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Abstract
The study investigates the approach to enhance the thermal management of battery cell module by attaching number of 
inverted triangular cavity to its casing. A sinusoidal heating is considered to battery cell module or a left wall of the cavity. 
The sinusoidal heated region is considered to be a function of amplitude ratio. The objective is to transfer the heat from 
module using natural convection process. The enhanced heat transfer is possible by adopting hybrid nanofluid in a triangular 
cavity due to its improved thermophysical properties. Thus, the investigation on natural convection heat transfer, fluid flow, 
and irreversibility within an inverted right-angled triangular porous cavity is conducted. Numerical results are obtained 
through an own-house FORTRAN coding, that uses the streamfunction–vorticity algorithm. The numerical results are derived 
for various values with Rayleigh number ( 103 − 10

6 ), Darcy number ( 10−5 − 10
−1) , Hartmann number ( 0 − 50) , amplitude 

ratio ( 0.0 − 0.9 ) and volume fraction of nanoparticles ( 0.01 − 0.04 ), respectively. The irreversibility and flow results are 
compared with the various hybrid nanofluids. The study indicates that opting inverted right-angled triangular cavity rather 
than a square shape leads to an improvement in heat transfer. Accordingly, this inverted right-angled triangular cavity natural 
convective cooling can be considered as optimum design with the battery cell module for improved thermal management.
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Abbreviations

Parameters
A	� Amplitude ratio
Be	� Bejan number
cp	� Specific heat (J Kg−1 K−1)

Da	� Darcy Number
g	� Gravity (m s−2)

Ha	� Hartmann number
k	� Thermal conductivity (W m−1 K−1)

Nu	� Nusselt number
P, p	� Pressure (kg m−1 s−2)

Pr	� Prandtl number
Ra	� Rayleigh number
Sθ , S�T	� Entropy generation by heat transfer
Sψ , S�T	� Entropy generation by fluid friction
ST	� Total entropy generation
T 	� Dimensional temperature (K)
u	� Horizontal velocity (m s−1)

U	� Dimensionless horizontal velocity
v	� Vertical velocity (m∕s)

V 	� Dimensionless vertical velocity
x	� Horizontal direction (m)

X	� Dimensionless horizontal direction
y	� Vertical direction (m)

Y 	� Dimensionless vertical direction

Greek symbols
�	� Thermal diffusivity (m2 s−1)

�	� Thermal expansion coefficient (K−1)

�	� Ratio due to irreversibility
�	� Solid volume fraction
ℜ	� Root mean square deviation
�	� Dimensionless temperature
Θcup	� Cup-mixing temperature
�	� Dynamic viscosity (Ns m−2)

�	� Density 
(

kg m−3
)

�	� Electrical conductivity (Sm−1)

�	� Streamfunction
Π	� Heatlines

Subscripts
fl	� Base fluid
hn	� Hybrid nanofluid
hp	� Hybrid nanoparticle
p	� Nanoparticle
h	� Hot
c	� Cold

Text abbreviations
Al2O3	� Aluminum oxide
Ag	� Silver
Cu	� Copper
EV	� Electric vehicle
FDM	� Finite difference method
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MHD	� Magnetohydrodynamics
MWCNT	� Multi-walled carbon nanotubes
NCF	� Natural convection flow
TC	� Triangular cavities
TiO2	� Titanium oxide

Introduction

The depletion of petroleum fuels leads to the development 
of electric vehicles (EVs) to promote the sustainable 
transportation. In EV’s, the batteries act as a superior power 
source. The need of thermal management of batteries has 
become very crucial to make electron transport efficient and 
to longevity. By interconnecting battery heat with the fluid 
dynamics probes, the potential way to the battery thermal 
management, particularly through convection. The study 
aims to utilize air around moving vehicles for cooling during 
natural convection process. The natural convection flow, 
driven by free energy gradients, leads to a significant role 
in energy extraction and has gained worldwide attention for 
its importance.

Research on free convection focuses on ordered 
molecular motion, also known as irreversibility analysis, 
helps in predicting useful work extracted during natural 
convection. Accordingly, the present study aims to examine 
irreversibility associated with heat transfer and fluid 
friction, along with heat and fluid flow patterns within an 
inverted triangular cavity integrated with the battery cell 
module casing. The similar thermal management studies on 
batteries using fluid dynamics have been initiated by various 
researchers [1–4], and this study advances heat transport 
through natural convection processes.

The naturally occurring energy flow associated with 
free convection pays a wide range of daily applications, 
namely, reservoirs, solar energy, cooling of electronic 
components, nuclear reactors, catalytic reactors, reactions 
of a chemical/biochemical reaction, etc. [5–7]. For example, 
the rotational flow of nanofluids during convection is 
utilized in biomedical engineering applications [8]. In 
early stages, the natural convection flow (NCF) within an 
equilateral triangular cavity (TC) was studied by Ribbens 
et al. [9]. Their study illustrated fluid flow structures using 
streamfunction and isotherm tools derived through finite 
difference discretization (FDD). Subsequently, Varol et al. 
[10] utilized the heatline tool to visualize the heat flow 
rather than the temperature distribution by isotherms. They 
utilized FDD-based solutions to examine NCF behavior 
in a sinusoidally bottom-heated TC. It was observed that 
NCF behavior improved with increasing Ra. Basak et al. 
[11] investigated the heat transfer within the inverted 
isosceles right-angled TC due to NCF using streamfunction, 
heatfunction and isotherms. Here, the triangle is heated 

to both the inclined wall and cooled to the top wall. The 
NCF is more found in the lower Pr fluid than the higher 
Pr number fluid due to its viscous effect. In continuation 
to previous study, Kaluri et al. [12] considered the right 
angled TC to explore the NCF due to various combinations 
of thermal wall conditions. It is considered that the vertical 
and inclined walls are heated even, cooled even or heated 
linearly, while the bottom wall was treated as adiabatic. The 
NCF is examined for the various top angles, and it is found 
that the streamline circulation is more at higher top angles 
than the lower top angles.

The importance of porous medium on heat transfer 
process is due to its improved surface area within the 
area. In regard to this, various study was conducted to 
analysis, the heat transfer over the porous medium. For 
instance, Krishna et al. [13] investigated the heat transfer 
and natural convection flow (NCF) of a Jeffrey fluid over a 
vertical plate under porous medium conditions. Followed 
by this study, Krishna et  al. [14, 15] further examined 
MHD free convective heat and mass transfer of micropolar/
second-grade fluid past a plate/sheet under porous medium 
conditions. Additionally, Krishna et al. [16, 17] extended 
their study to investigate the effects of chemical reaction, 
Soret, Hall, and Joule effects on heat transfer and mass 
transfer rates when fluid flows past a porous plate. Besides 
this, Basak et al. [18] done the NCF analysis to porous 
right-angled isosceles TC with cooled top wall and heated 
remaining wall. It is noted that at larger values of Ra , the 
heat transfer is more for higher values of Darcy number. 
Yesiloz and Aydin [19] numerically and experimentally 
examined NCF due to bottom heating in a right-angled 
triangular cavity. They found that at higher values of 
Ra , the convection flow and corresponding heat transfer 
were significantly increased. Recently, Nazir et al. [20] 
studied the radiative-NCF under heat generation effects 
within the equilateral TC. They heated the left inclined 
wall while cooling the remaining walls and found that the 
streamfunction increased with augmentation of radiation, 
buoyancy effects, and permeability.

The analysis to limpidity of irreversibility due to fluid 
friction or heat transfer to convert into useful work by fluids 
can be investigated with the laws of thermodynamics. The 
entropy generation study is very important to the execution 
of entropy generation minimization. In regard to this, Varol 
et al. [21, 22] examined the production of entropy within 
the heated isosceles TC due to NCF. They considered the 
TC with the bottom partially and fully heated as well as 
sinusoidal heated isosceles TC with various angles of rota-
tion. It is noted that the Bejan number decreases with the 
heater length at the bottom and for increasing the value of 
Ra . In addition, it is observed that the entropy generation 
has an impact with the rotation of TC. Basak et al. [23] 
analyzed the function of irreversibility while NCF. They 
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consider the right-angled TC with various thermal condi-
tions such as constant heating, constant cooling linear heat-
ing and adiabatic, respectively. Bhardwaj et al. [24] studied 
the studied entropy generation during NCF within a porous 
wavy TC with a sinusoidally heated bottom wall. They 
observed that the Bejan number was low and the Nusselt 
number was high when the permeability of the TC was high. 
Biswal and Basak [25] briefly reviewed the nature of irre-
versibility during NCF on various shapes of cavities. The 
cavities with various shapes such as square, square-convex, 
square-concave, equilateral triangle, right-angled triangle, 
trapezoid, square-pot, and wavy respectively are considered 
with and without inclinations. Recently, Rashidi and Yang 
[26] utilized various cavity shapes to understand heat flow 
and entropy generation in different thermal solar systems. 
Their study reviewed thermal systems in terms of cavities 
with different shapes and noted that viscous irreversibility 
was high near boundaries exposed to the solar system.

The fluid flow nature with its own capability is induced 
by the addition of nanoparticles within the fluids [27]. Thus, 
the heat/fluid flow studies with incorporating nanofluids are 
improved periodically. In regard to this Buongiorno [28] 
investigated the slip mechanism that generates relative 
velocity between the nanoparticle and base conventional 
fluids. From the investigation, it is found that the thermo-
phoresis and Brownian motion are the prime slip mechanism 
that has to be considered. Consequently, research based on 
nanofluids has increased significantly. The nanofluids are 
composed of nano-shaped particles, enhance the thermal 
conductivity of normal fluids, intensifying heat transfer, as 
discussed by Sheikholeslami and Ganji [29]. The heat trans-
fer study by Krishna and Chamkha [30] is done between the 
two parallel disk filled with nanofluid under porous medium. 
It is found that the convection heat transfer improves with 
the nanofluid.

Apart from the heat transfer enhancement applications, 
the vast applications of nanofluids are found in the article 
by Wong and Leon [31]. The researchers used nanofluids 
to examine the heat transfer/fluid flow characteristics due to 
NCF within the cavity. For instance, Basak and Chamkha 
[32] examined the heat transfer rate of various nanofluids 
against the normal base fluid. For this analysis, the nanofluid 
is loaded within a square-shaped cavity and heated toward the 
left/bottom wall. The examination shows the enhancement of 
the Nusselt number during NCF of nanofluids. Sheremet and 
Pop [33] considered a porous, right-angled TC to analysis the 
NCF using Buongiorno’s model. The flow within the TC is 
improved by enhancing the buoyancy effect and further leads 
to quantification of the heat transfer rate of nanofluid with 
respect to an increase in the value of Ra. More recently, Red-
ouan et al. [34] examined the effects of MHD-NCF due to hot 
thermal boundary over the left/bottom wall and cool wavy 
long inclined wall of the right-angled porous TC. Moreover, 

the rotating cylinder is bounded at the middle. The study 
shows that the average Nusselt number decreases until Ra 
reaches 105 and increases further.

Bondareva et al. [35] entertained partially opened TC to 
analysis the EG due to NCF with respect to partial heating at 
the bottom. The analysis denotes a huge drop in the average 
Bejan number while increasing the Ra from 104 to 105 and 
106 . Also, a small rise in average Bejan number is noted while 
increasing the amount of volume fraction of nanoparticles. Al-
Zamily [36] investigated the irreversibility of heat and fluid 
flow within a layered nanofluid-filled cavity due to NCF with 
respect to partially heated flux boundary at the left. One of the 
layers within the square cavity is porous and the remaining two 
layers are non-porous, respectively. Das et al. [37] conducted 
an extensive analysis of NCF within cavities of different shapes 
with or without a porous medium, filled with conventional 
or nanofluid, respectively. The study was further extended to 
examine entropy generation, showing that the cavity’s inclina-
tion also contributes to reducing entropy generation.

Huminic and Huminic [38] reviewed entropy genera-
tion of hybrid/normal nanofluids during NCF, considering 
various cavity shapes with flux/even/partially heated thermal 
boundaries. Tayebi et al. [39] explored the entropy changes 
within an elliptical-shaped annulus with heated internal 
boundary and cooled external boundary, noting an improve-
ment in the total entropy of CuAl2O3–water hybrid nanofluid 
with the convection effects and addition of nanoparticles 
volume fraction during NCF. Recently, Kumar et al. [40] 
examined the irreversibility changes due to NCF within a 
cavity loaded with MWCNT–water nanofluid. The examina-
tion is done with a linear or even heated thermal boundary 
at the left. The main finding of the study is the Bejan/Nus-
selt number is higher for the even heated boundary than the 
linear heated one. Jino and Vanav [41] compared the heat 
transfer behavior of water-based Cu or Al2O3 or Cu–Al2O3 
nanoliquid due to MHD-NCF inside a porous enclosure 
allotted with sinusoidal boundary conditions. It is noted 
that the hybrid nanoliquid heat transfer behavior is better 
than the normal nanoliquid, mainly at the higher values of 
Ra and Da. Swamy et al. [42] analyzed irreversibility due 
to fluid friction/heat transfer in a Cu–water nanofluid-filled 
rectangular enclosure, observing that the enclosure’s aspect 
ratio significantly influences total entropy generation and 
Bejan number.

The above-mentioned studies denote the importance of 
natural convection for the heat transfer applications, and the 
presence of nano-sized particles, either a single component 
or hybrid, enhances this heat transfer process within the 
base liquid solution. Various heat transfer studies have been 
conducted by various researchers with respect to different 
shapes of the cavity, and this current study considers the 
inverted right-angled TC for the better heat transfer process. 
The battery cell module comprises multiple battery cells, and 
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the heat has to be advected for better efficiency. In addition 
to the convective design [1–4] of a battery module, a series 
of right-angled triangular cavities that are inverted and filled 
with hybrid nanofluid (the thermophysical properties are 
included in the Table 1) are externally attached to the battery 
cell module casing. The inclined wall of the TC is exposed 
to the surrounding air for heat transfer enhancement process 
by using natural convection. Using a detailed examination of 
the free convection process within the TC using an entropy 
generation study, this research provides valuable insights for 
engineers to enhance the heat transfer process. Particularly, 
these findings contribute to better designs to engineers for 
the thermal management of EV batteries, which advances 
the sustainable transport.

In summary, the key objectives of the study are,

1.	 To improve the thermal management of battery cell 
module by using air around moving vehicles for cooling 
during the natural convection process.

2.	 For the thermal management, series of cavities are 
attached to the battery cell module casing and to analysis 
the heat transfer and entropy generation within a cavity 
(filled with hybrid nanofluid) due to free convection.

Mathematical modeling of a problem

To analysis the flow irreversibility within an inverted right-
angled TC, mathematically the coordinates are outlined 
at (0,0), (0, y) and (x, y) . Here, the left vertical wall of the 
TC is managed with sinusoidally heated and the heating 
intensity is a function of amplitude ratio Ar . Non-dimen-
sionally, the temperature distribution at a left wall is given 
as � = Ar +

(

1 − Ar

)

sin(�Y) . Aside from the left wall, the 
top wall of the inverted TC is natured as adiabatic and the 
inclined wall is considered as low thermal temperature. 
Non-dimensionally it is denoted by ��∕�Y = 0 and � = 0 
as shown in Fig. 1. Other than the thermal boundaries, the 
velocities at the walls are considered as no-slip effects (i.e., 
all the velocities at the fixed walls are zero).

Inside the inverted porous right-angled TC, one of the 
hybrid nanofluids, such as Cu–Ag–water, Cu–Al2O3–water, 
Cu–MWCNT–water or Cu–TiO2–water, is provided. Inside 
the cavity, the entropy analysis to be done along with the 

NCF examination. To achieve this, the necessary govern-
ing equations are derived to examine the heat and fluid 
flow patterns within an inverted triangular cavity inte-
grated with the battery cell module casing, under the fol-
lowing approximations and assumptions:

•	 The number of inverted right-angled triangle cavities are 
attached externally to the battery cell module casing. The 
battery has no contact with the inner side of the casing or 
battery cell module or the series of TC.

•	 The free convection flow simulations of a cavity are 
considered to two dimensions in space ( X and Y  axes 
direction) only.

•	 The hybrid nanofluid is incompressible in nature and 
considered laminar.

•	 The Boussinesq approximations are considered to derive 
ruling equations.

•	 No-slip conditions are valid (i.e., all the velocities are 
zero at the fixed walls).

•	 The effects such as Hall current, electrical resistance 
heating, ion slip, viscous dissipation, heat generation and 
radiation are not included in the study.

•	 Applied magnetic field effect is considered by neglecting 
the induced magnetic field.

•	 The water and hybrid nanoparticles are considered to be 
no-slip and in thermally equilibrium.

•	 All individual nanoparticles are assumed to be similar in 
shape (spherical).

Table 1   Various thermophysical 
properties of nanoparticle and 
water solution

Water MWCNT Al2O3 Cu TiO2 Ag

�∕kg m−3 997.1 1600 3970 8933 4250 10,500

Cp∕J Kg
−1 K−1 4179 796 765 385 686.2 235

k∕W m−1 K−1 0.613 3000 40 401 8.9528 429

�∕K−1 × 10−5 21 2.0 0.85 1.67 0.9 1.89

�∕S m−1 0.05 4.8 × 10–7 10–10 5.96 × 107 0.24 × 107 6.3 × 107
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•	 The flow of hybrid nanofluid is considered as single-phase 
fluid.

With the assumptions, the governing equations are derived 
and written non-dimensionally as [37, 43–45],

The above equations signify the two-dimensional continuity 
or mass conservation (Eq. 1),  X and Y directional momentum 
conservation (Eq. 2) and temperature or energy equation 
(Eq. 3), respectively. The parameters such as density, heat 
capacity, viscosity, thermal conductivity and thermal expansion 
co-efficient of a hybrid nanofluid and these parameters relays 
on the properties of an individual nanoparticle (Cu, Ag, Al2O3, 
MWCNT and TiO2 nanoparticles) and base fluid (water) such 
as,

Moreover, other parameters used for non-dimensionalizing 
Eqs. (1–4) are:

(1)
�U

�X
+

�V

�Y
= 0

(2)

U
�U

�X
+ V

�U

�Y
+

�hn

�hn�fl

U

Da
=

�hn

�hn�fl

(

�2U

�X2
+

�2U

�Y2

)

−
�P

�X

(3)

U
�V

�X
+ V

�V

�Y
+

�hn

�hn�fl

V

Da
=

�hn

�hn�fl

(

�2V

�X2
+

�2V

�Y2

)

−
�P

�Y
+

(��)hn

�hn�fl
RaPr(�) −

�fl�hn

�hn�fl
Ha

2Pr(V)

(4)U
��

�X
+ V

��

�Y
=

�hn

�fl

(

�2�

�X2
+

�2�

�Y2

)

(5)�hn = �fl − �fl

∑

�i + �hp

∑

�i

(6)
(

�cp
)

hn
=
(

�cp
)

fl
−
(

�cp
)

fl

∑

�i +
(

�cp
)

hp

∑

�i

(7)�hn = �fl∕

(

1 −
∑

�i

)2.5

(8)
khn =

[

kfl

(

khp + 2kfl − 2kfl

∑

�i + 2khp

∑

�i

)

×

(

khp + 2kfl − kfl

∑

�i + khp

∑

�i

)−1
]

(9)(��)hn = (��)fl − (��)fl

∑

�i + (��)hp

∑

�i

(10)U = uH∕�fl

(11)V = vH∕�fl

Here, U,V , �,P are the dimensionless velocities, tem-
perature and pressure with respect to the direction X and 
Y , respectively. Moreover, Ra, Da, Ha and Pr represents 
the Rayleigh number (convection parameter), Darcy num-
ber (Permeability parameter), Hartmann number (Magnetic 
parameter) and Prandtl number (property of fluid). In addi-
tion, the subscripts fl represents base fluid and hp represents 
the contribution of nanoparticle 1 and nanoparticle 2. The 
mixture property of hybrid nanoparticle is given by,

(12)X = x∕H

(13)Y = y∕H

(14)P = pH2∕�hn�
2
fl

(15)� = (T − TC)∕ΔT

(16)Ra = (
(

T − Tc
)

�flgH
3)∕(�fl�fl)

(17)Da = K∕H2

(18)Ha =
√

�fl∕�fl�fl(BH)

(19)Pr = �fl∕�fl

(20)�hn = khn∕
(

�cp
)

hn

(21)�hp =

∑

(�)i(�)i
∑

�i

(22)�hp =

∑

(�)i(�)i
∑

�i

The Eqs. (1)–(5) are utilized to calculate the required 
flow fields under the following boundary conditions on three 
walls of the cavity as [46],

(23)khp =

∑

(�)i(k)i
∑

�i

(24)(cp)hp =

∑

(�)i
�

cp
�

i
∑

�i
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At left wall:

At top wall:

At inclined wall:

After the flow solutions are derived, the entropy or 
irreversibility due to velocity gradient/heat transfer (S�∕S�) 
to be derived. Thus, irreversibility is calculated using the 
velocity and temperature gradient as [37, 47, 48],

Here, the irreversibility ratio can be taken between 
10−4 ≤ � ≤ 10−2.

On integration to the above parameter toward both 
directions provides the total entropy or irreversibility due to 
velocity gradient/heat transfer (S�T∕S�T).

In addition to the above, the overall entropy or 
irreversibility 

(

ST
)

 due to velocity gradient and heat transfer 
within the TC due to natural/free convection is given by,

(25)� = Ar +
(

1 − Ar

)

sin(�Y),U = 0,V = 0

(26)��∕�Y = 0,U = 0,V = 0

(27)� = 0,U = 0,V = 0

(28)S� = �
�hn

�fl

[

1

Da

(

U2 + V2
)

+

{

2

(

(

�U

�x

)2

+

(

�V

�y

)2
)

+

(

�U

�Y
+

�V

�X

)2
}]

+ �
�hn

�fl
Ha2V2

(29)S� =
khn

kfl

[

(

��

�x

)2

+

(

��

�y

)2
]

(30)S�T = ∫ S�dXdY

(31)S�T = ∫ S�dXdY

(32)ST = S�T + S�T

In the case of natural convection flow (NCF) within a 
porous triangular cavity (TC), there must be a dominance of 
any mode of heat transfer, such as conduction and convection. 
This can be determined by employing a non-dimensional 
parameter known as the Bejan number ( Be ). The Bejan num-
ber is defined as the ratio of total entropy or irreversibility 
due to heat transfer to the total entropy or irreversibility due 
to the combined velocity gradient and heat transfer.

Further, the thermal mixing rate, heat transfer rate and 
temperature uniformity within the cavity can be defined 

(33)Be =
S�T

ST

using cup-mixing temperature (Θcup) , Nusselt number (Nu) 
and root-mean-square deviation (ℜ) , respectively [43].

(34)Θcup =
∫ ∫ V̂(X, Y)�(X, Y)dXdY

∫ ∫ V̂(X, Y)dXdY

(35)Nu = −
kn

kfl ∫
(

��

�Y

)

Y=0
dX

(36)
ℜ =

�

∑N

i=1

�

� − Θcup

�2

N
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Numerical solution

•Streamfunc�on-Vor�city equa�on (∇2 = )
•Velocity equa�on ( = ⁄ ; = − ⁄ ; = ⁄ − ⁄  )
•Temperature equa�on (Eq. 4)

Dimensionless 
equa�on

•Vor�city, = 0

•Temperature, = 0

•Velocity, = = 0

Ini�al condi�on

•Vor�city ( , )

•Streamfunc�on ( , )

•Temperature ( , )

Discre�zed equa�on: 
FDM with boundary 

condi�ons

,

/2 from ,

,

/2 from ,

•Solve tri-diagonal matrix system using TDMA algorithm

Implicit scheme (ADI)

•Veloci�es, , = ⁄ ; , = − ⁄

•Heatlines, Π , ∇2Π = ⁄ + ⁄

•Entropy, 
,
;

,

Update the velocity, 
heatlines and 

entropy

•Desired accuracy, Convergence criteria ∑ , − , ≤ 10−6
,

, ,

Steady state 
solu�ons

•Streamfunc�on, 
•Temperature, 
•Heatlines, Π
•Nusselt number, 
•Bejan number, 
•Cup-mixing temperature, Θ
•Root-mean square devia�on, ℜ

Results

, from ,

/2

, for �me ,

/2

Ne
xt

 it
er

a�
on

=
+1, 1,

2Δ

2

2
=

+1, − 2 , + 1,

2
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The numerical solution for the current problem is achieved 
by following steps. 1. Conversion of momentum equation 
and continuity Eq.  (1–3) into vorticity-streamfunction-
based Eq. 2. The obtained vorticity-streamfunction equation 
along with energy equation is coupled with no-slip and 
temperature boundary conditions. 3. The coupled equations 
are discretized using the finite difference method and 
arranged implicitly. 4. The algebraic equations are attained 
in a tridiagonal manner and are solved using a tridiagonal 
matrix algorithm. The detailed procedure to generate the 
solution is illustrated in the following flow chart.

With the above procedure, the numerical algorithm is 
compared with the previously published problems in terms 
of streamfunction, isotherms and irreversibility analysis 
[47]. Figure 2 displays four plots arranged in the order of 
streamfunction, isotherm, irreversibility caused by heat 
transfer, and fluid friction from left to right. The arrange-
ment of these plots is indicative of the similarity between 
the current study and previously published results, which 
prompted the initiation of this study.

Following this, the current is study to simulate the NCF 
within a TC using the FORTRAN algorithm. The algorithm 
is communicated with the initial and boundary conditions 
(25–27) to get a desired solution. After the evaluation of 
grid sensitivity test, the total number of grids is set to 14,884 
nodes. Moreover, the distance between each node is consid-
ered as constant. The outcome of various grid is tabulated 
in Table 2. The main criteria for the selection of 14,884 

nodes is the comparison of Nu and the time required for 
convergence.

Results and discussion

In order to enhance the thermal management in the EV’s 
battery cell module, the cavities are attached to its casing in 
order to achieve natural convection heat transfer process. For 
the same, the NCF, heat transport and entropy generation 
within the cavity is analyzed using the streamfunction, 
temperature distribution, heatline and entropy generation 
contours along with the plots such as Nusselt number, Bejan 
number, cup mixing temperature and root-mean-square 
deviation of temperature, respectively. The analysis is done 
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Fig. 2   Validation of algorithm

Table 2   Grid sensitivity test ( Da = 10
−2
, Ra = 10

6 and Ha = 5)

Grid size Nu Time for 
convergence/s

1764(42 × 42) 10.7145 1381

3844(62 × 62) 10.9162 2721

6724(82 × 82) 11.1028 4502

10404(102 × 102) 11.3096 6631

14884(122 × 122) 11.3117 10120

20164(142 × 142) 11.3161 12368

26244(162 × 162) 11.3198 15674
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with the variation of volume fraction of the nanoparticles 
( 0.01 ≤ � ≤ 0.04 , to understand the effects of nanoparticles 
on NCF), Rayleigh number ( 103 ≤ Ra ≤ 106 , to understand 
the buoyancy effects during convection), Darcy number 
( 10−5 ≤ Da ≤ 10−1 , to find the effect of porosity), Hartman 
number (0 ≤ Ha ≤ 50 , to find the magnetic effects) and 
amplitude ratio ( 0.0 ≤ Ar ≤ 0.9 , to find the effects on NCF 
during the intensity of sinusoidal temperature), respectively.

Effect of amplitude ratio on NCF with respect 
to permeability

Figure 3 illustrates the contours of �  , � , Π , S� and S� 
for Al2O3–water nanofluid (denoted using dash line), 
Cu–water nanofluid (denoted using dash-dotted line) and 
Cu–Al2O3–water hybrid nanofluid (denoted using solid 
line). The contours are picturized for the various values 
of Darcy number during Ar = 0.0 , Ra = 106 , Ha = 5 and 

� = 2% . In Fig. 3a, corresponding to Da = 10−5 , a smooth 
circulation of � is observed with a maximum of � = −0.4 . 
In particular, two circulations are observed with the pri-
mary circulation of higher magnitude and a secondary cir-
culation of very minor magnitude. The temperature distri-
bution is allotted as per Ar , and linear variation is noticed 
toward the inclined wall. With respect to the velocity and 
temperature distribution, the heatfunction initiates from 
the left wall and dissipates toward the inclined cool wall. 
Here, the orientation of isotherms and heatfunction are 
in a perpendicular manner and thus illustrate the conduc-
tion domination. The entropy generated within the TC is 
higher at the left corner due to the shifting of temperature 
from high to low. Moreover, the entropy generation due 
to fluid friction is higher near the wall where maximum 
temperature occurs and lower portion of the inclined wall. 
It is noticed that the fluid friction irreversibility is less 
near the adiabatic wall. While increasing permeability by 
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magnifying Da to 10−3 , Fig. 3b leads to the streamline’s 
circulation wider than the lower permeability stage (at 
the middle) and the secondary circulation also improves. 
The improved secondary circulation is due to the optimum 
permeability and the respective thermal boundary. During 
the selection of Ar to 0.0 provides the higher range of tem-
perature slope along the boundary from � = 0.0 to 1.0 . In 
regard to that, the temperature distribution also deviated 
from the boundary. The heat transport initiates from the 
left wall and maximum at the center. It is found that the 
heat flow from the center portion is distributed toward the 
inclined wall and upper portion of the left wall. There is a 
circulation in the middle of the heatlines contour and this 
illustrates the presence of convection. Also, during this 
permeability stage, S� is maximum near to lower half of 
the left boundary and next at the upper half of the inclined 

wall. But, the maximum value of S� is at the middle of the 
left wall and it is noted that the generation of fluid friction 
entropy is increased along the inclined wall. In middle of 
the S� contour, there is a circulation also noted. Increasing 
Da to 10−1 leads to more permeability with a separation of 
streamfunction in the middle, where the maximum eddy 
is noticed. Apart from this, during lower values of Da , 
the circulation and other contours show lesser variation 
between Al2O3–water, Cu–water and Cu–Al2O3–water 
nanofluid. But, at Da = 10−1 stage, Cu–Al2O3–water hybrid 
nanofluid shows a higher value of � as compared to other 
normal nanofluids. With respect to wider spread stream-
function circulation, the isotherm widens and orthogonal 
to the boundary at the middle. The heatlines adjacent to 
the left wall are denser and its intense circulation denotes 
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the convection flow. In addition, improving Da leads to an 
amplification of S� and S�.

With an increased amplitude ratio of Ar = 0.5 , sinusoi-
dal heating at the wall is adjusted, and the corresponding 
NCF patterns are illustrated in Fig. 4. There is a smooth 
circulation that carries over the entire cavity, and there are 
no secondary circulations are generated as compared to 
the case Ar = 0.0 . But, the patterns of primary circulation 
are similar to the previous case when Da = 10−5 . Since 
there is no secondary circulation, isotherms experiences 
linear variation of temperature from the boundary toward 
the inclined wall. As per the primary circulation, the heat-
line pattern is also defined orthogonal with the isotherms 
at lower permeability. However, there is a huge change 
in entropy generation is spotted; for instance, |

|

S�
|

|max
 

improves from 30 to 1400 . This is due to the wall’s ther-
mal boundary. However, there is a minor variation found 
in entropy generation with respect to fluid friction. When 

Da is increased from 10−5 to 10−3 , the maximum value of 
S� reduces. However, the maximum value of S� improves. 
The heatfunction also improves with permeability, based 
on the streamfunction intensity. Interestingly, it is noted 
that secondary circulation is generated. The intensity of 
this generated secondary circulation decreases with a 
further increase in the value of Da to 10−1 . During this 
stage, the convection has more impact on TC due to the 
improvement in permeability and higher Ra. In addition, 
the variation in � , � and Π for Al2O3–water, Cu–water and 
Cu–Al2O3–water nanofluid are more at higher permeabil-
ity conditions. In the case of entropy, Fig. 3b, c shows a 
minor change in the maximum value of S� . However, there 
is an exorbitant variation in fluid friction irreversibility.

An increment of Ar to 0.9 leads to the sinusoidal 
temperature boundary with less gradient and the 
corresponding contours of � , � , Π , S� and S� are depicted 
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in Fig. 5. As depicted, at Da = 10−5 , there is an improved 
circulation with the maximum intensity of �max = −0.45 
is noted and there is no formation of secondary circulation 
as compared to the previous case. Also, there is a notable 
change is visible in the streamfunction contours of 
Al2O3–water, Cu–water and Cu–Al2O3–water nanofluid. It 
is noted that Al2O3–water nanofluid’s inner � circulation 
is less than the circulation with Cu–water nanofluid, while 
the inner circulation of Cu–Al2O3–water hybrid nanofluid 
lies between both. With respect to this thermal boundary, 
there is a gradual reduction in temperature toward the 
inclined wall. Similar to the previous case, there is a 
horizontal-based heatlines orthogonal to the isotherms, 
indicating pure conduction. At this stage, the entropy 
generated with respect to heat transfer is more at the 
bottom sharp corner and it is magnified to |

|

S�
|

|max
= 4000 

as compared to the case Ar = 0.5 . Moreover, there is a 
minor variation noted in the S� contour. While increasing 
Da to 10−3 , the maximum value of S� remains unchanged 
and only the value of S� magnified to ||

|

S�
|

|

|max
= 7000 . The 

maximum fluid friction irreversibility is found adjacent to 
a center of the left and inclined wall. In �  contour, still 
there is no secondary circulation, and only wider, intense 
primary circulation occurs. As per the streamfunction, 
isotherms are also aligned. Upon increasing the value of 
Da to 10−1 , the streamlines further get intense and bend in 
the middle. The isotherm makes a horizontal path in the 
middle. Additionally, the isotherm line runs parallel near 
the left wall and inclined wall, respectively. As a 
combination of streamfunction and isotherm, the heatlines 
are generated intensely near the left wall with the presence 
of circulation at the center. In addition, there is no change 
in S� with changing permeability. However, there is an 
intense change in the maximum value of fluid friction irre-
versibility 

(

|

|

|

S𝜓
|

|

|max
> 25,000

)

.

Effect of Rayleigh number on NCF

Figure 6 illustrates the variation of contours � , � , Π , S� and 
S�  due to the increment in Ra (ranged from 1000 to 
1,000,000 ) when placing Cu–Al2O3–water hybrid nanofluid 
in a TC at Ar = 0.5 , Da = 10−2 , Ha = 5 and � = 0.02 . At 
lower values of Ra(103) , there is smooth primary circulation 
within the entire TC with the absence of a secondary one. 
At this stage, the effect of buoyancy is minimal. Such that 
primary circulation gets the maximum circulation of 
|�| ≈ 0.18 . The temperature also reaches its maximum at the 
center and distributes linearly toward the inclined wall. An 
orthogonal-oriented heatline that is detected against the 
isotherms, illustrating the absence of convection transport. 
The maximum entropy, |S� |max = 1400 at the lower corner 

of the cavity and |S� |max = 0.3 adjacent to an inclined wall 
of the cavity. While increasing the Ra to 104 , there is an 
enhancement in S�  , reaching a maximum value of 
|S� |max = 25 . But, there is no improvement or decrement in 
S� . As the Rayleigh number is hiked, there is a small 
distortion in the linearly varying temperature. Also, there is 
a distortion in the heatline with no circulation. This again 
shows the absence of convection. In the case of 
streamfunction contour, there is a formation of secondary 
circulation. While further increasing the value of Ra to 105 
leads to the growth of both primary and secondary 
circulation, respectively. An effect due to buoyancy improves 
and the molecular density reduces. This makes the primary 
circulation and the respective sinusoidal boundary is 
responsible for the secondary circulation. The isotherms also 
bend at the mid-region, and there is a formation of heatline 
circulation. The circulation in the heatline denotes the 
presence of convection heat transfer as well. There is a minor 
change in the S� pattern and the maximum value is still 
unchanged. However, the maximum value of S� raises to 
1000 and the maximum value is found adjacent to the left 
and inclined walls. The maximum value is further enhanced 
to 18,000 , when Ra = 106 . However, there is a reduction in 
the generation of entropy with respect to heat transfer, i.e., 
|

|

|

S�
|

|

|max
 falls to 1200 . If looking into the streamfunction plot, 

there is a descent in secondary circulation and quantification 
in the intensity of primary circulation occurs. At the center 
of TC, there is a bending in wider circulation and the same 
effects are reflected in both the temperature distribution and 
heat flow contour. Moreover, the intensity of heat transport 
is enhanced due to the force of buoyancy.

Effect of volume fraction of hybrid nanofluid on NCF

The summation of Cu-Al2O3 hybrid nanoparticles (volume 
fraction, �) ranging from  1% to 4% in water during MHD-
NCF, and their effects are illustrated through contours � , � , 
Π , S� and S� in Fig. 7. The plots are picturized during 
Ar = 0.5 , Ra = 106 , Da = 1∕102 and Ha = 5 . The changes 
within each contour with respect to � are less as compared 
to other parameters. There is a small reduction in the 
circulation taking place while increasing � and notably, the 
primary circulation bends in the middle. Thus, inner 
circulation during � = 0.03 bends and tries to shrink on the 
left side. And, this left part of the inner circulation region 
disappears on � = 0.04 . The reduction in the circulation 
intensity is due to the addition of nanoparticles, which 
enhances the viscosity within the TC. An improved viscosity 
causes the flow to resist. However, the maximum value of 
heatlines is improved. This improvement is made by the 
thermophysical property (especially the thermal 
conductivity) of Cu and Al2O3 nanoparticles, respectively. 
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The heatlines circulation reduces but the value of Πmax 
improves with � . This denotes the quantification of 
conduction by distortion of convection. The maxima of S� 
improves while increasing � from 0.01 to 0.02 . However, 
there is no change in |S� |max when � ranges from 0.02 to 
0.04 . Alternatively, the maximum value of S� declines by 
changing � from 0.01 to 0.02 , and there are no changes in 
|

|

|

S�
|

|

|max
 by increasing the value of � to 0.03 and 0.04.

Effect of applied magnetic field on NCF with respect 
to permeability

Figures 8 and 9 denote the contours of � , � , Π , S� and S� 
during the presence and absence of an applied magnetic 
field over the cavity for lower and higher permeability 
conditions. The intensity of the applied magnetic strength 
is enhanced using the non-dimensional parameter Ha, set 
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to 25 and 50 . These contours are depicted when Ar = 0.5 , 
Ra = 106 and � = 2% . Figure 7 shows the effects of Ha 
during lower permeability, and Fig. 8 shows the effects 
of Ha during higher permeability. While increasing the 
value of Ha , there is a fall in the swirling of streamlines. 
The circulations are here affected by the Lorentz force. 
This reduction rate of streamline intensity is less the 
lower value of Da , while the reduction of streamfunction 
intensity is more for higher permeability conditions. The 
temperature distribution has a minor effect during lower 

Da , the horizontal nature of lines at the center of TC gets 
distorted and aligns inclined to the left wall. At lower per-
meability, curviness is present in the middle of the heatline 
during the absence of a magnetic field. This curviness is 
affected by increasing the value of Ha . However, there 
is an intense circulation present in the heatline at higher 
permeability, and this circulation is affected by the applied 
magnetic field. In addition, the value of Πmax is reduced 
with higher values of Ha . The entropy generated due to 
heat transfer improves with the applied magnetic field 
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during lower permeability, with no notable change during 
higher values of Da with respect to the applied magnetic 
field. However, the entropy due to fluid friction is reduced 
by quantifying the strength of an applied magnetic field. 
The range of entropy reduction during lower permeability 
is very less as compared to the reduction during higher 
permeability. Precisely, |S� |max decreases from 1200 to 
1000 during lower permeability and |S� |max decreases from 
20000 to 5500 during higher permeability.

Heat transfer and entropy generation analysis 
of Cu–Al2O3–water hybrid nanofluid

Apart from the flow contours, the variation of Nu , Be , Θcup 
and ℜ for Cu–Al2O3–water hybrid nanofluid with respect 
to Ar , Ra , Ha and Da are depicted in Fig. 10. The surface 
plots are marginated to amplitude ratio along one direc-
tion, the fixed variables Da , Ha and Ra along one direction 
and the derived Nu , Be , Θcup and ℜ is illustrated along the 

positive direction. Figure 10a shows that the quantification 
of permeability causes the heat transfer to fall and magni-
fies during lower Ar . However, the heat transfer continu-
ously enhances during higher Ar . At lower value of Ar , the 
conduction dominates at Da < 10−3 . As the amplitude ratio 
improves, the convection effects are stimulated. Similar to 
Da , magnification of Ra leads to enhancement in Nu . Ulti-
mately, due to the Lorentz force, an increase in the value of 
Ha makes a fall in Nu regardless of with Ar . A reverse behav-
ior is noticed with the value of Be on improving the value 
of Ra, Da and Ha as illustrated in Fig. 10b. The fall in Be is 
significant when increasing the value of Da until 104 and a 
small reduction is found after Da = 104 . Conversely, there 
is a continuous fall is noted with the value of Ra . The reduc-
tion in the value of Be with respect to Da and Ra denotes the 
distortion of entropy generation with respect to heat transfer. 
However, there is a growth in heat transfer irreversibility 
happens while increasing the value of Ha . The main reason 
behind this is the Lorentz force retarding the motion and the 
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subsequent decrease in convection. As a result, the conduc-
tion domination improves.

The change in velocity-weighted average tempera-
ture with respect to Ra, Da, Ha and Ar is highlighted in 
Fig. 10c. It is observed that Θcup rises from Da = 10−5 to 
Da = 10−4 , indicating a conduction-dominated temperature 
distribution below Da = 10−4 . Further on Da > 10−3 , there 
is a fall in Θcup . The mixing temperature is improved with 
respect to buoyancy force. A similar behavior happens on 
increasing the value of Ra . During the augmentation of 
Ra , the cup mixing temperature increases until Ra = 105 , 
after which further increase in Ra leads to a reduction in 
Θcup . This illustrates that convection-based mixing temper-
ature occurs above Ra = 105 . Conversely, there is a distor-
tion of convection-based mixing temperature occurs while 
increasing the effect of an applied magnetic field. Eventu-
ally, the degree of temperature uniformity with respect to 
change in Ra, Da, Ha and Ar is highlighted in Fig. 10d. 

The lower the ℜ value, higher the temperature uniform-
ity. The temperature uniformity reduces until Da = 10−4 
for every value of Ar . Beyond this value of Da , there is 
an improvement in temperature uniformity. The tempera-
ture uniformity is high in the case of higher-order non-
uniformity boundary conditions. Similarly, the tempera-
ture uniformity with respect to convection heat/fluid flow 
improves at Ra > 105 . On the contrary, there is a reduction 
in the temperature uniformity or an increase in the value of 
ℜ occurs with the applied magnetic field strength.

Comparison of heat transfer and entropy generation 
of normal and hybrid nanofluid

The compar ison of  Nu  ,  Be ,  Θcup  and ℜ for 
Cu–Al2O3–water, Al2O3–water and Cu–water nano-
fluid with respect to change in Da,Ra and Ha is depicted 
in Fig.  11a–c. The figure is depicted when Ra = 106 , 
Da = 10−2 , Ar = 0.5 . As the figure denotes, Nu is high or 
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dominated by Cu–water nanofluid until Da = 10−3 and dur-
ing Da > 10−3 , Cu–Al2O3–water nanofluid’s heat transfer 
is higher than the other normal nanofluid. The same trend 
occurs with increasing values of Ra . Until Ra = 105 , 
heat transport by Cu–water nanofluid dominates and 

when Ra = 106 , heat transfer by Cu–Al2O3–water hybrid 
nanofluid is superior. Thus, at higher values of Ra and 
Da , Cu–Al2O3–water hybrid nanofluid’s heat transfer is 
high, and Al2O3–water nanofluid’s heat transfer is low. 
It is noted that the overall heat release of nanofluids is 
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influenced by the Lorentz force. Upon increasing the value 
of Ha to 25 and 50 , the heat discharge rate is more affected 
to Cu–Al2O3–water nanofluid only. Under these condi-
tions, the maximum heat transfer is by Al2O3–water and 

lesser heat transfer by Cu–Al2O3–water hybrid nanofluid, 
respectively. It is known that irreversibility declines as 
the heat release rate increases. When the value of Da is 
increased, fall in Be is observed. Specifically, the value 
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of Be is higher for Al2O3–water nanofluid and lower for 
Cu–water nanofluid at Da = 10−5 . However, at Da = 10−1 , 
there is a minor change in the Be for all the nanofluids. In 

particular, the Cu–Al2O3–water nanofluid’s Bejan number 
value is slightly less than the Cu–water nanofluid. There 
is a significant variation spotted on the values of Be for 
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varying the values of Ra . Although there is a minor vari-
ation between the nanofluids. On increasing the values of 
Ha , Cu–Al2O3–water nanofluid provides higher Be.

The thermal mixing due to convection improves with 
higher values of Ra and Da . It is noted that at higher Darcy 
numbers and Rayleigh numbers, thermal mixing is superior 
for Cu–Al2O3–water nanofluid, followed by Al2O3–water 
nanofluid. However, thermal mixing is poorer for the 
Cu–water nanofluid. On the other side, the thermal mixing 
of Al2O3–water nanofluid is better over others during 
higher values of Ha . Similarly, on higher Ha , temperature 
uniformity is enhanced for Al2O3–water nanofluid. In 
the absence of a magnetic field and during higher values 
of Ra and Da , Cu–Al2O3–water nanofluid exhibits better 
temperature uniformity.

Comparison of heat transfer and entropy generation 
among various hybrid nanofluids

The study is repeated to analysis changes in Nu , Be , Θcup and 
ℜ by using various combinations of Cu–water-based hybrid 
nanofluids. These combinations include Cu-Ag–water, 
Cu–Al2O3–water, Cu–MWCNT–water and Cu–TiO2–water 
hybrid nanofluid respectively. Figure 12 is generated under 
the condition of Ra = 106 , Da = 10−2 , � = 0.02 , Ar = 0.5 
and Ha = 5 as a base value. At lower Da values, heat transfer 
by all the hybrid nanofluids is similar. However, at higher Da 
values, Cu–Al2O3–water hybrid nanofluid provides higher 
Nu , followed by Cu–Ag–water, Cu–MWCNT–water and 
Cu–TiO2–water hybrid nanofluids, respectively. A similar 
trend is followed in case of varying the Rayleigh number. At 
non-presence of the applied magnetic field, the order of heat 
transfer for hybrid nanofluids follow a similar pattern as at 
the higher values of Da and Ra . On applying the magnetic 
field, especially at Ha = 50 , the value of Nu is higher for 
Cu–Ag–water nanofluid, followed by Cu–MWCNT–water, 
Cu–Al2O3–water and Cu–TiO2–water hybrid nanofluids, 
respectively.

The Be is highest for Cu–Al2O3–water nanofluid 
when Da = 10−5 and followed by Cu–TiO2–water, 
Cu–MWCNT–water and Cu–Ag–water nanof luids, 
respectively. However, there is only a minor variation 
among different hybrid nanofluids at higher Darcy 
numbers. Similarly, at higher Da values in combination 
with higher Ra values, Cu–TiO2–water nanof luid 
exhibits the highest Be , followed by Cu–Al2O3–water, 
Cu–MWCNT–water and Cu–Ag–water nanof luids, 
respectively. In addition, it is found that the previous 
order is emphasized when increasing the value of Ha to 
25 and 50 . The value of Θcup is high for Cu–TiO2–water 
nanofluid and less for Cu–Al2O3–water at lower values 
of Da . On the other hand, during Darcy number equal 
to 10−4 and 10−3 , cup mixing temperatures of all the 

hybrid nanofluids look similar. At higher values of 
Da , again Cu–TiO2–water nanofluid provides highest 
Θcup , followed by Cu–Ag–water, Cu-MWCN–water and 
Cu–Al2O3–water hybrid nanofluids, respectively. This 
trend persists at Ra = 106 and in the absence of a magnetic 
field. When Ha is increased, only Cu–Al2O3–water 
hybrid nanofluid raises, while the other nanofluids 
remain in the same order. The temperature uniformity 
is similar in all the hybrid nanofluids during lower 
Da and Ra values. However, as Ra and Da increase, 
Cu–TiO2–water nanofluid provides highest ℜ value, 
followed by Cu–Ag–water, Cu–MWCN–water and 
Cu–Al2O3–water hybrid nanofluids, respectively. This 
order is affected by increasing the intensity of the applied 
magnetic field. At Ha = 25 and 50 , Cu–Al2O3–water 
hybrid nanofluid provides the highest ℜ value next to the 
Cu–TiO2–water hybrid nanofluid.

Conclusions

The electric vehicle (EV) battery plays a crucial role 
in making sustainable transport. An effective thermal 
management of the battery is necessary to ensure its better 
efficiency and longevity. Thus, the study aims to enhance 
the thermal management of battery cell modules by 
incorporating a series of cavities attached to the casing. Heat 
transfer from the battery cell modules is improved through 
free convection facilitated by the cavities. To achieve this, 
the heat generated within the battery cell module casing 
(assumed heat is not-uniform and the sinusoidal heating 
with a function of amplitude ratio, Ar ), is transferred using 
cavities filled with various hybrid nanofluids. The various 
hybrid nanofluids used in the study are Cu–Al2O3–water, 
Cu–Ag–water, Cu–MWCNT–water and Cu–TiO2–water 
hybrid nanofluid.

The outcomes are evaluated using metrics such as 
velocity-weighted average temperature, root-mean-square 
deviation, Bejan and Nusselt numbers, streamlines, 
heatlines, isotherms and entropy generation. Some notable 
outcomes of the study are,

•	 The temperature uniformity due to convection improves 
during higher permeability and higher buoyancy effect. 
On the contrary, temperature uniformity is disturbed by 
the intensity of an applied magnetic field.

•	 It is found that Cu–Al2O3–water-based hybrid nanofluid 
delivers a higher heat transfer rate as compared to Cu–
water and Al2O3–water normal nanofluids during higher 
Ra and Da.
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•	 In addition, it is found that at higher values of Ra and 
Da , Cu–Al2O3–water hybrid nanofluid outperforms other 
hybrid nanofluids in providing a higher heat transfer rate.

•	 While applying and improving the intensity of the applied 
magnetic field, the Lorentz force resist the heat flow, 
leading to a reduction in convection heat transfer rate. 
Especially, Cu–Al2O3–water and Cu–TiO2–water hybrid 
nanofluids exhibit lower heat transfers as compared to 
other hybrid and normal nanofluids.

•	 The irreversibility with respect to fluid friction increases 
with an improvement in permeability and buoyancy 
effect. Conversely, fluid friction irreversibility reduces 
with the applied magnetic field. In addition, heat transfer 
irreversibility increases with the addition of �.

•	 In the case of increasing the amplitude ratio of sinusoidal 
heating in the wall, the overall heat release rate is 
increased. For instance, at higher values of Da, Ra and 
Ar , a 68% increase in the Nusselt number occurs with 
a right-angled inverted TC as compared to the square 
cavity [41].

From the study, it is concluded that utilizing an inverted 
right-angled TC filled with Cu–Al2O3–water hybrid 
nanofluid along with the battery cell module improves 
thermal management through natural convection, particularly 
when battery module casing experiences sinusoidal heating 
as a function of amplitude ratio. Moreover, the application 
of an external magnetic field is not recommended, as the 
Lorentz force resists the convection heat transfer rate, 
especially, the heat transfer by Cu–Al2O3–water hybrid 
nanofluid.
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