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Abstract
The increasing use of lithium-ion batteries, coupled with the increasing prevalence of electric vehicles, also increases the 
demand for battery thermal management systems. If the significant amount of heat generated by these batteries during opera-
tion cannot be adequately dissipated, the battery temperature rises, its performance decreases, and it can lead to failure. In 
this study, the effects of the use of an Al2O3-ZnO-water hybrid nanofluid on a cold plate for Li-ion electric vehicle batteries 
under various operating parameters on heat transfer rate, heat transfer coefficient, battery surface temperature and temperature 
difference, pressure drop, and voltage change were experimentally investigated. Experiments were conducted using three 
different volume flow rates (6 LPM, 7 LPM, 8 LPM), three different coolant inlet temperatures (10 °C, 15 °C, 20 °C), five 
different discharge rates (1 C, 2 C, 3 C, 4 C, 5 C), and four different nanoparticle volume concentrations (0.00625%, 0.0125%, 
0.025%, 0.05%), and the findings were compared with pure water. As a result, the newly developed hybrid nanofluid was 
found to enhance the heat transfer rate by 42.5%, the heat transfer coefficient by 42.1%, and the pressure drop by 25.8%, while 
reducing the battery temperature and temperature difference by 3.8 °C and 32.8%, respectively, compared to pure water. In 
addition, the maximum PEC value of 1.15 indicates that the hybrid nanofluid is advantageous in terms of thermo-hydraulic 
performance. It was concluded that increasing volume concentration of the nanofluid and flow rate positively affects cooling 
performance and that battery cooling by natural convection is insufficient for discharge rates higher than 1 C. This research 
highlights the potential of Al2O3-ZnO-water hybrid nanofluid as an effective coolant to improve battery performance in 
electric vehicle applications.
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Introduction

Electric vehicles are increasingly gaining prominence in the 
global efforts to reduce the automotive industry’s depend-
ence on fossil fuels [1, 2]. Due to their high energy effi-
ciency and potential for zero emissions, electric vehicles 
are regarded as a crucial solution for addressing energy 

challenges in the transportation sector and for reducing 
greenhouse gas emissions [3, 4]. The performance of elec-
tric vehicles largely depends on battery technology, which 
is essential for the growth and advancement of the elec-
tric vehicle industry. Among various battery technologies, 
lithium-ion batteries are widely preferred in electric vehi-
cles due to their advanced features [3, 5]. These features 
include high operating voltage, impressive energy density, 
wide operating temperature range, long cycle life, low self-
discharge rate, and no memory effect [5, 6]. Despite these 
attractive features, lithium-ion batteries are highly sensitive 
to temperature, and their performance is affected by tem-
perature changes [7, 8]. Lithium-ion batteries suffer from 
a long life due to high temperature, in addition to the risk 
of thermal runaway and explosion at extreme temperatures 
that may occur during charging and discharging [7]. To over-
come these disadvantages, a battery thermal management 
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system (BTMS) that provides effective heat dissipation is 
required [2]. The main purpose of BTMS is to maintain 
the battery temperature within a certain range and ensure 
a uniform temperature distribution throughout the battery 
module [9]. A lithium-ion battery in an electric car operates 
optimally within a temperature range of 15–35 °C [10, 11]. 
In addition, to prevent the acceleration of the aging process 
and loss of usable battery capacity, the maximum tempera-
ture difference should not exceed 5 °C [12, 13].

BTMS generally encompasses both active and passive 
cooling methods, including air cooling, liquid cooling, phase 
change materials (PCM), and combinations thereof [3]. With 
its low energy consumption and cost advantages, air cooling 
is a simple and practical approach to heat dissipation [1]. 
However, this type of cooling is often inadequate due to 
the poor thermal properties of air and leads to temperature 
increases that may exceed safe operating limits [9]. The main 
disadvantages of PCM cooling are low thermal conductivity 
and heat buildup when the PCM melts [14]. In addition, a 
leak-proof design is required due to the volumetric develop-
ment during the phase transition process, making the cool-
ing system even more challenging [1]. Liquid-cooled BTMS 
emerges as a superior option due to its high specific heat 
capacity and thermal conductivity [5]. Many researchers 
[15–20] have reported that liquid BTMSs provide the best 
performance in terms of cooling efficiency, making them 
the most widely adopted BTMS type by commercial vehicle 
manufacturers [7, 21].

As the ever-increasing power demands of electric vehi-
cles lead to higher thermal loads, scientists have focused on 
improving the performance of existing liquid BTMSs [7]. 
Advanced heat transfer fluids with superior thermophysi-
cal properties that can accommodate high thermal loads are 
investigated [22]. Nanofluids are innovative heat transfer 
fluids with significant potential to increase heat transfer effi-
ciency and are increasingly used in various battery cooling 
systems in electric vehicles. Their superior thermal proper-
ties make them ideal for maintaining optimum battery tem-
peratures and improving battery performance [3]. Nanofluids 
are formed by suspending metallic or non-metallic nano-
particles in base liquids such as oil, water, ethylene glycol, 
and other conventional fluids [23]. Nanosuspension particles 
show excellent thermal conductivity due to enhanced con-
vection between liquid and solid particles [1, 11]. Recently, 
nanofluid-based cooling systems have attracted high atten-
tion from researchers due to their promising electrical and 
thermal conduction properties [14]. Wankhede et al. [10] 
experimentally investigated the cooling performance of 
Al2O3-water nanofluid at different operating parameters and 
found that the nanofluid reduced the battery temperature. 
In their study, Morali et al. [14] numerically investigated 
the effect of Fe2O3-water nanofluid on battery temperature 
at different operating parameters and emphasized that the 

increase in flow rate and volume concentration decreased 
the temperature. Hasan et al. [24] numerically investigated 
the use of SiO2-water nanofluid with different diameters in 
BTMS and concluded that the Nusselt number increases with 
decreasing nanoparticle diameter. In the study conducted by 
Li et al. [25], the cooling of a cylindrical battery pack with 
nanofluid was investigated numerically, and it was stated 
that the increase in volume concentration increased the heat 
transfer coefficient. Wiriyasart et al. [26] numerically inves-
tigated the TiO2-water nanofluid in cooling a cylindrical 
lithium-ion battery and stated that the nanofluid increased 
the cooling capacity compared to water. Tousi et al. [27] 
conducted a numerical study and concluded that AgO-water 
nanofluid increases the pressure drop while decreasing the 
battery temperature. Sarchami et al. [28] experimentally 
investigated the cooling of a cylindrical battery pack with 
Al2O3-water nanofluid and stated that increasing the volume 
concentration increased the pressure drop while decreasing 
the temperature. Liu et al. [29] also found in their numeri-
cal study that the addition of Al2O3 nanoparticles to water 
reduces the battery temperature and increases the pressure 
drop. In the numerical study conducted by Li et al. [30], 
it was found that the battery temperature decreased with 
increasing the SiO2-water nanofluid concentration. Kiani 
et al. [31] experimentally investigated the use of different 
types of nanofluids in BTMS and stated that increasing vol-
ume concentration also increases the pressure drop. In the 
numerical study conducted by Liao et al. [32], it was empha-
sized that the cooling effect of the five different nanofluids 
used was better than water. In their numerical study, Yetik 
and Karakoç [19] concluded that the increase in Fe2O3-water 
concentration and flow rate decreased the battery tempera-
ture. In another numerical study by Yetik et al. [20], it was 
stated that increasing the Al2O3-water volume concentration 
decreased the battery temperature. Xu et al. [33] numeri-
cally investigated the effect of different types of nanofluids 
on cooling the battery pack and emphasized that the heat 
transfer performance of nanofluids is superior to that of con-
ventional coolants.

Hybrid nanofluids are a more advanced type of nano-
fluid created by combining multiple nanoparticles in the 
base fluid and are the focus of the current study [11]. 
Hybrid nanofluid exhibits improved thermal properties 
thanks to synergistic interactions between nanoparticles, 
improving heat transfer capabilities and becoming a suit-
able option for highly efficient cooling solutions in bat-
tery systems [3]. In the numerical study conducted by 
Saad et al. [2], it was stated that the use of Fe3O4–CuO 
water nanofluid in mini channels with different configu-
rations increased the friction factor. Venkateswarlu et al. 
[3] numerically studied the heat transfer performance in 
a prismatic battery cooling system using hybrid nano-
fluid and found that Cu-Al2O3-water hybrid nanofluid 
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increased the heat transfer rate while reducing the bat-
tery temperature compared to Al2O3-water nanofluid. 
In the study conducted by Venkateswarlu et al. [5], the 
effectiveness of the Cu-Al2O3-water hybrid nanofluid was 
investigated numerically, and superior heat transfer capa-
bilities of the hybrid nanofluid were determined compared 
to conventional cooling fluids. In their study, Sheikhole-
slami et al. [8] numerically evaluated the performance of 
Fe3O4-SWMCT-water hybrid nanofluid and found that 
the inclusion of nanoparticles in the coolant reduced the 
battery temperature. Venkateswarlu et  al. [9] numeri-
cally studied the thermal management of a pouch-type 
lithium-ion battery cooling system using MoS2-GO-water 
hybrid nanofluid and emphasized that the hybrid nano-
fluid increased the cooling efficiency. Selvarajoo et al. [12] 
performed a numerical investigation of BTMS containing 
water and Al2O3–GO-based mono- and hybrid nanoflu-
ids and stated that the hybrid nanofluid reduced the tem-
perature by 7.47%. In the numerical study conducted by 
Esmaeili and Sheikholeslami [34], it was emphasized that 
the use of Fe3O4-SWCNT-water hybrid nanofluid in cool-
ing channels with different fin designs increased the heat 
transfer efficiency. In their numerical study, Kumar et al. 
[35] reported that Cu-Al2O3-water-based hybrid nanofluid 
provides a higher heat transfer rate compared to mono-
nanofluids. Mishra et al. [36] numerically investigated the 
performance of CNT-Al2O3-water hybrid nanofluid for five 
different cooling plate designs and showed that it reduces 
the battery temperature compared to pure water. Jino et al. 
[37] concluded in their numerical study that the hybrid 
nanofluid enhances battery thermal management. Dilbaz 
et al. [38] numerically investigated the thermal perfor-
mance of ND-Fe3O4-water-EG hybrid nanofluid and con-
cluded that increasing the nanoparticle volume fraction 
improves the temperature distribution and reduces the bat-
tery temperature.

The literature review led to the following conclusions.

•	 Most of the existing studies in the literature have been 
conducted numerically. Few studies have been con-
ducted experimentally.

•	 Using nanofluids instead of traditional liquids for bat-
tery cooling systems is more beneficial in terms of ther-
mal performance. For practical applications, however, 
the cost–performance balance of nanofluids should 
also be taken into account. Although the initial cost 
of nanofluids is higher, their ability to improve cool-
ing performance can provide cost savings in the long 
run. This includes lower maintenance costs, longer bat-
tery life, and lower energy consumption for cooling 
[24]. For BTMS applications, the long-term stability 
of nanofluids is also crucial. Over time, cooling perfor-
mance may deteriorate due to nanoparticle aggregation 

and sedimentation brought on by repeated heating and 
cooling cycles [39, 40].

•	 Hybrid nanofluids have not yet been widely used as cool-
ants in battery thermal management systems. Further 
research on this topic is clearly needed. Among vari-
ous hybrid nanofluids, the Al2O3–ZnO combination has 
attracted the attention of researchers due to the properties 
of Al2O3 nanoparticles such as chemical stability, mechani-
cal strength, and relatively low cost, and ZnO nanoparticles 
such as thermal conductivity and heat transfer performance 
[39, 41, 42]. Combining these nanoparticles with different 
thermophysical advantages can create a synergistic effect 
between the nanoparticles and ultimately achieve better 
thermal performance compared to conventional coolants 
and other nanofluids [43, 44]. Many studies have shown 
that Al2O3–ZnO hybrid nanofluids can improve heat trans-
fer properties and thermal efficiency in various thermal 
engineering applications such as photovoltaic thermal 
systems, heat exchangers, and electronic cooling systems 
[45–48]. However, despite these promising findings, no 
numerical or experimental studies have been found in the 
literature regarding the use of Al2O3–ZnO hybrid nanofluid 
in battery cooling systems.

In the current study, an Al2O3-ZnO-water hybrid nanofluid 
was used in an experimental examination to assess the thermal 
performance of an electric vehicle battery thermal manage-
ment system. The utilization of Al2O3-ZnO-water hybrid nano-
fluid for battery cooling applications has not been thoroughly 
studied, although many studies in the literature have focused 
on traditional coolants and single-particle nanofluids. Thus, 
the main novelty of this study is the experimental evaluation 
of this hybrid nanofluid’s hydraulic and thermal performance 
in a liquid-cooled battery thermal management system. The 
impacts of various operational parameters on battery tempera-
ture, heat transfer rate, heat transfer coefficient, pressure drop, 
and battery voltage were systematically examined within the 
scope of the study. The aim of this study is to maintain the bat-
tery within a safe operating temperature range using a hybrid 
nanofluid with advanced thermophysical properties, thereby 
improving the thermal management performance of lithium-
ion batteries. The findings from this study are expected to con-
tribute to the development of efficient battery cooling systems 
for electric vehicle applications.

Experimental

Preparation and thermophysical properties 
of hybrid nanofluids

The two-step method is the most common technique for 
nanofluid preparation. In this approach, nanoparticles are 
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produced as dry powders, and ultrasonic power is often 
used to disperse them in the base fluid. Optimum ultrasoni-
cation time is required to achieve satisfactory dispersion 
and long-term stability. However, even after dispersion 
using ultrasonic power alone, the nanoparticles still have 
high surface energy, which promotes further aggregation 
over time, leading to instability in the nanofluid. There-
fore, this dispersion technique is often combined with 
chemical stabilization methods (such as surfactant addi-
tion, pH adjustment, and surface modification) to obtain 
a nanofluid with long-term stability [21]. In this study, a 
two-step method was used to prepare the hybrid nanofluid 
as shown in Fig. 1. Al2O3 and ZnO nanoparticles were 
preferred due to their properties, such as chemical sta-
bility, low cost, and high thermal conductivity. Figure 2 
shows SEM (scanning electron microscopy) images of the 
Al2O3 and ZnO nanoparticles utilized in the experiments. 
The Al2O3 and ZnO nanoparticles are approximately 
18 nm in diameter, white in color, and both nanoparti-
cles have an approximately spherical basic shape. Com-
mercially purchased Al2O3 and ZnO nanoparticles were 
added to 8 L of pure water in equal mass ratios (50:50) to 

obtain predetermined volume concentrations by precisely 
weighing. The preparation process of the hybrid nanofluid 
includes magnetic stirring for half an hour followed by 
bath ultrasonication for 2 h. Triton X-100 surfactant was 
used to prevent the sedimentation of nanoparticles in the 
base fluid and to increase the stability of the nanofluid. In 
their study, Ahmed Bin-Abdun et al. [49] stated that as the 
surfactant concentration increases, the heat transfer rate 
decreases by approximately 35% at low volume concen-
trations. Since relatively low volume concentrations were 
used in the present study, the surfactant concentration was 
kept at a low level (%0,05). The samples with the highest 
concentration were prepared and kept for different times 
to observe the nanofluid stability, as shown in Fig. 3. At 
the end of these periods, it was observed that there was 
no visible precipitation and the nanofluids had sufficient 
stability.

In heat transfer studies, the thermophysical properties 
of fluids significantly affect performance. Understanding 
and managing these thermophysical properties plays a 
vital role in maximizing their efficiency in various appli-
cations. These properties include thermal conductivity, 

Fig. 1   Preparation of hybrid 
nanofluid

Magnetic stirring barSurfactant

Nanoparticles

Ultrasonic stirrerMagnetic stirrerPrecision scales

SEM HV: 20.0 kV WD: 10.00 mm MIRA3 TESCAN

ALUMINUM OXIDE-1 20 �m

SEM MAG: 5.00 kx Det: se, bse Performance in nanospace

SEM HV: 20.0 kV WD: 10.13 mm MIRA3 TESCAN

 ZINC OXIDE-1 20 �m

SEM MAG: 5.00 kx Det: se, bse  Performance in nanospace

Fig. 2   SEM image of nanoparticles a Al2O3 and b ZnO
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viscosity, specific heat capacity, and density [3]. Thermo-
physical properties of pure water, Al2O3, and ZnO nano-
particles are given in Table 1.

In determining the thermophysical properties of the 
hybrid nanofluid used in the study, correlations widely 
used and validated in the literature were preferred. The 
density (ρhnf) and specific heat capacity ( cphnf ) of the ZnO-
Al2O3-water hybrid nanofluid are calculated via Eqs. 1 and 
2, respectively [52].

where φnp1, φnp2, ρnp1, ρnp2, and ρbf indicate the volume con-
centrations of nanoparticles and the densities of nanoparti-
cles and base fluid, respectively. cpnp1 and cpnp2 are the specific 
heats of the nanoparticles, and cpbf is the specific heat of the 
base fluid.

Thermal conductivity is the basic thermophysical prop-
erty that is directly related to the heat transfer ability of the 
fluid, and the main principle in the preparation of nanoflu-
ids is to increase the thermal conductivity compared to the 
base fluid. The thermal conductivity (khnf) of the hybrid 
nanofluid used in the study is calculated via Eq. 3 [53].

(1)

�hnf = �bf
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1 − �np2

)[(
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)
+ �np1(

�np1

�bf
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]
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Here, knp1, knp2, and kbf indicate the thermal conductivities 
of nanoparticles and base liquid, respectively.

Changes in viscosity affect the pressure drops caused by 
liquids and the pumping powers required to pump those liq-
uids. The dynamic viscosity (μhnf) of the hybrid nanofluid is 
found using Eq. 4 [54].

where φ is the total nanoparticle volume concentration and 
is calculated as in Eq. 5.

Experimental setup and procedure

The general structure and schematic view of the experi-
mental setup established for liquid cooling experiments 
within the scope of the study are shown in Figs. 4 and 5, 
respectively. The properties of the Lithium Iron Phosphate 
(LFP) pouch-type battery used in the experiments are given 
in Table 2. The experimental setup consists of a coolant 
tank, condenser, compressor, circulation pump, turbine flow 
meter, cold plate, Li-ion battery, pressure gauges, thermo-
couples, charger, discharger, data logger, and computer. The 
20-L volume coolant tank, integrated into the cooling equip-
ment consisting of the condenser and compressor, ensures 
that the fluid is kept at the desired temperature. The fluid is 
circulated by a pump with three different speed stages, and 
the volume flow rate is measured using a stainless steel tur-
bine flow meter. A power supply was used for charging the 
battery, and an electronic load was used for discharging. The 
serpentine cold plate shown in Fig. 6 was created by placing 
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Fig. 3   Photographs of 
Al2O3-ZnO-water nanofluid at 
a 0.05% volume concentration 
taken after 1, 2, and 4 h

Table 1   Thermophysical properties of water, ZnO, and Al2O3 nano-
particles [50, 51]

Properties Water ZnO Al2O3

Density/kg m−3 997.1 5500 3970
Specific heat capacity/J kg−1 K−1 4179 502.7 765
Thermal conductivity/W m−1 K−1 0.613 58 40
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copper pipes between two aluminum plates. Measurements 
were made using thermocouples and pressure gauges placed 
at the inlet and outlet positions of the fluid on the cold plate. 
Additionally, as shown in Fig. 7a, nine K-type thermocou-
ples were fixed at different points on the battery surface to 
measure the average battery surface temperature. Thermo-
couples are connected to a data logger to record temperature 
readings. All thermocouples used in the experiments were 
painstakingly calibrated in ice water and boiling water. In 
order to transfer the heat released from the battery during 

Pressure Coolant
gauges tank

Datalogger Flowmeter

Cold
plate

Condenser

PC

Electronic
load Power

 supply Pump
Compressor

Fig. 4   Experimental setup

Thermocouples

Pressure gauges

PC
Cold plate

Fluid

Dataloger Electronic load BatteryPower supply PumpFlowmeter

Fig. 5   Schematic view of the experimental setup

Table 2   Properties of the battery

Parameters Value

Brand/model GreenBatt/GLP10Ah
Anode/Cathode material Graphite/LiFePO4

Nominal capacity/Voltage 10 Ah/3.2 V
Discharge cutoff voltage 2 V
Operation temperature − 20 to 55 °C
Mass 260 g
Dimensions 6.2 × 126 × 183 mm
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discharge to the cooling liquid without any loss, thermal iso-
lation of the battery and the cooling plate from the environ-
ment is provided by insulating foam. To ensure full contact 
between the battery and the cold plate, a transparent plastic 
glass was used as a compression plate, thus creating the bat-
tery test section shown in Fig. 7b. The basic specifications 
of the equipment used in the experimental setup are given 
in Table 3.

Within the scope of the experiments, the effects of the 
coolant flowing in the cold plate on the heat transfer rate, 
heat transfer coefficient, battery surface temperature, tem-
perature difference, and pressure drop at different operating 

parameters were investigated. Operating parameters are 
given in Table 4. Previous studies on liquid cooling of elec-
tric vehicle batteries show that the coolant inlet temperature 
is generally chosen between 15 and 30 °C. In the present 
study, the coolant inlet temperatures used were chosen both 
within this range and outside of it to observe the perfor-
mance of the newly developed hybrid nanofluid at values 
outside the generally studied range. The inlet temperatures 
used in this study are also available in the literature [14, 
55]. The pump used in this study has three different stages. 
Therefore, three different volume flow rates (6, 7, and 8 
LPM) for the coolant could be analyzed within the scope 
of this study. These volumetric flow rates correspond to 

Fig. 6   a External view and 
dimensions of the cold plate, 
and b flow channel

12
6 

m
m

183 mm

(a) (b)15 mm

Fig. 7   a Placement of thermo-
couples on the battery surface 
and b battery test section

Table 3   Basic specifications of the equipment

Equipment Operation range Accuracy

Thermocouple (K-type) − 50 to 250 °C ± 0.2 °C
Flow meter 0–10 LPM ± 0.5%
Pump 0–25 LPM –
DC power supply 0–30 V ± 0.1 V
DC electronic load 0–150 V ± 0.3%
Pressure gauge 0–2.5 bar ± 0.5%
Data logger – ± 0.004%

Table 4   Operating parameters

Parameters Value

Inlet temperature of the coolant (°C) 10, 15, 20
Volume flow rate of the coolant (LPM) 6, 7, 8
Volume concentration of nanoparticles (%) 0.00625, 

0.0125, 
0.025, 0.05

Battery discharge rate (C) 1, 2, 3, 4, 5
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turbulent flow conditions (11,129 ≤ Re ≤ 19,597). Discharge 
rates ranging from 1 to 5 C were used to investigate various 
electric vehicle operating conditions, such as low-load driv-
ing, standard operating conditions, and high power demand 
scenarios. The nanofluid volume concentration was kept at 
low levels to prevent sedimentation, agglomeration, clump-
ing, and pumping difficulties. Measurements were repeated 
three times for each flow rate, inlet temperature, and dis-
charge rate at the examined volume concentration values.

The following procedure was followed in the calculations 
of average heat transfer rate, average heat transfer coefficient 
and pressure drop. The heat transfer rate ( Q̇ ) from the bat-
tery surface is calculated from the conservation of mass and 
energy as in Eq. 6.

Here, ṁ is the mass flow rate, cp is the specific heat capac-
ity, and Tin and Tout are the inlet and outlet temperatures of 
the coolant to the cold plate, respectively. The density and 
specific heat of the coolant were calculated at the average 
bulk temperature. Equation 7 is used to calculate the heat 
transfer coefficient (h).

where As is the surface area and Tw and Tb are the average 
wall temperature and the average temperature of the coolant, 
respectively. The average temperature of the fluid is calcu-
lated by Eq. 8.

The pressure drop (ΔP) of the coolant flowing across the 
cold plate is calculated by two pressure gauges integrated at 
the inlet and outlet, as in Eq. 9:

Heat transfer and pressure drop analyses must be consid-
ered together to accurately evaluate the change in system 
performance. Therefore, a performance analysis including 
these two criteria was carried out. The performance evalu-
ation coefficient (PEC) expression defined for performance 
analysis is given in Eq. 10 [56].

Battery heat generation

In his study, Li [57] estimated the time-dependent expressions 
of battery heat production as given in Eq. 11. The polynomial 

(6)Q̇ = ṁcp(Tout − Tin)

(7)h =
Q̇

As(Tw − Tb)

(8)Tb =
Tin + Tout

2

(9)ΔP = Pin−Pout

(10)PEC =
hhnf∕hbf

ΔPhnf∕ΔPbf

coefficients of heat generation during the battery discharge 
process are given in Table 5. Figure 8 shows the heat genera-
tion rates of the battery over time for different discharge rates. 
The heat generation rate graphs in Fig. 8 were created by sub-
stituting the coefficients given in Table 5 into Eq. 11.

Uncertainty analysis

Uncertainty analysis is a critical step in any engineering analy-
sis. It involves identifying and quantifying sources of uncer-
tainty in the analysis and then reflecting these uncertainties 
in the final results [1]. If the quantity to be calculated as a 
result of any experimental study is R, and n independent vari-
ables affecting this quantity are selected, R can be written as 
in Eq. 12:

When the fixed error amounts of each independent variable 
effective in the experiments are expressed as wx1,

wx2,
…., wxn

 , 
the error amount in the calculation of R can be found as shown 
in Eq. 13 [58].

The uncertainty for the heat transfer rate (Q)̇ was calculated 
in the range of 3.9–8.1%, while the uncertainty for the heat 
transfer coefficient (h) was calculated in the range of 3.7–7.8%.

Result and discussion

In the experiments carried out in accordance with the pro-
cedures mentioned in the experimental study section, the 
effects of different operating parameters on the heat transfer 

(11)Q̇gen = A1t
6 + A2t

5 + A3t
4 + A4t

3 + A5t
2 + A6t + A7

(12)R = f (x1, x2,… , xn)

(13)

WR =

[(
�R

�x1
w1

)2

+

(
�R

�x2
w2

)2

+⋯ +

(
�R

�xn
wn

)2
]1∕2

Table 5   Polynomial coefficients of heat generation during battery dis-
charge process [29]

Discharge rates

Coefficients 1 C 2 C 3 C

A1 4.9132 × 10–16 1.2578 × 10–13 3.2235 × 10–12

A2 − 3.7742 × 10–12 − 4.8310 × 10–10 − 8.2542 × 10–9

A3 1.0679 × 10–8 6.8347 × 10–7 7.7851 × 10–6

A4 − 1.3417 × 10–5 − 4.2934 × 10–4 − 3.2303 × 10–3

A5 0.0076 0.1216 0.6157
A6 − 2.2208 − 17.7630 − 59.9607
A7 17,151.7482 66,623.3365 148,414.7651
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rate, heat transfer coefficient, battery surface temperature, 
temperature difference, pressure drop, and voltage change 
were examined, and the results were presented under sepa-
rate headings.

Heat transfer rate ( Q̇)

As a result of experiments carried out under different oper-
ating conditions, heat transfer rates for each case are cal-
culated using Eq. 6. Heat transfer rates obtained according 
to discharge rate and nanofluid volume concentration in 
experimental operating conditions at specific inlet tempera-
tures are shown in Fig. 9 and Fig. 10. The maximum heat 
transfer rates achieved at the end of the experiments con-
ducted between 1 and 5 C discharge rates were evaluated. 
It is observed that as the discharge rate increases, the heat 
transfer rate enhances and the hybrid nanofluid increases the 
heat transfer rate compared to pure water under all operating 
conditions. The maximum heat transfer rate was obtained 
with the nanofluid having a concentration of 0.05% under 
the conditions of 5 °C discharge rate, 8 LPM flow rate, and 

10 °C inlet temperature and was calculated as 197.8 W. The 
heat transfer rate obtained with pure water under the same 
conditions is 158.4 W. The percentage increase in heat trans-
fer rate achieved with the use of hybrid nanofluid compared 
to pure water was also calculated, and the maximum increase 
in heat transfer rate with hybrid nanofluid was obtained as 
approximately 42.5%. Increasing the volume concentra-
tion of the hybrid nanofluid also had a positive effect on 
heat transfer. When analyzing nanofluid, which is a suspen-
sion mixture of solid and liquid, it is clear that heat transfer 
occurs mainly at the fluid interface line based on particle 
number. Therefore, the increase in heat transfer rate with 
volume concentration can be related to the amount of parti-
cles present [27, 28]. Similar results have been reported in 
various studies in the literature [10, 25, 35, 37, 49].

The temperature of the coolant in an electric vehicle’s 
battery cooling system is important for maintaining opti-
mal performance and extending the life of the battery [10]. 
Within the scope of the study, coolant inlet temperature val-
ues ranging from 10 to 20 °C were determined to investigate 
the thermal behavior of the electric vehicle battery under 
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different conditions. When Figs. 9 and 10 are examined, 
it is seen that the heat transfer rate enhances as the cool-
ant inlet temperature decreases. At high coolant inlet tem-
peratures, the difference between the battery temperature 
and the coolant temperature decreases, which also leads to 
a relative decrease in heat transfer [59]. For pure water, at 
a 1C discharge rate and 6 LPM flow rate, the heat transfer 
rates obtained at 10 °C and 20 °C fluid inlet temperatures 
are 95.1 W and 86.1 W, respectively. The flow rate of the 
coolant is also an important factor affecting the cooling per-
formance. If the flow rate of the coolant is too slow, the heat 
generated by the battery cannot be removed in a timely man-
ner, and the temperature of the battery rises rapidly, affect-
ing the normal operation of the battery and causing safety 
problems. If the flow rate of the coolant is too fast, it will 
lead to increased energy consumption and excessive heat 
dissipation capacity, and the increased energy loss is mean-
ingless. Therefore, it is necessary to examine the relationship 
between the coolant flow rate and the thermal performance 
of the battery [32]. From Figs. 9 and 10, it can be seen that 
the rate of heat transfer increases directly in proportion to the 

increase in volume flow rate. The rise in flow rate increased 
the mobility of nanoparticles in base fluid and resulted in the 
rise of enabling a higher heat transfer rate [12]. Considering 
the values under the conditions of pure water, 10 °C fluid 
inlet temperature, and 1C discharge rate, increasing the vol-
ume flow rate from 6 to 8 LPM enhanced the heat transfer 
rate by approximately 22.1%.

Heat transfer coefficient (h)

In order to examine the coolant performance used in liquid 
cooling experiments, the average heat transfer coefficients 
for each case are calculated via Eq. 7. Figures 11 and 12 
illustrate the change in the heat transfer coefficient depend-
ing on the nanofluid volume concentration and flow rate at 
different fluid temperatures. As shown in Figs. 11 and 12, 
the heat transfer coefficient increases with the nanofluid 
volume concentration. Similar to the heat transfer rate, we 
observe that the hybrid nanofluid enhances the heat transfer 
coefficient when compared to pure water. This increase can 
be attributed to synergistic effects between Al2O3 and ZnO, 

180 180

H
ea

t t
ra

ns
fe

r 
ra

te
/W

H
ea

t t
ra

ns
fe

r 
ra

te
/W

H
ea

t t
ra

ns
fe

r 
ra

te
/W

160 160

140 140

120 120

100 100

80 800.055 0.055
4 0.04Discharge rate/°C

Discharge rate/°C

Discharge rate/°C

4 0.04
3 0.03 3 0.03

2 0.02 2 0.021 1

(a)

(c)

0.01
/%�

/%�

/%�

(b)

0.010 00.00 0.00

180 80 W
100 W

160 140 W
160 W

140
180  W

120

100

80 0.055
4 0.04

3 0.03
2 0.02

1 0.01
0 0.00

Fig. 9   Effects of discharge rate and nanofluid volume concentration on the heat transfer rate at a flow rate of 6 LPM a 10 °C, b 15 °C, and c 
20 °C



Experimental investigation of the cooling performance of hybrid nanofluid used in the thermal…

which enhance thermal conductivity and flow properties and 
positive interactions between the nanoparticles and the base 
fluid [44]. The Brownian motion enhances the energy and 
momentum exchange between Al2O3 and ZnO nanoparticles, 
leading to higher energy transfer and resulting in increased 
convective heat transfer in the hybrid nanofluid compared 
to the base fluid [12, 44]. Among all the cases investi-
gated, the maximum heat transfer coefficient was obtained 
as 215.3 W m−2 K−1 at 10 °C fluid temperature, 8 LPM 
volume flow rate, 5 C discharge rate, and 0.05% volume 
concentration conditions, similar to the heat transfer rate. 
The heat transfer coefficient obtained with pure water under 
these conditions was 173 W m−2 K−1. The highest increase 
in heat transfer coefficient achieved with hybrid nanofluid 
compared to pure water was calculated to be approximately 
42.1%. When Figs. 11 and 12 are examined, it is seen that 
the heat transfer coefficient increases with the volume flow 
rate and decreases with the fluid inlet temperature. When 
the values under pure water and 6 LPM flow rate conditions 
were examined, it was determined that the heat transfer coef-
ficient decreased by 14% and 12% for 1 C and 5 C discharge 

rates, respectively, as a result of increasing the fluid inlet 
temperature from 10 to 20 °C. The heat transfer coefficient 
is enhanced by approximately 18% by increasing the volume 
flow rate from 6 to 8 LPM at 0.05% concentration, 1 C dis-
charge rate, and 10 °C fluid inlet temperature. It is also seen 
that increasing the discharge rate increases the heat transfer 
coefficient. In their study, Selvarajoo et al. [12] stated that 
the heat transfer coefficient increases with an increase in 
discharge rate.

Battery surface temperature and maximum 
temperature difference

Overheating of batteries causes a decrease in capacity and 
shortening of life and can lead to serious safety problems 
such as fire or explosion. Scientific studies generally indi-
cate that the ideal temperature range for Li-ion batteries is 
between 15 and 35 °C [20]. The time-dependent variation 
in the average battery surface temperature under different 
flow rates, coolant inlet temperatures, and nanofluid volume 
concentration conditions depending on the discharge rate 
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is given in Figs. 13–16. When Figs. 13–16 are examined, 
it is seen that the newly developed hybrid nanofluid pro-
vides more effective cooling than pure water and reduces 
the battery surface temperature more than pure water in all 
cases. This is due to the thermal conductivity of the hybrid 
nanofluid being higher than that of pure water and removing 
more heat from the battery surface [28, 33]. The lowest bat-
tery temperatures obtained at 15 °C coolant inlet tempera-
ture, 1C discharge rate, and 8 LPM flow rate were 18.1 °C 
and 16.9 °C for pure water and nanofluid with 0.05% vol-
ume concentration, respectively. These values correspond 
to a cooling improvement of approximately 6.6% using the 
hybrid nanofluid compared to the base fluid. It was deter-
mined that under the conditions where the highest bat-
tery temperatures were obtained (20 °C, 5 C, 6 LPM), the 
hybrid nanofluid reduced the battery temperature by 3.8 °C, 
improving it by 10.4% compared to pure water. Increas-
ing the volume concentration of the hybrid nanofluid also 
reduced the battery surface temperature. Considering that 
the recommended operating temperature for Li-ion batteries 
is between 15 and 35 °C, experiments conducted with a 5 C 

discharge rate and a 20 °C fluid temperature show that bat-
tery temperatures exceed the upper temperature limit when 
pure water is used. Such a situation did not occur in experi-
ments using hybrid nanofluid. These findings indicate that 
the newly developed hybrid nanofluid can be used safely in 
battery cooling systems. From Figs. 13–16, it is seen that 
the temperature of the battery surface increases with the 
rise in discharge rate under all operating conditions. At high 
discharge rates, irreversible heat dominates and polariza-
tion significantly increases, leading to higher heat genera-
tion rates [60, 61]. At a fluid inlet temperature of 15 °C, it is 
observed that the temperature variation trends are generally 
similar for all discharge rates. Temperature generally expe-
riences a linear decrease in the first stage, where internal 
resistance is low and cooling systems are more effective. It 
then reaches a turning point to rise sharply as internal resist-
ance increases and cooling becomes less effective [28, 62]. 
At 20 °C fluid inlet temperature, the temperature variation 
trend for low discharge rates (1 C and 3 C) was similar to 
that at 15 °C. At the highest discharge rate (5 C), the battery 
temperature increases linearly without any decrease, unlike 
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the others. The reason for this situation is that heat genera-
tion is high under these conditions and cooling is insufficient 
due to the high coolant inlet temperature. If Fig. 8, which 
shows the rates of heat generation in the battery, is exam-
ined, it is seen that the heat generation remains relatively 
constant at the beginning for all discharge rates, but in the 
later period, the heat generation enhances rapidly due to the 
increase in internal resistance. This supports the results of 
the temperature variation trend obtained in the present study 
and explained in detail above. In addition, it was found that 
the battery temperature decreased as the coolant volume 
flow rate increased under the same inlet temperature condi-
tions, and the battery temperatures enhanced as the coolant 
inlet temperature increased.

Within the scope of the study, average battery tempera-
tures were examined under natural convection conditions 
as well as liquid cooling, and the comparison of the results 
with the coolants used in liquid cooling is given in Fig. 17. 
When Fig. 17 is examined, it is seen that as a result of the 
natural convection experiment with air, the battery sur-
face temperature does not exceed the recommended upper 

operating temperature limit (35 °C) for Li-ion batteries only 
at a discharge rate of 1 C and that cooling by natural con-
vection is not sufficient for the battery at discharge rates 
higher than 1 C. In addition, the highest and lowest bat-
tery surface temperatures for all cases were obtained under 
natural convection air cooling and nanofluid conditions with 
0.05% concentration, respectively. Air exhibited the worst 
cooling performance due to its relatively low heat transfer 
coefficient, while the hybrid nanofluid exhibited the best 
cooling performance [17]. For 5 C discharge rate, the maxi-
mum battery temperatures achieved with 0.05% concentra-
tion nanofluid, pure water, and air are 32.8 °C, 36.6 °C, and 
59.8 °C, respectively. Since lithium-ion batteries are highly 
sensitive to operating temperature, even small temperature 
changes can lead to capacity reduction, accelerated aging, 
thermal runaway, and safety hazards [22, 24]. Cetkin [63] 
stated that every 1 °C increase in temperature between 30 
and 40 °C reduces the battery cell’s lifespan by two months. 
Therefore, reducing the discharge temperature from 36.6 to 
32.8 °C with hybrid nanofluid compared to pure water at a 
discharge rate of 5 C can be considered significant for BTMS 
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applications. Furthermore, previous studies [10, 11, 22, 
24] have reported that maintaining the battery temperature 
within the recommended operating temperature range can 
significantly improve cycle life and thermal stability. In this 
context, the observed temperature decrease demonstrates 
that the hybrid nanofluid can effectively suppress excessive 
heat generation under high discharge scenarios in practical 
applications.

Surface temperature uniformity of Li-ion batteries is con-
sidered an important criterion for battery thermal manage-
ment systems [59]. In general, for optimum battery perfor-
mance, it is recommended that the maximum temperature 
difference between areas on the battery surface be below 
5 °C. Within the scope of the study, nine different points 
on the battery surface were measured, and the maximum 
temperature differences on the battery surface for different 
operating conditions are given in Table 6. When Table 6 
is examined, it is seen that the highest temperature differ-
ences are obtained with pure water, and the hybrid nano-
fluid reduces the temperature difference compared to pure 
water. It can be said that the temperature distribution on 

the battery surface is more uniform and the maximum tem-
perature difference is kept within the safe range when the 
hybrid nanofluid is used instead of pure water. Compared 
to pure water, the maximum reduction in temperature dif-
ference with hybrid nanofluid was obtained as 32.8% at a 
discharge rate of 5 C. This improvement can be attributed 
to the enhanced thermal conductivity and convective heat 
transfer capability of the hybrid nanofluid. The increased 
convective heat transfer with the hybrid nanofluid compared 
to pure water results in more efficient heat removal from the 
battery surface, minimizing temperature gradients that can 
lead to thermal stress and uneven aging of battery cells and 
achieving a more homogeneous temperature distribution on 
the battery surface [24, 27, 28]. Li et al. [64] stated that a 
3 °C temperature gradient on the battery surface accelerates 
battery degradation by 300%. Therefore, achieving a more 
homogeneous temperature distribution increases the overall 
lifespan and reliability of the battery, which is critical in 
practical electric vehicle applications. There are studies in 
the literature reporting that the use of nanofluids reduces 
the temperature difference [27, 28, 32, 38]. In addition, the 
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enhancement in nanoparticle volume concentration and flow 
rate positively affected the maximum temperature difference 
on the battery surface. As the discharge rate increased, the 
maximum temperature difference also increased.

Pressure drop (ΔP)

Pressure drops across the cold plates are critical to minimiz-
ing the energy consumed for pumping. The pressure drop 
is related to the thermophysical properties, flow rate, and 
geometry of the heat exchanger [65]. A high pressure drop 
can negatively affect battery performance [9]. Figure 18 
illustrates the pressure drops (ΔP) measured across the 
cold plate in experiments conducted under different operat-
ing conditions. Examining Fig. 18 reveals that in all cases, 
an increase in the coolant flow rate enhances the pressure 
drop. It is known that the pressure drop is directly propor-
tional to the square of the fluid velocity. According to the 
values under pure water and 10 °C fluid inlet temperature 
conditions, a 41.6% increase in pressure drop occurred by 
increasing the volume flow rate from 6 to 8 LPM. This pres-
sure drop, which increases with flow rate, also leads to an 
increase in the power required for pumping [11]. While 
higher flow rates can improve battery cooling performance, 
the resulting increase in power consumption may reduce 
the overall energy efficiency of the system [12]. Therefore, 
for practical BTMS systems, the balance between thermal 
performance and hydraulic losses must be considered, and 
an optimum flow rate should be selected. However, it can 
be seen that the pressure drop difference according to the 
coolant inlet temperature is at negligible levels. The rea-
son for this is that the fluid density changes very little in 
this temperature range [59]. In all cases studied, both the 
addition of nanoparticles to pure water and increasing nano-
particle volume concentration were found to enhance the 
pressure drop. Based on the values at 10 °C coolant inlet 
temperature conditions, it was determined that the pressure 
drop increased by 24.7% and 17.8% at the lowest (6 LPM) 
and highest (8 LPM) flow rates, respectively, compared to 
pure water, with the use of nanofluid with a concentration 
of 0.05%. The maximum increase in pressure drop com-
pared to pure water with hybrid nanofluid was obtained as 
25.8%. Although the use of nanofluids results in an increase 
in pressure drop compared to pure water, the pressure drop 
can be considered within an acceptable range given the ther-
mal improvement achieved. In practical BTMS applications, 
since maintaining the battery within a safe temperature range 
is critical for safety, cycle life, and performance, a moderate 

increase in pumping power can be considered acceptable 
relative to the significant increase in thermal improvement 
[26, 32, 66]. Increases in pressure drop are due to the fact 
that the hybrid nanofluid has higher density and viscosity 
compared to pure water due to the suspended ZnO–Al2O3 
nanoparticles, thus having more friction during flow within 
the channel, i.e., high flow resistance. In addition, the flow 
pattern, dispersion, fluctuation, Brownian motion, and 
migration of suspended ZnO–Al2O3 nanoparticles also play 
an important role in the pressure drop of nanofluids [51, 65].

Performance evaluation criteria (PEC)

Nanofluids used due to their superior thermophysical prop-
erties compared to the base fluid increase the thermal perfor-
mance while also increasing the pressure drop and the corre-
sponding pump power. Therefore, it is necessary to evaluate 
these two criteria together. That is, it should be examined 
whether the increase in thermal performance dominates the 
increase in pressure drop. Performance evaluation coefficient 
(PEC) is a tool for evaluating thermal–hydraulic perfor-
mance and is calculated by Eq. 10. Figure 19 illustrates the 
variation in the PEC for different temperatures according to 
the nanofluid volume concentration and flow rate. Examin-
ing Fig. 19 reveals that the PEC consistently exceeds 1 in all 
scenarios. Performance evaluation coefficient above 1 means 
that the use of hybrid nanofluid is advantageous in terms of 
thermal–hydraulic performance [67]. In other words, when 
hybrid nanofluid is used, the percentage increase in heat 
transfer is dominant over the percentage increase in pres-
sure drop compared to the case when pure water is used. The 
highest PEC was obtained as 1.15 at 8 LPM flow rate and 
0.05% volume concentration conditions. The obtained PEC 
value demonstrates that the newly developed hybrid nano-
fluid can provide a beneficial thermal improvement relative 
to a practically acceptable hydraulic loss. Furthermore, it 
can be said that the relatively low nanoparticle concentra-
tion used in the present study helps to limit the increase in 
viscosity, pumping power, and preparation complexity.

The thermal performance enhancement observed in the 
present study is not only attributed to the addition of nano-
particles into the base fluid but also to the synergistic inter-
action between Al2O3 and ZnO nanoparticles. The combined 
effect of these nanoparticles may improve energy transport 
mechanisms within the fluid, leading to enhanced cooling 
performance compared to conventional fluids and mono-
nanofluids [44]. In terms of heat transfer coefficient, previ-
ous studies reported enhancements of 25% for Al2O3-water 
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[42] and 21% for ZnO-water [68], whereas the present 
Al2O3–ZnO-water hybrid nanofluid achieved 42% enhance-
ment. Therefore, the observed thermal enhancement can be 
attributed to both nanoparticle addition and the synergistic 
hybrid effect between Al2O3 and ZnO nanoparticles.

A comparison between the findings of the present study 
and those reported in previous hybrid nanofluid studies is 
presented in Table 7. The comparison indicates that the 
Al2O3–ZnO-water hybrid nanofluid employed in the pre-
sent study provides enhanced cooling performance and heat 
transfer characteristics compared to several hybrid nanoflu-
ids reported in the literature.

Battery voltage

The electronic load device recorded the voltage change dur-
ing the battery discharge process, which Fig. 20 presents 
based on time. While the battery has a voltage of approxi-
mately 3.6 V when fully charged, the discharge process is 
terminated at 2 V, which is the discharge cutoff voltage of 
the battery. When Fig. 20 is examined, it is seen that the 
voltage value decreases over time for all discharge rates, 
and this decrease enhances especially toward the end of the 
discharge process. In addition, with the increase in discharge 
rate, both the voltage value and discharge time decreased. 
While the battery discharge took 60 min for 1 C, this period 
was 12 min for 5 C. As the discharge rate increases, the 
battery voltage value decreases more due to the increase in 
ohmic, activation, and mass transfer losses [72].

Increasing the discharge rate leads to an increase in the 
rate of heat generation and temperature in the battery, pri-
marily due to Joule heating [72]. High heat generation places 
more demanding thermal loads on the cooling system used 

in the BTMS, making the efficiency and reliability of the 
cooling system even more critical. In the present study, the 
newly developed hybrid nanofluid was able to maintain 
the battery temperature within a safe range by providing 
enhanced heat transfer capability even under challenging 
operating conditions such as a 5 C discharge rate, demon-
strating its potential to contribute to the operational safety 
of the battery.

Conclusions

In this study, experimental analysis of the use of hybrid nano-
fluid in thermal management of pouch-type Li-ion battery was 
carried out. Pure water and Al2O3-ZnO-water hybrid nano-
fluid at different volume concentrations were used as cool-
ants. Cooling performances for all fluids at different operating 
parameters were examined, and the findings are listed below.

(1)	 The heat transfer rate from the battery surface is 
directly proportional to the discharge rate, nanofluid 
volume concentration, and flow rate and inversely pro-
portional to the coolant inlet temperature. The newly 
developed hybrid nanofluid has enhanced the heat 
transfer rate from the battery surface by up to 42.5% 
compared to pure water.

(2)	 Compared to pure water, the use of nanofluid and the 
increase in nanofluid concentration enhanced the heat 
transfer coefficient. The highest increase in heat transfer 
coefficient achieved with hybrid nanofluid compared to 
pure water is 42.1%. The heat transfer coefficient changes 
in direct proportion to the volume flow rate.

(3)	 While the battery surface temperature decreased with 
increasing volume flow rate and nanofluid volume con-
centration, it enhanced with increasing discharge rate and 
coolant inlet temperature. The hybrid nanofluid showed 
more effective cooling performance than pure water and 
reduced the battery surface temperature more than pure 
water in all cases. Compared to pure water, the hybrid 
nanofluid resulted in a maximum average battery surface 
temperature reduction of 3.8 °C. While the battery tem-
perature exceeded the upper temperature limit in some 
cases using pure water, the upper temperature limit was 
not exceeded in any case using hybrid nanofluid.

(4)	 The maximum temperature difference on the battery 
surface was reduced by 32.8% using a hybrid nanofluid, 
keeping it within a safe range compared to pure water, 

Table 6   Maximum temperature differences on the battery surface at 
different operating conditions

Discharge 
rate

Cool-
ant inlet 
temp./°C

Flow 
rate/
LPM

Maximum temperature 
difference/°C

ⱷ = %0 ⱷ = %0,00625 ⱷ = %0,05

1 C 10 6 5.2 4.4 3.6
8 4.8 4.1 3.4

3 C 10 6 5.6 4.5 3.8
8 5 4.3 3.5

5 C 10 6 5.8 4.6 3.9
8 5.1 4.4 3.6
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Fig. 18   Variation in pressure drop with nanofluid volume concentration and flow rate a 10 °C, b 15 °C, and c 20 °C
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and a more homogeneous temperature distribution was 
achieved on the battery surface.

(5)	 It was observed that battery cooling by natural convection 
was sufficient for 1 C discharge rate but not for higher 
discharge rates.

(6)	 While the pressure drop increases with the coolant vol-
ume flow rate, it is not much affected by the increase in 
the coolant inlet temperature. Addition of nanoparticles 
to pure water and increasing nanoparticle volume con-
centration enhanced the pressure drop. With hybrid nano-
fluid, a maximum increase of 25.8% in pressure drop was 
achieved compared to pure water.

(7)	 Using hybrid nanofluid instead of pure water is more 
advantageous in terms of thermal–hydraulic performance. 
The highest value for performance evaluation criteria was 
obtained 1.15.

(8)	 Both the battery voltage value and discharge time change 
inversely proportional to the discharge rate.

In summary, it was concluded that the newly developed 
hybrid nanofluid is effective for BTMS due to its improved 
heat transfer properties. While integrating nanofluids into bat-
tery thermal management may incur additional initial costs, 
this investment pays off over time through extended operating 

Table 7   Comparison of the current study with previous hybrid nanofluid studies

Study Nanofluid/application Operating conditions Evaluation parameter Comparison with current 
study findings

Gasmelseed et al. [7] Fe3O4-TiO2-water
Cu-TiO2-water/BTMS

φ = 0–3%
250 ≤ Re ≤ 400
C-rate: 3
Tin = 25 °C

Performance evaluation 
criteria

Fe3O4–TiO2 = > 1.05
Cu–TiO2 = > less than 1
Current study = > 1.15

Mishra et al. [36] CNT-Al2O3-water/BTMS φ = 0.1%
Vin = 0.02 m s−1

C-rate: 5
Tin = 25 °C

Average temperature Max. drop in battery tempera-
ture = > 2.7 °C

Current study = > 3.8 °C

Selvarajoo et al. [12] Al2O3-GO-water/BTMS φ = 0–1%
Vin = 0.1–0.3 m s−1

C-rate: 0.5–2
Tin = 25 °C

Average temperature Decrease in battery tempera-
ture = > 7.5%

Current study = > 10.4%

Bahiraei et al. [69] Ag-Graphene-water/Heat 
sink

φ = 0–0.1%
100 ≤ Re ≤ 5 00

Heat transfer coefficient Increase in heat transfer coef-
ficient = > 17%

Current study = > 42.1%
Abdul Hamid et al. [70] TiO2-SiO2-water-EG/Liquid 

cooling
φ = 1%
3000 ≤ Re ≤ 24 000

Heat transfer coefficient Max. increase in heat transfer 
coefficient = > 35.3%

Current study = > 42.1%
Bhattad et al. [54] Al2O3-MWCNT-water/Plate 

heat exchanger
φ = 0–0.03%
Flow rate: 2–4 LPM
Tin = 15–30 °C

Heat transfer coefficient Increase in heat transfer coef-
ficient = > 39.16%

Current study = > 42.1%
Selvakumar et al. [71] Al2O3-Cu-water/Heat sink φ = 0–0.1%

Flow rate: 0.79–2.45 LPM
Heat transfer coefficient Increase in heat transfer coef-

ficient = > 25.2%
Current study = > 42.1%

Fig. 20   Variation in battery 
voltage with time at different 
discharge rates
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life and increased performance. This study may provide guid-
ance for researchers interested in keeping battery temperatures 
within safe ranges and improving performance in electric vehi-
cle applications.

Acknowledgements  This work was supported by the Gazi University 
Scientific Research Projects Coordination Unit under project code FDK-
2023-8879. We would like to thank them for their support.

Author contributions  Muhittin Bilgili involved in writing—reviewing and 
editing, supervision, project administration, funding acquisition. Yunus 
Emre Gonulacar took part in investigation, methodology, data curation, 
writing—original draft, visualization, funding acquisition. Emre Askin 
Elibol took part in conceptualization, formal analysis, resources, writing—
review & editing, supervision.

Funding  Open access funding provided by the Scientific and Techno-
logical Research Council of Türkiye (TÜBİTAK).

Data availability  No datasets were generated or analyzed during the cur-
rent study.

Declarations 

Competing interests  The authors declare that they have no known compet-
ing financial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Thawkar V, Dhoble AS, Shewalkar AG. Enhanced thermal management 
of electric vehicle lithium-ion batteries with Al2O3–MWCNT–ethyl-
ene glycol hybrid nanofluid-based helical coiled pulsating heat pipe 
(HC-PHP). J Therm Anal Calorim. 2024;149(12):6241–51. https://​
doi.​org/​10.​1007/​s10973-​024-​13076-w.

	 2.	 Saad J, Maurya N, Souayeh B, Bhattacharyya S. Enhanced thermal man-
agement of EV batteries using hybrid nanofluid under the influence of 
an external magnetic field. J Therm Anal Calorim. 2025;150:9615–
31. https://​doi.​org/​10.​1007/​s10973-​025-​14246-0.

	 3.	 Venkateswarlu B, Chavan S, Joo SW, Kim SC, Nisar KS. A numeri-
cal investigation of heat transfer performance in a prismatic battery 
cooling system using hybrid nanofluids. Case Stud Therm Eng. 
2025;66:105719. https://​doi.​org/​10.​1016/j.​csite.​2024.​105719.

	 4.	 Murali G, Sravya GSN, Jaya J, Vamsi VN. A review on hybrid ther-
mal management of battery packs and it’s cooling performance by 
enhanced PCM. Renew Sustain Energy Rev. 2021. https://​doi.​org/​10.​
1016/j.​rser.​2021.​111513.

	 5.	 Venkateswarlu B, Chavan S, Joo SW, Kim SC. Impact of hybrid nano-
fluids on thermal management of cylindrical battery modules: a 
numerical study. J Energy Storage. 2024;99:113266. https://​doi.​org/​
10.​1016/j.​est.​2024.​113266.

	 6.	 Masthan Vali PSN, Murali G. Simulation on the thermal management 
of electrical vehicle battery pack with different cooling methods. In: 
E3S Web of Conferences, EDP Sciences; 2023. https://​doi.​org/​10.​
1051/​e3sco​nf/​20233​91010​96.

	 7.	 Gasmelseed A, Ismael MA, Said MA, Ahmad F. Performance inves-
tigation of mono and hybrid nanofluids in a liquid battery thermal 
management system under high discharge rate and different drive 
cycle conditions. J Energy Storage. 2025;116:116084. https://​doi.​org/​
10.​1016/j.​est.​2025.​116084.

	 8.	 Sheikholeslami M, Esmaeili Z, Momayez L. Numerical analysis of 
lithium-ion battery performance with new mini-channel configu-
rations implementing hybrid nanofluid. J Taiwan Inst Chem Eng. 
2025;171:106074. https://​doi.​org/​10.​1016/j.​jtice.​2025.​106074.

	 9.	 Venkateswarlu B, Chavan S, Joo SW, Metwally ASM. Numerical study 
on cooling enhancement in lithium-ion battery modules using hybrid 
nanoliquids in flow channels. Int J Hydrogen Energy. 2025;112:231–
42. https://​doi.​org/​10.​1016/j.​ijhyd​ene.​2025.​02.​399.

	10.	 Wankhede S, Kore A, Kamble L, Kale P. Experimental investiga-
tion on an innovative serpentine channel-based nanofluid cooling 
technology for modular lithium-ion battery thermal management. 
Heat Transfer N Y. 2024;53(8):4798–821. https://​doi.​org/​10.​1002/​
htj.​23156.

	11.	 Kumar K, Sarkar J, Mondal SS. Analysis of ternary hybrid nanofluid 
in microchannel-cooled cylindrical Li-ion battery pack using multi-
scale multi-domain framework. Appl Energy. 2024;355:122241. 
https://​doi.​org/​10.​1016/j.​apene​rgy.​2023.​122241.

	12.	 Selvarajoo K, et al. Cooling performance of 18650 lithium-ion 
battery module using Al2O3-GO hybrid and mono nanofluids: a 
numerical study with experimental validation. Case Stud Therm Eng. 
2025;68:105842. https://​doi.​org/​10.​1016/j.​csite.​2025.​105842.

	13.	 Murugan M, et al. Thermal management system of lithium-ion bat-
tery packs for electric vehicles: an insight based on bibliometric 
study. J Energy Storage. 2022. https://​doi.​org/​10.​1016/j.​est.​2022.​
104723.

	14.	 Morali U, Yetik O, Karakoc TH. Nanofluid-based cooling of pris-
matic lithium-ion battery packs: an integrated numerical and statisti-
cal approach. J Therm Anal Calorim. 2024;149(2):799–811. https://​
doi.​org/​10.​1007/​s10973-​023-​12726-9.

	15.	 Huo Y, Rao Z, Liu X, Zhao J. Investigation of power battery ther-
mal management by using mini-channel cold plate. Energy Convers 
Manag. 2015;89:387–95. https://​doi.​org/​10.​1016/j.​encon​man.​2014.​
10.​015.

	16.	 An Z, Jia L, Li X, Ding Y. Experimental investigation on lithium-ion 
battery thermal management based on flow boiling in mini-channel. 
Appl Therm Eng. 2017;117:534–43. https://​doi.​org/​10.​1016/j.​applt​
herma​leng.​2017.​02.​053.

	17.	 Xu X, Li W, Xu B, Qin J. Numerical study on a water cooling system 
for prismatic LiFePO4 batteries at abused operating conditions. Appl 
Energy. 2019;250:404–12. https://​doi.​org/​10.​1016/j.​apene​rgy.​2019.​
04.​180.

	18.	 Li X, Zhou D, Zhang G, Wang C, Lin R, Zhong Z. Experimental 
investigation of the thermal performance of silicon cold plate for bat-
tery thermal management system. Appl Therm Eng. 2019;155:331–
40. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2019.​04.​007.

	19.	 Yetik O, Karakoc TH. Thermal and electrical analysis of bat-
teries in electric aircraft using nanofluids. J Energy Storage. 
2022;52(PB):104853. https://​doi.​org/​10.​1016/j.​est.​2022.​104853.

	20.	 Yetik O, Yilmaz N, Karakoc TH. Computational modeling of a 
lithium-ion battery thermal management system with Al2O3-based 
nanofluids. Int J Energy Res. 2021;45(9):13851–64. https://​doi.​org/​
10.​1002/​er.​6718.

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s10973-024-13076-w
https://doi.org/10.1007/s10973-024-13076-w
https://doi.org/10.1007/s10973-025-14246-0
https://doi.org/10.1016/j.csite.2024.105719
https://doi.org/10.1016/j.rser.2021.111513
https://doi.org/10.1016/j.rser.2021.111513
https://doi.org/10.1016/j.est.2024.113266
https://doi.org/10.1016/j.est.2024.113266
https://doi.org/10.1051/e3sconf/202339101096
https://doi.org/10.1051/e3sconf/202339101096
https://doi.org/10.1016/j.est.2025.116084
https://doi.org/10.1016/j.est.2025.116084
https://doi.org/10.1016/j.jtice.2025.106074
https://doi.org/10.1016/j.ijhydene.2025.02.399
https://doi.org/10.1002/htj.23156
https://doi.org/10.1002/htj.23156
https://doi.org/10.1016/j.apenergy.2023.122241
https://doi.org/10.1016/j.csite.2025.105842
https://doi.org/10.1016/j.est.2022.104723
https://doi.org/10.1016/j.est.2022.104723
https://doi.org/10.1007/s10973-023-12726-9
https://doi.org/10.1007/s10973-023-12726-9
https://doi.org/10.1016/j.enconman.2014.10.015
https://doi.org/10.1016/j.enconman.2014.10.015
https://doi.org/10.1016/j.applthermaleng.2017.02.053
https://doi.org/10.1016/j.applthermaleng.2017.02.053
https://doi.org/10.1016/j.apenergy.2019.04.180
https://doi.org/10.1016/j.apenergy.2019.04.180
https://doi.org/10.1016/j.applthermaleng.2019.04.007
https://doi.org/10.1016/j.est.2022.104853
https://doi.org/10.1002/er.6718
https://doi.org/10.1002/er.6718


	 M. Bilgili et al.

	21.	 Liu Q, et al. Improved performance of Li-ion battery thermal man-
agement system by ternary hybrid nanofluid. J Energy Storage. 
2025;109:115234. https://​doi.​org/​10.​1016/j.​est.​2024.​115234.

	22.	 Hussain M, Mansoor M, Akbar NS, Amer I, Muhammad T. Ther-
mal management optimization in electric vehicle batteries using 
Fe3O4 + CoFe2O4/E.G + H2O hybrid micropolar nanofluid. Case 
Stud Therm Eng. 2025;73:106493. https://​doi.​org/​10.​1016/j.​csite.​
2025.​106493.

	23.	 Vasanthakumar R, Navaneethakrishnan P, Murali G, Vali PSNM. 
Investigation of thermal properties of SiO2 and TiO2 composite nano-
fluids synthesized using sol–gel method for solar thermal applica-
tions. J Therm Anal Calorim. 2024;149(23):14463–73. https://​doi.​
org/​10.​1007/​s10973-​024-​13798-x.

	24.	 Hasan HA, Togun H, Abed AM, Mohammed HI, Armaghani T. 
Cooling lithium-ion batteries with silicon dioxide-water nanofluid: 
CFD analysis. Renew Sustain Energy Rev. 2025. https://​doi.​org/​10.​
1016/j.​rser.​2024.​115007.

	25.	 Li J, Pan T, Liu J, Feng L. Examination of smart battery thermal 
management system using the counter flow of air and nanofluid for 
cooling cylindrical rechargeable batteries for better resilience. Process 
Saf Environ Prot. 2024;188:133–50. https://​doi.​org/​10.​1016/j.​psep.​
2024.​05.​108.

	26.	 Wiriyasart S, Hommalee C, Sirikasemsuk S, Prurapark R, Naphon 
P. Thermal management system with nanofluids for electric vehi-
cle battery cooling modules. Case Stud Therm Eng. 2020;18(Janu-
ary):100583. https://​doi.​org/​10.​1016/j.​csite.​2020.​100583.

	27.	 Tousi M, Sarchami A, Kiani M, Najafi M, Houshfar E. Numerical 
study of novel liquid-cooled thermal management system for cylin-
drical Li-ion battery packs under high discharge rate based on AgO 
nanofluid and copper sheath. J Energy Storage. 2021;41(December 
2020):102910. https://​doi.​org/​10.​1016/j.​est.​2021.​102910.

	28.	 Sarchami A, Najafi M, Imam A, Houshfar E. Experimental study 
of thermal management system for cylindrical Li-ion battery pack 
based on nanofluid cooling and copper sheath. Int J Therm Sci. 
2022;171(September 2021):107244. https://​doi.​org/​10.​1016/j.​ijthe​
rmals​ci.​2021.​107244.

	29.	 Liu H, Chika E, Zhao J. Investigation into the effectiveness of nano-
fluids on the mini-channel thermal management for high power lith-
ium ion battery. Appl Therm Eng. 2018;142(June):511–23. https://​
doi.​org/​10.​1016/j.​applt​herma​leng.​2018.​07.​037.

	30.	 Li J, et  al. Multi-objective optimization of mini U-channel 
cold plate with SiO2 nanofluid by RSM and NSGA-II. Energy. 
2022;242:123039. https://​doi.​org/​10.​1016/j.​energy.​2021.​123039.

	31.	 Kiani M, Omiddezyani S, Houshfar E, Miremadi SR, Ashjaee M, 
Mahdavi Nejad A. Lithium-ion battery thermal management system 
with Al2O3/AgO/CuO nanofluids and phase change material. Appl 
Therm Eng. 2020;180(February):115840. https://​doi.​org/​10.​1016/j.​
applt​herma​leng.​2020.​115840.

	32.	 Liao G, Wang W, Zhang F, Chen J, Leng E. Thermal performance of 
lithium-ion battery thermal management system based on nanofluid. 
Appl Therm Eng. 2022;216(July):118997. https://​doi.​org/​10.​1016/j.​
applt​herma​leng.​2022.​118997.

	33.	 Xu X, Xiao T, Chen S, Lin S. Exploring the heat transfer performance 
of nanofluid as a coolant for power battery pack. Heat Transf Asian 
Res. 2019;48(7):2974–88. https://​doi.​org/​10.​1002/​htj.​21526.

	34.	 Esmaeili Z, Sheikholeslami M. Enhanced thermal management of 
lithium-ion batteries using hybrid nanofluids in finned mini-channels: 
energy and entropy analyses. Eng Sci Technol Int J. 2025;66:102069. 
https://​doi.​org/​10.​1016/j.​jestch.​2025.​102069.

	35.	 Kumar AV, et al. Thermal management of battery cell module 
using a hybrid nanofluid filled inverted right-angled porous trian-
gular cavity through natural convection. J Therm Anal Calorim. 
2024;149(17):9639–61. https://​doi.​org/​10.​1007/​s10973-​024-​13394-z.

	36.	 Mishra S, Gao L, Panda B, Garg A. Topology optimization of cold 
plates for enhanced heat transfer in battery packs: a comparative 
study of various optimized designs and impact of hybrid nanofluids 

as coolant. Int J Green Energy. 2025;22(12):2680–97. https://​doi.​org/​
10.​1080/​15435​075.​2025.​24698​02.

	37.	 Jino L, Kumar AV, Doley S, Berlin M, Jacob A, Natarajan N. 
Revolutionizing EV battery cooling: innovative hybrid nanofluid 
solution in an inverted right-angled triangular porous cavities for 
enhanced thermal regulation via natural convection. J Energy Stor-
age. 2024;94:112470. https://​doi.​org/​10.​1016/j.​est.​2024.​112470.

	38.	 Dilbaz F, Selimefendigil F, Öztop HF. Lithium-ion battery mod-
ule performance improvements by using nanodiamond-FE3O4 
water/ethylene glycol hybrid nanofluid and fins. J Therm Anal 
Calorim. 2022;147(19):10625–35. https://​doi.​org/​10.​1007/​
s10973-​022-​11269-9.

	39.	 Pandey GK, et al. Thermal mapping and heat transfer analysis of an 
induction motor of an electric vehicle using nanofluids as a cooling 
medium. Sustainability. 2023. https://​doi.​org/​10.​3390/​su151​08124.

	40.	 Dhanasekaran A, et al. Silver nanofluid-based thermal manage-
ment for effective cooling of batteries in electric vehicle systems. 
Arab J Sci Eng. 2024;49(11):14711–28. https://​doi.​org/​10.​1007/​
s13369-​024-​08790-4.

	41.	 Wole-Osho I, Okonkwo EC, Kavaz D, Abbasoglu S. An experimental 
investigation into the effect of particle mixture ratio on specific heat 
capacity and dynamic viscosity of Al2O3–ZnO hybrid nanofluids. 
Powder Technol. 2020;363:699–716. https://​doi.​org/​10.​1016/j.​pow-
tec.​2020.​01.​015.

	42.	 Hussain Shah A, et al. Investigation of thermal performance enhance-
ment in automotive radiators using Al2O3-water nanofluid. Spectr 
Eng Sci. 2025;3(9):692–708.

	43.	 Bindu MV, Herbert GMJ. Experimental investigation of stability, 
optical property and thermal conductivity of water based MWCNT-
Al2O3-ZnO mono, binary and ternary nanofluid. Synth Met. 2022. 
https://​doi.​org/​10.​1016/j.​synth​met.​2022.​117058.

	44.	 Memon AA, Kumar L, Memon AG, Harijan K, Sleiti AK. Thermal 
performance analysis of shell and tube heat exchanger using hybrid 
nanofluids based on Al2O3,TiO2, and ZnO nanoparticles. Front Heat 
Mass Transf. 2025;23(3):833–56. https://​doi.​org/​10.​32604/​fhmt.​
2025.​064805.

	45.	 Memon AA, Kumar L, Memon AG, Harijan K, Said Z. Stability 
enhancement of Al2O3, ZnO, and TiO2 binary nanofluids for heat 
transfer applications. Open Phys. 2024. https://​doi.​org/​10.​1515/​
phys-​2023-​0199.

	46.	 Shaalan ZA, Hussein AM, Abdullah MZ. Numerical-experimental 
study to improve photovoltaic panel cooling by using hybrid ZnO/
Al2O3 nanofluids. Case Stud Therm Eng. 2025. https://​doi.​org/​10.​
1016/j.​csite.​2025.​106053.

	47.	 Kuppusamy S, Saravanan D, Kumarasamy S, Pandian B. Perfor-
mance analysis of a hybrid solar flat plate pvt module using Al2O3/
ZnO nanofluid. Vidnovl Enerh. 2025;1(80):51–9. https://​doi.​org/​10.​
36296/​1819-​8058.​2025.​1(80)​51-​59.

	48.	 Alfian DG, Ambiya MF, Syaukani M, Silitonga DJ, Syawitri TP. 
Heat transfer characteristics of hybrid nanofluids Al2O3/ZnO as 
working fluid in electronic cooling systems. Alfian, dkk/ ROTASI. 
2022;24(4):57–63.

	49.	 Bin-Abdun NA, et al. Heat transfer improvement in simulated small 
battery compartment using metal oxide (CuO)/deionized water nano-
fluid. Heat Mass Transfer. 2020;56(2):399–406. https://​doi.​org/​10.​
1007/​s00231-​019-​02719-6.

	50.	 Qomi ME, Sheikhzadeh GA, Fattahi A. On the micro-scale battery 
cooling with a sinusoidal hybrid nanofluid flow. J Energy Storage. 
2022;46(October 2021):103819. https://​doi.​org/​10.​1016/j.​est.​2021.​
103819.

	51.	 Qasim M, Kamran MS, Ammar M, Jamal MA, Javaid MY. Heat 
transfer enhancement of an automobile engine radiator using ZnO 
water base nanofluids. J Therm Sci. 2020;29(4):1010–24. https://​doi.​
org/​10.​1007/​s11630-​020-​1263-9.

	52.	 Ghadikolaei SS, Yassari M, Sadeghi H, Hosseinzadeh K, Ganji DD. 
Investigation on thermophysical properties of TiO2–Cu/H2O hybrid 

https://doi.org/10.1016/j.est.2024.115234
https://doi.org/10.1016/j.csite.2025.106493
https://doi.org/10.1016/j.csite.2025.106493
https://doi.org/10.1007/s10973-024-13798-x
https://doi.org/10.1007/s10973-024-13798-x
https://doi.org/10.1016/j.rser.2024.115007
https://doi.org/10.1016/j.rser.2024.115007
https://doi.org/10.1016/j.psep.2024.05.108
https://doi.org/10.1016/j.psep.2024.05.108
https://doi.org/10.1016/j.csite.2020.100583
https://doi.org/10.1016/j.est.2021.102910
https://doi.org/10.1016/j.ijthermalsci.2021.107244
https://doi.org/10.1016/j.ijthermalsci.2021.107244
https://doi.org/10.1016/j.applthermaleng.2018.07.037
https://doi.org/10.1016/j.applthermaleng.2018.07.037
https://doi.org/10.1016/j.energy.2021.123039
https://doi.org/10.1016/j.applthermaleng.2020.115840
https://doi.org/10.1016/j.applthermaleng.2020.115840
https://doi.org/10.1016/j.applthermaleng.2022.118997
https://doi.org/10.1016/j.applthermaleng.2022.118997
https://doi.org/10.1002/htj.21526
https://doi.org/10.1016/j.jestch.2025.102069
https://doi.org/10.1007/s10973-024-13394-z
https://doi.org/10.1080/15435075.2025.2469802
https://doi.org/10.1080/15435075.2025.2469802
https://doi.org/10.1016/j.est.2024.112470
https://doi.org/10.1007/s10973-022-11269-9
https://doi.org/10.1007/s10973-022-11269-9
https://doi.org/10.3390/su15108124
https://doi.org/10.1007/s13369-024-08790-4
https://doi.org/10.1007/s13369-024-08790-4
https://doi.org/10.1016/j.powtec.2020.01.015
https://doi.org/10.1016/j.powtec.2020.01.015
https://doi.org/10.1016/j.synthmet.2022.117058
https://doi.org/10.32604/fhmt.2025.064805
https://doi.org/10.32604/fhmt.2025.064805
https://doi.org/10.1515/phys-2023-0199
https://doi.org/10.1515/phys-2023-0199
https://doi.org/10.1016/j.csite.2025.106053
https://doi.org/10.1016/j.csite.2025.106053
https://doi.org/10.36296/1819-8058.2025.1(80)51-59
https://doi.org/10.36296/1819-8058.2025.1(80)51-59
https://doi.org/10.1007/s00231-019-02719-6
https://doi.org/10.1007/s00231-019-02719-6
https://doi.org/10.1016/j.est.2021.103819
https://doi.org/10.1016/j.est.2021.103819
https://doi.org/10.1007/s11630-020-1263-9
https://doi.org/10.1007/s11630-020-1263-9


Experimental investigation of the cooling performance of hybrid nanofluid used in the thermal…

nanofluid transport dependent on shape factor in MHD stagnation 
point flow. Powder Technol. 2017;322:428–38. https://​doi.​org/​10.​
1016/j.​powtec.​2017.​09.​006.

	53.	 Sahoo RR, Sarkar J. Heat transfer performance characteristics of 
hybrid nanofluids as coolant in louvered fin automotive radiator. Heat 
Mass Transf/Waerme Stoffuebertrag. 2017;53(6):1923–31. https://​
doi.​org/​10.​1007/​s00231-​016-​1951-x.

	54.	 Bhattad A, Sarkar J, Ghosh P. Discrete phase numerical model 
and experimental study of hybrid nano fluid heat transfer and pres-
sure drop in plate heat exchanger. Int Commun Heat Mass Transf. 
2018;91:262–73. https://​doi.​org/​10.​1016/j.​ichea​tmass​trans​fer.​2017.​
12.​020.

	55.	 Zhang H, Li C, Zhang R, Lin Y, Fang H. Thermal analysis of a 6s4p 
lithium-ion battery pack cooled by cold plates based on a multi-
domain modeling framework. Appl Therm Eng. 2020;173(Decem-
ber 2019):115216. https://​doi.​org/​10.​1016/j.​applt​herma​leng.​2020.​
115216.

	56.	 Razi P, Akhavan-Behabadi MA, Saeedinia M. Pressure drop and 
thermal characteristics of CuO-base oil nanofluid laminar flow in 
flattened tubes under constant heat flux. Int Commun Heat Mass 
Transfer. 2011;38(7):964–71. https://​doi.​org/​10.​1016/j.​ichea​tmass​
trans​fer.​2011.​04.​010.

	57.	 Li T. Study on thermal effects of lithium-ion battery in electric vehi-
cle and battery package dissipation structural optimization. Chong-
qing University, 2013.

	58.	 Elibol EA. Heat transfer enhancement in vehicle cabin heating sys-
tem with hybrid nanofluid: an experimental and artificial intelligence 
approach. Appl Therm Eng. 2025;259:124892. https://​doi.​org/​10.​
1016/j.​applt​herma​leng.​2024.​124892.

	59.	 Kalkan O, Celen A, Bakirci K, Dalkilic AS. Experimental investiga-
tion of thermal performance of novel cold plate design used in a Li-
ion pouch-type battery. Appl Therm Eng. 2021;191:116885. https://​
doi.​org/​10.​1016/j.​applt​herma​leng.​2021.​116885.

	60.	 Li X, Zhang Z, Wang W, Tian Y, Li D, Tian J. Multiphysical field 
measurement and fusion for battery electric-thermal-contour perfor-
mance analysis. Appl Energy. 2020. https://​doi.​org/​10.​1016/j.​apene​
rgy.​2020.​114518.

	61.	 Wang S, Li K, Tian Y, Wang J, Wu Y, Ji S. Infrared imaging inves-
tigation of temperature fluctuation and spatial distribution for 
a large laminated lithium–ion power battery. Appl Therm Eng. 
2019;152(February):204–14.

	62.	 Tang A, Li J, Lou L, Shan C, Yuan X. Optimization design and 
numerical study on water cooling structure for power lithium battery 

pack. Appl Therm Eng. 2019;159:113760. https://​doi.​org/​10.​1016/j.​
applt​herma​leng.​2019.​113760.

	63.	 Cetkin E. The rise of electric vehicles and battery thermal manage-
ment systems. Eng Mach. 2020;November:29–33.

	64.	 Li S, Zhang C, Zhao Y, Offer GJ, Marinescu M. Effect of thermal 
gradients on inhomogeneous degradation in lithium-ion batteries. 
Commun Eng. 2023. https://​doi.​org/​10.​1038/​s44172-​023-​00124-w.

	65.	 Huang D, Wu Z, Sunden B. Effects of hybrid nanofluid mixture in 
plate heat exchangers. Exp Therm Fluid Sci. 2016;72:190–6. https://​
doi.​org/​10.​1016/j.​expth​ermfl​usci.​2015.​11.​009.

	66.	 Vali PSNM, Govindarajan M, Chinnasamy S. Comparison study on 
cooling management of composite phase change material battery 
pack: two different cases. Therm Sci. 2023;27(6):4757–65. https://​
doi.​org/​10.​2298/​TSCI2​20816​218V.

	67.	 Elibol EA, Turgut O, Aktas F, Senol H, Celik AF. Experimental 
investigation on heat transfer and flow characteristics of TiO2-water 
nanofluid in a heavy vehicle radiator. J Therm Anal Calorim. 
2023;148(3):977–94. https://​doi.​org/​10.​1007/​s10973-​022-​11817-3.

	68.	 Hozien O, El-Maghlany WM, Sorour MM, Mohamed YS. Experi-
mental study on thermophysical properties of TiO, ZnO and Ag water 
base nanofluids. J Mol Liq. 2021. https://​doi.​org/​10.​1016/j.​molliq.​
2021.​116128.

	69.	 Bahiraei M, Jamshidmofid M, Goodarzi M. Efficacy of a hybrid 
nanofluid in a new microchannel heat sink equipped with both sec-
ondary channels and ribs. J Mol Liq. 2019;273:88–98. https://​doi.​org/​
10.​1016/j.​molliq.​2018.​10.​003.

	70.	 Hamid KA, Azmi WH, Nabil MF, Mamat R. Experimental investi-
gation of nanoparticle mixture ratios on TiO2–SiO2 nanofluids heat 
transfer performance under turbulent flow. Int J Heat Mass Transf. 
2018;118:617–27. https://​doi.​org/​10.​1016/j.​ijhea​tmass​trans​fer.​2017.​
11.​036.

	71.	 Selvakumar P, Suresh S. Use of Al2O3–Cu/water hybrid nanofluid in 
an electronic heat sink. IEEE trans compon packag manuf technol. 
2012;2(10):1600–7.

	72.	 Panchal S, Dincer I, Agelin-chaab M, Fraser R, Fowler M. Experi-
mental and simulated temperature variations in a LiFePO4-20 Ah 
battery during discharge process. Appl Energy. 2016;180:504–15.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.powtec.2017.09.006
https://doi.org/10.1016/j.powtec.2017.09.006
https://doi.org/10.1007/s00231-016-1951-x
https://doi.org/10.1007/s00231-016-1951-x
https://doi.org/10.1016/j.icheatmasstransfer.2017.12.020
https://doi.org/10.1016/j.icheatmasstransfer.2017.12.020
https://doi.org/10.1016/j.applthermaleng.2020.115216
https://doi.org/10.1016/j.applthermaleng.2020.115216
https://doi.org/10.1016/j.icheatmasstransfer.2011.04.010
https://doi.org/10.1016/j.icheatmasstransfer.2011.04.010
https://doi.org/10.1016/j.applthermaleng.2024.124892
https://doi.org/10.1016/j.applthermaleng.2024.124892
https://doi.org/10.1016/j.applthermaleng.2021.116885
https://doi.org/10.1016/j.applthermaleng.2021.116885
https://doi.org/10.1016/j.apenergy.2020.114518
https://doi.org/10.1016/j.apenergy.2020.114518
https://doi.org/10.1016/j.applthermaleng.2019.113760
https://doi.org/10.1016/j.applthermaleng.2019.113760
https://doi.org/10.1038/s44172-023-00124-w
https://doi.org/10.1016/j.expthermflusci.2015.11.009
https://doi.org/10.1016/j.expthermflusci.2015.11.009
https://doi.org/10.2298/TSCI220816218V
https://doi.org/10.2298/TSCI220816218V
https://doi.org/10.1007/s10973-022-11817-3
https://doi.org/10.1016/j.molliq.2021.116128
https://doi.org/10.1016/j.molliq.2021.116128
https://doi.org/10.1016/j.molliq.2018.10.003
https://doi.org/10.1016/j.molliq.2018.10.003
https://doi.org/10.1016/j.ijheatmasstransfer.2017.11.036
https://doi.org/10.1016/j.ijheatmasstransfer.2017.11.036

	Experimental investigation of the cooling performance of hybrid nanofluid used in the thermal management system of an electric vehicle Li-ion battery
	Abstract
	Introduction
	Experimental
	Preparation and thermophysical properties of hybrid nanofluids
	Experimental setup and procedure
	Battery heat generation
	Uncertainty analysis

	Result and discussion
	Heat transfer rate ( )
	Heat transfer coefficient (h)
	Battery surface temperature and maximum temperature difference
	Pressure drop (ΔP)
	Performance evaluation criteria (PEC)
	Battery voltage

	Conclusions
	Acknowledgements 
	References


