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Abstract

Efficient thermal management of lithium-ion batteries is critical for the safety, performance,
and longevity of electric vehicles. This work numerically investigates a battery thermal
management system (BTMS) for a LiFePO4 battery, featuring a liquid-cooling plate with
novel droplet-shaped turbulators and coolant with different nanofluids. Computational
Fluid Dynamics (CFD) simulations were employed to analyze the effects of cooling channel
geometry, nanofluid type, nanoparticle volume fraction, coolant inlet velocity, and battery
discharge rate on the system’s thermal performance and pressure drop. Results show
that the droplet-shaped channel reduces the maximum battery temperature by 1.64 K
compared to a conventional straight channel, owing to enhanced turbulence and larger
heat-transfer area. Among different coolants, the 6% Cu–water nanofluid demonstrated the
highest cooling effectiveness due to its superior thermal conductivity. To balance competing
objectives, a multi-objective optimization using Response Surface Methodology (RSM) and
the Non-dominated Sorting Genetic Algorithm II (NSGA-II) was performed. The optimal
design was achieved with a coolant velocity of 0.097 m/s and a volume fraction of Cu
nanoparticle of 3.85%, which maintained the maximum battery temperature of 299.7 K with
a minimal pressure drop of 26.27 Pa at a 1.03 C discharge rate. These findings highlight
that a BTMS combining droplet-shaped turbulators with a Cu–water nanofluid provides a
highly effective and energy-efficient thermal management strategy.

Keywords: nanofluid cooling; battery cold plate; heat-transfer characteristics; response
surface method

1. Introduction
Over the past few years, as consumption of traditional fossil fuels has risen rapidly, peo-

ple worldwide have faced environmental pollution and energy shortages [1]. A significant
amount of fossil fuels is used in transportation [2]. To cut down carbon emissions, adopting
clean and renewable energy in both industrial and transport activities has become essential.

Electric vehicles are regarded as a viable alternative to the widely used fossil fuel-
powered vehicles [3]. In contrast to conventional petrol-fueled vehicles, electric cars boast
benefits including clean operation, high energy efficiency, zero-pollution running, and
minimal noise output. However, they also face challenges, including limited driving range
and relatively lower safety standards.

Driven by rapid advancements in energy storage technology, lithium-ion batteries
have become the most widely adopted power source in the electric vehicle sector due to
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their high energy density, long cycle life, and low self-discharge rate [4]. Despite these
advantages, the operation of lithium-ion batteries involves complex and time-varying
electrochemical reactions. Frequent high-rate discharging under demanding operating
conditions generates substantial reaction heat and Joule heating, causing rapid battery
temperature increases [5]. Temperature is a critical factor affecting battery module lifespan
and capacity. Elevated temperatures significantly reduce module capacity. More critically,
elevated temperatures can induce thermal runaway inside a battery pack, which can result
in fires or explosions. Therefore, analyzing temperature distribution within battery modules
and designing safe, reliable thermal management systems is of paramount importance [6].

The primary cooling methods for commonly used lithium-ion batteries are catego-
rized as follows: air cooling [7,8], liquid cooling [9–11], phase-change material (PCM)
cooling [12–14], heat pipe cooling [15–17], and composite cooling [18–20]. Furthermore,
the common battery thermal management systems are illustrated in Figure 1.

Figure 1. Types of current battery-cooling technologies.

Due to its low cost and compact size, air cooling is a popular choice among various
thermal management strategies; however, its application is restricted by limited cooling
efficiency and poor temperature uniformity [21]. In contrast, PCM cooling features a
straightforward configuration, excellent energy efficiency, and consistent temperature
regulation. However, its effectiveness is limited by two key factors: the naturally poor
thermal conductivity of these materials and the considerable thermal deterioration under
elevated temperatures [22]. Heat pipe cooling represents a highly efficient solution that
integrates the advantages of both active and passive methods, yet its widespread adoption
is impeded by structural complexity and high cost [23]. Therefore, considering the current
technological maturity and future application potential, liquid cooling emerges as the most
promising solution for advanced thermal management. In terms of contact method, liquid-
based thermal management systems are divided into direct and indirect categories. In direct-
contact systems, high-viscosity, non-corrosive coolants like mineral oil or fluorinated ether
are used, with the battery fully immersed in the liquid [24]. Indirect-contact systems utilize
heat-dissipation structures like cooling plates and metal pipes to circulate coolant through
microchannels, transferring heat away from the battery without direct fluid contact [25]. In
direct-liquid-cooling research, Patil et al. [26] developed a system where battery modules
were immersed in mineral oil. Their results showed a 46.3% reduction in maximum
cell temperature compared to natural convection cooling, effectively preventing thermal
runaway in the battery pack. For 18,650 lithium-ion batteries, Luo et al. developed an
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immersion cooling configuration that incorporates spacer plates. With a coolant flow rate
exceeding 1000 mL/min, the peak temperatures remained below 50 ◦C [27]. However,
direct-liquid-contact cooling systems possess limitations, such as potential leakage and
short circuits if improper insulation and encapsulation are employed [28].

Compared to direct systems, indirect cooling offers advantages such as improved
safety and easier implementation [29]. Theoretical research has involved numerous scholars
analyzing factors that affect the thermal performance of liquid-cooling systems, leading to
novel configurations. Among the numerous solutions, structural designs for liquid-cooling
plates are relatively common. Turbulators are widely used in convective heat-transfer
systems to improve performance. Compared with straight channels, turbulent channels
significantly enhance heat-transfer efficiency [30]. This improvement arises from the
simultaneous increase in heat-transfer area and enhanced boundary layer disruption [31].
Thus, despite an associated pressure-drop penalty, turbulators remain an effective heat-
transfer enhancement method. Zhao et al. proposed a serpentine channel design to increase
the contact area between the cooling plate and cylindrical battery surfaces. Their research
showed that a U-shaped design improves cooling performance and enhances temperature
uniformity within the battery [32]. Monika et al. compared six liquid-cooled plate channel
designs, finding that pumpkin-shaped channels had lower power consumption, whereas
hexagonal and serpentine channels offered better temperature uniformity [33].

Nanofluids, as refrigerants with superior properties, have thermal conductivity signif-
icantly higher than conventional liquids and are less likely to cause blockages, attracting
considerable attention in heat-transfer applications [34]. Liu et al. [35] proposed a wave-like
serpentine cooling tube for large cylindrical battery modules. Their results indicated that
using a 0.75% mass-fraction nanofluid reduced the maximum temperature by 9.8% and the
temperature difference by 22.3% compared to pure water cooling. At a nanoparticle mass
fraction of 0.75% and a flow velocity of 0.15 m/s, the system met all cooling requirements
while reducing power consumption. Yetik et al. [36] utilized Al2O3 to prepare nanofluids
for various battery thermal management system configurations, and established two cool-
ing modes with longitudinal and transverse flow directions. The battery module comprised
twenty prismatic lithium-ion cells. The two models were compared under different dis-
charge rates, nanofluid volume fractions, inlet velocities, and coolant temperatures. Results
indicated that replacing air cooling with nanofluids enabled the battery module to operate
within safe temperature ranges. Jilte et al. improved battery cooling by combining spiral
flow channels with Al2O3 nanofluid [37]. Ouyang et al. combined phase-change cooling
with nanofluid cooling and discussed the effects of the volume fraction of nanoparticles
and the flow velocity of the nanofluid on the cooling performance [38].

Existing research has made significant advances in improving battery pack thermal
uniformity; however, it is necessary to further investigate effective mitigation strategies
for persistent thermal inhomogeneities. This study proposes a novel thermal design that
integrates battery cold plates with turbulent flow channels enhanced by nanoparticle-
based coolants and droplet-shaped turbulators. While the advantages of turbulators and
nanofluids have been studied separately, few studies have investigated their synergistic
effect. Therefore, this work employs numerical simulations to systematically examine the
influence of nanoparticle type, volume fraction, and inlet velocity on the battery’s thermal
performance. To address the inherent trade-off between maximizing heat-dissipation
efficiency and minimizing the required pumping power consumption, this study further
adopts the Response Surface Methodology (RSM) to establish a mathematical model for
the complex thermo-hydraulic characteristics of the battery thermal management system.
Subsequently, the Non-dominated Sorting Genetic Algorithm II (NSGA-II) is applied
to perform a multi-objective optimization, identifying the ideal design parameters that
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concurrently minimize both the maximum battery temperature and the fluid pressure
drop. The proposed methodology aims to deliver a holistically optimized, energy-efficient
thermal management strategy for high-performance batteries.

2. Physical Description
Figure 2 presents the physical model of a droplet-shaped turbulator channel applied

in a 15 Ah LiFePO4 battery. The cooling system adopts a cold plate inserted between
battery packs to realize efficient heat transfer. The cold plate contains droplet-shaped
microchannels where a nanofluid coolant flows for heat exchange. The nanofluid uses
deionized water as the base fluid and metal or metal oxide nanoparticles as additives. The
dimensions of the battery pack and the cold-plate battery are shown in Figure 2. The battery
parameters and nanoparticle properties are listed in Tables 1 and 2, respectively.

 

Figure 2. Geometrical model of the battery with improved multi-channel cold plate.

Table 1. Physical parameters of the battery [39].

Parameter Value

Mass (kg) 0.35
Density (kg/m3) 2136.8

Specific heat (J/kg·K) 1633
Nominal capacity (Ah) 15

Nominal voltage (V) 3.2
Internal resistance (mΩ) 4
Maximum voltage (V) 3.65 ± 0.05
Minimum voltage (V) 2.25

Length (mm) 65
Width (mm) 140
Height (mm) 18

Table 2. Properties of the nanoparticles [40].

Nanoparticles Density
(kg/m3)

Specific Heat
(J/kg·K)

Thermal Conductivity
(W/m·K)

Al 2719 871 202.4
Cu 8954 383 400

CuO 6500 551 23.9
SiO2 2200 703 1.2

Al2O3 3970 765 40
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3. Mathematical Model
For the present work, water-based nanofluids were chosen as the coolant. We assume

the suspended nanoparticles achieve thermal equilibrium with the base fluid and exhibit
no relative motion between phases. Given that the nanoparticles are uniformly dispersed
and maintain a stable suspension, we treat the nanofluid as a homogeneous, single-phase
fluid. This approach is commonly employed for dilute, well-stabilized nanofluids because
it greatly lowers computational demands while still offering satisfactory precision for
macroscopic thermal–hydraulic analyses [41].

3.1. Governing Equations
3.1.1. Heat Transfer in Battery

It is assumed that the battery possesses a uniform profile of energy and density, and
the temperature of an individual cell can be calculated by [42]

∂

∂t

(
ρbCp,bT

)
= ∇(kb∇T) + Qgen (1)

where Qgen is the heat generated by the battery, T is the average battery temperature, ρb

represents the battery density, Cp,b represents the battery specific heat, kb is the thermal
conductivity, and ∇ is the vector differential operator.

The heat generated by the battery significantly influences the three-dimensional tem-
perature distribution within battery cells. Heat generated within the active region primarily
stems from electrochemical reactions occurring internally and from internal resistance
caused by current flow. Heat generated in the core region during battery discharge is
expressed as [43]

Qgen = Qr + Qj (2)

where Qr is the electrochemical reaction heat, and Qj is the Joule heat.
Electrochemical effect heat, as a conclusion of the chemical effect, can be written as [36]

Qr = −T∆S
I

nF
(3)

where I is the discharge current, n is the number of electrons, F is the Faraday constant, ∆S
is the entropy change, and T is the temperature.

Joule heat generated by the resistance of the battery is given by

Qj = I(E − V) (4)

where V is the operating voltage, and E is the open-circuit voltage.
According to Equations (2)–(4), Qgen can be expressed as

Qgen = −T∆S
I

nF
+ I(E − V) (5)

3.1.2. Coolant Flow in Cold Plates

The flow of coolant in the cold plate adheres to the laws of conservation of mass,
momentum, and energy. The governing equations [44] are presented as follows.

The mass conservation equation is

∇ · (ρiu) = 0 (6)
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The momentum conversation equation is

(u · ∇) · ρiu = −∇p + µl∇2u (7)

The energy conversion equation is

u · ∇Tl =
kl

ρlCp,l
∇2Tl (8)

where Tl is the coolant temperature, ρl is the coolant density, u is the flow velocity, p is the
coolant pressure, µl is the coolant dynamic viscosity, kl is the coolant thermal conductivity,
and Cp,l is the coolant specific heat capacity.

3.2. Nanofluid Properties
3.2.1. Density

The classic solid–liquid blend model can be used to find the nanofluid density, which
reads [45]

ρnf = (1 − ϕρbf) + ϕρnp (9)

where ϕ represents the volume fraction of nanoparticles and the subscripts nf, bf, and np
demonstrate the nanofluid, base fluid, and nanoparticles, respectively.

3.2.2. Specific Heat

The specific heat is determined by the heat capacity concept [42] which can be defined as

(ρC)nf = (1 − ϕ)(ρCp)bf + ϕ(ρCp)np (10)

3.2.3. Thermal Conductivity

Various relations exist for the prediction of the thermal conductivity of nanofluids.
We select the relation suggested by Corcione [46] to compute the thermal conductivity of
nanofluids, that is

knf
kbf

= 1 + 4.4Re0.4Pr0.66
(

T
Tfr

)10( knp

kbf

)
ϕ0.66 (11)

where T is the temperature of the nanofluid, Tfr is the freeze point of water, and knp is the
thermal conductivity of nanoparticles. Re and Pr symbolize nanoparticle Reynold number
and foundation fluid Prandtl number, with Re written as

Re =
2ρbfBT
πµbfdnp

(12)

where B is the Boltzmann constant, B = 1.3807 × 10−23 J/K, ρbf and µbf stand for foundation
fluid density, and dnp is the nanoparticle diameter.

3.2.4. Dynamic Viscosity [47]

The dynamic viscosity correlation is calculated as follows:

µnf = µbf(1 + 2.5ϕ), ϕ ≤ 0.02 (13)

or
µnf =

µbf

(1 − ϕ)2.5 , ϕ > 0.02 (14)

The features of nanoparticles and Coolant are listed in Tables 2 and 3.
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Table 3. Physical parameters of coolant (298.15 K).

Type Density
(kg/m3)

Specific Heat
(J/kg·K)

Thermal Conductivity
(W/m·K)

Dynamic Viscosity
(kg/s)

Water 996.93 4180 0.6069 0.000899
6%SiO2–water 1067.9486 3750.062464 0.744 0.001038892

6%Al2O3–water 1174.1486 3487.038147 0.759 0.001038892
6%CuO–water 1325.9486 3112.464509 0.758 0.001038892
6%Cu–water 1473.1886 2795.189210 0.770 0.001038892

3.3. Numerical Simulation Scheme

Numerical calculations were performed using Ansys Fluent 2024 R1 software. Mesh
generation was conducted with MESH 2024 R1 software, employing an unstructured
grid. A laminar flow model was adopted, alongside a coupled algorithm to resolve the
interaction between the pressure field and velocity field. To define the flow conditions at
the boundaries, a velocity inlet was specified for the inlet, while the outlet was set as a
pressure outlet. A uniform convective heat-transfer coefficient of 5 W/m·K was applied
across all surfaces of both the battery module and the liquid-cooling plate. The temperature
at the inlet was fixed at 298.15 K, with inlet velocities configured at five distinct levels: 0.05,
0.1, 0.15, 0.2, and 0.25 m/s.

A second-order upwind scheme was employed to discretize the momentum equation
and other spatial terms. The under-relaxation factors for momentum, pressure, energy, and
density were set to 0.5, 0.5, 0.75, and 1.0, respectively. For convergence criteria, the relative
residuals of the energy and momentum equations were constrained to be less than 10−6,
while the relative residual of the continuity equation was restricted to below 10−4.

Research on mesh independence is illustrated in Figures 3 and 4. When the grid
number increased from 1,046,187 to 1,819,695, the maximum temperature difference only
amounted to 1.9%, and the pressure drop difference reached only 0.31%. So, the optimal
mesh size of 1,046,187 was identified as the best value, delivering accurate results while
maintaining a relatively short computational runtime.

Figure 3. Grid generation.
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Figure 4. Verification of grid independence.

Figure 5 presents a fundamental validation and comparison between the square
battery developed in this work and literature data [48], verifying the temporal variation
in the battery’s maximum temperature. As illustrated, the experimental and simulated
data exhibit substantial consistency, with identical developmental trends. The maximum
relative error is limited to 5.4%. Therefore, the numerical model proposed in this study is
reliable and applicable to subsequent numerical simulation investigations.

Figure 5. Comparison of current research data with literature data for individual square cells [48].

4. Analyses of Factors Influencing Heat Transfer
4.1. Channel Types

This section presents a comparative analysis of straight channels and a modified
droplet-shaped turbulator channel under 3C discharge conditions. Figure 6 illustrates
the temperature distribution of the battery cold plate using pure water as coolant at the
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condition of an inlet velocity of 0.1 m/s and an inlet temperature of 298.15 K. The maximum
temperature was 307.34 K in the droplet-shaped turbulator channel and 308.98 K in the
straight channel. The droplet-shaped channel thus exhibited a 1.64 K lower maximum
temperature than the straight channel, indicating superior cooling efficacy. Confined to
a stringent optimal operating range of 293.15–313.15 K, even a slight thermal elevation
accelerates the degradation of battery materials and shortens cycle life by 1–2% for every
1 K rise. This 1.64 K temperature reduction thus effectively mitigates battery thermal aging,
widens the thermal safety margin, and demonstrates the superior cooling performance
of the droplet-shaped turbulator channel. This improved performance is primarily due
to increased boundary layer disruption as the fluid flows through the turbulent channel.
The turbulator design also increases the heat-transfer surface area. Consequently, the drop-
shaped turbulator provides significantly better heat-transfer performance than the straight
channel. Under identical inlet conditions, the pressure drop across the straight channel
was 7.9 Pa lower than that across the turbulator. However, given the primary objective of
enhancing heat transfer, this pressure drop penalty is acceptable. Thus, the droplet-shaped
turbulator channel was selected for further investigation. Figure 6 also reveals that the
temperature is lower in the initial flow region and increases gradually along the flow path
toward the bottom of the cell assembly. This gradient arises because the fluid is heated
along the flow direction, reducing its temperature differential with the battery and thus
its heat-dissipation capacity. As a result, the upper regions remain cooler while the lower
regions become hotter. Hence, achieving a more uniform temperature distribution across
the cell assembly is worthy of further research.

Figure 6. (a) Cold-plate temperature maps of different channels; (b) heat-transfer performance
comparison among different types of cold plates.
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4.2. Nanoparticle Types

This section employs drop-shaped turbulent channels for analysis. By comparing the
thermal performance of various nanofluids to identify the optimal coolant for the BTMS.
The coolants analyzed include pure water and several nanofluids containing SiO2, Al2O3,
CuO, or Cu nanoparticles, respectively. The coolants under investigation consist of pure
water and nanofluids containing SiO2, Al2O3, CuO, or Cu nanoparticles. Simulations
were performed for each nanofluid, all having a nanoparticle volume concentration of
6%, under conditions of 0.1 m/s inlet velocity, 3 C discharge rate, and 298.15 K inlet
temperature. Figure 7 displays the peak battery temperatures attained using various
nanofluids. Among all coolants, the battery employing the 6% Cu nanofluid yielded the
lowest maximum temperature, specifically 0.19 K below that observed with pure water.
Figure 8 illustrates the contour plots of temperature distribution for batteries subjected to
cooling by the distinct nanofluids. The battery utilizing the 6% Cu nanofluid demonstrates
both the minimal peak temperature and the broadest region of low temperatures. Across
all simulated cases, a consistent observation is that the lower half of the battery experiences
elevated temperatures relative to the upper half. From most effective to least, the cooling
performance order is: 6% Cu, 6% CuO, 6% Al2O3, 6% SiO2, followed by pure water. This
sequence corresponds directly to the nanoparticles’ thermal conductivities, wherein copper
exhibits the greatest value, thereby delivering superior cooling. A nanofluid’s cooling
efficacy is strongly and positively linked to the thermal conductivity of the nanoparticles
it contains. Nevertheless, Figure 9 indicates that the 6% Cu nanofluid also produces the
greatest pressure drop. This elevated pressure loss arises from the substantial density of
copper nanoparticles, necessitating additional pumping energy. However, the increase in
pressure drop for the 6% Cu nanofluid compared to pure water amounts to only 7.9 Pa,
which is a comparatively small drawback. Consequently, the Cu–water nanofluid was
chosen for subsequent analysis.

 

Figure 7. Distribution of the maximum temperature of the battery module as a function of flow time
with different nanofluids.
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Figure 8. Cold-plate temperature maps of different nanofluids.

 

Figure 9. Heat-transfer characteristics of the battery cold plate with different nanofluids.

4.3. Volume Fraction of Cu in Nanofluid

The nanoparticle distribution within a nanofluid, and consequently its heat-transfer
performance, are strongly influenced by the nanoparticle volume fraction. This section in-
vestigates the heat-transfer performance for five distinct volume fractions of copper–water
nanofluids, that is, 2% Cu, 3% Cu, 4% Cu, 5% Cu, and 6% Cu. The volume fraction was set
no more than 6% in order to prevent excessive nanoparticle agglomeration and potential mi-
crochannel blockage [47]. All simulations were carried out at conditions of a nanofluid inlet
temperature of 298.15 K, an inlet velocity of 0.1 m/s, and a battery discharge rate of 3 C. As
shown in Figure 10, the maximum battery temperature decreased linearly by approximately
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0.07 K per percentage point increase in volume fraction across the range of 2% to 6%. The
steady-state temperature contours of the cold plate are presented in Figure 11, while the
corresponding data on thermal performance and pressure drop are shown in Figure 12. The
results show that the 6% Cu nanofluid achieved the lowest maximum battery temperature.
Overall, the peak temperature decreased as the nanoparticle volume fraction increased.
Notably, the 6% Cu nanofluid also presented the most extensive low-temperature region.
This improvement is attributed to the enhanced thermal conductivity at higher nanoparticle
loadings, which boosts the heat-transfer capacity of the cold plate. Furthermore, while the
battery temperature exhibited a negative correlation with nanofluid volume fraction, the
pressure drop showed a strong positive correlation. The pressure drop increase is primarily
due to the elevated viscosity and density of the nanofluid at higher volume fractions.

 

Figure 10. Distribution of the maximum temperature of the battery module as a function of flow time
with different volume fractions of Cu in nanofluids.

 

Figure 11. Cold-plate temperature maps for different volume fractions of Cu in nanofluids.
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Figure 12. Heat-transfer characteristics of battery cold plate with different volume fractions of Cu
in nanofluids.

4.4. Inlet Velocities

The inlet velocity of the nanofluid is a critical parameter influencing the thermal
performance of the BTMS. An excessively low coolant inlet velocity leads to a decrease in
the flow rate and convective heat-transfer coefficient. This impedes timely heat dissipation
from the battery, which can lead to excessive temperature rise and increase the risk of
thermal runaway. Conversely, an excessively high velocity leads to a significant increase in
pressure drop. While this lowers the battery temperature further, it results in diminishing
returns and unnecessary energy consumption. Therefore, optimizing the coolant inlet
velocity is crucial for efficient battery thermal management. Simulations for a 6% Cu–water
nanofluid as coolant were conducted with a fixed inlet temperature of 298.15 K and inlet
velocities ranging from 0.05 m/s to 0.25 m/s. As shown in Figure 13, the results indicate
that at the highest velocity of 0.25 m/s, the maximum cold-plate temperature reached a
minimum, showing a reduction of 7.59 K compared to the case at 0.05 m/s. However, this
was accompanied by an increase of 138.07 Pa in pressure drop. The decrease in battery
temperature is due to the enhanced convective heat dissipation from the battery surface
caused by a higher coolant inlet velocity. Conversely, the increased velocity also elevates the
pressure drop, which was observed to rise approximately exponentially with velocity in this
study. Figures 14 and 15 present the steady-state temperature contours of the cold plate and
summarize the associated thermal performance and pressure drop metrics, respectively.

 

Figure 13. Distribution of the maximum temperature of the battery module as a function of flow time
with different inlet velocities of 6% Cu–water nanofluid.
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Figure 14. Cold-plate temperature maps at different inlet velocities of nanofluid.

 

Figure 15. Heat-transfer characteristics of the battery cold plate at different inlet velocities
of nanofluid.

4.5. Battery Discharge Rates

The thermal behavior of the cold plate under varying battery discharge rates is shown
in Figure 16. A nanofluid containing 6% Cu nanoparticles was employed as the coolant,
and its cooling capability was assessed at discharge rates of 1 C, 2 C, 3 C, 4 C, and 5 C, with
a fixed inlet velocity of 0.1 m/s and an inlet temperature of 298.15 K. As can be seen in
Figure 16, when the coolant inlet conditions remain unchanged, raising the discharge rate
from 1 C to 5 C led to an 18.99 K increase in the battery’s peak temperature. This finding
highlights the substantial impact of the discharge rate on temperature rise. The observed
increase can be attributed to greater heat generation at higher discharge rates, which
consequently raises the heat flux directed toward the cold plate. Optimal battery operation
occurs between 20 ◦C and 40 ◦C, with an upper safety limit of 60 ◦C. The temperature
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contours presented in Figure 17 demonstrate that the proposed cold-plate design effectively
maintained the battery temperature within the optimal range across all tested discharge
rates, confirming its efficacy. Additionally, as depicted in Figure 18, the pressure drop across
the cold plate remained constant despite the increase in discharge rate. This is because
the pressure drop is primarily determined by the channel geometry and the coolant’s inlet
velocity, both of which were held constant. Additionally, as depicted in Figure 18, the
pressure drop across the cold plate remained constant despite the increase in discharge
rate. This is because the pressure drop is primarily determined by the channel geometry
and the coolant’s inlet velocity, both of which were held constant. Although the calculated
pressure drop remained nearly unchanged with increasing discharge rate under constant
inlet velocity, it should be noted that this result is based on the assumption of constant
coolant properties evaluated at the inlet temperature.

 

Figure 16. Distribution of the maximum temperature of the battery module as a function of flow time
at different discharge rates.

 

Figure 17. Cold-plate temperature maps at different discharge rates.
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Figure 18. Heat-transfer characteristics of the battery cold plate at different discharge rates.

5. Multi-Objective Optimization of BTMS by RSM
The preceding numerical simulations systematically investigated the effects of indi-

vidual factors—including cooling channel geometry, nanoparticle type, volume fraction
of Cu nanofluid, inlet velocity, and battery discharge rate—on the thermal performance
and pressure drop of LiFePO4 batteries. These findings clarified both the fundamental
mechanisms and the quantitative effects of individual factors. In addition, they revealed an
inherent compromise between enhancing thermal performance and controlling hydraulic
losses. Nevertheless, relying exclusively on single-factor adjustments is insufficient for the
concurrent optimization of thermal behavior and energy efficiency. This dual optimization
is, in fact, an essential requirement for the practical engineering deployment of BTMS.

Accordingly, building on the key influencing factors (coolant inlet velocity, Cu
nanofluid volume fraction, and battery discharge rate) identified in the preliminary single-
factor numerical studies, the critical design parameters for Response Surface Methodology
(RSM) were selected and are summarized in Table 4. The Box–Behnken Design (BBD),
a widely adopted experimental design approach within RSM, was then employed to
characterize the relationships between the BTMS design/operating parameters and its
thermo-hydraulic performance, thereby quantifying the variation trends of the system
performance with changes in each parameter. To address the inherent trade-off between
minimizing the maximum battery temperature and reducing the system pressure drop,
the Non-dominated Sorting Genetic Algorithm II (NSGA-II) was further introduced for
multi-objective optimization. This integrated approach ultimately yielded the optimal
design parameters for the BTMS that balance thermal management effectiveness and hy-
draulic energy consumption, thus enabling a research progression from the exploration
of single-factor influence laws to the engineering-oriented multi-objective optimization of
the BTMS.
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Table 4. Design parameters of BBD impact factors.

Factors Symbol Factor Levels

Low High
Inlet velocity (m/s) A 0.05 0.25
Volume fraction of

nanofluid (%) B 2 6

Discharge rate (C) C 1 5

5.1. Multi-Objective Optimization of Maximum Battery Temperature and Pressure Drop

This section outlines the RSM-based optimization design, with the goal of minimizing
both the peak battery temperature and the fluid pressure drop. The resulting outcomes are
depicted in Figure 19a–h. In Figure 19g,h, a comparison is made between the response sur-
face model’s predicted values and the numerical results obtained from earlier analyses. All
data points lie closely along the predicted line, demonstrating strong consistency between
the model’s forecasts and the computational results. This close alignment confirms that the
RSM achieves satisfactory fitting performance and high predictive accuracy, thereby offer-
ing a dependable foundation for subsequent BTMS research and optimization. Figure 19a,b
illustrates, respectively, how inlet velocity (A) and nanofluid volume fraction (B) affect
the maximum battery temperature and the pressure drop. Raising the inlet velocity and
the volume fraction leads to a modest reduction in the maximum battery temperature,
because the associated improvement in thermal conductivity is limited and considerably
less influential than the effect of velocity. Conversely, both factors cause a marked increase
in pressure drop, with inlet velocity playing the dominant role. The increase in volume
fraction only moderately elevates fluid viscosity, leading to a slight rise in frictional losses.
Figure 19c,d present the effects of inlet velocity and discharge rate (C) on temperature and
pressure drop, respectively. Figure 19c shows that increasing the inlet velocity or decreas-
ing the discharge rate can effectively reduce the maximum battery temperature, with the
discharge rate exerting a more significant influence. In contrast, Figure 19d illustrates that
inlet velocity considerably affects the pressure drop, while the discharge rate has almost no
effect. This is further verified by the fitting equation (Equation (16)), where the coefficient
for discharge rate is close to zero, confirming its negligible contribution. Subsequently,
Figure 19e,f illustrates the interaction between volume fraction of nanofluid and discharge
rate on temperature and pressure drop, respectively. Figure 19e shows that the discharge
rate acts as a dominant factor influencing temperature, whereas the effect of volume fraction
is relatively weak. This is consistent with the fitting results from Equation (15), where the
contributions of inlet velocity and discharge rate to temperature are far more significant
than that of volume fraction. Meanwhile, Figure 19f indicates that both volume fraction and
discharge rate exert only a mild influence on pressure drop, further verifying that pressure
drop is mainly governed by inlet velocity. In summary, the grouped analysis demonstrates
that inlet velocity is the most dominant factor influencing pressure drop, while discharge
rate plays a decisive role in controlling the maximum battery temperature, and the effect of
nanofluid volume fraction on both responses is relatively weak. The contribution order
of each factor agrees well with the regression results of the fitting Equations (15) and (16),
further validating the reliability and accuracy of the RSM model.

Maximum battery temperature = 301.3528 − 60.0111A − 0.4746B + 3.9871C
−0.0489AB − 15.0495AC − 0.0068BC + 226.3871A2 + 0.0608B2 + 0.4342C2 (15)

Pressure drop = 6.34628 − 17.95937A − 1.8221B + 0.0086C + 33.889796AC
+1682.90347A2 + 0.00298B2 − 0.00143C2 (16)
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Figure 19. Influence of nanofluid parameters on battery thermal performance and pressure drop, and
validation of RSM model.

5.2. Multi-Objective Optimization Based on Non-Dominated Sorting Genetic Algorithm NSGA-II

To accelerate convergence while maintaining solution diversity, the NSGA-II algorithm
employs three key mechanisms: fast non-dominated sorting, crowding distance compu-
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tation, and elitist preservation. Table 5 lists the principal parameters used in the present
work. As illustrated in Figure 20, the Pareto front was derived from three decision variables:
inlet flow velocity (ranging from 0.05 to 0.25 m/s), nanoparticle volume fraction (2–5%),
and discharge rate (1 C–5 C). The optimization aimed to simultaneously minimize the
peak battery temperature and the fluid pressure drop. Nevertheless, these two objectives
are in conflict: a reduction in pressure drop generally leads to a higher maximum battery
temperature. In Figure 20, point C denotes a theoretically ideal scenario, with a minimum
temperature of 298.1 K and a pressure drop of just 8.91 Pa. However, this combination is
unattainable in real applications. Therefore, point O—the closest feasible point along the
Pareto front—was selected as the optimal compromise. At point O, the temperature equals
299.7 K, and the pressure drop equals 26.27 Pa, which corresponds to an inlet velocity of
0.097 m/s, a Cu–water nanofluid concentration of 3.85%, and a discharge rate of 1.03 C.
It should be noted that the optimal discharge rate of 1.03 C lies near the lower bound of
the investigated range (1 C–5 C) because the multi-objective optimization simultaneously
minimizes the maximum battery temperature and pressure drop; a lower discharge rate
generates less internal heat, which naturally reduces the battery temperature. Therefore,
the Pareto-optimal solution tends to favor low discharge rates. For practical operation at
higher discharge rates, the same methodology can be applied to obtain a separate set of
optimal parameters. Finally, the solution was validated using Ansys Fluent, yielding mini-
mal discrepancies: a temperature deviation of only 0.061% and a pressure drop difference
of 0.029%.

Table 5. The parameter settings of the algorithm.

Items Values

Max generations 300
Crossover fraction 0.8

Population size 200
Migration fraction 0.2

Pareto fraction 0.9

Figure 20. Pareto frontiers obtained by multi-objective optimization.

6. Conclusions
This study aimed to design and evaluate an advanced thermal management system

for LiFePO4 batteries by numerical investigation on the synergistic effects of droplet-
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shaped microchannel turbulators and various nanofluids. The main conclusions are drawn
as follows:

(1) The novel droplet-shaped turbulator channel demonstrates superior thermal per-
formance over the conventional straight channel, reducing the maximum battery
temperature by 1.64 K under identical operating conditions. This improvement is
primarily attributed to enhanced boundary-layer disruption and an increased heat-
transfer surface area, which collectively intensify the convective heat transfer.

(2) The type of nanoparticle significantly impacts cooling effectiveness. The overall cool-
ing performance, from highest to lowest, is ranked as 6% Cu > 6% CuO > 6% Al2O3 >
6% SiO2 > pure water. This ranking directly correlates with the thermal conductivity
of the nanoparticles. While the 6% Cu–water nanofluid provided the best thermal
regulation, it also induced the highest pressure drop due to its increased density
and viscosity.

(3) The parametric study confirms that increasing the nanofluid volume fraction and
inlet velocity lowers maximum battery temperatures, albeit at the expense of a higher
pressure drop. Importantly, the proposed BTMS can stably maintain the battery tem-
perature within the optimal operating range (20–40 ◦C) for all tested discharge rates
(1 C to 5 C), which verifies its good robustness under different thermal load conditions.

(4) By combining the RSM and the NSGA-II, an optimal balance between the thermal
performance and pressure drop of the system was successfully achieved. The Pareto
optimal solution corresponds to an inlet velocity of 0.097 m/s, a Cu–water nanofluid
volume fraction of 3.85%, and a 1.03 C discharge rate. This configures the ratio, limits
the maximum temperature to a safe value of 299.7 K, and the pressure drop to an
energy-efficient value of 26.27 Pa.
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