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Lithium-ion batteries are extensively acknowledged as efficient devices for energy storage due to their capacity to 

function at elevated power levels while ensuring stability and reliability. Nonetheless, a significant obstacle in their 

real-world application is the heat generation that occurs during both charging and discharging processes, which can 

adversely impact performance, safety, and lifespan. Consequently, research into thermal management strategies has 

become crucial to facilitate the stable functioning of lithium-ion batteries. This study presents a numerical analysis 

aimed at investigating the cooling effectiveness of an Oil/Al₂O₃ nanofluid when utilized with a single lithium iron 

phosphate (LFP) battery. The research scrutinized a total of six parameters, including four dependent variables 

associated with the thermophysical characteristics of the coolant, one parameter related with the electrical current 

passing through the battery, as well as one independent variable related to the nanoparticle volume fraction. Simulations 

were conducted utilizing the commercial software ANSYS Fluent, maintaining the flow conditions at a constant 

Reynolds number. To assess the impact of nanoparticle concentration, pure oil was juxtaposed with Oil/Al₂O₃ nanofluid 

across three distinct volume fractions. The findings revealed that although an increase in nanoparticle concentration 

from 0% to 4% substantially improved heat transfer, resulting in approximately a 20% enhancement in both the average 

convective heat transfer coefficient and the Nusselt number, it significantly increases pressure drop along the battery 

chamber, which ultimately results in a slight decrease in performance efficiency of nanofluid.  
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 چکیده 

 

 اطلاعات مقاله 

  نان، یاطم  ت یو قابل  یداریپا  نیحال تضم  نیعملکرد در سطوح توان بالا و در ع   ت ی ظرف  ل یبه دل  ون ی-ومیتیل  ی های باتر
  یمانع مهم در کاربرد واقع کیوجود،  نی. با اشوندی شناخته م یانرژ یسازره یذخ ی کارآمد برا  ی هابه عنوان دستگاه

  ر یو طول عمر تأث  یمنیبر عملکرد، ا  تواندیو م  دهد یو دشارژ رخ م  ارژش  ندیگرما است که در طول هر دو فرآ  دیآنها، تول
- ومیتیل  یهای باتر   داریعملکرد پا  لیتسه  ی برا   یحرارت  ت ی ریمد  ی های در مورد استراتژ  قیتحق  جه،یبگذارد. در نت  یمنف
- روغن  الیوسنان  ک ی  یسازخنک  یاثربخش  یبا هدف بررس  یعدد  لیتحل  ک یمطالعه    ن یمهم شده است. ا اریبس  ونی

در مجموع شش پارامتر، از    قیتحق  نی. ادهدیارائه م(  LFP)  ومیتیفسفات آهن ل  یباتر  کیهنگام استفاده با    آلومينا
، یک پارامتر مرتبط با شدت جریان برق عبوری  کنندهخنک  یکی زیترموف  ی هایژگیوابسته مرتبط با و   پارامتر  چهار جمله  

را بررس  یمستقل مرتبط با کسر حجم  ریمتغ  کی  نیو همچن  از باتری از    هایسازهیکرد. شب  ینانوذرات  با استفاده 
غلظت   ریتأث   یابی ارز  ی ثابت حفظ شد. برا   نولدزی در عدد ر  انی جر  طیانجام شد و شرا   ANSYS Fluent  یافزار تجاررم ن

نشان داد    هاافتهیمجزا کنار هم قرار داده شد.    یدر سه کسر حجم  آلومينا-روغن  الینانوذرات، روغن خالص با نانوس
 ش یو منجر به افزا   بخشدیبهبود م  یحرارت را به طور قابل توجه  انتقال،  %4به    %0غلظت نانوذرات از    شیافزا اگرچه  که  
، با اینحال این افزایش به قیمت افزایش قابل  شودی و عدد ناسلت م  جابجاييانتقال حرارت    بی ضر  ی درصد  20  با  یتقر

جر به کاهش مختصر بازدهی کارآیی نانوسیال می توجه افت فشار در طول محفظه باتری حاصل می شود که نهایتا من
 گردد.  
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1- Introduction  

Energy management has been acknowledged as a fundamental issue 

in contemporary engineering, considering that energy has traditionally 

been vital for the survival and advancement of human civilization. Al-

Hallaj et al. [1] considered an experimental configuration and came 

up with a passive cooling system that consists of applying Phase 

Change Materials (PCMs), and it was demonstrated that under 

circumstances close to thermal insulation and an air convective 

coefficient of heat transfer equal to zero, applying PCMs reduced the 

temperature of a 100 Ah pack by 8°C with respect to cases without 

PCMs. Liquid cooling offers a highly efficient air substitute for 

battery thermal systems in electric vehicles at the scale possible for 

commercial-scale manufacture, given the increased heat capacity of 

liquids over air and their enhanced thermal conductivity [2]. 

Experimental and numerical simulation studies on the effect of free 

convection air cooling on a lithium iron phosphate pouch battery were 

carried out by Kalkan et al. [3] The results of the study also indicated 

that free convection air cooling is ineffective for managing high 

discharges of batteries. Cheng et al. [4] designed and tested a single-

phase forced convection immersion cooling system for electronic 

devices through both numerical simulation and experimental 

procedures. During this study, the motherboard assembly was 

immersed in a specially created cooling fluid that was referred to as 

Novec 7100. The results showed that there is a relation between 

elevated coolant velocities and the enhanced removal of heat from the 

processor, which leads to lower processor temperatures; conversely, 

reduced flow velocities have elevated temperatures and a nonuniform 

temperature distribution as their consequence. The numerical 

performance study of immersion cooling of a pouch battery module 

was carried out by Zhou et al. [5] using ANSYS Fluent and was also 

compared with air cooling results. The study underscored that the 

immersion cooling method adopted was effective in balancing the 

maximum temperature and maximum temperature difference in the 

battery pack, such that these parameters were very low for a 3C 

discharge rate for immersion cooling compared with air cooling. 

Besides that, the cooling efficiency is greatly influenced by the 

coolant's flow rate in immersion cooling; it will reduce with the 

increase of this factor but will increase pressure drop, and as such, 

optimization of this flow rate will be inevitable. Patil et al. [6] 

proposed a new cooling method for a lithium pouch battery module 

using numerical simulation and experimental study. In this study, the 

batteries were submerged in a dynamic cooling medium, and the 

researchers designed an air duct that is positioned at the upstream side 

of the module and incorporated the terminals of the batteries, which 

were the hottest points on the batteries, to increase the circulation of 

air. The comparison of various cooling setups highlighted that the 

coolest cooling arrangement is comprised of coolant flow with air in 

the upstream duct such that the temperature of the terminals of the 

battery can be lowered by 46.8% as compared to utilizing independent 

free convection air cooling. Gharehghani et al. [7] numerically 

simulated a new cooling system utilizing indirect side cooling with the 

use of aluminum plates. The study entailed the use of two aluminum 

plates, which were located on either side of the batteries and equipped 

with six microchannels for water passage. This study examined the 

effect of different geometries of water microchannels that were 

divided into four different types, namely straight, wavy, porous, and 

those with thin metal foam layer coverage on the walls, on cooling 

efficiency. The results proved that wavy microchannels and those with 

porous aluminum foam increase significantly the rate of heat transfer 

and thereby reduce the overall temperature of the battery module on 

average. Zou et al. [8] numerically analyzed an inline-configured 

cylindrical 18650 battery module for investigation of the hybrid 

cooling comprising static immersion cooling with mineral oil and 

indirect cooling with water-contact tubes located between the battery 

columns. The approach, in this case, involves the absorption of the 

collected heat with the oil and the rejection with the flowing water in 

the tubes. The maximum temperature and temperature difference 

across the battery module under natural conditions were below 43.3°C 

and 2.62°C, respectively, as per the results obtained. The system has 

an advantage over dynamic cooling systems, for instance, in lower 

energy usage. Ahmad et al. [9] employed a new approach that 

combines numerical solutions with artificial neural networks to 

examine the effects of dynamic immersion cooling and determine the 

best cooling conditions. The study considered parameters such as 

spacing between batteries, distance from walls, inlet velocity of flows, 

and the amount of flows within a 10-prismatic-battery-module battery 

module. The results showed that dynamic immersion cooling 

produces an 8.3% higher reduction in the maximum temperature of 

the battery module than static immersion cooling. In addition, the use 

of neural networks yielded 7.7% and 86% reduction in maximum 

temperature and temperature difference, respectively, compared with 

cases without neural networks. Yang et al. [10] performed a 

computational simulation on a 20-cell lithium iron phosphate battery 

module to examine the effect of dynamic immersion cooling using 

supercritical carbon dioxide (S-CO2), which is distinguished by its 

superior thermophysical properties, such as high heat capacity and 

superior thermal conductivity compared with conventional immersion 

cooling liquids. Their results showed that this technique significantly 

enhances the overall efficiency of thermal management with a 453% 

increase in the Nusselt number compared with mineral oil as the 

cooling agent. However, this system poses safety issues and requires 

high-pressure-capable battery modules. Based on above literature 

review, presenting a numerical analysis to investigate the cooling 

effectiveness of an Oil/Al₂O₃ nanofluid in batteries is necessary 

especially when utilized with a single lithium iron phosphate (LFP) 

due to their advantages and low costs compared to experimental 

methods. So, this research is performed by this aim and considered a 

total of six parameters, including four dependent variables associated 

with the thermophysical characteristics of the coolant, one parameter 

related with the electrical current passing through the battery, as well 

as one independent variable related to the nanoparticle volume 

fraction. 

2- Numerical methods 

In the current study, a cylindrical lithium iron phosphate (LFP) battery 

with a radius of (r = 13.125 mm) and a height of (h = 65.4 mm) was 

utilized. The battery is encapsulated within a rectangular shell with 

dimensions expressed as (4r ×h × 8r), as presented in Figure (1). The 

physical properties of the battery materials are given in Table (1). The 

simulation was performed in the transient regime, for a time period of 

1500 seconds. The heating sources inside the battery consist of two 

major parts [11]: irreversible heat (Joule heating) and reversible heat 

(Entropic heating). The first type stems from electrical resistance 

within the battery, whereas the second stems from chemical reactions 

inside the battery. Previous studies have indicated that the reversible 

heat on average represents about 20% of the irreversible heat [11], 

[12]. Consequently, the modeling of the heating sources inside the 

battery is given following Equation (1). 

2[ ] 1.2 igen
Q W R I

 

(1) 
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Fig. 1 Schematic of the Geometry 
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Table 1 Physical Properties of the Battery [13] 

 

Moreover, the electrical resistance of the battery is dependent on SOC 

and the average volumetric temperature of the battery. In previous 

studies, it was noted that this resistance weakly depended on SOC 

[14]. The electrical resistance of the battery, therefore, in terms of its 

average volumetric temperature, was obtained [15] quantitatively 

from Equation (2). From Figure (2), it can be noted that the resistance 

is relatively constant at around (6 mΩ) within the operational 

temperature range of batteries in electric vehicles. Subsequently, for 

purposes of this study, it can be assumed that the electrical resistance 

of the battery is constant with a value of (6 mΩ). The current (I) is 

flowing through the battery. The notable point is that the current 

depends on the C-rate of the battery discharge, which is represented 

by Equation (3) [16]. The C-rate is the rate at which the charging and 

discharging processes occur for the battery within a time frame of one 

hour. 
3 2( ) 0.0001 0.0134 0.5345 12.407i avg avg avgR m T T T = − + − +  (2) 

 

( ) cellI A Q C rate=  −  (3) 

 

The current flow is induced at the initial temperature of 298.15 (K) 

with a constant Reynolds number of 100 that flows on one side of the 

enclosure, passes over the battery, and flows out from the other side, 

as evident from Figure (1). The Reynolds number is defined as: 

ReD

VD


=                                                                              (4) 

 

Where ρ (
𝑘𝑔

𝑚3
) is density of fluid, V (

𝑚

𝑠
) is inlet velocity of coolant, and 

μ (
𝑊

𝑚.𝑘
) demonstrates fluid dynamic viscosity. The thermophysical 

properties of coolant are calculated in ambient temperature as 

reference temperature.   

 

 

 

 

 

 

 

 

Fig.2 Battery Electrical Resistance Change with Temperature 

 

 

From literature reviews [17], it is found that the formation of Karman 

vortex street (vortex shedding) is close to 48; Due to side walls, ceiling 

and bottom of the battery chamber, the transition is not Reynolds 

number driven alone, but geometry induced (confinement + wake 

interaction). Thus, the (SST k-ω) turbulent model was chosen for this 

simulation. The computational grid utilized in this simulation is 

structured and has 75880 cells, as evident from Figure (3), with a 

constant (Y+) value of 0.3 << 1 being maintained for the entire 

simulation. 

 

 

Fig.3 Top view of structural grid 

 

It must be mentioned that the side walls, ceiling, and bottom of the 

enclosure have the thermal boundary conditions as insulated, and the 

side surface of the battery is coupled. The hydraulic boundary 

conditions at the inlet and outlet of the domain are specified as a 

constant velocity and 𝑃 = 𝑃𝑎𝑡𝑚 , respectively. For convergence 

criteria, three monitors are defined: the velocity vector of the flow at 

a specific point, the coolant mass flow rate, and the inlet pressure 

along with a residual cutoff of E-06. Moreover, the solver settings 

include an initial time step of 10 (s), a Courant number of 1, and the 

SIMPLE pressure-velocity coupling method. The simulations have 

been carried out at a 4C discharge rate for the battery, as this rate 

imposes a significant loading on the battery and can also be taken as 

a conservative condition. As a result of this, it can be concluded from 

Equation (1), Equation (3) and Table (1) that the estimated power 

generation inside the battery is about 1.03 (W). The volume fractions 

of the nanoparticles were taken at three different values, i.e., 0, 0.02, 

and 0.04. 

The thermophysical properties of the nanofluid were calculated 

according to equations (5) to (9), as outlined in [18]. It is noteworthy 
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that the properties of the base fluid (mineral oil) were assumed to be 

constant, corresponding to those at ambient temperature, since from 

Figure (8) it is clear that the temperature variation along the battery 

chamber is below 1.5 ℃  and according to literature [19], the 

thermophysical properties of oil are almost independent of 
temperature over this range.  As a result, the nanofluid thermophysical 

properties, which are crucial for calculating Reynolds number, are 

calculated corresponding to ambient temperature. Moreover, by 
varying the volume fraction of nanoparticle, inlet velocity is manually 

adjusted to keep the Reynolds number equal to 100 for all cases.  The 

properties of the nanoparticles and the base fluid were obtained from 
reference [19] and are detailed in Table (2). 

(1 )f b p   = − + (5) 

 

Where φ is the volume fraction of Al2O3, 𝜌𝑝 is the density of Al2O3 

and 𝜌𝑏 is the density of pure mineral oil. 

Specific Heat Capacity: 

(1 ) b pb p pp

pf

f

C C
C

  



 − + 
=  

(6) 

 

Where  𝐶𝑝𝑝  is the specific heat capacity of Al2O3 and 𝐶𝑝𝑏  is the 

specific heat capacity of pure mineral oil. 

Thermal Conductivity: 

0.25 (3 1) (2 3 )f p bk k k  = − + − + 
 

 
(7) 

 

 Where 𝑘𝑝 is the thermal conductivity of Al2O3 and 𝑘𝑏  is the thermal 

conductivity of pure mineral oil. 

Also: 

2

(3 1) (2 3 ) 8p b p bk k k k   = − + − + 
 

(8) 

 

 

Viscosity: 

2(123 7.3 1)f b   = + +  (9) 

 

Where 𝜇𝑏 is the viscosity of pure mineral oil. 

 

Value Physical Properties Name 
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𝑊
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Table 2 Physical Properties of Pure Mineral Oil and Al2O3 [1] 

 

The flow is assumed to be turbulent due to Re > 48 and forementioned 

deduction. Ansys solves the Navier-Stokes equation on the 
conservation of mass, momentum, and energy, with the specified 

parameters and boundary conditions.  

The governing equations are as follows. 

Mass conversion : 

( ) 0
f

f
V

t





+ =


 

(10) 

 

Where 𝑉⃗  demonstrates the velocity vector of fluid flow, regarding to 

incompressible coolant, it reduces to:        

( ) 0V =  (11) 

 

Momentum Conservation: 

( )
( ) ( )

f

f f

V
VV p g

t


  


+ = − + +


 

(12) 

 

Where 𝑉⃗  stands for velocity vector, p indicates static pressure of the 

working fluid and, 𝜏 is Stokes stress tensor.                                              

Energy Conversion: 

( )
( ) ( )

f

f

h
hV k T

t





+ = 


 (13) 

 

Where 𝑉⃗  is velocity vector, k stands for heat conduction coefficient of 

the working fluid and h  is enthalpy of the fluid flow.  

3- Results and Discussion 

3-1 Mesh Independence 

To investigate grid independence, three different structured meshes 
were employed, as outlined in Table (3). As observed in this table, 
the number of grid cells approximately doubles at each step. As 
observed in Figure (4), the average surface temperature of the battery 
was selected as the evaluation parameter. It is noted that the value of 
this parameter in Grid 2, which consists of 75880 cells, is 
approximately equivalent to that of the finer grid. Therefore, this grid 
configuration will be used for subsequent calculations in this study. 
It is worth mentioning that this analysis was conducted for a 
nanoparticle volume fraction of 0.04. 
 
 

Table 3 Grids Detail 

 

3-2 Validation 

To verify the present calculation setup, Seider-Tate correlation [20] 

is validated for a quasi-channel flow that oil flows through a gap 

between four batteries quadrants, in which each of them is a quarter 
of an 18650 cylindrical Li-ion battery, along batteries’ axis; While 

these batteries quadrants are tangent with their side cell. In the 

forementioned study, oil enters the gap with temperature of 20 ℃ 

and its thermophysical properties varies by temperature according 

to equations which are mentioned in the article. Moreover, each 
battery has a constant heat generation rate of 3 (W) and the flow 

regime is assumed to be laminar. Furthermore, the inlet temperature 
is assumed to be the reference temperature. Boundary conditions are 

shown in Figure (5).  

 

 
Fig.4 Mesh Sensitivity Analysis 
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Grid number 

 

39400 
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Fig.5 Validation setup 

 
 

The Nusselt number of the fluid flow is chose as the evaluation 

parameter. Findings reveal a perfect alignment between simulation 

and empirical results. It is noteworthy that the error between data is 
below 5% in all points. As a result of this, the present numerical 

setup is valid and trusted. 

 

 
Fig. 6 Validation Results 

 
 

3-3 Effect of volume fraction of the nanoparticle on heat transfer 

 

To evaluate the variations in heat transfer within the thermal 

management system, the average convective heat transfer coefficient 

of the nanofluid and the average Nusselt number of the flow were 
utilized. Initially, energy conservation within the battery compartment 

was mentioned for a volume fraction of 0.02 as a representative case. 

Subsequently, the convective heat transfer coefficient of the nanofluid 
was calculated by defining the effective heat transfer surface and the 

reference temperature difference. Finally, the Nusselt number of the 

flow was compared across different volume fractions. It should be 
noted that, in this study, the film temperature was employed as the 

reference temperature. Additionally, to measure the average 

temperature values at the outlet of the domain and on the battery 
surface, the mass-weighted temperature and the area-weighted 

temperature were used, respectively.  
Energy Balance inside the Battery considering constant current: 

[ ]store gen lossQ W Q Q= −  
(14) 

 

Energy Conservation within the fluid domain: 

[ ]loss pfQ W mC T=   
(15) 

 

For the case under investigation with a volume fraction of 0.02, the 

values of the average temperature difference between the inlet and 

outlet, the specific heat capacity of the nanofluid, and the mass flow 

rate of the nanofluid were obtained as 0.001824 (K), 1839.5958 

(J/kg·K), and 0.3076 (kg/s), respectively. Therefore: 

1.032[ ]lossQ W=  
(16) 

 

On the other hand, by integrating over the effective heat transfer 

surface of the battery during the solution process, the total heat 

transfer rate, after reaching a steady state, was calculated to be 1.033 

watts. Therefore: 

 

effective

loss

A

Q QdA= 
 (17) 

 

Effective surface of the heat transfer [21] 

20.00539( )effectiveA Dh m= =  (18) 

 

 

 

 

Average heat transfer coefficient: 

2
( )

.
loss

effective ref

QW
h

A Tm K
=



 
(19) 

 

 

Where: 

,s batteryref film
T T T = −  (20) 

 

Also: 

,
1

( ) ( )
2

s batteryfilm inlet
T K T T= +  

(21) 

 

Average Nusselt number of the fluid flow is calculated according to 

 

f

D
Nu h

k
=  (22) 

 

The variations in key parameters, including the average Nusselt 
number, the average convective heat transfer coefficient, and the 

pressure drop within the battery chamber, can be observed as the 

nanoparticle volume fraction changes from 0 to 0.04 at a constant inlet 
Reynolds number of 100, as presented in Table (4). Furthermore, the 

temperature, velocity, and pressure contours for the case with a 

volume fraction of 0.04 are provided below. Also, the variation of 
mean temperature of the battery surface over time is mentioned below, 

as Figure (11) illustrates. 

 

%( )  
𝑹𝒆𝑫 = 𝟏𝟎𝟎 

Parameter 
𝜑 = 0.04 𝜑 = 0.02 𝜑 = 0 

19.33 167.1778 151.7652 140.0952 Nu  

19.33 

 

846.3974 

 

768.3653 

 

709.2822 2
( )

.

W
h

m K

 

93.75 
38.6709 26.6089 19.9584 ( )P pa  

Table 4 Results 

 

As the nanoparticle volume fraction increases from 0 to 0.04 at a 

constant inlet Reynolds number of 100, the heat transfer capability of 

the working fluid increases by approximately 20% . 
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Fig.7 Pressure Drop in Battery Chamber 

 

As it is clear, heat transfer enhancement is accompanied by a 

significant increase in pressure drop within the battery chamber, 

which approximately doubles under the same conditions. 

 

 

 

 

Fig.8 Contour of Temperature 

 

This contour shows the heat diffusion inside the solid domain, which 

has been generated in the centerline and scatters inside the domain in 

radial direction. 

 

Fig.9 Contour of Velocity 

 

This contour shows the maximum velocity, which has occurred 

between the battery and side walls, and also the formation of Von 

Karman vortex street behind the battery. 

 

 

 

Fig.10 Contour of Pressure 

 

This contour illustrates the pressure difference between upstream and 

downstream of the battery. Since drag force is achievable by 

integrating over battery surface, it is noteworthy that this force must 
be considered in module design. Additionally, this contour 

demonstrates the pressure drop between inlet and outlet of the fluid 

domain. Since hydraulic power is directly related to pressure drop and 
as it is well known that designing a battery thermal management 

system has always been a trade-off between costs and benefits, which 

are here appear in the form of pumping power and heat transfer 

enhancement, as a result, conducting a thermo-economic analysis is 

essential.  

 

 

 

Fig.11 Variation of Mean Temperature of Battery Surface 

 

This graph illustrates the variation in the mean surface temperature of 
the battery as a function of nanoparticle volume fraction. The addition 

of nanoparticles reduces the surface temperature of the battery and 

enhances heat transfer performance. Although the battery surface 
temperature remains within an acceptable range without additives, 

reducing the Reynolds number—potentially to lower pumping power 

requirements—increases the importance of using nanoparticles to 
maintain effective thermal management. 

 

Fig. 12 Performance Efficiency Coefficient of nanofluid 

 

3-4 Performance analysis 

To investigate the effect of adding nanoparticles on the cooling 
performance of the battery chamber, Performance Efficiency 

Coefficient (PEC) is used. In present study, PEC is calculated based 

on pressure drop ratio [22]:  

( / ) / ( / )
nf oil nf oil

PEC h h P P=                                     (23) 

The result for different volume fractions is depicted in Figure (12). 
It is observable that by increasing the volume fraction of 

nanoparticles, PEC decreases, in which means that in this case heat 
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transfer enhancement cannot rectify the increase of pressure drop. 

This could be caused by different reasons such as limited heat transfer 

effective area, low Reynolds number, and harsh confinement. It 
should be noted that it does not mean that nanofluid is useless, but in 

present geometry with aforementioned Reynolds number, using 

nanofluid is not ideal in terms of thermohydraulic.  
 

4- Conclusion 
This study numerically evaluated the thermal performance of an 

alumina–oil nanofluid for cooling a lithium iron phosphate battery. 

The simulations demonstrated that incorporating nanoparticles into 
the base oil significantly enhances convective heat transfer 

characteristics. An increase in nanoparticle volume fraction up to 4% 

resulted in nearly a 20% improvement in the heat transfer coefficient. 
Although such thermal enhancement contributes to better temperature 

regulation, which is critical for maintaining battery safety and 

durability, it costs a significant increase in pressure drop along the 
battery chamber, which must be rectified by hydraulic pump that 

ultimately results in a slight decrease in performance efficiency of 

nanofluid.  
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