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Abstract As electric vehicles are becoming more popular, thermal management
systems for batteries have become an important aspect of keeping the temperature
and performance of the batteries under check. Exposure to extremeor higher tempera-
turesmight lead to the reduction inmaximumvoltage and the durability of the battery.
Thus, an efficient way of thermal management is required for good performance.
This research paper deals with the modelling and simulation of a thermal manage-
ment system of batteries, which makes use of nanofluids as a cooling medium. The
battery is modelled as a cylindrical body with isothermal temperature surrounded by
nanofluid as coolingmedium.Water is considered as a base fluid and parametric study
is conducted using different nanoparticles such as aluminium, aluminium oxide and
graphene. The volume fraction of the nanofluid is varied between 2 and 8%.Monodis-
persed spherical particles of uniform size are referred to as nanoparticles. By taking
into account the impacts of natural convection, the problem is treated as a three-
dimensional incompressible unstable flow. The problem is investigated by plotting
the streamline, temperature, velocity and pressure contours. The findings show that
the type of nanofluid used and its volume percentage can have a substantial impact
on the flow and heat transfer characteristics of batteries. The findings of this study
will aid in determining the ideal nanofluid combination for increasing heat transfer
rate.
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1 Introduction

Batteries have now become an inevitable part of our day-to-day life. They have their
applicability in awide range of fields fromconsumer electronics to electrical vehicles.
The most widely used batteries in the present-day world are lithium-ion batteries.
Lithium-ion batteries have profound use because of their rechargeable capabilities.
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During both periods of charging and discharging, there is dissipation of heat from
their surfaces which exposes the battery continuously to high temperatures. This may
affect the operating conditions and efficiency of the battery. Constant operation at
excessive temperatures dwindles the performance of the batteries and also fast tracks
the deterioration process thus reducing the battery’s lifespan. Additionally, there is
a possibility of the heat generation value of the battery exceeding the amount of
heat dissipation to the surroundings. This phenomenon known as thermal runaway
can create a domino effect with the internal battery temperature rising exponentially
bringing about a rise in battery current. This hike in temperature in any single battery
can set about affecting other batteries in the close vicinity. Besides the excessive
temperature, the large disparity in the temperatures inside the battery package could
potentially lead to irregular current densities and battery decay. All these issues arise
the need for a proper thermal management system of a battery to transmit the excess
heat to the surroundings and maintain the battery at optimal temperatures.

Ahmed et al. [1] used a single-phase model in an inclined square enclosure
with buoyancy-driven flow to examine the utilization of CuH2O nanofluid. The two
surfaces under consideration are a cold obstacle and a circular cylinder with unsteady
state convection taking place between the surfaces. Jilte et al. [2] investigated two
techniques of cooling component arrangement: liquid filled battery cooling systems
and liquid circulated battery cooling systems. The two-cooling mediums consid-
ered are water and alumina-water nanofluid and inspect the improvement in cooling
performance by addition of nanoparticles. Harish and Sivakumar [3] examined the
turbulent thermal convection flowwith the heat and cold sources attached to the walls
of the cubical enclosure using nanofluids. A transient, three-dimensional, two-phase
mixture model was developed with the values of Grashof numbers varied to compute
the results. Karimi et al. [4] investigated the use of phase change composites to
increase the heat transfer rate of cylindrical lithium-ion batteries. The different phase
change material (PCM) used were copper, silver and iron oxide, and the computed
results were weighed up with metal matrix of PCM. Alipanah et al. [5] studied
the outcome of various geometrical and operating conditions on the battery surface
temperature which is the vital aspect of BTMS. The cooling media considered were
octadecane and galliumand aluminium foamswith different porositieswere saturated
with these mediums to determine the increase in the thermal conductivity values.

Jilte et al. [6] studied the characteristics of a thermal management system which
uses nano-enhanced phase change materials for better heat transfer. In this study on
additionof nanoparticles to phase changematerials, itwas observed that after a certain
time, the addition of nanoparticles enhanced the heat absorption characteristics of
the material. Huo et al. [7] using lattice Boltzmann method investigated the thermal
management system which was based on nanofluid medium. He used aluminium
oxide as the nanoparticles suspended in water as the cooling medium and conducted
the analysis on a cylinder with uniformly distributed constant heat source. Mondal
et al. [8] worked on the thermal management system and investigated on the efficacy
of nanoparticles. In this study, different nanoparticles were tested on the battery with
different flow configurations. Kiani et al. [9] looked into pure water and nanofluid
battery thermal control systems. The system was used in conjunction with phase



CFD Analysis on Thermal Performance of Nanofluids … 81

change material (copper foam filled with paraffin wax). Singh et al. [10] looked at
the thermal conductivity of various nanofluids to see how diverse their applications
are.

Liu et al. [11] studied about the effectiveness of nanofluid on the mini-channel
thermal management in lithium-ion battery. It is observed in this paper that the
addition of nanofluid shows great influence on cooling effect in fluids with lower
thermal heat conductivity especially on engine oil. The addition of nanoparticle to
base fluid shows a very good thermal management performance as they control the
maximum cell temperature. Kiani et al. [12] investigated the use of nanofluid, metal
foam and phase changematerial in the hybrid thermal control of lithium-ion batteries.
In this paper, the authors have shown that nanofluid cooling system is very much
effective in thermal management when compared to that of water-cooling system
during stressful operating conditions of the battery. It is observed in this paper that
nanofluid cooling systemextends the battery’s operation time.Nasir et al. [13] studied
about the nanofluid heat pipe inmanaging the temperature of electric vehicle lithium-
ion battery.When aluminiumoxide nanofluidwith a volume fraction of roughly 0.015
is used as a working fluid in a heat pipe, the overall thermal resistance is reduced
by 15% when compared to water filled heat pipes. Wiriyasart et al. [14] investigated
the nanofluid thermal management system for battery cooling modules in electric
vehicles. It is observed that the battery surface temperature reduces up to 27.6%
when compared to that of conventional battery cooling modules. It is also found
that the cooling effect of the coolant would increase drastically if the concentration
of the nanoparticles suspended in the coolant is higher. Wu et al. [15] investigated
the nanofluid-based battery thermal management system using lattice Boltzmann
method. The authors have observed 6.5% decrease in the temperature of the battery
if we use nanofluid with 0.06 volume fraction.

Majority of the earlier papers involves the investigation of effects of usage of
nanofluids in distinct shapes.To the best of authors’ knowledge, there is a lackof study
on the comparison of different nanofluids’ utilization in battery thermal systems and
singling out the best ones. Thus, this paper studies the use of aluminium, Al2O3 and
graphene in a simulated battery thermal environment and figuring out the most effi-
cient nanofluid particle. A three-dimensional model is developed in an unsteady state
environment to determine the different required characteristics. Through the alter-
ation of different volume fraction values, the heat transfer characteristics of various
nanofluids are investigated. Similar investigations were performed in [3, 16–19].

2 Methodology

The designed model of the presented problem comprises of an unsteady state flow of
nanofluids enclosed in an enclosure. The nanofluids are considered to be incompress-
ible and viscous. The basefluid to be used iswaterwith the nanoparticles suspended in
them. The three different nanoparticles under consideration are aluminium, alumina
and graphene. The battery is in cylindrical shape with a diameter of 14 mm and
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height of 50 mm. This cylindrical battery surface generates heat uniformly over its
surface. Thus, the boundary condition is set to be constant wall temperature of 85 °C
at the outer surface of the cylinder. The acceleration due to gravity is taken in the
conventional direction and is set as 9.81 m/s2. The thermophysical properties are
presumed to be constant.

2.1 Governing Equations

The conservation equations for mass, momentum and energy equations of the fluid
are as follows:
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where ρ f represents the density of fluid, μf indicates the dynamic viscosity, Cpf

depicts the specific heat of the fluid and kf represents the thermal conductivity of the
fluid. The other parameters like the velocity, time and temperature are denoted by
u, t and T, respectively. The assumptions taken under this study are incompressible
fluid flow and steady state heat transfer.
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Equation (4) and (5) denote the turbulent kinetic energy equation and diffusion
equation, respectively, where K is the kinetic energy, ν represents the kinematic
viscosity of the nanofluid, νT represents the turbulent viscosity and Uj indicates the
velocity in the domain.

σw denotes the empirical constants. ω and Pk variables in the equation are the
turbulent dissipation rate and production of turbulent kinetic energy, respectively.
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2.2 Thermophysical Properties

According to the requirements pertaining to the required study, the effective density,
heat capacitance. Thermal conductivity and absolute viscosities of the nanofluids
were computed based on the following formulaswith different volume fraction values
under consideration. The values are computed using the formulas and presented in
Table 1

ρn f = (1 − ∅)ρ f + ∅ρp (6)
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Table 1 Property values of different nanofluids

Nanofluids Volume
fraction

Density
(Kg/m3)

Viscosity (Pa. s) Heat capacity
(J/kgK)

Thermal
conductivity
(W/mK)

Aluminium 0.02 1034 0.000936 4015.016673 0.642768328

0.04 1068 0.00099 3855.38809 0.681054605

0.06 1102 0.00104 3705.609546 0.720954813

0.08 1136 0.0011 3564.79662 0.762573202

Aluminium
oxide

0.02 1059 0.00094 3938.91407 0.641203288

0.04 1118 0.00099 3718.354204 0.677796832

0.06 1177 0.00104 3519.906542 0.715864647

0.08 1236 0.0011 3340.404531 0.755497657

Graphene 0.02 1025.4 0.00094 4031.178077 0.643056194

0.04 1050.8 0.00099 3884.316711 0.681654448

0.06 1076.2 0.00104 3744.38766 0.721893065

0.08 1101.6 0.0011 3610.911402 0.763878884
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where ϕ refers to the volume fraction of the nanoparticle. The subscripts in the equa-
tion p, f and nf represent the thermal capacity, μ represents the dynamic viscosity,
β means the thermal expansion coefficient and α depicting the thermal diffusivity.
Table 1 represents the thermophysical properties of three different nanofluids under
different volume fraction.

2.3 Simulation Modelling

Fluent inAnsys softwarewas used to run the simulation.We created a cylinder 15mm
in diameter and 50 mm in length. It was enclosed in an enclosure of 100 mm in all
six directions. The created model was meshed further with the default size. Further,
all the sides of the enclosure and cylinder was named using the named selection.
Next step was carried on the Fluent environment. The enclosure fluid was defined
here using the nanofluid properties taken from Table 1. The surface of the cylinder
is defined with a constant wall temperature of 333 K (60 °C), and the fluid is taken
to be at 293 K (20 °C). All the residuals of velocity, momentum and energy are set
to values of 1e-06. Calculations were carried out for a total of 1000 iterations. The
flow in this simulation is considered to be incompressible and turbulent. Further,
the values of convective heat transfer coefficients, surface heat flux values are taken
from the reports. Contours for temperature pressure and velocity are plotted with the
count of contours to be 1000. The maximum temperature was taken from the contour
plotted in Fig. 1.

Fig. 1 Meshing of a cylinder in the enclosure b the enclosure
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3 Result and Discussions

Temperature, velocity and pressure contours of all the 12 simulations are calculated.
Figure 2a represents one such temperature distribution contour of aluminium-water
nanofluid with a volume fraction of 6%. In this scenario, the temperature decreases
as the distance from the battery increases, forming a concentric rings pattern. The
temperature varies from a maximum temperature of 333 k on the surroundings with
a temperature of 293 K. The temperature is conducted in the initial stage from the
solid cylinder to surrounding fluids whereby afterwards the convection takes over
and the temperature near the fluid is convected to the low temperature surroundings.
Figure 2b represents the velocity distribution of the same case. Due to convection, the
particles near the fluid get the energy and diffuse towards the walls of the enclosure
which can be seen in the visualization as small patches. Figure 3 represents the
pressure distribution of the same case. All other values’ temperature, velocity, and
pressure contours were found to be similar to Figs. 2a, b and 3 accordingly.

The velocities of the nanofluids are highest near the heat source, which is the cylin-
drical battery, in the early periods. These high-energy particles propagate towards
the wall surfaces as the transient heat transfer continues. Thus, after a period of time,
the higher velocities are seen to be concentrated towards the enclosure fences as
seen in Fig. 2b. As observed from Fig. 3, the pressures are spotted to be maximal
near the vicinity of the top surfaces. This is a result of the buoyancy forces acting

Fig. 2 a Temperature distribution contour of (aluminium–water) with ø = 6% b Velocity
distribution of (aluminium–water) with ø = 6% at the base of the cylinder
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Fig. 3 Pressure distribution contour of (aluminium–water) with ø = 6%

on the nanofluid molecules. The particles absorb this heat and grow lighter as the
temperature of the molecules rises due to the heat generated. As a result, a significant
concentration of molecules may be found near the upper parts, resulting in higher-
pressure results. Similarly, lower pressures are seen in the lower surface where a
lesser concentration of nanofluids can be identified.

The fluctuation of the heat transfer coefficient with volume fraction is depicted
in Fig. 4a. It is observed that the line graph for the variation is found to be
increasing linearly with the addition of nanoparticles. When the volume percentage
was increased from 2 to 4%, the heat transfer coefficient increased by 4.67 per cent.
Subsequently, there was an increase of 4.3% and 4.52% increase in h value from 4
to 6% and 6% to 8%. Figure 4b represents the total heat flux variation with volume
fraction. The pattern foundhere is that the value of surface heat flux increasesmomen-
tarily as the volume fraction of nanoparticles in nanofluids increases, implying that
more heat is transported per unit area as the volume fraction of nanoparticles grows.

The fluctuation of the heat transfer coefficient with the volume fraction for
alumina-water nanofluid is shown in Fig. 5a. An exact increasing trend was observed
in the case of heat transfer coefficient with the value jumping from 63.75 W/m2K to
72.46W/m2Kon varying the volume fraction from2 to 8%. Similarly, a positive slope
is observed in case of total surface heat flux in Fig. 5b varying from2858.501W/m2 to
3249.34 W/m2 on addition of nanoparticles. Figure 6 indicates that the heat transfer
coefficient and total surface heat flux increases with increase in volume fraction for
graphene-water nanofluid.

Simulation of graphene-water nanofluid was carried out with different nanopar-
ticles concentration, and the results were plotted on a graph. An increasing slope is
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Fig. 4 Variation of a heat
transfer coefficient (W/m2K)
and b total surface heat flux
(W/m2) with volume fraction
of aluminium-water
nanofluid
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Fig. 5 Variation of a heat
transfer coefficient (W/m2K)
and b total surface heat flux
(W/m2) with volume fraction
of alumina–water nanofluid
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Fig. 6 Variation of a heat
transfer coefficient (W/m2K)
and b total surface heat flux
(W/m2) with volume fraction
of graphene-water nanofluid

(a)

63
65
67
69
71
73

0.01 0.03 0.05 0.07 0.09

He
at

 T
ra

ns
fe

r 
Co

ef
fic

ie
nt

 

Volume Fraction

(b)

2800

2900

3000

3100

3200

3300

0.02 0.04 0.06 0.08

To
ta

l S
ur

fa
ce

 H
ea

t 
Fl

ux

Volume Fraction

observed in case of heat transfer coefficient on increasing the nanoparticle concen-
tration. On the other hand, the total surface heat flux increases on increasing the
nanoparticle concentration. On average the heat transfer coefficient increases by a
percentage of 4.41% for 2% increase in nanoparticle concentration. In case of total
surface heat flux, it increases by an average of 4.25% on rise of 2% rise in the
nanoparticle concentration. Figure 7 represents the comparison aluminium-water,
alumina-water and graphene-water nanofluids combination’s fluctuation in the coef-
ficient of heat transfer with the increase in nanoparticle concentration. On comparing
on all the values obtained in the simulation, it can be noted that aluminium has the
highest coefficient of heat transfer comparing to aluminium oxide and graphene.
Aluminium with a volume fraction of 8% exhibited the highest of all heat transfer
coefficients with a value of 72.73 W/m2K. It can also be noted from the line graphs
that the value of h increases with the rise in nanoparticle concentration for all the
three cases. Figure 8 depicts the increase in the coefficient of convective heat transfer
on increasing the volume fraction by 2 percentage. It was observed that a change of
4.5% on average increase on increasing the volume fraction by 2%.

4 Conclusion

• This work establishes a lithium-ion battery model of a nanofluid-based battery
thermal management system to keep the battery temperature within safe limits.
On a cylinder with a constant wall temperature, the validation is carried out.
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Fig. 7 Comparison of all the above mentioned nanofluids
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Fig. 8 Percentage increase of heat transfer coefficient on increasing the value of nanoparticle
concentration

• The cooling qualities have been investigated, and it has been discovered that
the cooling features improve as the percentage of nanoparticles in the nanofluid
increases.

• Out of the three nanofluids, aluminium-water nanofluid exhibited a higher convec-
tive heat transfer coefficient. The highest heat transfer coefficient of 72.73W/m2K
is observed on the Al-water nanofluid with 8% volume fraction of aluminium
which signifies its better ability of cooling and maintaining a lower temperature
on the surface of a battery.

• In the variation of total surface heat flux with volume fraction of nanoparticles, it
is concluded that with the increase of nanoparticle concentration, the amount of
heat transferred per unit area has increased on the surface which shows its ability
to be added along with base fluid to enhance the cooling capacity.
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• Similarly, a maximum heat flux of 3261.166 W/m2 was observed in case of
aluminium–water nanofluid with a nanoparticle concentration of 8%. Thus, the
nanofluids can be used in order to increase the rate of heat transfer to the
surroundings from the surface of the battery tomaintain it at optimal temperatures.
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