini-channels, while pressure outlet
boundaries are used for the coolant exiting. The inlet
mass flow rate is varied from 1 � 10⁻⁶ kg/s to 1 � 10-3

kg/s to simulate different cooling scenarios. The pres-
sure at the outflow is set to zero Pascal. Boundaries
between distinct subdomains like those between the
battery body and cold plate, tabs & cold plate and cold
plate & mini-channels are designated as thermal
coupled interfaces. In this analysis, the impact of
thermal contact resistance is not taken account. Similar
kind of observations were made earlier [19] which
stood as the foundation for this work. Natural con-
vection boundary conditions are applied to the external
surfaces of the cold plate and battery. These conditions
are empirically represented by a convective heat

Table 4. Physical and thermal properties of the LIBs materials used in
numerical modeling.

No Material Density,
(kg/m3)

Thermal
conductivity,
(W/mK)

Heat capacity,
(J/kg K)

1 Battery 1881.4 (x,y)1.35;
(z) 0.98

2520

2 Aluminium 2719 202.4 871
3 Copper 8978 387.6 381
4 Liquid water 998.2 0.6 4182

Table 5. Equations for the properties of nanofluids [35].

No. Properties Numerical equations

1 Density (r) rnf ¼ ð1 � fÞrbf þ frnp

2 Specific heat (Cp) rnf cnf ¼ ð1 � fÞ ðrcPÞbf þ fðrcPÞnp
3 Dynamic viscosity (m) unf ¼ mbf ð1 þ 2:5fÞ
4 Thermal conductivity

(K) knf ¼ knp þ 2kbf þ 2ðknp � kbf Þf
knp þ 2kbf � 2ðknp � kbf Þfkbf

Table 6. Properties of nanoparticles and water [36,37].

S.No Coolants Silver (Ag) Copper oxide
(CuO)

Water

1 Density, r 10,490 kg/m3 6500 kg/m3 998.2 kg/m3

2 Specific heat, Cp 710 J/kg.K 551 J/kg.K 4128 J/kg.K
3 Thermal

conductivity, k
429 W/m.K 32.9 W/m.K 0.6 W/m.K
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transfer coefficient of 5 W/(m2K). To ensure consis-
tency across all simulations, a uniform initial temper-
ature of 300 K is applied throughout all computational
domains and the external environment.

3. Mesh testing and validation

In this analysis, a structured mesh was generated
using CFD ANSYS Fluent for Design 2. To assess grid
independence and the influence of mesh density on
numerical results, three distinct mesh techniques are
employed; Each with varying element counts: 238,401
elements (Mesh 1), 424,417 elements (Mesh 2) and
487,195 elements (Mesh 3). Particularly, Design 2 was
applied for this analysis corresponding to the model of
Wu et al. [19] allowing validation with available reports.
To quantify the impact of mesh density on the nu-

merical results, the maximum battery temperature
under water cooling was monitored. A constant water
flow rate of 2 � 10⁻⁵ kg/s and a discharge rate of 5C as
proposed in the literature [19] were used for this
analysis. The maximum temperature obtained with
each mesh are presented in Fig. 3. A pre-defined
convergence criterion based on the relative change in
maximum temperature between subsequent mesh re-
finements was employed. Results from Meshes 2 and 3
exhibited minimal deviation, indicating grid indepen-
dence. Consequently, Mesh 2 was chosen for subse-
quent simulations due to its optimal balance between
accuracy and computational efficiency.
For further validation of the present numerical

approach, a comparative analysis was conducted with
the findings reported in the literature [19] for their
Design 2 (Fig. 4). The maximum battery temperature
obtained with Mesh 2 under identical operating condi-
tions (5C discharge rate, water coolant) was compared

to their results. The maximum battery temperature
predicted by the present model for Design 2, which is
similar to the work of Wu et al. model, exhibited
excellent agreement with their reported values [19].
This validation confirms the accuracy of our mesh
generation and simulation setup for pouch battery
modeling. Furthermore, this level of accuracy justifies
applying the established mesh parameters (element
size, refinement strategy) to this improved Design 3,
that incorporates an innovative minichannels arrange-
ment (serpentine flow pattern) with three inlets and
three outlets for enhanced thermal management.

4. Results and discussions

4.1. Water as coolant

In this section, the cooling performance of three
pouch-type battery designs (Designs 1, 2 and 3)

Fig. 3. (a) Structured grid mesh (b) Variation of the battery surface temperature in Design 2.

Fig. 4. Validation of Design 2 with results reported by Wu et al. [19].
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featuring different minichannel arrangements is
investigated under a demanding 5C discharge condi-
tion. A validated numerical approach was employed to
assess the thermal performance of each design. Water,
a common choice due to its cost-effectiveness and wide
availability, was initially selected as the coolant at a
flow rate of 2 � 10⁻⁵ kg/s for all designs. This selection
aligns with the literature [19] to facilitate a direct
comparison. This initial flow rate served as a baseline
for evaluating the relative cooling effectiveness of each
minichannel configuration. The findings highlight the
significant influence of minichannel arrangement on
battery thermal management. Design 1, featuring a
partially covered cold plate, exhibited the least effective
cooling performance (shown in Figs. 5 and 6). This
incomplete coverage resulted in uneven heat distribu-
tion across the battery surface leading to a peak tem-
perature of 310.9 K by the end of the discharge process
(t ¼ 720 s). As illustrated in Fig. 6, Design 1 suffers
from pronounced temperature stratification with areas
directly exposed to the environment experiencing
significantly higher temperatures compared to regions
in contact with the cold plate. This inadequate heat
dissipation across the entire battery surface translates
to poorer in-plane temperature uniformity, a critical
factor for battery health and performance.
In contrast, Design 2 demonstrated a marked

improvement in cooling performance compared to
Design 1. This improvement can be attributed to the
implementation of a fully-covered cold plate with
segmented mini-channels. The full coverage ensures
more consistent heat transfer from the battery cells to
the coolant, while the segmented mini-channels
enhance fluid flow characteristics and promote better

heat removal. These combined factors lead to a reduc-
tion in temperature spikes and a more uniform tem-
perature distribution across the battery surface. By the
end of the discharge process, Design 2 achieved a lower
peak temperature of 307.4 K compared to Design 1.
It is pertinent to note that Design 3 emerged as the

superior design in terms of cooling efficiency, achieving
exceptional thermal management capabilities. Similar
to Design 2, it incorporates a fully-covered cold plate.
However, Design 3 utilizes serpentine flow pattern
mini-channels, which likely to contribute for its supe-
rior cooling performance. It has demonstrated excep-
tional thermal management capabilities and
established itself as a benchmark for conventional
water-cooling approaches. Furthermore, it was found
that it helped to maintain the battery surface temper-
ature within the specified operating range of the bat-
teries and did not lead to the thermal runaway or
degradation.
It has been witnessed that the findings from the

simulations for Designs 1 and 2 closely align with the
reported simulation results in the literature [19] for the
same designs employing water as the coolant, con-
firming the validity and robustness of the present three
designed models. Thus, Design 3 consistently out-
performs its counterparts in thermal management
while using water coolant compared to Designs 1 and
2. This superior performance provides the greatest
trust and extends to the utilization of two distinct
nanofluids: one infused with Ag nanoparticles and the
other with CuO, both utilizing water as the base fluid.
This study also investigates the influence of coolant

mass flow rate on the cooling performance of BTMS
within Design 3. The coolant mass flow rate was varied
from 1 � 10⁻⁶ kg/s to 1 � 10-3 kg/s so as to assess its
impact on both cooling efficiency and pressure drop
(Fig. 7 a) and b)). The results demonstrate a strong
correlation between coolant flow rate and battery
thermal management. Our analysis revealed a signifi-
cant decrease in maximum battery temperature with
increasing coolant flow rate. This reduction was mostly
pronounced at lower flow rates (mf < 6 � 10⁻⁴ kg/s).
While further increase in flow rate has resulted in
continued temperature reduction. The effect became
progressively smaller. This trend suggests a point of
diminishing returns, where additional pumping power
required for higher flow rates may not be justified by
the marginal gains in cooling performance. At a flow
rate of 6 � 10⁻⁴ kg/s, the coolant effectively removes
heat from the battery cells, leading to a significant
decrease in the maximum temperature observed. This
reduction contributes to a more uniform temperature
distribution throughout the battery and this also serves
as a crucial factor for maximizing battery lifespan and
overall system performance.

Fig. 5. Temporal variation of the maximum surface temperature for the
three battery designs at a coolant mass flow rate of 2 � 10⁻⁵kg/s using
water as the coolant.
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It is important to acknowledge the interplay between
flow rate and pressure drop within the cooling chan-
nels. As illustrated in Fig. 7 (b), higher flow rates lead
to increased pressure drop due to the greater resis-
tance encountered by the coolant as it travels through
the channels. Minimizing pressure drop is critical for
reducing pumping power consumption and enhancing
the overall energy efficiency of the BTMS. The pressure
drops observed in the simulations for Design 3 are
deemed acceptable. Similar trends have been reported
in the literature [38]. This is particularly noteworthy
because the implemented cooling channel design

effectively mitigates the pressure rise associated with
higher flow rates. Based on this analysis, a flow rate of
approximately 6 � 10⁻⁴ kg/s appears to be a favorable
compromise. It achieves a substantial temperature
reduction while maintaining acceptable pressure drop
and associated energy consumption.

4.2. Impact of silver and CuO nanoparticle based
nanofluids on battery cooling performance

In this section, the influence of silver nanoparticle
(Ag)-based nanofluids at concentrations of 0.25% and

Fig. 6. Temperature contours of the battery body for the (a) Design 1, (b) Design 2 and (c) Design 3 at 720 s under a 5C discharge rate with water
serving as the coolant at a mass flow rate of 2 � 10⁻⁵kg/s.
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Fig. 8. Effects of Silver nanofluid concentrations (0.25% & 0.5% VF) on a) Design 1, b) Design 2 and c) Design 3.

Fig. 7. a) Variations in battery surface temperature and b) pressure drop with changes in coolant velocity for Design 3.
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0.5% (by volume fraction) on battery cooling perfor-
mance in Designs 1, 2 and 3 has been investigated using
a numerical analysis. Deionized water served as the
base fluid. The inclusion of Ag nanoparticles enhanced
the thermal properties of the coolant, particularly its
thermal conductivity. In addition, brownian motion of
the nanoparticles intensified heat transfer within the
nanofluids compared to plain water. Silver nano-
particles were chosen for their unique properties
including high thermal conductivity making them suit-
able for efficient heat transfer in various thermal

applications. Initially, Ag nanofluid was introduced into
Designs 1 and 2 to evaluate its impact. Design 1 ach-
ieved maximum cell temperatures of 308.6 K and
306.8 K (Fig. 8) with 0.25% and 0.5% Ag nanofluid,
respectively representing a 2.8% and 2.2% increase
from the initial battery temperature (300 K). While
these results indicate improvement over water cooling
(310.9 K), but their performance is inferior to Design 3.
When introduced into Design 3, the 0.25% and 0.5%

Ag nanofluid yielded maximum cell temperature of
306.7 K and 305.0 K (Fig. 8), respectively. These values

Fig. 9. Temperature distribution in battery designs (a) 1, (b) 2 and (c) 3 when using 0.5% VF Ag based nanofluid.
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are only 2.1% and 1.6% higher than the initial tem-
perature demonstrating a significant improvement
compared to Designs 1 and 2 and water cooling. This
consistent reduction in cell temperature across con-
centrations underscores the effectiveness of Ag nano-
fluids in achieving uniform cooling within Design 3. It
also suggests a trend of improved cooling performance
with higher nanofluid concentrations (0.5% Ag). The
temperature distributions of battery Designs 1, 2 and 3,
when using 0.5% VF Ag are shown in Fig. 9. The re-
sults of this analysis demonstrate the capability of
using Ag nanoparticle-based nanofluids as an effective
coolant for BTM, particularly in Design 3. This
improved thermal management capability offered by
nanofluids can contribute to maintaining lower battery
temperatures, thereby enhancing the performance and
life cycle of the battery. These findings are consistent
with existing literature on silver nanoparticle-water
nanofluids, which have been identified as promising
candidates for efficient thermal conduction in various

applications [39e41]. Furthermore, Ag- nanoparticles
exhibit good thermal stability, approximately up to
313 �C, making them suitable for long-term use in
BTMS of EVs [42].
Furthermore, Design 3 incorporates a serpentine

flow pattern of mini-channels within the cold plate,
while Designs 1 and 2 utilize parallel and segmented
mini-channel arrangements. This serpentine flow
pattern offers several advantages for heat transfer and
fluid dynamics within the battery module. The
serpentine flow promotes more efficient fluid flow
characteristics by increasing the fluid-cell contact time,
allowing for better heat dissipation from the cells to the
coolant and leading to more effective cooling. The
serpentine flow pattern also facilitates uniform distri-
bution of the coolant across the battery surface, mini-
mizing hotspots and reducing thermal gradients
throughout the battery [43,44].
Similarly, the impact of copper oxide nanoparticle-

based nanofluids on battery cooling performance in

Fig. 10. Impact of copper oxide nanofluid concentrations (0.25% and 0.5% VF) on the thermal management performance of battery models a) 1, b) 2
and c) 3.

142 A. Dhanasekaran et al. / Eurasian Journal of Physics and Functional Materials 8 (2024) 131e147



Designs 1, 2 and 3 was evaluated with two different
CuO nanofluid concentrations of 0.25% and 0.5% VF.
CuO nanoparticles were chosen for their high thermal
conductivity, stability at elevated temperature and
uniform heat dissipation properties. When introduced
into all three Design, CuO nanofluids exhibited
maximum cell temperature of 306.9 K and 306.3 K
(Figs. 10 and 11) for concentrations of 0.25% and 0.5%
VF respectively, slightly lower than upon using water
as the coolant. Notably, Design 3 with CuO nanofluid
(0.5% VF) maintained excellent cooling performance
but was inferior to Design 3 using silver nanofluid.
Fig. 12 demonstrates a graphical comparison of the

thermal management performance of Designs 1, 2 and
3 using water, Ag-based nanofluid and CuO-based
nanofluid as coolant.
This performance disparity can be attributed to

several factors inherent to the nanoparticles. Silver
nanoparticles typically possess higher thermal con-
ductivity and smaller particle sizes compared to CuO
nanoparticles resulting in larger surface areas for
improved heat transfer efficiency. Particularly, Ag
nanoparticles exhibit better dispersion characteristics
and chemical stability in water-based fluids, ensuring
long-term effectiveness as coolants [45,46]. Further-
more, Design 3 features an innovative serpentine flow

Fig. 11. Temperature distribution in battery designs a) 1, b) 2 and c) 3 when using 0.5% VF CuO based nanofluid.
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pattern of mini-channels covered by the cold plate,
whereas Designs 1 and 2 contain parallel and
segmentally arranged mini-channels. This innovative
flow pattern in Design 3 enhances fluid flow charac-
teristics and promotes better heat removal contrib-
uting to its superior cooling performance with silver

nanofluids. Table 7 represents the comparison of
temperature of the cell for Designs 1, 2 and 3 by uti-
lizing different type of coolants.
Conversely, copper oxide nanoparticles may experi-

ence greater tendencies for agglomeration and reac-
tivity in aqueous solutions, potentially limiting their
heat transfer capabilities and stability over time
[47,48]. Consequently, Ag nanoparticle-based nano-
fluids demonstrate superior performance in battery
cooling applications due to their enhanced thermal
conductivity, dispersion, stability characteristics and
the innovative flow pattern employed in Design 3.
Despite the relatively modest temperature reductions
compared to water, CuO nanofluids still show promise
for enhancing heat transfer and contributing to the
longevity of electric vehicle batteries.
Succinctly, findings of this work, demonstrate that

silver nanofluids significantly enhance thermal man-
agement performance, particularly when used in
Design 3 with its serpentine flow pattern. This
improvement is evident when compared to water
cooling, CuO nanofluids and even Design 1 and 2 and it
also emphasizes the critical role of both nanofluid
properties and battery design, in achieving optimal
thermal management.

Table 7. Comparison of temperature of the cell for Designs 1, 2 and 3 with different types of coolants.

Design No. Coolant Maximum
Temperature (K)

Temperature difference
(CuO vs water) (K)

Temperature difference
(Ag vs water) (K)

1 Water 310.9
e e

1 0.25% VF CuO 308.7 2.2
e

1 0.5% VF CuO 308.1 2.8
e

1 0.25% VF Ag 308.6
e

2.3

1 0.5% VF Ag 306.8
e

4.1

2 Water 307.4
e e

2 0.25% VF CuO 307.3 0.1
e

2 0.5% VF CuO 306.7 0.7
e

2 0.25% VF Ag 307.1
e

0.3

2 0.5% VF Ag 306.4
e

1

3 Water 307
e e

3 0.25% VF CuO 306.9 0.1
e

3 0.5% VF CuO 306.3 0.7
e

3 0.25% VF Ag 306.7
e

0.3

3 0.5% VF Ag 305.0
e

2

Fig. 12. Graphical comparison of the thermal management performance
of Design 1, 2, and 3 using water, Ag-based nanofluid and CuO-based
nanofluid as coolant.
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5. Conclusion

In this work, numerical demonstration of promising
mini-channel LCS has been proposed for the thermal
management of pouch-type LIBs. In addition, it has
been highlighted the capability of using Ag and copper
oxide nanoparticle-based nanofluids as effective cool-
ants for BTM when compared to the traditional cooling
approach. Some main conclusions are summarized
below:

(i) Based on the analysis, it was explored that
Design 3, featuring a three-inlet and outlet
channel along with a serpentine flow pattern,
demonstrated effective thermal management
across a battery cell compared to Design 1 and
Design 2, in both traditional water and nanofluid
cooling approaches.

(ii) Design 1 vs. Design 2 vs. Design 3 (Water-
based coolant): In Design 1, due to the partial
coverage of the cold plate on the battery surface,
it exhibited the weakest cooling performance.
The maximum temperature in Design 1
increased to 310.9 K during the discharge pro-
cess, resulting in poor temperature uniformity.
At the same time, Design 2 demonstrated a
marked improvement in cooling performance
when compared to Design 1. This improvement
can be attributed to the implementation of a
fully-covered cold plate with segmented mini-
channels. The full coverage ensures more
consistent heat transfer from the battery cells to
the coolant, while the segmented mini-channels
enhance fluid flow characteristics and promote
better heat removal. By the end of the discharge
process, Design 2 achieved a lower peak tem-
perature of 307.4 K compared to Design 1.
However, Design 3, featuring a mini-channel
system containing a favorable serpentine flow
pattern and a fully covered cold plate, demon-
strated the optimal cooling performance by
reducing variations in temperature and
enhancing temperature uniformity. Over the 5C
discharge process, the maximum battery tem-
perature was reduced to 307 K respectively. It is
clearly established that Design 3, even when
using water as the coolant displayed exceptional
thermal management capabilities compared to
Design 1 and Design 2. Thus, the design 3 would
serve as a benchmark for conventional water-
cooling approaches.

(iii) Nanofluids-based cooling approach: When
0.25% and 0.5% Ag nanofluid were introduced
into Designs 1 and 2, the maximum cell temper-
atures reached 308.6 K, 306.8 K (Design 1) and

307.1 K, 306.4 K (Design 2), respectively, which
was better than the water-cooling approach,
where the maximum cell temperature reached
310.9 K and 307.4 K. However, in Design 3, the
maximum cell temperature reached 306.7 K and
305.0 K for 0.25% and 0.5% Ag nanofluid,
respectively demonstrating that Design 3 was
superior in thermal management compared to
Designs 1 and 2. The findings underscored the
efficacy of employing Ag-nanoparticle-infused
nanofluids as efficient coolants for BTM, partic-
ularly within the context of Design 3. Utilizing Ag
nanofluids as coolants in Design 3 resulted in a
notable decrease in the maximum surface tem-
perature of the battery when compared to
employing water as the coolant. This advance-
ment in cooling efficiency was ascribed to the
superior thermal conductivity and heightened
molecular collisions facilitated by the expanded
surface area of Ag- nanoparticles. Furthermore,
Design 3 incorporates a serpentine flow pattern
of mini-channels within the cold plate, while
Designs 1 and 2 utilize parallel and segmented
mini-channel arrangements. The serpentine flow
pattern offers several advantages for heat trans-
fer and fluid dynamics within the battery module.
The serpentine flow promotes more efficient
fluid flow characteristics by increasing the fluid-
cell contact time allowing for better heat dissi-
pation from the cell to the coolant and leading to
more effective cooling. It also facilitates uniform
distribution of the coolant across the battery
surface, minimizing hotspots and reducing ther-
mal gradients throughout the battery.

(iv) Similarly, when 0.25% and 0.5% CuO nanofluid
were introduced into Design 3, the maximum cell
temperature reached 306.9 K and 306.3 K,
respectively which was only slightly lower than
the temperatures when using water as the
coolant in Design 3 as well as superior to Designs
1 and 2 operated under the same operating
conditions. But it also proved inferior to Design 3
using silver-based nanofluid. These results
underscored the potential of CuO nanoparticle-
based nanofluids in battery thermal management
systems.

Overall, the above findings have demonstrated that
Ag nanofluids, particularly when employed in Design 3
with its serpentine flow pattern, offer significant im-
provements in cooling performance compared to water
cooling and CuO nanofluids. This highlights the
importance of not only the nanofluid properties but
also the adoption of innovative mini-channel design for
effective battery thermal management.
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