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Effective thermal management is essential for maintaining the safety, durability, and
performance of lithium-ion batteries (LIBs) in electric vehicles (EVs), while conventional
coolants often exhibit limited heat-transfer capability. In this work, we introduce a novel
numerical analysis focusing on the thermal behavior of a serpentine-channel liquid-cooled
battery pack. The coolants examined include Al:Os/water, CuO/water,
Al03/40%EG/60%Water, and CuO/40%EG/60%Water nanofluids. The simulations were
carried out over a Reynolds number range of 150-750, with nanoparticle volume fractions
varying from 3% to 7%. To assess cooling effectiveness, two key metrics were used: the
maximum battery temperature (7ma) and the maximum temperature difference (ATmax).
The results showed that increasing the Reynolds number and nanoparticle concentration
continuously improve the thermal performance of the battery module for all investigated
coolant conditions. Among the investigated cases, the 7% Al.Os/water nanofluid exhibited
the best cooling performance, reducing Tma by approximately 3.02 K and ATwar by
approximately 2.92 K at Re = 150 compared with pure water. Furthermore, Al>Os-based
nanofluids consistently achieved slightly better thermal performance than CuO-based
nanofluids under identical operating conditions. These findings demonstrate that
employing nanofluids in serpentine cooling configurations can effectively enhance the

thermal management capabilities of lithium-ion battery modules for EV applications.

1. INTRODUCTION

The inevitable trend in the transportation sector to protect
the environment is the replacement of traditional vehicles
powered by internal combustion engines with electric vehicles
(EVs) [1]. EVs increasingly rely on lithium-ion batteries
(LIBs) as their primary power source, thanks to their high
energy and power densities and long operational lifespans [2].
For most LIB types, the ideal operating temperature range is
20-40 °C. Additionally, temperature differences within the
battery pack should be kept at 5 °C or less [3, 4]. However,
LIBs generate significant heat during operation, which can
adversely affect performance, lifespan, and safety [5].
Therefore, a well-designed battery thermal management
system (BTMS) is essential to preserve the optimal
temperature range and reduce hazards associated with
excessive heat. Recently, research and development efforts
have focused on four principal BTMS categories according to
the cooling medium employed: air cooling, liquid cooling,
phase change material (PCM) cooling, and heat pipe cooling
[6].

Air cooling systems are simple and cost-effective; however,
their relatively low heat-transfer capability limits their
application in high-power EV battery systems [7]. Although
PCM cooling delivers efficient passive temperature control, it
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frequently adds extra weight and expense [8-11]. Recent
studies have also explored hybrid BTMSs that combine PCM
cooling with optimization techniques to improve thermal
regulation and temperature uniformity. However, issues
related to system complexity, increased weight, and practical
implementation remain important challenges for large-scale
EV applications. Heat pipe cooling is highly effective, but it
remains prohibitively expensive for large-scale EV
applications [12]. Liquid cooling systems, in contrast, have
proven both practical and scalable, which is why they are
increasingly adopted for LIB thermal control.

Immersing battery cells directly in a coolant, known as
direct liquid cooling, can achieve outstanding temperature
uniformity. However, risks related to coolant leakage, short
circuits, and electrochemical side reactions have limited its
practical application in EV systems [13]. In contrast, indirect
liquid-cooling systems, such as tube-based, cold-plate, and
mini- and microchannel cooling structures, offer improved
safety and easier implementation. Recent studies have
extensively investigated the optimization of liquid-cooled
BTMSs using advanced surrogate-based and multi-objective
optimization methods to improve cooling performance and
battery temperature uniformity [14-17].

In addition to channel optimization, improving coolant
thermal properties is another effective strategy for enhancing
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BTMS performance. Due to their chemical inertness, low cost,
and antifreeze properties, conventional fluids such as water
and water-glycol blends are commonly used in automotive
cooling systems [18]. Nevertheless, these coolants typically
exhibit poor thermal conductivity, a drawback that limits the
overall heat transfer capability of the BTMS [19]. Nanofluids,
engineered mixtures where nanoparticles are suspended in a
base liquid, have gained growing attention as a solution to this
problem [20]. Thanks to their superior thermal conductivity
and enhanced convective heat transfer, nanofluids have been
shown in recent literature reviews to improve battery cooling
markedly. Nevertheless, several significant issues persist,
including nanoparticle stability, particle settling, increased
pressure drop, and economic viability over extended operation
periods [20]. Mondal et al. [21] reported that the use of
nanofluids leads to effective improvements in heat dissipation
and thermal evenness for LIBs. Sarchami et al. [22] showed
that AgO nanofluids reduced the peak battery temperature and
temperature difference by up to 4.83 °C and 1.17 °C,
respectively, during a 5C discharge process. Wiriyasart et al.
[23] demonstrated that nanofluid cooling in corrugated mini-
channels reduced the maximum battery temperature by up to
28.65% compared with conventional cooling systems. Other
studies involving Al>Os nanofluids in wavy/stair channels [24]
and serpentine cooling channels [25] also demonstrated
noticeable reductions in battery temperature and improved
thermal uniformity. Furthermore, mono and hybrid nanofluids
have shown significant enhancement in convective heat
transfer and thermo-hydraulic performance for microchannel-
based battery cooling systems [26].

Although previous studies have demonstrated that
nanofluids can effectively reduce both the maximum battery
temperature and temperature non-uniformity in lithium-ion
BTMSs, several important gaps remain. Most existing studies
have primarily focused on a single nanoparticle type or a

single base fluid wunder specific cooling channel
configurations, such as wavy or mini-channel structures.
Consequently, direct comparisons between different

nanofluids and coolant compositions under identical operating
conditions remain limited.

In addition, although water-based nanofluids generally offer
favorable cooling performance, practical EV cooling systems
often employ ethylene glycol/water (EG/W) mixtures due to
their antifreeze properties and operational reliability across
varying environmental conditions. However, comprehensive
comparative investigations involving both water-based and
EG/W-based nanofluids for serpentine-cooled cylindrical
battery modules remain scarce.

To address the research gaps identified above, this work
performs a numerical analysis of the thermal response of an
80-cell cylindrical LIB pack featuring a serpentine liquid-
cooling loop. The coolants considered are AlOs/water,
CuO/water, Al:03/40%EG-60%Water, and CuO/40%EG—
60%Water nanofluids. The simulations explore nanoparticle
volume fractions of 3%, 5%, and 7% and Reynolds numbers
of 150, 300, 450, 600, and 750. To assess cooling
effectiveness, the maximum battery temperature (7u.x) and the
maximum temperature difference (ATyqx) are computed using
computational fluid dynamics (CFD) simulations in ANSYS
Fluent. This work benchmarks the performance of different
nanoparticle materials and coolant bases under consistent
serpentine cooling-channel operating parameters. Moreover, a
systematic analysis is conducted to examine how the Reynolds
number and nanoparticle concentration affect the thermal
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behavior of the battery module. The results may provide useful
insights into selecting suitable coolant configurations for
practical EV BTMS:s.

2. NUMERICAL SIMULATIONS
2.1 Thermophysical properties of nanofluids

To determine the thermophysical properties of the
nanofluids, this study employed theoretical correlations
widely recognized and extensively verified in prior nanofluid
research [27-30]. As potential BTMS coolants, this study
examined Al:Os and CuO nanoparticles suspended in either
pure water or EG/W blends. The present thermophysical
property formulation follows the methodology previously
validated in our earlier study on automotive radiator cooling
using nanofluids [31].

The effective density of the nanofluid was determined as:

Prr = @pp + (1= @)pps 1
The effective heat capacity was calculated using:
(pcp)nf = ¢(pcp)p +(1- (p)(pcp)bf 2)

To estimate the nanofluid's thermal conductivity, the
Maxwell model for spherical nanoparticles was applied:

k. = ky + (@ — Dkyr — (@ — D (kpy — kyp)
nf k, + (@ — Dkyr + @(kys — k)

ko (3)

In this equation, the shape factor @ was taken as 3, which
corresponds to spherical particle geometry [32, 33].
The dynamic viscosity was then computed using Eq. (4):
tng = tpor(1239% + 739 + 1) 4)
In all equations above, the subscripts nf, bf, and p refer to

the nanofluid, the base fluid, and the nanoparticles,
respectively.

Table 1. Material properties of the investigated coolants and

nanoparticles

. K Cp 1)
Materials wimK) (kgm’) (JI/kgK) (kg/mes)
Pure water 0.633 992 4174 0.00065
20%EG/80%W 0.58 1008 4020 0.0019
40%EG/60%W 0.412 1055.39 3502 0.00226

AlLOs 40 3960 773 -

CuO 33 6000 551 -

Aluminum 202.4 2719 871 -

Note: EG/W - ethylene glycol/water

In the present simulations, we considered the nanofluid as a
homogeneous single-phase fluid. This modeling approach
assumes that nanoparticles are uniformly dispersed, that
agglomeration is insignificant, and that the flow remains
laminar. Since the nanoparticle volume fractions examined in
this work were relatively low, the influence of Brownian
motion and particle sedimentation was considered negligible.
These assumptions are commonly adopted in CFD-based
nanofluid studies and have been shown to provide reasonable



agreement with experimental observations for dilute
nanofluids. The physical properties of all base fluids and
nanoparticle materials examined in this study are listed in
Table 1.

2.2 Geometry and mesh

Using ANSYS Workbench, a 3D representation of the
lithium-ion battery pack integrated with a serpentine liquid-
cooling channel was developed (see Figure 1). A total of 80
cylindrical lithium-ion cells are arranged within the module
according to the battery pack layout. Detailed information
about the cell characteristics is presented in Table 2. The
detailed dimensions of the cooling channel are as follows:
channel height 65 mm, width 3 mm, and wall thickness 0.7
mm (see Figure 1(b)).

Cooling
channel

Battery cell

Figure 1. Computational model of the lithium-ion battery
pack with an integrated serpentine liquid-cooling system: (a)
overall three-dimensional layout of the battery assembly and

(b) detailed dimensions of the serpentine cooling channel

Table 2. Main characteristics of the cylindrical 18650

LiFePO4 battery cell
Parameter Description
Cell type Cylindrical 18650

Cathode material LiFePO4
Anode material Graphite
Electrolyte type Carbonate based

Rated capacity 1.35Ah
Nominal voltage 32V

Cell dimensions Diameter: 18 mm; Height: 65 mm

During cooling, the coolant enters the channel through the
inlet, circulates along the serpentine flow path around the
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battery cells, and exits the system through the outlet. This
circulation removes the heat generated during battery
operation and helps maintain the module's thermal stability.
To enhance heat exchange between the coolant and the cells,
the simulation assumed direct thermal contact between the
serpentine channel and the battery surfaces, as shown in Figure
1(b). We selected aluminum for the cooling channel due to its
excellent thermal conductivity.

As part of the mesh-independence assessment, five different
grid resolutions were tested, consisting of 561,543, 746,540,
967,783, 1,110,000, and 1,314,874 elements, as depicted in
Figure 2(a). Figure 2(b) shows that both 7. and AT vary
only slightly across the different mesh sizes. Once the element
count surpasses 746,540, the deviation remains below 0.5%.
To achieve an appropriate trade-off between computational
cost and solution accuracy, the second mesh (746,540
elements) was chosen and employed for all subsequent
simulations.

308.50 10.5
7 -
T A AT (K) [710.0
308.25~ e K) f
L 49.5 b
) { B
= 308.00 Joo £
S 1 3
Selected mesh -8.5
307.75 ]
L 8.0
307.50— ! | | 75
5%10° 7.5%10° 1x10¢ 1.25x106

Number of grids

(b)
Figure 2. Mesh independence test
2.3 Governing equation

In this work, we constructed an 80-cell lithium-ion battery
module and modeled the cells as uniform volumetric heat
sources to reduce computational cost. The numerical model
was established based on the following assumptions:

- Although heat can be transferred inside lithium-ion cells
via conduction, convection, and radiation, the electrolyte is
almost stationary under normal operation, with no appreciable
bulk fluid movement. Hence, internal convection is negligible
[15]. Additionally, within the typical operating window of —20
to 60 °C, radiative heat transfer is far less significant than
conduction. As a result, the present analysis considers heat
conduction as the only relevant internal heat transfer
mechanism, ignoring both convection and radiation inside the
cells.



- Heat transfer between adjacent cylindrical cells is assumed
to be insignificant. Since neighboring cells are not in tight
physical contact, the thermal contact conductance between
them is very low. Previous investigations reported values on
the order of 10™* W/K [34], suggesting that inter-cell thermal
conduction has a negligible contribution. Consequently, the
generated heat is considered to be dissipated mainly through
the external cooling system rather than through thermal
interaction among cells.

- The material properties of the battery (such as density, heat
capacity, and thermal conductivity) are assumed constant
throughout the simulations. This approximation is common in
battery thermal modeling, as property changes over moderate
temperature ranges exert only a small effect on the overall
thermal behavior.

- In addition, the present work primarily focuses on the
dominant heat transfer mechanism associated with forced
convection inside the liquid-cooling channel. Therefore, the
aforementioned assumptions are not expected to affect the
comparative optimization analysis significantly. Although
slight discrepancies may occur in the prediction of absolute
temperature values, the relative thermal performance trends
and Pareto-optimal solutions are expected to remain reliable.

Based on the above assumptions, the governing equations
describing the battery domain, the cooling channel, and the
coolant flow are presented below.

The energy conservation equation of the battery can be
written as:

oT,
puCy (52) = Vo, VT,) + Q )

Here, py, C», and T, are the density, specific heat, and
temperature of the lithium-ion battery, while & denotes its
thermal conductivity. The symbol Q represents the volumetric
heat generated inside the cell. During discharge, this heat
production is assumed to be uniformly spread throughout the
battery volume. The battery is modeled as a steady,
homogeneous heat source, and the heat generation rate is
obtained from the empirical relationship proposed by Bernardi
et al. [35].

dUOCU]
dT,

where, I, R, V; charging/discharging current, internal ohmic
resistance, and battery volume, respectively. The PR term
represents irreversible Joule heating caused by the cell's
internal resistance, which is taken as 0.04 Q [36, 37]. The
parameter U, represents the open-circuit voltage of the
battery.

I
Q= V_[(Uocv - U) +Tp
b (6)

1 du
=—|I?R +1IT, —2&
V,,[ b dT,

Y describes the reversible heat

dUoc
daTp
associated with the electrochemical reactions inside the cell,

and the coefficient IT, d:;”’ is assigned a value of 0.01116 V

b
[36].

It should be noted that this heat-generation model does not
consider additional heat sources such as side-reaction heat or
polarization heat. Using Eq. (6) together with the parameters
from Table 2 and literature-derived coefficients, the
volumetric heat generation rates for various discharge
conditions were computed and are listed in Table 3.

The expression [T},
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Table 3. Volumetric heat generation rates of the lithium-ion
cell at various discharge rates

Battery Discharge Rate Heat Generation (W/m?%)
1C 5318
2C 19452
3C 42400
4C 74163

For the serpentine cooling channel itself, the energy
conservation equation takes the following form:

aT,
PscCsc (a_zc> = V(ksVTs) (7

In this expression, ps, Cse, Ts, and ks correspond to the
density, heat capacity, temperature, and thermal conductivity
of the serpentine channel material.

The energy balance for the coolant flowing through the
channel is expressed as:

oT,
pcCe (E) + V(pCvTe) = V(kVT)

(®)

Here, the notations p., Ce, T, k., and v stand for the coolant's
density, specific heat, temperature, thermal conductivity, and
velocity, in that order.

The convective heat transfer (Q.) occurring at the solid—
liquid interface between the coolant and the channel wall is
determined based on Newton’s cooling law: Q. = hA(Tse — T¢),
where Q. denotes the convective heat dissipation rate, Tc
represents the coolant temperature, Ty is the serpentine
cooling channel wall temperature; The terms /. and A4 in this
equation represent the convective heat transfer coefficient and
the effective surface area for convective heat transfer.

To characterize the flow behavior inside the serpentine
cooling channel, the Reynolds number is employed [37]:

p.vD
R, = CT )

where, p., u, v, and D represent the coolant density, dynamic
viscosity, inlet velocity, and hydraulic diameter of the channel,
respectively. The thermophysical properties of the base fluids
and nanoparticles employed in this study are summarized in
Table 1.

The cooling system's thermal behavior was evaluated at five
distinct Reynolds numbers: 150, 300, 450, 600, and 750. For
each coolant, the corresponding inlet velocity was calculated
using the Reynolds number formula, along with its specific
thermophysical properties. As all tested Re values lie far
below the typical transition threshold of 2300, the flow inside
the serpentine channel was assumed to be laminar for all
simulations.

Mass conservation equation is written as:

Vv=20 (10)
Momentum conservation equation is expressed as:
v 2
per = —VP+ uv?v (11)

where, p. is the coolant density, P denotes the static pressure,



4 represents the dynamic viscosity, and v is the fluid velocity
vector.

2.4 Boundary conditions

To keep the computational model tractable, several
assumptions together with specific boundary conditions were
applied. The serpentine cooling channel was fabricated from
aluminum, while pure water and nanofluids were employed as
the cooling media. Every individual lithium-ion cell was
treated as a uniform solid domain. Table 4 summarizes the
thermophysical properties of the battery cells, aluminum, base
fluids, and nanofluids.

A uniform volumetric heat generation rate of 74,163 W/m?
was applied to the battery module, corresponding to a 4C
discharge rate (see Table 3). The Reynolds numbers examined
in this work spanned from 150 to 750, all of which are
significantly lower than the critical transition value of 2300.
Consequently, laminar flow was assumed for all coolant
circulation scenarios.

At the inlet, a velocity-inlet condition was specified; at the
outlet, a pressure-outlet condition was used, with the gauge
pressure fixed at 0 Pa. The model disregarded heat transfer
from the battery module to the surrounding environment. As a
result, all external boundaries of the computational domain
were treated as adiabatic, i.e., no heat flux was allowed
through them. The inner walls of the serpentine channel were
subjected to a no-slip condition, meaning the fluid velocity at
the wall was zero. The SIMPLE algorithm, which couples
pressure and velocity, was employed to solve the governing
equations. We considered the numerical solution converged
when the normalized residuals for the continuity, momentum,
and energy equations decreased below 107°.

Table 4. Material properties employed in the computational
fluid dynamics (CFD) simulations

Parameter Unit Water Aluminum Bactfjlry
Density, p kg/m? 992 2719 2018
Specific heat, C,  Jkg'K 4174 891 1282
Thermal
conductivity, k W/m'K  0.633 202.4 2.7
Dynamic kg/m's  0.00065 ; -
viscosity, 1

3. RESULTS AND DISCUSSION
3.1 Simulation model validation

The numerical methodology employed here was first
benchmarked against the serpentine cooling configuration
documented in Xu et al. [37] before being applied to the 80-
cell battery module. This validation case involved a lithium-
ion battery pack featuring cylindrical 18650 LiFePO4 cells
that were cooled by a serpentine channel through which water
flowed.

From the reference study, we adopted the same geometry,
material properties, and operational parameters: a 3C
discharge rate (volumetric heat generation of 42,400 W/m?), a
coolant inlet temperature of 298.15 K, and an inlet flow
velocity of 0.3 m/s. Applying the identical CFD approach and
boundary conditions, our simulation yielded Ty of 301.706
K and AT 0of 3.556 K, as shown in Figure 3.
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Temperature
liquidtemp

3.017e+002
3.014e+002
3.010e+002
3.006e+002
3.002e+002
2.998e+002
2.895e+002
2.991e+002
2.987e+002
2.984e+002

2.980e+002
[K]

Temperature
Contour

3.017e+02
3.014e+02
3.010e+02
3.006e+02
3.003e+02
2.999e+02
2.996e+02
2.992e+02
2.98%e+02
2.985e+02

2.981e+02
K]

(b)

Figure 3. Validation of the present numerical model against

the reference study: (a) temperature distribution predicted by

Xu et al. [37] and (b) temperature distribution obtained from
the current simulation

These computed values compare favorably with the
numerical results of Xu et al. [37], who reported T =301.73
K and AT =3.74 K. The corresponding deviations were only
0.008% for T)uux and 4.9% for ATax. Therefore, the developed
CFD framework was considered sufficiently accurate and
reliable for subsequent simulations of the proposed 80-cell
serpentine-cooled battery module.

3.2 Effect of ethylene glycol on the maximum temperature
and temperature difference of cooling channel

The influence of inlet velocity and coolant type on the
battery module's Tur and ATy is shown in Figure 4 for three
cooling fluids: pure water, 20% EG/80% water, and 40%
EG/60% water. As observed, both T, and AT, increase
with increasing ethylene glycol concentration at all
investigated inlet velocities. Pure water outperforms the other
coolants in all cases, producing the smallest temperature
increase and the most even thermal distribution inside the
battery module. In contrast, the 40%EG/60%Water mixture
produces the highest 7 and AT, while the
20%EG/80%Water mixture exhibits intermediate behavior.

This trend is primarily associated with the thermophysical
properties of the coolant mixtures. Increasing the ethylene
glycol content results in higher dynamic viscosity and lower
thermal conductivity, weakening the coolant's convective heat
transfer and reducing the overall heat-removal performance of
the serpentine cooling channel.

For all coolants tested, increasing the inlet velocity from
0.05 m/s to 0.25 m/s results in lower Tuux and AT values.
Higher inlet velocities enhance the convective heat transfer
between the coolant and the channel wall, thereby improving
heat dissipation from the battery cells and promoting a more
uniform temperature distribution throughout the battery
module.



310 110.5
i ——  40%EG/60% Water
309 2(’)%}-1(‘1/8()%Walcr 95
NN = Water
~ OB A A0%EG/60%Water [
A L N . 8.5 !
£, 307 & 20%EG/80% Water E
g [ -@- Water '75 .
e = 7. =
= 306/ z
305 +6.5
304 - ! ‘ 55
0.05 0.10 0.15 0.20 0.25
Velocity (m/s)

Figure 4. Effects of ethylene glycol/water (EG/W) ratio and
inlet velocity on the maximum battery temperature (7 nqx) and
maximum temperature difference (ATax)

3.3 Effect of nanoparticle concentration in water-based
nanofluids on the thermal performance of the battery
module

3.3.1 Al:Os/water nanofluid

The impact of both the Reynolds number and the ALOs
volume fraction in water-based nanofluids on the battery's Tyax
and AT, is presented in Figure 5. Four different coolant
formulations were examined: pure water and Al.Os/water
nanofluids at nanoparticle concentrations of 3%, 5%, and 7%.

312
Al O3z-water nanofluid
- Water
30g 5 ALO;-3%
Z I AlLO3-5%
30 ALO3-7%
£
306
304! ‘ ! : : ! !
150 300 450 600 750
Reynold number
(a)
15
Al,O3-water nanofluid
-0~ Water
- Alz()}-guo
—~ 10 ALO;-5%
Z ) ¥ ALO:7%
b
F-«E
< 51
0 | 1 |
150 300 450 600 750
Reynold number
(b)

Figure 5. Effects of Reynolds number and Al.Os/water
nanofluid concentration on the battery thermal performance:
(a) maximum battery temperature (7,q) and (b) maximum
temperature difference (ATax)

As shown in the figure, both T and AT,.. decrease
continuously with increasing Reynolds number for all
investigated coolant conditions. A marked reduction is
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observed when the Reynolds number increases from 150 to
300, while the reduction rate gradually decreases at higher
Reynolds numbers. This trend can be explained by improved
convective heat transfer at higher flow velocities, which
facilitates greater heat removal from the cells and leads to
more even thermal conditions across the module.

In addition, increasing the Al>Os nanoparticle concentration
further enhances the cooling performance of the battery
module. At a given Reynolds number, the nanofluids
consistently exhibit lower 7). and AT, values than pure
water. Among the investigated cases, the 7% AlLOs/water
nanofluid provides the best thermal performance over the
entire Reynolds number range.

At Re =150, the 7% Al.Os/water nanofluid reduces 7;uqx and
ATnar by approximately 3.02 K and 2.92 K (see Table 5),
respectively, compared with pure water. The primary reason
for these gains is the increase in thermal conductivity brought
about by the Al:Os nanoparticles. This enhancement enhances
the coolant's convective heat transfer, thereby improving the
overall performance of the serpentine cooling system.

3.3.2 CuO/water nanofluid

Figure 6 presents the effects of Reynolds number and CuO
nanoparticle concentration on the thermal performance of the
battery module using water-based nanofluids. Similar trends
to those observed for the Al.Os/water nanofluid are obtained.
Specifically, both T, and AT,. exhibit a consistent
downward trend as the Reynolds number or nanoparticle
concentration increases, owing to enhanced convective heat
transfer in the serpentine channel.

312
CuO-water nanofluid
-8 Water
31( - CuO-3%
Cu0-5%
[ - CuO-7%

Tmax (K)

304
150 300 450 600 750
Reynold number
(a)
15
CuO-water nanofluid
L -8 Waler
- Cu0-3%
— 1( Cu0-5%
< Cu0-7%
%
F‘S
<] 5
0 ' !
150 300 450 600 750
Reynold number
(b)

Figure 6. Effects of Reynolds number and CuO/water
nanofluid concentration on the battery thermal performance:
(a) maximum battery temperature (7q) and (b) maximum
temperature difference (AT )



Table 5. Summary of Tiux and ATq values for the battery module using Al-Os/water nanofluids at various Reynolds numbers

R Water 3% ALQOs/water 5% ALQOs/water 7% ALQOs/water

€ Tmax (K) ATmax (K) Tmax (K) ATmax (K) Tiax (K) ATmax (K) Tinax (K) ATmax (K)
150 310.89 12.01 309.63 10.79 308.69 9.89 307.87 9.09
300 307.35 8.52 306.71 7.91 306.23 7.46 305.81 7.06
450 306.18 7.36 305.74 6.95 305.41 6.65 305.13 6.39
600 305.6 6.79 305.26 6.48 305.01 6.25 304.79 6.05
750 305.25 6.44 304.97 6.2 304.77 6.01 304.59 5.85

Table 6. Summary of 7y and AT, values for the battery module using CuO/water nanofluids at various Reynolds numbers

Re Water 3% CuO/water 5% CuO/water 7% CuO/water
Tnax (K) AT pax (K) Tnax (K) AT pax (K) Tnax (K) AT pax (K) Tnax (K) AT max (K)
150 310.89 12.01 309.95 11.11 309.12 10.31 308.34 9.56
300 307.35 8.52 306.86 8.07 306.44 7.66 306.04 7.29
450 306.18 7.36 305.84 7.06 305.55 6.79 305.28 6.54
600 305.6 6.79 305.34 6.56 305.12 6.36 304.91 6.17
750 305.25 6.44 305.03 6.26 304.85 6.10 304.68 5.94
312 heat-transfer capability of the CuO/water nanofluid.
-8 Water
Cu0-3% 3.3.3 Comparison between Al:Os and CuO nanofluids
310, Cu0-5% A direct comparison between Al:Os/water and CuO/water
Z C “0‘70/‘; nanofluids across various Reynolds numbers and nanoparticle
~ 30 —¢ ALO;3 OA’ concentrations is provided in Figure 7(a) and 7(b). Both types
HE @ ALO;-5% of nanofluids achieve lower Ty and AT, than pure water.
W ALOyT% Under identical operating conditions, the Al.Os/water
306/ nanofluid consistently achieves slightly better cooling
performance than the CuO/water nanofluid. At the highest
nanoparticle concentration of 7% and Re = 150, the
30]45() 300 450 I 600 750 AlOs/water nanofluid reduces 7). from 308.34 K to 307.87
K and decreases AT q from 9.56 K to 9.09 K compared with
Re)(f:)o Id number the CuO/water nanofluid. These correspond to reductions of
15 approximately 0.47 K for both T, and AT} Although the
—&- Water difference between the two nanofluids remains relatively
EEE:;:;: small, the ALOs/water nanofluid exhibits slightly superior
CuO-7% thermal performance throughout the investigated range. This
I —— Al203-3% outcome likely stems from the collective effects of the
= - ALO3-5% nanofluids' thermophysical properties—such as effective
z L - ALO3-7% thermal conductivity, viscosity, density, and convective heat
g transfer behavior. Furthermore, the advantage of Al.Os/water
<1 5 nanofluids is more evident at lower Reynolds numbers and
higher  particle  concentrations, conditions  where
improvements in conductive heat transfer play a relatively
greater role. In contrast, at higher Reynolds numbers, the
PS 0 300 250 500 250 thermal performance difference betvyeen the two nar.loﬂuids
gradually decreased because convective heat transfer induced
Re}(rg?ld number by coolant flow became the dominant cooling mechanism.

Figure 7. Comparison of thermal performance between
AlLOs/water and CuO/water nanofluids at different Reynolds
numbers: (a) maximum battery temperature (7)) and (b)
maximum temperature difference (A7)

At a fixed Reynolds number, CuO/water nanofluids
consistently provide lower T and AT, values than pure
water. Among the investigated cases, the 7% CuO/water
nanofluid exhibits the best thermal performance. At Re = 150,
Tmax decreases from 310.89 K to 308.34 K, while AT
decreases from 12.01 K t0 9.56 K (see Table 6) compared with
pure water. These correspond to reductions of approximately
2.55 K and 2.45 K, respectively, demonstrating the enhanced
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3.4 Effect of nanoparticle concentration in EG/water-
based nanofluids on the thermal performance of the
battery module

3.4.1 Al.Os/EG-water nanofluid

Figure 8 illustrates the effects of Reynolds number and
Al>Os/concentration on the thermal performance of the battery
module using 40%EG/60%Water-based nanofluids. The
trends are qualitatively similar to those seen with water-based
nanofluids: both 7T, and AT, fall as either the Reynolds
number or the nanoparticle concentration rises. Nevertheless,
the magnitude of thermal improvement is smaller, owing to the
EG/water base fluid's elevated viscosity and reduced thermal
conductivity.



Table 7. Summary of Ty and AT, values for the battery module using Al203/40%EG-60%Water nanofluids at various
Reynolds numbers

40%EG/60%W 3% ALOs/EG-W 5% ALOs/EG-W 7% AlLOs/EG-W
150 306.48 7.47 305.99 7.03 305.65 6.72 305.34 6.44
300 305.29 6.29 305.02 6.07 304.83 591 304.66 5.77
450 304.89 5.90 304.69 5.75 304.55 5.64 304.43 5.54
600 304.69 5.71 304.53 5.59 304.41 5.51 304.31 543
750 304.57 5.59 304.43 5.49 304.33 543 304.25 5.36

Table 8. Summary of Ty and AT . values for the battery module using CuO/40%EG-60% Water nanofluids at various Reynolds

numbers
Re 40%EG/60%W 3% CuO/EG-W 5% CuO/EG-W 7% CuO/EG-W
Tonax ATmax (K) Tax ATmax (K) Tonax ATmax (K) Tnax ATmax (K)
150 306.48 7.47 306.09 7.13 305.78 6.85 305.49 6.59
300 305.29 6.29 305.07 6.12 304.89 5.98 304.73 5.84
450 304.89 5.90 304.72 5.78 304.59 5.68 304.48 5.59
600 304.70 5.71 304.55 5.61 304.45 5.54 304.35 5.47
750 304.58 5.59 304.45 5.51 304.36 545 304.28 5.39
307 3.4.2 CuO/EG-water nanofluid
ALO;-EG/Water nanotluid Figure 9 presents the thermal performance of
~&- 40%EG/60% Water CuO/40%EG/60%Water nanofluids at different Reynolds
306 - Ml()-“g"’f’ numbers and nanoparticle concentrations. Similar to the
" \ ALO3-5% AlLOs-based nanofluid, increasing the Reynolds number and
= ALOs-7% nanoparticle concentration continuously improves the cooling
E__E performance of the battery module.

304
150 300 450 600 750

Reynold number
(a)

Al,O3-EG/Water nanotluid
-8 40%EG/60%Water
-m ALO3-3%
™ ALO3-5%
™ - 1‘\]2()3-70/(’1

ATI‘I'IZI\' (K }

\ .
50 300 450 600 750

Reynold number
(b)

Figure 8. Effects of Reynolds number and
AlL:0s/40%EG/60%Water nanofluid concentration on the
battery thermal performance: (a) maximum battery
temperature (7.) and (b) maximum temperature difference
(AT nax)

Among the investigated cases, the 7%
Al05/40%EG/60% Water nanofluid provides the best thermal
performance. At Re = 150, T4 decreases from 306.48 K to
305.34 K, while AT, decreases from 7.47 K to 6.44 K
compared with the base fluid (see Table 7). These correspond
to reductions of approximately 1.14 K and 1.02 K,
respectively.

307
CuO-EG/Water nanofluid
-8 40%EG/60%Water
- CuO-3%
. 306 Cu0-3%
é ¥ CuO-7%
;é Y
=4
E
305
304 '
150 300 450 600 750
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8
CuO-EG/Water nanofluid
0 40%EG/60% Water
'F - CuO-3%
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— CuO-7%
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S
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(b)

Figure 9. Effects of Reynolds number and
CuO/40%EG/60%Water nanofluid concentration on the
battery thermal performance: (a) maximum battery
temperature (7uqx) and (b) maximum temperature difference
(ATar)



Among the investigated cases, the 7% CuO/40%EG-
60%Water nanofluid achieves the lowest battery temperature
and temperature difference. At Re = 150, T decreases from
306.48 K to 305.49 K, while AT}, decreases from 7.47 K to
6.59 K compared with the base fluid (see Table 8). These
correspond to reductions of approximately 0.99 K and 0.88 K,
respectively.

3.4.3 Comparison between Al.Os and CuO nanofluids

Figure 10 shows the variations in T and AT. of the
battery module cooled by Al0Os/40%EG/60%Water and
Cu0O/40%EG/60%Water nanofluids under different flow and
particle concentration conditions. Both nanofluids improve the
thermal management performance of the battery module
compared with the EG/water base fluid, while the
Al03/40%EG-60%Water consistently provides slightly
lower Tar and AT values.

40%EG/60% Water
AlLO3-3%
Al,O3-5%
ALO3-7%
Cu0-3%
Cu0O-5%
CuO-7%

XYY

7‘IT]3X (K)

305

|
450

Reynold number
(a)

.-

|
600

|
300 750

40%EG/60% Water
Cu0-3%
Cu0-5%
Cu0-7%
Al,Oz-3%
Al O;3-5%
Al,O5-7%

"ot

ATm‘dX (K)

|
300

|
450
Reynold number
(b)

Figure 10. Comparison of thermal performance between
Al03/40%EG/60%Water and CuO/40%EG/60% Water
nanofluids at different Reynolds numbers: (a) maximum
battery temperature (7,4) and (b) maximum temperature
difference (AT nax)

5
150 600 750

At Re = 150 and a nanoparticle concentration of 7%, the
Al03/40%EG/60%Water reduces T from 305.49 K to
305.34 K and decreases ATyqx from 6.59 K to 6.44 K compared
with the CuO-based nanofluid. These correspond to reductions
of approximately 0.15 K for both 7). and AT, indicating
that the thermal performance difference between the two
nanofluids remains relatively small under the investigated
operating conditions.

From a practical perspective, Al2Os-based nanofluids may
provide better long-term operational stability because alumina
nanoparticles generally exhibit lower density and improved
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dispersion stability compared with CuO nanoparticles.
Conversely, CuO-based nanofluids may offer favorable
thermal conductivity enhancement but could be more
susceptible to sedimentation and agglomeration during long-
term operation. Therefore, the selection between Al.Os- and
CuO-based nanofluids should consider not only cooling
performance but also long-term stability and practical
operating conditions in EV BTMSs.

The temperature contours inside the battery module for
various coolants at Re = 150 are displayed in Figure 11. In
every case examined, the battery temperature rises
progressively along the coolant flow path as the fluid
continuously absorbs heat as it travels through the serpentine
channel. As a result, the hottest zones are found near the
downstream and outlet regions, where cumulative heat uptake
and diminishing temperature differences between the coolant
and the battery surfaces reduce cooling effectiveness.

Compared with pure water, all nanofluid-based coolants
provide lower battery temperatures and improved temperature
uniformity. Among the investigated coolants, pure water
exhibits the highest maximum temperature and the most
pronounced thermal non-uniformity. In contrast, dispersing
nanoparticles into the base fluid boosts heat removal by
increasing both the thermal conductivity and the convective
heat transfer capability of the coolant.

Comparing the two nanoparticle types reveals that AL:Os-
based nanofluids have a slight edge in cooling performance
under identical conditions. For instance, with water as the base
fluid, T drops from about 308.34 K (CuO/water) to 307.87
K (Al:Os/water). Likewise, when 40%EG/60%Water is used
as the base fluid, the Al2Os-containing nanofluid achieves the
lowest T, among all tested formulations, at roughly 305.34
K.

In summary, the temperature contours clearly indicate that
nanofluid-based coolants, especially those containing Al.Os,
substantially improve thermal management of the serpentine-
cooled battery pack by lowering peak temperatures and
enhancing thermal uniformity.

The obtained thermal trends are generally consistent with
previous experimental and numerical investigations reported
in the literature. In particular, [19] experimentally
demonstrated that nanofluid cooling in serpentine channels
enhanced heat dissipation capability and improved battery
temperature uniformity compared with conventional coolants.
Similar behavior was observed in the present CFD study,
where increasing nanoparticle concentration and coolant flow
rate continuously reduced both T and AT Furthermore,
the slightly superior cooling performance of Al.Os-based
nanofluids observed in the present study is also consistent with
previous investigations involving alumina nanofluids for
lithium-ion battery thermal management.

The thermal performance data for all nanofluid
configurations studied are compiled in Tables 5-8. Across all
coolant types examined, increasing either the Reynolds
number or the nanoparticle concentration consistently
enhances both heat removal and temperature uniformity within
the battery module. For water-based nanofluids, the
AlOs/water formulation generally yields marginally lower
Tnax and AT 4 than its CuO/water counterpart under the same
conditions. Furthermore, while nanofluids based on 40%
EG/60% water do not perform as well as water-based
nanofluids in absolute terms, adding nanoparticles still yields
a marked improvement in cooling capacity and thermal
uniformity relative to the plain EG/water-based fluid.
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Figure 11. Temperature distributions of the battery module cooled by different base fluids and nanofluids at Re = 150
Note: As the coolant travels through the serpentine channel, it continuously extracts heat from the battery cells, resulting in a
progressive increase in temperature along the flow direction. Consequently, the hottest regions are located near the downstream
and outlet sections, where the accumulated thermal load and diminishing temperature difference between the fluid and cell
surfaces impair heat dissipation.

4. CONCLUSIONS

This work carried out 3D numerical simulations to assess
how well a serpentine liquid-cooling system performs for
lithium-ion battery modules when using AlLOs and CuO
nanofluids dispersed in two base fluids: pure water and a 40%
EG/60% water mixture. The study examined the influence of
Reynolds number (150—750) and nanoparticle volume fraction
(3-7%) on two key metrics: the maximum battery temperature
(Tmax) and the maximum temperature difference (ATuw). A
direct comparison was made between Al.Os-based and CuO-
based nanofluids for battery thermal management under
various operating conditions.

The key findings of this study can be summarized as
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follows:
- For every coolant tested, raising the Reynolds
number led to a marked improvement in thermal performance.
Higher flow rates enhanced convective heat transfer inside the
serpentine channel, resulting in continuous reductions in both
Tnax and AT .
The addition of nanoparticles substantially enhanced
the cooling capability of the liquid-cooling system. For both
AlOs/and CuO nanofluids, increasing nanoparticle
concentration continuously reduced the battery temperature
and improved temperature uniformity throughout the module.
Among all investigated cases, the 7% AlOs/water
nanofluid exhibited the best thermal performance. At Re=150,
Tmar decreased from 310.89 K to 307.87 K, while AT



decreased from 12.01 K to 9.09 K compared with pure water.
These correspond to reductions of approximately 3.02 K and
2.92 K, respectively.

When 40% EG/60% water was used as the base fluid,
adding nanoparticles still enhanced battery cooling. At Re =
150, the 7% Al203/40%EG-60%Water nanofluid lowered Tiuax
by about 1.14 K and AT} by about 1.02 K compared to the
plain EG/water mixture.

Under identical operating conditions, Al.Os-based
nanofluids consistently gave marginally lower i and ATy
values than CuO-based ones. Nevertheless, the performance
gap between the two remained modest across the entire range
of parameters examined.

Although pure-water-based nanofluids exhibited
better absolute thermal performance than EG/water-based
nanofluids, the incorporation of nanoparticles significantly
improved the cooling capability of both base fluids,
demonstrating the potential of nanofluid-based coolants for
advanced BTMSs.

From a practical engineering perspective, the results
suggest that Al.Os/water nanofluids operating at moderate-to-
high Reynolds numbers provide the most effective cooling
performance among the investigated cases for serpentine-
cooled lithium-ion battery modules. In contrast, nanofluids
using 40%EG/60%Water as the base fluid exhibited slightly
lower thermal performance than water-based nanofluids
because of the lower thermal conductivity and higher viscosity
of the EG/water mixture. However, such coolant
configurations may still offer practical advantages for EV
applications that require antifreeze capability at low
temperatures. Therefore, the selection of coolant type and
operating Reynolds number should consider both thermal
performance and practical operating requirements for EV
BTMSs. In addition, the present CFD-based comparative
framework may provide useful guidance for coolant selection
and preliminary thermal design of serpentine liquid-cooling
systems for EV battery applications.

The temperature distribution within the battery module
became progressively more uniform along the coolant flow
path, indicating effective heat removal and enhanced
convective heat transfer inside the serpentine cooling channel.

While the present numerical study demonstrated noticeable
improvements in battery cooling performance, several
limitations remain. The simulations assumed stable and
uniformly dispersed nanofluids and did not consider potential
long-term effects such as nanoparticle agglomeration,
sedimentation, or changes in thermophysical properties during
operation. In addition, pressure drop, pumping power, and
economic considerations associated with  nanofluid
implementation were not evaluated. Although nanofluids
improved the thermal performance of the battery cooling
system, increasing nanoparticle concentration may also
increase coolant viscosity, pressure drop, and pumping-power
requirements within the serpentine cooling channel.
Furthermore, the long-term economic feasibility of
implementing nanofluids, including nanoparticle preparation
costs, stability maintenance, and manufacturing complexity,
remains an important challenge for practical EV applications.
Therefore, future studies should focus on experimental
validation, thermo-hydraulic optimization, pressure-drop
analysis, and long-term stability assessments to further
evaluate the practical feasibility of nanofluid-based battery
cooling systems for EV applications.
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c coolant
nf nanofluid
NOMENCLATURE sc serpentine cooling channel
Cp specific heat capacity, J'kg-K'! Abbreviations
D hydraulic diameter, m
h convective heat transfer coefficient, W-m2-K! BTMS battery thermal management system
k thermal conductivity, W-m™-K"! CFD computational fluid dynamics
P pressure, Pa EG ethylene glycol
Q heat generation rate, W/m’ EG/W ethylene glycol/water
Re Reynolds number LIB lithium-ion battery
T temperature, K Semi-Implicit Method for Pressure-Linked
Tmax Maximum temperature, K SIMPLE Equations (algorithm)
v velocity, m-s™!
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