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ARTICLE INFO ABSTRACT

Keywords: Lithium-ion batteries operating in hot environments often experience elevated temperatures, which can
Battery thermal management accelerate degradation and increase safety concerns. This study investigates the thermal behaviour of a
Nanofluid prismatic lithium-ion battery module cooled by minichannel cold plates using a water-CuO nanofluid. A
Hot climate ) three-dimensional conjugate heat transfer model coupled with an electrochemical submodel is developed
Orthogonal design

to capture the coupled thermal and electrochemical behaviour. To systematically evaluate the combined
effects of the coolant mass flow rate, ambient temperature, discharge rate (C-rate), and nanoparticle volume
fraction, a Taguchi L16 orthogonal design is employed. Maximum battery temperature and temperature non-
uniformity are considered as performance indicators under the smaller-is-better criterion, and signal-to-noise
ratio and analysis of variance are used to quantify the relative significance of the governing parameters.
The results indicate that ambient temperature is the dominant factor, contributing approximately 61.03% to
peak temperature variation and 58.88% of the temperature non-uniformity. The discharge rate is the second
most influential parameter. In contrast, the effects of coolant mass flow rate and nanoparticle concentration
are relatively smaller. Although CuO nanofluids enhance thermal conductivity, their impact on peak battery
temperature remains limited due to competing effects of viscosity and heat capacity. The findings demonstrate
that controlling the ambient thermal conditions and discharge rate is more effective for battery thermal
management than increasing the nanoparticle concentration under high-temperature climatic conditions.

Maximum battery temperature

1. Introduction at the cell or pack level. As a result, Battery Thermal Management

Systems (BTMS) have received growing attention for controlling battery

The continuous rise in the Earth’s average temperature is largely at-
tributed to greenhouse gases such as carbon dioxide (CO,) and methane
(CH,) [1,2]. Despite ongoing efforts to limit these emissions, current
measures have not been sufficient to significantly reduce their atmo-
spheric concentrations. Consequently, clean energy technologies have
attracted increasing attention as a practical and sustainable pathway to
reduce greenhouse gas emissions and mitigate the impacts of climate
change [3,4]. Among rechargeable battery technologies, lithium-ion
batteries are the most widely used because of their high power capabil-
ity, high energy density, and long service life [5-7]. These advantages
make them well-suited for portable electronics and hybrid vehicles [8].
However, their performance and safety are strongly influenced by
temperature. Elevated pack temperatures accelerate degradation and
shorten cycle life, and in severe cases can trigger thermal runaway

temperature and improving reliability. Effective thermal management
is essential to keep the battery within safe operating limits during
charging and discharging [9-13].

In recent years, battery thermal management has become an active
area of research, with numerous studies investigating diverse strategies
to enhance temperature regulation and overall battery performance.
Among the proposed approaches, air-based cooling techniques, such
as reciprocating or forced airflow, have been widely examined due
to their simplicity and low cost [14,15]. In addition, phase change
materials (PCMs) have attracted attention for their ability to absorb and
store latent heat during temperature spikes [16,17]. Heat pipe-assisted
cooling systems have also been explored to improve heat spreading
and thermal uniformity within battery packs. Other advanced methods
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include liquid cooling systems, mini-channel cold plates, and nanofluid-
based heat transfer enhancements, which aim to achieve higher heat
removal capacity and improved temperature uniformity under high
load conditions Huo et al. [18] and Liu et al. [19]. Zhu et al. [20] de-
veloped a thermal model to investigate heat dissipation in lithium-ion
battery packs, and suggested that enhancing the resistance coefficient
can improve heat dissipation. Huo et al. [18] compared the perfor-
mance and stability of various cooling methods. They found that the
two-phase approach is the most effective in suppressing thermal failures
and improving battery safety. Mahamud and Park [21,22] proposed a
spatially resolved lumped-parameter thermal model and demonstrated
that significant temperature non-uniformities arise within the battery
cell under high Biot number operating conditions. [23] investigated
temperature variations in a prismatic lithium-ion battery and observed
a correlation between elevated discharge rates, modified operating
conditions, and raised surface temperature distributions in the battery.
They measured 19 thermocouples at different operating temperatures
and discharge rates of 1°C and 2°C. Their results indicate that the
temperature of the cold plates increased as the operating temperature
and discharge rate increased. Sefidan et al. [24] studied the cooling
of cylindrical battery packs with forced airflow based on nanofluids.
They concluded that this process can effectively lower the temperature
of dangerous cells by 16-24 K. Moreover, a uniform temperature
distribution can be achieved on the cylinders.

Huang et al. [25] investigated heat dissipation and thermal interac-
tion of cylindrical Li-Ion Battery cells. Their work aimed to improve the
safety and efficiency of cylindrical battery cells. The authors stated that
thermal management strategies should be optimised so that charging
and discharging cycles do not result in any temperature increase. Ye
et al. [26] have conducted an experimental and numerical analysis of
an air-cooled Li-Ion battery pack. Their research is based on computa-
tional fluid dynamics (CFD) and thermal analyses of the battery pack. It
has been observed that novel air cooling can effectively dissipate heat
generated by the battery pack.

High ambient temperatures represent one of the most challenging
operating conditions for lithium-ion batteries because they accelerate
electrochemical degradation, shorten battery lifetime, and increase the
risk of thermal runaway. Consequently, effective battery thermal man-
agement systems (BTMSs) are essential for maintaining battery safety,
performance, and durability in hot climates [27,28]. Although consid-
erable progress has been achieved in BTMS development, relatively few
studies have systematically investigated liquid-cooled battery systems
operating under sustained high ambient temperatures representative
of hot-climate regions. Benabdelaziz et al. [29] addressed challenges
in using electric vehicles (EVs) in hot climates, focusing on high-
temperature charging. They presented a novel external cooling solution
for electric vehicle (EV) battery packs without effective built-in cooling.
Using a 3D thermal model, they examined the temperature distribution
and assessed various external cooling solutions through engineering
design, noting their impact on the internal battery pack temperature.
Wiriyasart et al. [30] computationally analysed EV battery thermal
management, emphasising nanofluid-cooled modules with corrugated
mini-channels. They observed temperature sensitivity to coolant type,
flow direction, and mass flow rate. Despite augmented pressure drop,
they reported a 28.65% reduction in maximum temperature and an
increase in cooling capacity.

Srinivaas et al. [31] examined lithium-ion battery thermal be-
haviour in automotive applications, focusing on liquid battery ther-
mal management utilising numerous nanofluids. They observed that
converging channels controlled temperature rise, while grooves and
nanofluids reduced it. Kiani et al. [32] addressed Li-ion battery safety
concerns by designing a hybrid thermal management system. By com-
bining passive cooling with paraffin-infused copper foam and active
cooling with alumina nanofluid, their system demonstrated extended
safe battery operation during stressful conditions, delaying the onset
of paraffin phase transition and reducing the temperature rise rate.
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Sundin and Sponholtz [33] performed tests to inspect thermal man-
agement for lithium-ion batteries. Tests showed that the Single-phase
Liquid Immersion Cooling (SLIC) technology had higher efficiency and
better battery performance and safety than conventional air and liquid
cooling methods. Dubey et al. [34] examined immersion cooling of a
battery of EVs with cells based on NCA-chemistry lithium-ion compared
with cold-plate cooling. According to them, while immersion cooling
reduced the maximum cell temperature and gradients at high discharge
rates, it increased temperature non-uniformity due to higher heat
rejection and poorer dielectric liquid properties. Dwivedi et al. [35]
developed a systematic nanoparticle selection framework in energy
storage systems to enhance heat transfer. Their hybrid GRA-TOPSIS
approach identified Al,0; nanoparticles as the most suitable option,
offering a robust decision-making strategy for such applications.

Zhou et al. [7] numerically investigated cooling plate layouts for
Li-Ion battery modules in EVs. They found that the sandwiched cooling
plate of two cooling plates surrounding single battery module showed
improved performance in cooling, especially in the existence of many
small flow channels at a number of inlet flow rates specifically. Han
et al. [28] addressed accurate battery thermal analysis by proposing
a numerical method for estimating entropic heat coefficients. Battery
discharge experiments at various current rates yielded data optimised
by least-squares estimation. Their method, validated under diverse con-
ditions, showed a maximum deviation of 5% from experimental data,
successfully characterising reversible entropic heat. Kumar et al. [36]
reviewed enhancing lithium-ion battery safety through thermal man-
agement. Their study focused on assessing nanomaterials in fluids and
phase change materials, examining performance metrics, and proposing
future strategies to improve thermal efficiency in lithium-ion batteries,
particularly in nanofluid and nano-enhanced PCM-based battery ther-
mal management systems. Xu et al. [37] devised a microchannel liquid
cooling battery thermal management system (BTMS) with a digital twin
(DT)—based virtual model. They optimised the system by combining
Gaussian process regression and CFD, revealing enhanced cooling and
uniformity with microchannel plates. Wang et al. [38] numerically
examined a simple cavity cold plate and computed the results on
the heat dissipation performance of a Li-Ion battery using CFD. Their
optimised cavity cold plate for Model Z exhibits a better performance
in heat dissipation than that of Model N, which may provide some
important references for cavity cold plate optimisation. Liang et al. [32]
proposed the BTMS for cylindrical lithium-ion batteries (CLIBs) based
on unitisation and distributed water cooling. They studied the effects
of system parameters to determine optimal values for cooling channel
number, volume flow rate, and inlet temperature using COMSOL. Their
work is beneficial for the design of liquid-cooled BTMS for CLIB in EVs.
Temel and Kilinc [39] explored the shape effect of the battery packs
with PCM or GNP/PCM experimentally and numerically for thermal
protection. Their findings revealed that cylindrical packs performed
worse than rectangular ones.

Paul et al. [40] compared an Eulerian two-phase approach with
the conventional single-fluid (continuum) model. In the Eulerian for-
mulation, the base fluid and nanoparticles are treated as separate
interacting phases, coupled through momentum and energy exchange,
whereas the continuum model assumes a homogeneous effective fluid.
The authors reported that the two-phase Eulerian approach provides
more reliable predictions of heat-transfer performance because it ex-
plicitly accounts for phase interactions (e.g. drag) by solving separate
continuity, momentum, and energy equations for the fluid and particle
phases, whereas the continuum model relies only on mixture-averaged
properties. Dilbaz et al. [35] performed an investigation to analyse
the thermal performance of lithium-ion batteries using different cool-
ing fluids. Their findings suggest that hybrid nanofluids with higher
nanoparticle volume fraction and Reynolds number improve the bat-
tery temperature distribution and lower the maximum temperature.
Abdelkareem et al. [41] reviewed cooling methods for Li-lon bat-
tery thermal management, focusing on nanofluid-based approaches.
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They observed that hybrid cooling systems using nanofluids, PCMs,
and heat pipes efficiently lessen temperature escalation and improve
temperature uniformity, which is crucial for enhancing EV technol-
ogy. Recently, Rahmani et al. [42] conducted a numerical analysis
on improving thermal management systems for EV batteries. Inserting
guiding plates increased the Nusselt number by over 25% and pro-
moted a more uniform temperature distribution, indicating significant
topological changes. More recent works on battery cooling systems that
utilised nanofluids as coolants can be found in [43-48]. Recently, Yetik
et al. [49] studied the thermal performance of lithium-ion batteries
cooled with Fe,05/engine oil nanofluids using an NTGK electrochem-
ical model and the Taguchi method. They found that the discharge
rate was the dominant parameter affecting both the maximum bat-
tery temperature and temperature uniformity, whereas nanoparticle
concentration had only a minor effect on the thermal responses.

Despite recent advances in nanofluid-based battery thermal man-
agement, including studies conducted under elevated ambient temper-
atures, limited attention has been given to systematically quantifying
the relative importance of operating and environmental parameters in
liquid-cooled battery thermal management systems. Most previous in-
vestigations have relied on conventional parametric studies, providing
limited insight into the relative significance of individual design vari-
ables. To address this gap, the present study investigates the thermal
performance of a lithium-ion battery module cooled by a water-CuO
nanofluid flowing through minichannel cold plates under elevated
ambient temperatures. A coupled thermo-electrochemical CFD model is
integrated with a Taguchi design-of-experiments approach to evaluate
the effects of coolant mass flow rate, nanoparticle concentration, am-
bient temperature, and discharge rate on both the maximum battery
temperature and temperature uniformity. Signal-to-noise (S/N) ratio
analysis and analysis of variance (ANOVA) are further employed to
quantify the relative importance of the governing parameters and iden-
tify the operating conditions that provide the most effective thermal
management.

The main contributions of this work are as follows:

» Comprehensive evaluation of the thermal performance of a water
—CuO nanofluid-cooled minichannel cold plate under elevated
ambient temperatures.

Evaluation of the combined effects of coolant mass flow rate,
nanoparticle concentration, ambient temperature, and discharge
rate on the maximum battery temperature and temperature uni-
formity.

Statistical assessment and quantitative ranking of the investigated
parameters using signal-to-noise (S/N) ratio analysis and analysis
of variance (ANOVA).

Identification of the operating conditions that minimise the max-
imum battery temperature and improve temperature uniformity
for the proposed cooling configuration.

This paper is organised as follows. Section 2 presents the math-
ematical formulation and numerical model, including the thermo—
electrochemical coupling, boundary conditions, and Taguchi design
methodology. Section 3 discusses the results and statistical analysis
of the thermal behaviour under varying operating conditions. Finally,
Section 4 summarises the main findings and conclusions of the study.

2. Modelling and methodology
2.1. Physical model

A prismatic pouch LiFeO, Li-ion battery described by Li et al. [50]
is employed for the thermal assessment in this work (Fig. 1). The
battery cell’s nominal voltage and capacity are 3.2 V and 20 Ah, with
a maximum and minimum voltage of 3.6 V and 2 V, respectively. The
dimensions of the battery’s active zone are 207 mm X 157 mm X 7 mm,
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while the tab’s cell dimension is 40 mm x 31 mm X 0.2 mm. The
battery module for this study consists of 6 Li-ion batteries connected
in parallel. The distance between the batteries is 3 mm, and the overall
size of the battery module is 247 mm x 157 mm x 57 mm. Additional
design parameters can be found in Chen et al. [51]. The geometry
and the size of the battery module are shown in Fig. 1. Two cooling
plates with 5 mm thick are symmetrically positioned on either side
of the battery pack. It comprises 6 mini-channels, each 7 mm wide
and 3 mm thick, utilising a Z-type flow arrangement that has been
shown to improve temperature dispersion [51]. The heat produced by
the cell is transferred to the cold plate through the contact surface,
and subsequently into the cooling liquid that flows through the mini-
channel. The coolant used is a mixture of water and CuO with volume
fractions ranging from 1% to 5%. This range was selected based on data
found in published literature. Thermal properties of both the battery
and cold plate are given in Table 1.

In this study, the CuO-water nanofluid is modelled as a homoge-
neous single-phase fluid using effective thermophysical properties. This
approach assumes thermal equilibrium and no relative slip between the
nanoparticles and the base fluid. Since the nanoparticle volume fraction
is relatively low (1%-5%), the single-phase assumption has been widely
used in previous numerical studies and provides reasonable predictions
of the overall thermal behaviour of nanofluids [40,49]. However, the
model does not account for particle migration, Brownian motion, ag-
gregation, or sedimentation. These effects may become important at
higher nanoparticle concentrations or under different flow conditions
and are therefore beyond the scope of the present study.

2.2. Governing equations

Modelling lithium-ion batteries presents a significant challenge due
to their complex, multidomain, and multiphysics nature. A thermal
analysis of these batteries involves the temperature distribution on the
battery’s length scale. Lithium-ion transport is governed by physical
principles operating at the scale of the electrode pair. In contrast,
the migration of lithium ions within the active material occurs at the
atomic scale [52]. The substantial variations in the length scales of
the associated physical models further complicate the problem. This
study applies a multidomain coupling model, utilising the multi-scale
multidomain (MSMD) method to analyse the battery. The governing
differential equations are given as [53]

aT,
pbc””a_zb — V- (kyVTy) = o [Voo, | +0_ [Vo_|* + dgcp + dgp + ds (1)

V- (04Vey) == (Jecn = Jsn ) » @
V- (6_Ve_) = —jech — Jsh » 3

where p,, Cpps Kps and T, are the density, specific heat capacity, ther-
mal conductivity, and temperature of the battery, respectively. The
parameters ¢, and o_ are the effective electrical conductivities of
the positive and negative electrodes, respectively, following the NTGK
battery model [54]. The values used in the present study were o, =
1.19x10°Sm~! and 6_ = 9.83x 10> Sm~!, respectively, as implemented
in the Ansys Fluent MSMD battery model [55]. The variables ¢ and ¢_
represent the phase potentials of the positive and negative electrodes,
respectively. The electrochemical heat-induced current transfer rate is
denoted by jgcy,, while the heat generation rate due to electrochemical
reactions is denoted by gpy,. Additionally, the current transfer rate due
to the short circuit is represented by j ., and the corresponding heat
generation rate is denoted by ¢gy,. Furthermore, ¢, denotes the heat
generation rate due to thermal runaway.

In this investigation, the absence of short circuit occurrences within
the battery and the absence of thermal runaway conditions imply that
Gshs Gy and jg. are all equal to zero. The parameters gy, and jgcp, are
determined through the utilisation of the NTGK (Newman, Tiedemann,
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Fig. 1. Geometry of the lithium-ion battery module and minichannel cold-plate cooling system: (a) 3D module layout, (b) side-view of Z-type minichannel flow

configuration.

Table 1

Physical properties of the battery module and cooling plate [51].

Properties Cooling plate Battery cell Positive tab Negative tab Unit
Density 2719 2092 2719 8978 kg m™3
Specific heat 871 678 871 381 J kg™ K
Thermal conductivity 202.4 18.2 202.4 387.6 Wm~! K-!

Gu, and Kim) sub-model, a reliable and widely accepted semi-empirical
electrochemical model, as presented by Kwon et al. [56] as

b = (0. -0 )T

dech = JECh [U (o —9_)-T dT] , (O]

Jech =aY [U = (o, — 9 )], (5)
Vb t

DoD = M /0 J d[, (6)

where a represents the surface area of the electrode laminate in the
battery, while Y and U are the modular factors contributing to the
battery’s depth of discharge (DoD). Qy is the battery’s total electric
capacity in ampere-hours. The I-V characteristic curve of a specific
battery can be determined experimentally, and the parameters Y and
U can be obtained through curve-fitting of the collected data. U and Y
are represented as [50]

5
U= <Z a,,(DoD)") —C (T = Tref) » @

n=0

5
Y = <Z{)bn(DoD)">exp [—Cl (% - i)] , (8)

where C; and C, represent the battery constants specific to the NTGK
model, and T, is the reference temperature.

The U and Y functions used in the NTGK model were adopted from
Panchal et al. [23], who determined the polynomial coefficients by
fitting the experimental discharge characteristics of the same 20 Ah
prismatic LiFePO, battery used in the present study. These functions
were incorporated into the coupled electrochemical-thermal model to
calculate the electrochemical heat generation during battery discharge.
Recent studies have also successfully applied the NTGK model at dis-
charge rates up to 5C, supporting its use under the operating conditions
considered in the present study [49,52].

The Navier-Stokes equations for the coolant may be written as [53]

dp
—+V. =0, 9
Y (o) ©
M@ Vyu=-TE o By (10)
Jat p

oT 2
pe, [E Y- V)T] = kV2T, an
with the transport equations for the standard k-¢ model as
d d 0 He '\ ok
—(pk) + — (pku;) = — — )| —| +Gy —pe, 12
PTG (pku;) ox; [<”+ak>axj]+ k~ Pe a2

9 a 0 M\ oke £ g2
i 2 )= A £ £ 1
at(pe)+ o, (pev;) ox [(M"' . ) ™ ] +C15Gkk Cyp o 13)

€ j
where G, represents the turbulence kinetic energy. C,, = 1.44, C,,
=1.92 and C, = 0.09 are constants. o, = 1.0 and 6, = 1.3 are the
turbulent Prandtl numbers for k and e. The turbulent viscosity y; is
determined through the combination of k and ¢ as

k2
He = pC”;. (14)

2.3. Numerical model

The Ansys Fluent software was utilised for numerical simulations,
employing a finite-volume method for spatial discretisation and an im-
plicit time-integration scheme. The three-dimensional geometric model
of the domains is constructed based on the dimensions outlined in
Section 2.1, as illustrated in Fig. 1. This numerical model comprises five
domains: the cell body domain, the positive tab domain, the negative
tab domain, the cold plates domain, and the coolant domain. Given
that the battery exhibits variable heat generation during discharge,
the model’s solution is transient. The inlet boundary condition is a
mass flow inlet with a constant temperature, while the outlet boundary
condition is a pressure outlet. The coolant’s mass flow rate at the inlet
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Fig. 2. Temperature dependence of thermophysical properties of 5% CuO nanofluid: (a) Density, (b) Specific heat capacity, (c) Thermal conductivity, and (d)
Dynamic viscosity. The symbols represent the original data and the solid lines denote the polynomial correlations used in the present study. Comparison of the
data obtained through combining the thermophysical properties of water [57] with equations for obtaining these properties of 5% CuO nanofluid [58].

is set at 0.005 kg/s, 0.01 kg/s, 0.02 kg/s and 0.03 kg/s, respectively,
and the inlet temperature is maintained at 293.15 K. The non-slip and
fluid-solid coupling boundaries are applied to the walls of the flow
channel. The contacted walls of the batteries and cooling plates are
set as the coupled walls. A natural-convection boundary condition was
applied to the exposed battery surfaces using a heat-transfer coefficient
of 5 W/m? K. This value is consistent with those commonly adopted
in numerical studies of battery thermal management. Heat is removed
primarily through the liquid-cooled minichannel cold plates, while nat-
ural convection from the external battery surfaces provides a secondary
heat-loss path. The remaining external surfaces of the cooling plates
were assumed to be thermally insulated.

2.4. Thermophysical properties

For this analysis, a CuO nanofluid with varying volume fractions
was used alongside plain water. The analysis consists of a volume
fraction of 0, 1, 2, and 5%. Since the nanofluid acts as a suspension
of the base fluid, the properties of CuO solid and liquid water are
necessary to determine the nanofluid’s thermophysical properties. Since
the thermophysical properties of copper oxide do not change much in
the 20-50°C range, its properties can be considered as constant, and
the properties of water can be considered as a temperature-dependent
function [57]. These are tabulated in Table 2. The corresponding values
for a, b, ¢, d, and e for water can be found in Table 3.

Generally, the density, thermal conductivity, viscosity, and specific

heat of a nanofluid can be calculated from the following equations [58],
Puy =¢p, + (1 =P)py, (15)

. k, + 2k, — 2¢(k,, — k,)
"k, + 2k, + lk,, — Ky

(16)

w

Table 2
Thermophysical properties of copper oxide at ambient conditions.

Properties Water CuO Nanoparticles
Density p (kg/m®) a+bT +cT? +dT* +eT? 6500 [59]

Specific heat C, (J/kg-K) a+bT +cT'° +dT? +eT> 540 [59]

Thermal conductivity k (W/m-K) a+ bT +cT"3 +dT? +¢T% 18 [60]

Dynamic viscosity u (kg/m-s)

a+bT +cT? +dT?

1

mﬂw an

Hnp =

(0Cplas = B(PC,), + (1 = D)(DC,), as)

Here, ppy, p,, ¢, and p,, represent the density of the nanofluid, density
of the base nanoparticles, volume fraction of the nanoparticles, and
density of the base fluid, respectively.

Coefficients ky, k,, and k,, represent the thermal conductivity of
the nanofluid, base nanoparticles, and water, respectively, while .,
and p,, represent the dynamic viscosity of the nanofluid and water,
respectively.

Here, (C))pns (C,),, and (C,),, represent the specific heat of the
nanofluid, base nanoparticles, and water, respectively. The best-fit
coefficient can be incorporated into Eq. (15) to obtain a temperature-
dependent expression for the nanofluid density. Since the temperature
range is relatively small in this study, 20-50°C, the complicated equa-
tions can be curve fit to an equation of f(T) = A+ BT +CT?. The results
obtained from the analysis are given for 5% CuO are presented in Fig.
2.
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Table 3
Coefficient values for temperature-dependent functions of water (units are as per Table 2).
Coefficient a b c d e
P 999.79684 0.068317355 —0.010740248 0.00082140905 —2.3030988 x 1073
c, 4.2174356 -0.0056181625 0.0012992528 -0.00011535353 4.14964 x 1076
k 0.5650285 0.0026363895 —0.00012516934 —1.5154918 x 107° —0.0009412945
" 557.82468 19.408782 0.1360459 —-3.1160832 x 10~ -
Table 4 3. Results and discussion
Control variables and level values employed for the statistical analysis.
Variables 1st ond 3rd 4th 3.1. Grid independence and validation
Mass flow rate, kg s~ 0.005 0.01 0.02 0.03 . L. . . . .
Ambient temperature, K 203 303 313 323 Since the heat transfer characteristics are of primary interest in this
Cerate, h™! 2 3 4 5 study, the cell- and fluid-average temperatures are used in the grid
Mixing ratio, vol.% 0 1 2 5 independence analysis for a discharge rate of 5 h™!. Fig. 3 presents the
grid independence analysis for the conjugate heat-transfer model. As
the mesh is refined, both the average battery and coolant temperatures
bl approach asymptotic values, indicating numerical convergence. The
Table 5

Taguchi L16 (4*) orthogonal array used to construct the simulation matrix for
four factors at four levels.

Run Mass flow rate Ambient temperature C-rate Mixing ratio
S1 0.005 293 2 0
S2 0.005 303 3 1
S3 0.005 313 4 2
S4 0.005 323 5 5
S5 0.010 303 4 1
S6 0.010 293 5 2
S7 0.010 323 2 5
S8 0.010 313 3 0
S9 0.020 313 5 2
S10 0.020 323 4 5
S11 0.020 293 3 0
S12 0.020 303 2 1
S13 0.030 323 3 5
S14 0.030 313 2 0
S15 0.030 303 5 1
S16 0.030 293 4 2

2.5. Statistical evaluation methodology

In this work, the Taguchi approach was adopted to investigate
multiple operating parameters using a limited number of simulation
cases. The first stage in applying this method is the definition of
the response quantities, which in the present study correspond to the
maximum battery temperature and the temperature uniformity, both
intended to be minimised. Four control parameters were considered:
coolant flow rate, nanoparticle volume fraction, ambient temperature,
and discharge rate (C-rate). The investigated ranges of these parameters
are summarised in Table 4, and each parameter was examined at
four different levels. Consequently, the optimisation objective for both
thermal indicators was defined as minimisation.

A Taguchi L16 (4*) orthogonal array was employed to construct
the simulation matrix, as listed in Table 5. In this matrix, each col-
umn represents a control parameter, and each row specifies a unique
combination of parameter levels for a single simulation run. The L16
configuration indicates that only 16 simulations are required, enabling
a reliable evaluation of parameter effects with significantly reduced
computational effort.

To assess performance stability, the signal-to-noise (S/N) ratio cor-
responding to the minimum response was employed, since both the
maximum battery temperature and temperature non-uniformity should
be kept as low as possible. Larger S/N values, therefore, indicate re-
duced sensitivity to disturbances and improved stability. In this frame-
work, the selected operating parameters act as independent variables,
whereas the thermal responses are treated as dependent variables.

coarser grids exhibit noticeable variation due to insufficient resolu-
tion of the thermal gradients at the solid—fluid interface. However,
beyond the fourth mesh level, the predicted temperatures change only
marginally, demonstrating that the solution has become effectively
independent of grid resolution. Further refinement beyond this mesh
results in negligible improvement in the predicted thermal fields while
significantly increasing computational cost. Therefore, the fourth mesh
configuration is selected as the optimal compromise between accuracy
and efficiency. This grid consists of 2,086,184 elements and is used for
all subsequent simulations. In order to validate the numerical study,
the results of the battery heating effects have been compared to an
experimental study comprising of three lithium-ion batteries connected
in series without any working coolant [23]. The ambient condition has
been kept at 25°C or 298.15 K. The initial temperature of the batteries
is 298.15 K. Validation was carried out for discharge rates of 3C and
4C. For 3C, the maximum error observed is 0.25% and the minimum
error is 0.1%. For 4C, the maximum error observed is 0.1% and the
minimum error is 0.07%, indicating excellent agreement between the
model predictions and the experimental data, as illustrated in Fig. 4.

3.2. Thermal performance characteristics

The maximum cell temperature for different nanofluid volume frac-
tions has been analysed in cases 1-4 (Table 4). For case 1, the mass flow
rate is 0.03 kg/s, the ambient condition is 313 K, the mixing ratio is 5%,
and the C-rates are 2, 3, 4, and 5. For case 2, the ambient temperature,
mixing ratio, and C-rate are kept constant at 313 K, 5%, and 5 h™'.
The mass flow rate has been varied. The mass flow rates for case 2 are
0.005, 0.01, 0.02, and 0.03 kg/s. For case 3, the mass flow rate, mixing
ratio, and C-rate have been kept constant at 0.03 kg/s, 5%, and 5 h™'.
The ambient temperature varies at 293, 303, 313, and 323 K. For case
4, the mass flow rate, ambient temperature, and the C-rate are kept
constant at 0.01 kg/s, 313 K, 5 h~!. The mixing rates vary by 0, 1, 2,
and 5%.

Fig. 5 illustrates the thermo-hydraulic performance of the nanofluid-
based mini-channel heat exchanger at a mass flow rate of i = 0.03
kgs~!, 5C discharge rate, and an ambient temperature of 313 K. The
battery temperature contour shows that the peak temperature occurs in
the core region due to volumetric heat generation, while temperatures
decrease toward the cooling walls, indicating effective convective heat
removal. The absence of localised hot spots indicates that the proposed
cooling configuration provides relatively uniform heat removal, while
the influence of the CuO nanofluid on the temperature distribution
remains limited within the investigated operating range. The coolant
temperature distribution shows a gradual, nearly uniform rise along
the flow direction in all parallel channels, indicating effective heat
absorption by the coolant. The velocity magnitude contours show
stable flow within the channels, with minor acceleration near the inlet
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Fig. 4. Comparison of the average battery surface temperature with the experimental results from the literature.

and outlet manifolds and no stagnant regions. However, the velocity
contours also reveal a slight non-uniform flow distribution among the
channels, with the middle channels exhibiting lower velocities than the
outer channels. Specifically, the middle channels exhibit lower flow
velocity than the outer passages, indicating partial flow restriction.
This reduced coolant transport capacity leads to increased local fluid
residence time and, consequently, a higher coolant temperature rise in
these channels. Overall, the coupled temperature and velocity fields
demonstrate that the proposed cooling configuration provides effec-
tive, relatively uniform heat removal throughout the battery module,
while the influence of the CuO nanofluid remains limited within the
investigated operating range.

Next, the effect of the operating parameters on the cell temper-
ature is discussed. Fig. 6 shows the variation of the maximum cell
temperature with C-rate. As shown in Fig. 6, the battery temperature
increases with increasing C-rate, reflecting higher heat generation at
the elevated discharge rate. When the discharge rate increases from 2C

to 5C at an initial battery temperature of 293 K, the generated heat rises
accordingly. For all discharge rates, the cell temperature rises rapidly
at the start of discharge. As the discharge progresses, heat dissipa-
tion gradually balances the heat generated within the battery, causing
the rate of temperature increase to decrease and the temperature to
approach a quasi-steady state after approximately 400 s.

As the heat generation increases, effective heat removal becomes
critical. Therefore, the influence of coolant mass flow rate is examined
next. Fig. 7 shows a consistent reduction in temperature with increasing
coolant flow rate. Since the discharge rate is fixed at 5 h~! (maximum
heat generation), the cooling performance can be evaluated more dis-
tinctly. Increasing the flow rate from 0.005 to 0.01 kg/s significantly
reduces the maximum cell temperature. However, further increases in
flow rate provide diminishing improvements. In particular, increasing
the flow rate from 0.02 to 0.03 kg/s results in only a marginal reduction
in temperature. This suggests that increasing the flow rate is most
effective at lower flow rates, while cooling efficiency decreases at
higher flow rates.
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volume fraction.

Although increasing the flow rate enhances convective removal,
the surrounding environment also affects heat rejection. The effect of
ambient temperature is depicted in Fig. 8. Fig. 8 indicates a strong
dependence of cell temperature on ambient conditions. For every 10 K
increase in ambient temperature, the maximum battery temperature
rises almost proportionally. This highlights that, in addition to internal
cooling, controlling the cell’s surrounding temperature is a critical
factor for improving thermal management performance.

The influence of nanoparticle loading on the average battery tem-
perature was further investigated by varying the concentration of the
CuO nanofluid. Changing the CuO nanoparticle concentration alters
the thermophysical properties of the coolant, including its thermal
conductivity, viscosity, and specific heat capacity, thereby affecting the
rate of heat removal from the battery module.

Fig. 9 compares the average battery temperature obtained using
water and CuO nanofluids with different nanoparticle concentrations.
The average battery temperature exhibits very similar behaviour for
water and all nanofluid concentrations. The temperature initially rises
rapidly and then gradually approaches a steady state, with only a
very small deviation between the cases. Even at higher nanoparticle

concentrations, the reduction in battery temperature remains minimal,
indicating that increasing nanoparticle loading does not significantly
enhance the overall cooling performance. This behaviour arises from
competing thermophysical effects. Adding nanoparticles increases the
coolant’s effective thermal conductivity, which, in principle, should
promote heat transfer. However, at the same time, the effective spe-
cific heat capacity decreases because solid particles possess a lower
heat capacity than the base fluid. Under a fixed mass flow rate, the
coolant therefore carries less thermal energy per unit temperature rise,
offsetting the benefit of enhanced conductivity. As a result, the net
influence on battery temperature remains negligible for the present
configuration.

The trend observed in this study is consistent with previous nu-
merical investigations of nanofluid-cooled battery thermal management
systems. Despite differences in battery configuration, nanofluid type,
and operating conditions, increasing the nanoparticle concentration
produced only a modest reduction in the average battery tempera-
ture [49,61]. Although increasing the CuO concentration resulted in
only a slight reduction in the volume-averaged battery temperature, but
the convective heat-transfer coefficient increased, as shown in Fig. 10,
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Fig. 8. Variation of maximum battery temperature at 0.03 kg/s, 5% volume fraction, and 5 h~!.

particularly at low to moderate Reynolds numbers. The results indicate
that the nanofluid enhances the heat removal on the fluid side, but
the change in the global average battery temperature is limited, as the
overall thermal response is also affected by internal heat generation,
conduction resistance, and coolant thermal capacity. Therefore, the
average battery temperature alone might not fully represent the cooling
enhancement.

The increase in the convective heat transfer coefficient is also
reflected in the average fluid temperature. As the nanoparticle volume
fraction increases, the coolant temperature rises slightly. This does not
indicate improved heat removal; rather, it reflects the reduced heat
storage capacity of the nanofluid. Because the mixture requires less
energy to increase its temperature, the fluid warms more quickly even
though the total heat extracted from the battery changes very little. As

a result, the influence of nanoparticle concentration on battery thermal
performance is considerably smaller than that of ambient temperature
and discharge rate. This finding highlights that, under the operating
conditions considered in the present study, optimising the operating
conditions has a greater impact on battery cooling than increasing the
CuO nanoparticle concentration.

3.3. Identification of optimal operating parameters

Tables 6-8 summarise the Taguchi analysis for the investigated
operating conditions. The signal-to-noise (S/N) response indicates that
ambient temperature is the dominant parameter for both the maximum
battery temperature and the battery temperature difference, followed
by the discharge rate, mass flow rate, and nanoparticle concentration.
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While the S/N response analysis provides a ranking of the investi-
gated parameters, analysis of variance (ANOVA) was performed to
quantify their statistical significance and percentage contributions. The
corresponding ANOVA results are presented in Tables 9 and 10.

The response table of S/N ratios for the maximum battery tem-
perature is presented in Table 7. The Delta value for each factor was
calculated as the difference between the highest and lowest S/N ratios
across the four levels, thereby providing a basis for ranking the investi-
gated parameters by their effect on T, ,,. Ambient temperature exhibits
the largest Delta (0.2262), followed by the discharge rate, indicating
that these two parameters have the greatest effect on the maximum
battery temperature. To further quantify the statistical significance and

10

percentage contribution of each parameter, an analysis of variance
(ANOVA) was performed, and the results are presented in Table 9.
The numerical results obtained from the Taguchi L16 (4*) orthog-
onal array are presented in Table 6. For each simulation run, the
maximum temperature (T,,,,), the minimum temperature (T,,;,), and
the temperature difference (AT = T, — Tpi,) Were extracted. The
temperature difference represents the degree of thermal non-uniformity
within the battery module and is directly associated with thermal
reliability. In addition, signal-to-noise (S/N) ratios were calculated to
assess the stability of each operating configuration with respect to
temperature rise. Interestingly, 7,,, remains nearly constant across
all runs and stays close to the coolant temperature, whereas T,

varies significantly. This indicates that the cooling system maintains the
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Table 6

Results of numerical simulation in L16 (4*) orthogonal array.
Run Tinax Tinin dr Tinaxs/N dTg/x
S1 294.55421 293.22237 1.33184 —49.38330 —2.48904
S2 299.11132 293.96382 5.14750 —49.51666 -14.23193
S3 304.04011 294.68825 9.35186 —49.65862 —19.41796
S4 309.36514 295.39731 13.96783 —49.80943 —22.90258
S5 300.67630 294.06016 6.61614 —49.56198 -16.41209
S6 300.77439 293.94187 6.83252 —49.56482 -16.69162
S7 302.58396 294.51990 8.06406 —49.61692 —18.13108
S8 301.41501 294.24512 7.16989 —49.58330 -17.11025
S9 305.13244 294.56398 10.56846 —49.68977 —20.48023
S10 305.27411 294.69673 10.57738 —49.69380 —20.48756
S11 295.89329 293.34926 2.54403 —49.42270 —8.11044
S12 296.95077 293.52485 3.42592 —49.45369 —10.69554
S13 303.24907 294.45836 8.79071 —49.63599 —18.88048
S14 299.38917 293.91607 5.47310 —49.52472 —14.76467
S15 302.64138 294.12413 8.51725 —49.61857 —18.60599
S16 297.88571 293.3613 4.34958 —49.48099 -12.76895

Table 7

The maximum battery temperature response under different operating condi-

tions.
Level Mass flowrate Mixing ratio Ambient temperature C-rate
1 —49.5949 —49.5693 —49.4635 —49.4955
2 —49.5818 —49.5756 —49.5381 —49.5404
3 —49.5668 —49.5802 —49.6146 —49.5996
4 —49.5655 —49.5841 —49.6897 —49.6716
Delta 0.0294 0.0148 0.2262 0.1761
Order 3 4 1 2

overall temperature level, while peak temperature is primarily driven
by localised heat accumulation. Therefore, optimisation should focus on
reducing T,,,, rather than lowering the bulk module temperature fur-
ther. The Taguchi response analysis was used to rank the investigated
parameters based on their effect on the thermal responses. The reported
contribution percentages were calculated from the Delta values of the
S/N response tables and are intended for parameter ranking rather than
a formal statistical significance test.

A clear variation among the simulation cases is evident. For T},,,
the highest S/N ratio (—49.383) is obtained in run S1, corresponding to
the lowest peak temperature among the tested conditions. In contrast,
run S4 yields the lowest S/N value (—49.809), which corresponds to
the highest maximum temperature. A similar tendency is found for
AT. Run S1 again exhibits the highest S/N ratio (—2.489), indicating
improved temperature uniformity, whereas run S4 shows the lowest
S/N value (-22.903), corresponding to the largest thermal gradient.
These results indicate that S1 provides the lowest peak temperature
and improved uniformity, while S4 yields the highest peak temperature
and the greatest gradient. The consistent ranking of S1 and S4 for both
Tax and AT confirms the strong sensitivity of the thermal response to
the selected operating parameters, particularly under elevated thermal
loading conditions.

The optimal levels were determined by selecting the highest S/N
ratio for each factor. Accordingly, the predicted optimal combination
for minimising Tj,,, corresponds to a mass flow rate of 0.03 kg s1,
a mixing ratio of 0 vol.%, an ambient temperature of 293 K, and a
discharge rate of 2C.

The S/N response table for temperature uniformity (A7) is pre-
sented in Table 8. The delta values, obtained as the difference between
the highest and lowest S/N ratios at each level, indicate the rela-
tive influence of the control factors on thermal uniformity. Ambient
temperature exhibits the largest delta (7.8418) and the largest con-
tribution (46.60%), identifying it as the dominant factor affecting the
temperature distribution. The C-rate ranks second with a contribution
of 35.30%, followed by mass flow rate (11.55%) and mixing ratio
(6.55%). Accordingly, the order of influence on AT is:

AT, > AT, > AT, > AT,

mixing

19)

11
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Table 8
The battery temperature uniformity response under different operating condi-
tions.

Level Mass flowrate Mixing ratio Ambient temperature C-rate

1 —18.9046 -17.6811 -12.6628 —14.3335
2 -17.1368 —-17.3041 -15.8701 —-16.0652
3 -17.8136 -17.6249 —18.4589 -18.1629
4 -16.9612 —18.4067 —20.5046 —20.2737
Delta 1.9433 1.1027 7.8418 5.9402
Order 3 4 1 2

The optimal levels were determined by selecting the highest S/N
ratio for each factor. Based on Table 8, the predicted optimal combina-
tion for minimising AT corresponds to a mass flow rate of 0.03 kg s71,
a mixing ratio of 1 vol.%, an ambient temperature of 293 K, and a
discharge rate of 2C. A confirmation simulation should be conducted
to verify the predicted improvement in temperature uniformity and to
ensure the robustness of the selected parameter combination.

The consistent ranking of S1 and S4 for both 7,,,, and AT confirms
the strong sensitivity of the thermal response to the selected operating
parameters. From an operational perspective, these results provide
guidance on safely using LiFePO, batteries in hot climates. To limit ac-
celerated degradation, it is advisable to maintain T, below 318 K and
AT below 5 K. Since ambient temperature and C-rate were identified
as the dominant factors, reducing heat generation and strengthening
convective cooling are essential under elevated ambient conditions.
Accordingly, a discharge rate of 2C together with a high coolant mass
flow rate (0.03 kg s~!) is recommended. A moderate nanoparticle
concentration (about 1 vol.%) further supports temperature uniformity
while maintaining system simplicity.

The ANOVA results for the maximum battery temperature presented
in Table 9 confirm that ambient temperature is the most significant
factor, accounting for 61.03% of the total variation, followed by the
discharge rate with a contribution of 37.41%. Both factors exhibit
statistically significant effects (p < 0.001). In contrast, the effects of
mass flow rate and nanoparticle concentration are considerably smaller,
with the latter showing no statistically significant influence within the
investigated operating range (p = 0.297). These findings are consistent
with the S/N response analysis, confirming that ambient temperature
and discharge rate govern the thermal behaviour of the battery module.

Table 10 shows a similar trend in the battery temperature differ-
ence. Ambient temperature and discharge rate account for 58.88% and
40.04% of the total variation, respectively, and both are statistically
significant (p < 0.001). Mass flow rate exhibits only a minor influence,
whereas the nanoparticle concentration remains statistically insignif-
icant within the investigated operating range. These results further
support the conclusions drawn from the S/N response analysis and
demonstrate that the surrounding thermal environment and battery
operating conditions are the dominant factors governing temperature
uniformity.

4. Conclusion

A comprehensive numerical and statistical investigation of a
minichannel cold-plate battery thermal management system employ-
ing water-CuO nanofluids has been presented for high-temperature
operating environments. A transient three-dimensional conjugate heat
transfer model combined with a Taguchi L16 orthogonal design was
used to systematically quantify the combined effects of coolant mass
flow rate, ambient temperature, discharge rate, and nanoparticle vol-
ume fraction. The statistical analysis showed that ambient temperature
is the dominant parameter governing battery thermal behaviour, ac-
counting for 61.03% of the variation in maximum battery temperature
and 58.88% of the variation in battery temperature difference. The
discharge rate was identified as the second most influential parameter,
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Table 9
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Analysis of variance (ANOVA) for the maximum battery temperature (7,,,,).

Factor DoF SS MS F-value p-value Contribution (%)
Mass flow rate 3 2.658 0.886 9.261 0.0501 1.18
Ambient temperature 3 137.008 45.669 477.259 <0.001 61.03
Discharge rate 3 83.980 27.993 292.541 <0.001 37.41
Mixing ratio 3 0.563 0.188 1.962 0.2970 0.25
Error 3 0.287 0.096 - - 0.13
Total 15 224.497 - - - 100.00
Table 10

Analysis of variance (ANOVA) for the battery temperature difference (AT).

Factor DoF SS MS F-value p-value Contribution (%)

Mass flow rate 3 1.277 0.426 8.971 0.0523 0.78

Ambient temperature 3 96.545 32.182 678.303 <0.001 58.88

Discharge rate 3 65.655 21.885 461.278 <0.001 40.04

Mixing ratio 3 0.353 0.118 2.477 0.2380 0.21

Error 3 0.142 0.047 - - 0.09

Total 15 163.971 - - - 100.00
contributing 37.41% and 40.04% to the variation in the maximum References

battery temperature and battery temperature difference, respectively.
In contrast, coolant mass flow rate exerted only a minor influence,
whereas the effect of nanoparticle concentration was statistically in-
significant within the investigated operating range. Although CuO
nanofluids improve thermal conductivity, their overall effect on battery
cooling remained limited in this compact minichannel configuration.
The increase in thermal conductivity was largely offset by the accom-
panying reduction in effective specific heat capacity and increase in
viscosity, resulting in only a marginal reduction in battery temperature
compared with water. These findings indicate that, for practical battery
cooling in hot climates, controlling the ambient thermal environment
and battery operating conditions is considerably more effective than
increasing the CuO nanoparticle concentration. The proposed Taguchi—
ANOVA framework provides a rigorous and computationally efficient
approach for identifying the dominant design parameters and support-
ing the optimisation of battery thermal management systems operating
under thermally demanding conditions.
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