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The analysis on heat transmission and fluid flow characteristics within the cavity is useful to improve the features of
several applications including energy storage devices and hybrid fuel cells. With this motivation, the present model in-
vestigates the characteristics of magneto-convective heat transmission and fluid flow within a square porous enclosure
with hot and cold slits. The heat transfer features of electrically conducting hybrid nanofluids Fe3O4−MWCNT−water
and Fe3O4 −MWCNT−kerosene is analyzed inside the enclosure. The non-Fourier thermal flux model is deployed
and the internal heat absorption/generation effect is considered. The Marker-And-Cell (MAC) numerical scheme is
adopted to solve the transformed dimensionless mathematical model with associated initial-boundary conditions. An
exhaustive parametric investigation is implemented to estimate the influence of key parameters on the transport phe-
nomena. The computations show that augmenting the Hartmann number values modify the fluid flow and temper-
ature features substantially for both the hybrid nanofluids. Enhancing the values of nanoparticles volume fraction
promotes the heat transfer. When 5% Fe3O4 −MWCNT nanoparticles are suspended into water and kerosene base
fluids, Fe3O4 − MWCNT−kerosene hybrid nanofluid achieves 6.85% higher mean heat transfer rate compared to
Fe3O4 −MWCNT−water hybrid nanoliquid. In the existence of heat absorption, the mean rate of heat transfer of
Fe3O4 − MWCNT−water hybrid nanofluid is 78.92% lower than Fe3O4 − MWCNT−kerosene hybrid nanoliquid.
Greater energy transmission is noticed in the case of Fe3O4 −MWCNT−kerosene hybrid nanofluid and the enhanced
fluid flow is noticed in the case of Fe3O4 −MWCNT−water hybrid nanofluid. Fourier’s model (δe = 0) estimates
higher heat transfer rate than that of the Cattaneo–Christov (non-Fourier) heat flux model (δe ̸= 0).

Keywords: Magnetized hybrid nanofluids, square cavity, Cattaneo Christov heat flux, MAC computation, heat
source/sink.

I. INTRODUCTION

Mixed convection arises in a variety of thermal engineering
applications wherein energy transfer occurs without the
presence of any external forces. The vital engineering
applications of mixed convection include in nuclear reaction
systems, air-condition refrigerators, cooling of electronic
devices, solar collectors, and heat exchangers. As a result,
numerous researchers scrutinized the features of mixed
convective flow and heat transmission inside the cavities
by employing various theoretical techniques1,2. In the
current era, due to several practical applications, natural
and mixed convective flows are investigated inside different
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types of geometries, for example, tilted cavity, annular
cavity, open cavity, square, L-shape, rectangular, triangular,
and trapezoidal enclosures3–10. Convective flow and heat
transmission in such cavities features in diverse engineering
systems including room ventilation, nuclear and chemical
reactors, geothermal systems, drying devices, fuel cells, fire
dynamics in compartments, food processing, and thermal
energy storage systems11.
The thermophysical properties of ordinary fluids, such as ther-
mal conductivity may be enhanced by adding nanoparticles
into base fluids. In numerous practical applications, including
petroleum recovery, heat pipes, chemical processes, lubrica-
tion, surface coating, heat exchangers, biomedical systems,
environmental remediation, and electronic cooling systems
due to their enhanced thermal efficiency12–16. Nanofluids
are prepared by suspending the nano-sized (1 − 100nm)
particles into a base fluid. The nanoparticles are syn-
thesized from metals (Cu,Ag,Al,&Au), metal−oxides
(Fe2O3,SiO2,ZnO,TiO2,Al2O3,CuO,CuO2,Fe3O4),
carbon-based (MWCNTs, SWCNTs, & carbon nanotubes),
and metal nitride (AlN)17–19. These metallic/non−metallic
nanoparticles are carefully suspended into the ethylene gly-
col/water/propylene glycol/kerosene/ oil or other base fluids,
to augment the base fluid’s thermal conductivity. It is to be
noted that metallic nanoparticles like Al,Cu,Au,Ag,Fe,Zn
and Ni are recognized for their excellent thermal conductivity.
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Although silver and gold nanoparticles feature very high
thermal conductivities, relatively sparse investigations have
been conducted because of the high cost of these precious
metals. Accordingly, adding the metallic oxide nanoparticles,
which are less costly, may have a favorable influence on
the production of more efficacious nanofluids in terms of
economical optimization in addition to the stability and ther-
mal performance20,21. However, preparing the nanofluids by
using a single type of nanoparticles (unitary nanofluids) has
shown its limitations and deficiencies. Therefore, researchers
have developed the hybrid nanofluids by combining more
than one type of nanoparticles with base-fluids. This concept
has been revealed as an innovative approach to enhance
the energy transmission in various devices, notably in fuel
cells. However, it is critical to judiciously select appropriate
and compatible types of nanoparticles. Many researchers
have shown numerically and experimentally that hybrid
nanofluids consistently produce a high heat transfer rate and
greater thermal efficiency compared to ordinary fluids or
unitary nanofluids22,23. Currently, the hybrid nanofluids are
being explored in a wide spectrum of emerging technologies
including heat pipes, cooling techniques in nuclear power
systems, generators, transformers, thermal barrier coatings,
automotive radiators, braking systems, electronic devices,
and manufacturing. Further applications can be found in
biomedical drug delivery, air conditioning, sensor surface
finishing, etc24,25.
Convective flow in porous media plays a major role in the
design of chemical catalytic reactors, ground-water flows,
fuel cells, heat exchangers, boilers, fluidized beds, cutting-
edge innovation, tertiary recovery, chemical separations, the
technology of porous ceramic burners, underground feeder
cables, water filtration, drug transfer in tissues, thermal
insulation, packed-bed energy storage systems, oil and gas
flowing in reservoirs26–30. Darcy’s law is the most popular
model for simulating fluid motion in a porous medium.
Non-Darcy phenomena are essential for understanding the
fluid flow in porous media whenever high velocity is involved
i.e. when inertial effects arise. Computational studies deal
with the transport in non-Darcian porous medium have
stimulated substantial attention by virtue of the ever-growing
applications of this field in the twenty-first century. These
studies have been examined by using several Newtonian
liquids, non-Newtonian liquids, and nanofluids. Mythili et
al.31 presented a mathematical model to explore features of
the chemically reactive Casson liquid flow over a plate and
cone with the consequence of heat absorption/generation.
They noticed that the fluid flow diminishes for augmenting
the Casson parameter and Forchheimer number (non-Darcian
quadratic drag). Alsabery et al.32 scrutinized the free con-
vective flow within a porous enclosure of square-shape filled
with Al2O3-water nanofluid by considering the Brinkman-
Forchheimer-extended Darcy model. They concluded that
greater porosity of the medium enhances the average Nusselt
number. Zehba et al.33 examined the natural convective
Al2O3-water nanofluid flow within a V-shaped enclosure con-
taining a heterogeneous porous medium. They detected that
higher Darcy number values improve the temperature gradi-

ents around the heated areas and hence increase the average
Nusselt number. Shirani and Toghraie34 numerically ana-
lyzed the mixed convective Cu-water nanoliquid flow within
a porous cavity with the Forchheimer–Brinkman-extended
Darcy model. They determined that with a decrement in
Darcy parameter, the Nusselt number rises.

Magnetohydrodynamics (MHD) is the science of the inter-
action of electro-conductive fluids and magnetic fields. When
an electro-conductive fluid crosses a magnetic field flux, an
external body force known as the Lorentzian force is gener-
ated and this force acts against the fluid flow. Furthermore,
the flow may induce magnetic field fluxes35. MHD is cen-
tral to the design of new emerging hybrid electromagnetic
fuel cells which are motivated by green, sustainable initia-
tives. It is a clean technology and circumvents the need for
conventional combustion systems in power generation which
are ecologically unfriendly. In parallel with laboratory testing
of new magnetic fuel cells, numerical simulation of these de-
vices is extremely beneficial for optimizing efficiency and pre-
dicting long-term performance. Muthtamilselvan and Doh36

numerically investigated the mixed convective flow and en-
ergy transmission features of different nanofluids within an
enclosure with the influence of a magnetic force by adopting
a control volume technique. They discovered that the various
types of nanofluid flow and energy transmission within the
enclosures are highly reliant on the Hartmann and Reynolds
numbers. Rashad et al.37 theoretically scrutinized the MHD
free convection flow of a hybrid nanofluid inside an enclosure
of triangular-shape by adopting the finite difference method.
They found that higher magnetic parameter values cause an
augmentation in the Nusselt number. Du et al.38 utilized the
finite difference scheme to explore the MHD free convective
Al2O3 −Cu-water hybrid nanofluid flow in an enclosure and
noticed that an increase in magnetic parameter suppresses the
effects of thermal buoyancy. Sowmya et al.39 studied the free
convective Fe3O4 −Ag-water hybrid nanofluid flow and en-
ergy transmission characteristics in heated fins attached rect-
angular enclosure through numerical simulations. They dis-
covered that with high values of the Hartmann number and
low values of the Rayleigh number, the flow appears to be
laminar. However, at low values of the Hartmann number and
high values of the Rayleigh number, they observed the onset
of turbulent flow characteristics.

Heat generation or absorption plays an extremely influen-
tial role in different phenomena such as high-temperature fuel
cell design. For the past few decades, many researchers have
been contributing to improve the energy transfers features of
nanoliquids inside various cavities. Teamah and Wael40 nu-
merically scrutinized the free convection flow within a square
enclosure with various nanofluids under the impact of uni-
form heat absorption or generation by utilizing the finite vol-
ume method. They demonstrated that the energy transmission
is enriched for magnifying the volume fraction values when
the heat absorption parameter is frozen with the smaller val-
ues. Mliki et al.41 examined the MHD free convective flow
of copper-water nanoliquid within the cavity. They noticed
that strengthening the heat generation parameter enhances the
energy transmission. Hussain et al.42 analyzed the thermal
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performance of alumina-water nanofluid inside an enclosure
under the impact of internal heat absorption or generation by
employing the finite element technique. They noticed that
the energy transmission and fluid flow are significantly mod-
ified with the variations in internal heat absorption or gener-
ation parameter. Abdulkadhim et al.43 numerically explored
the natural convective flow of copper-water nanoliquid inside
a cavity containing a circular hot cylinder by adopting the
Galerkin-weighted residual method.

Most of the studies generally considered the classical
Fourier heat flux model. This model has a parabolic formu-
lation for heat conduction and neglects thermal relaxation ef-
fects. To accommodate the relaxation rate of the heat flux,
the Cattaneo-Christov heat flux model is required which is
the non-Fourier hyperbolic conduction model featuring Ol-
droyd’s upper-convected derivative in the Maxwell–Cattaneo
equation. In addition, this type of formulation permits the
elimination of heat flux by inducing a single equation for the
temperature field as performed by Christov44. Muhammad et
al.45 deployed the Cattaneo–Christov heat flux model to nu-
merically explore the transport phenomena of mixed convec-
tive Ag–ethylene glycol nanoliquid flow inside an enclosure.
They exposed that compared to non-Fourier’s heat flux model,
the rate of heat transfer is higher in the case of Fourier’s heat
flux model. Jakeer et al.46 investigated the convective flow
characteristics of a hybrid nanoliquid inside an enclosure by
using the Cattaneo-Christov heat flux model in the energy
equation. Sivasankaran et al.47 numerically explored the fea-
tures of convective flow inside an enclosure of square-shape
with the Cattaneo-Christov heat flux model. Garia et al.48 nu-
merically examined the MHD convective SiO2 −MoS2-water
hybrid nanoliquid flow external to cone and wedge geometries
with a generalized Cattaneo-Christov heat flux model. They
determined that the Fourier’s heat flux model estimates higher
temperatures than the non-Fourier heat flux model.

To the best of the authors’ knowledge, no analysis has been
communicated so far to numerically examine the mixed con-
vective energy transmission and flow features of a Fe3O4 −
MWCNT−water and Fe3O4 − MWCNT−kerosene hybrid
nanoliquid within the porous enclosure under the impact of
the magnetic field and heat source/sink by adopting the Catta-
neo–Christov heat flux model. In practical applications, many
factors can enhance the heat transfer. The combination of
nanoparticles and base fluids plays a significant role in op-
timizing the energy transmission features. The novelty of this
investigation is to compare and identify the optimum energy
transmission and flow features of Fe3O4 −MWCNT−water
and Fe3O4 −MWCNT−kerosene hybrid nanoliquids within
the porous square enclosure. In this analysis, hot sources are
considered in the middle of the vertical sidewalls, and cold
sinks are considered in the middle of the horizontal sidewalls.
The remaining sections of the cavity walls are considered as
adiabatic. The Tiwari-Das nanofluid volume fraction model
is utilized in this analysis. The non-dimensional governing
equations are solved by utilizing the MAC technique49,50, and
the numerical outcomes for streamlines, isotherms, average
and local Nusselt numbers are displayed graphically. Valida-
tions with previous study are incorporated. It is to be noted

that the deployment of hybrid nanofluids is of immediate rele-
vance to the next generation hybrid electromagnetic fuel cells
and may be beneficial to cooling application in nuclear sys-
tems, generators, transformers, and electronic devices.

II. MATHEMATICAL FORMULATION

In this section, details are provided for the current mathe-
matical model. Figure. 1 schematically represents the two-
dimensional geometry that is to be examined. The MHD
mixed convective flow in a square porous cavity saturated
with electrically conducting hybrid nanofluids is studied, as a
model of a hybrid electromagnetic fuel cell system. The hori-
zontal and vertical walls have length (L). The center parts of
the left and right walls are maintained at a high temperature,
whereas the center portions of the top and bottom walls are
kept at a low temperature. Unsteady, laminar flow of incom-
pressible fluids is considered. The square enclosure includes
an isotropic, homogenous, non-deformable porous medium,
and non-Darcy behavior is considered. Hybrid nanofluid’s
thermophysical properties are considered appropriate to the
Tiwari-Das model. The flow domain is influenced by a static
horizontal externally imposed magnetic field. The influences
of internal heat absorption or generation and the non-Fourier
thermal relaxation (Cattaneo-Christov heat flux) are consid-
ered. The strength of the applied magnetic field is B0 and it
is considered as uniform. It is assumed that the electric field
is zero since the ionized fluid’s polarization effect is negli-
gible and no external electric field is considered. When the
induced electric field is negligible and external electric field is
zero, the magnetic Reynolds number is very small. As a con-
sequence, the influence of Hall effect and induced magnetic
field are neglected. Further, the variation of thermophysical
properties including the viscosity and electrical conductivity
is neglected. Furthermore, the considered base fluids (water
and kerosene) are Newtonian fluids with low viscosities and
the fluids are finitely conducting. So, impact of the viscous
dissipation, Joule heating and resistant heating term due to
porous medium are neglected.

Based upon the above approximations, the mathemati-
cal model features the hybrid nanofluid expressions in the
form of the conservation laws of mass, momentum, and
energy36,40,42,45,46,51:
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FIG. 1. Flow configuration of the problem.

∂u
∂x +

∂v
∂y = 0 (1)

∂u
∂ t∗ +u ∂u

∂x + v ∂u
∂y =− 1

ρhn f

∂ p
∂x +νhn f

[
∂ 2u
∂x2 +

∂ 2u
∂y2

]
− νhn f

K u− F√
K

u
√

u2 + v2 (2)

∂v
∂ t∗ +u ∂v

∂x + v ∂v
∂y =− 1

ρhn f

∂ p
∂y +νhn f

[
∂ 2v
∂x2 +

∂ 2v
∂y2

]
− νhn f

K v− F√
K

v
√

u2 + v2

+
(ρβ )hn f

ρhn f
g(T −Tc)−

σhn f B2
0

ρhn f
v (3)

∂T
∂ t∗ +u ∂T

∂x + v ∂T
∂y =

khn f

(ρCp)hn f

[
∂ 2T
∂x2 + ∂ 2T

∂y2

]
+ Q0

(ρCp)hn f
(T −Tc)

−δ

(
u ∂u

∂x
∂T
∂x + v ∂v

∂y
∂T
∂y +u2 ∂ 2T

∂x2 + v2 ∂ 2T
∂y2

)
−δ

(
2uv ∂ 2T

∂x∂y +u ∂v
∂x

∂T
∂y + v ∂u

∂y
∂T
∂x

)
(4)

The initial-boundary conditions imposed on the enclosure’s
walls are given in Table 1.

Hybrid nanofluid’s thermophysical properties are necessary
for enhancing the energy transfer. The mono and hybrid
nanofluids thermophysical properties are assumed appropriate
to the Tiwari-Das model and are represented as follows52:

Table 2 summarizes the thermophysical properties of the
base fluids and nanoparticles53,54.

The subsequent non-dimensional quantities are defined to
simplify the equations (1)–(4) toward the non-dimensional
form:
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By virtue of Eqn. (5), the subsequent governing equations
appear in the dimensionless form:
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The relevant dimensionless parameters featured in Eqns. (7)-
(9) are summarized in Table 3. The transformed dimension-
less boundary conditions associated with Eqns. (6)-(9) are
listed in Table 4.

Nusselt number: The local and mean Nusselt numbers (wall
heat transfer rate) are given by the subsequent expressions:
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khn f
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0
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TABLE I. The dimensional form of initial-boundary conditions21,47.

Initial condition t∗ ≤ 0, u = v = 0 T = Tc
0 ≤ x ≤ L, 0 ≤ y ≤ L:

Left wall t∗ > 0, x = 0: u = v = 0, ∂T
∂x = 0 for 0 ≤ y ≤ 0.25L

0 ≤ y ≤ L: T = Th for 0.25L ≤ y ≤ 0.75L

∂T
∂x = 0 for 0.75L ≤ y ≤ L

Right wall t∗ > 0, x = L : u = v = 0, ∂T
∂x = 0 for 0 ≤ y ≤ 0.25L

0 ≤ y ≤ L: T = Th for 0.25L ≤ y ≤ 0.75L

∂T
∂x = 0 for 0.75L ≤ y ≤ L

Bottom wall t∗ > 0, y = 0: u = v = 0, ∂T
∂y = 0 for 0 ≤ x ≤ 0.25L

0 ≤ x ≤ L: T = Tc for 0.25L ≤ x ≤ 0.75L

∂T
∂y = 0 for 0.75L ≤ x ≤ L

Top wall t∗ > 0, y = L: u = v = 0 ∂T
∂y = 0 for 0 ≤ x ≤ 0.25L

0 ≤ x ≤ L: T = Tc for 0.25L ≤ x ≤ 0.75L

∂T
∂y = 0 for 0.75L ≤ x ≤ L

TABLE II. Thermo-physical properties of water, kerosene, Fe3O4 and MWCNT .53,54

Property Water Kerosene Fe3O4 MWCNT
ρ(kgm−3) 997 ·1 780 5200 1600
Cp(Jkg−1K−1 4179 2090 670 796
k(Wm−1k−1) 0 ·613 0 ·149 6 3000
β (K−1) 21×10−5 99×10−5 1 ·3×10−5 4 ·2×10−5

σ(Ω−1m−1) 0 ·05 6×10−10 25×103 4 ·8×10−7

µ(kgm−1s−1) 8 ·9×10−4 1 ·64×10−3 - -

TABLE III. Dimensionless parameters

Reynolds number Re = U0L
ν f

Grashof number Gr = gβ f (Th−Tc)L3

ν2
f

Prandtl number Pr = ν f
α f

Hartmann number Ha = B0L
√

σ f
µ f

Richardson number Ri = Gr
Re2

Heat generation/absorption coefficient Q = Q0L2

(ρCp)hn f
αhn f

Darcy number Da = K
L2

Cattaneo-Christov heat flux parameter δe = δU0
L

III. MAC SOLUTION AND VALIDATION OF MAC
RESULTS

The MAC method is used to solve the Eqns. (7)-(9) with
non-dimensional initial-boundary conditions as stated in Ta-
ble 4. The detailed explanation about the MAC procedure
is found in the references.21,49,50,55,56 The discretization form
of momentum and energy equations are presented as follows.
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FIG. 2. Thermophysical properties of mono and hybrid nanofluids52
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TABLE IV. The dimensionless initial-boundary conditions21,47

Initial condition t ≤ 0, U =V = 0 θ = 0
0 ≤ X ≤ 1, 0 ≤ Y ≤ 1:

Left wall t > 0, X = 0: U =V = 0, ∂θ

∂X = 0 for 0 ≤ Y ≤ 0.25

0 ≤ Y ≤ 1: θ = 1 for 0.25 ≤ Y ≤ 0.75

∂θ

∂X = 0 for 0.75 ≤ Y ≤ 1

Right wall t > 0, X = 1 : U =V = 0, ∂θ

∂X = 0 for 0 ≤ Y ≤ 0.25

0 ≤ Y ≤ 1: θ = 1 for 0.25 ≤ Y ≤ 0.75

∂θ

∂X = 0 for 0.75 ≤ Y ≤ 1

Bottom wall t > 0, Y = 0: U =V = 0, ∂θ

∂Y = 0 for 0 ≤ X ≤ 0.25

0 ≤ X ≤ 1: θ = 0 for 0.25 ≤ X ≤ 0.75

∂θ

∂Y = 0 for 0.75 ≤ X ≤ 1

Top wall t > 0, Y = 1: U =V = 0 ∂θ

∂Y = 0 for 0 ≤ X ≤ 0.25

0 ≤ X ≤ 1: θ = 0 for 0.25 ≤ X ≤ 0.75

∂θ

∂Y = 0 for 0.75 ≤ X ≤ 1

To demonstrate the accuracy of the MAC numerical
scheme, the present outcomes are compared with Khan et al.50

in a special case. The hybrid nanofluid’s thermophysical prop-
erties, magnetic field, heat source/sink, and Cattaneo Christov
heat flux, are considered to be absent, the thermal radiation is
considered to be present, and adequate adjustments are made
in the initial and boundary conditions of the current model to
compare the current outcomes with the results presented by
Khan et al.50. One can observe from Figure 3 that the current
MAC results which are illustrated through the streamlines and
isotherms contours express a substantial agreement with the
outcomes of Khan et al.50. This validates the accurateness of
the current outcomes.

IV. RESULT AND DISCUSSION

In this section, the MAC numerical results (contour plots
and graphs) are presented and scrutinized for the magneto-
hydrodynamic free convection inside a square porous enclo-
sure filled with the Fe3O4 − MWCNT−water or Fe3O4 −
MWCNT−kerosene hybrid nanofluid with heat sink/source
and Cattaneo–Christov heat flux. The range of key pa-
rameters is specified as follows: volumetric heat genera-

tion/absorption coefficient (−5 ≤ Q ≤ 15), nanoparticle vol-
ume fraction (0.01 ≤ φ ≤ 0.05), Richardson number (10−2 ≤
Ri≤ 10), Darcy number (10−3 ≤Da≤ 10−1), Reynolds num-
ber (1 ≤ Re ≤ 5), Hartmann number (0 ≤ Ha ≤ 50), and
Prandtl number (Water = 6.8 & Kerosene = 21.003). The
following default values are employed throughout the simu-
lations: Re = 5, Q = −5, Da = 10−3; Ha = 10, φ = 0.05,
Ri = 1, and δe = 0.01, unless otherwise specified. This data
correlates as closely as possible to the actual operational char-
acteristics of hybrid electromagnetic fuel cells by deploying
the hybrid nanofluids54,57,58. Figures 4− 21 portray the out-
comes of these parameters on average heat transfer rate, local
heat transfer rate, streamlines, isotherms, U and V velocity
profiles. Further, the average Nusselt number distribution is
demonstrated in Tables 5−6.

A. Investigating the streamlines and isotherms profiles under
the consequence of Reynolds number

In fluid mechanics, the Reynolds number is a dimension-
less quantity that estimates the proportion of inertia force to
viscous force. This ratio is influenced by different factors,
including the fluid velocity variations. The Reynolds number
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FIG. 3. Comparative contour plots with Gr = 104, Re = 10, Pr = 0.71, Da = 10−2, Nr = 1.50

helps to predict the flow patterns in various flow situations.
Higher Reynolds numbers represent the turbulent flow while
the lower Reynolds numbers represent the laminar flow.
The Reynolds number is one of the important pertinent
parameters in fluid mechanics. Figure 4 shows the streamline
distributions inside the square enclosure with different
Reynolds number (Re) for both Fe3O4 − MWCNT−water
(Fig. 4-I) and Fe3O4 − MWCNT−kerosene (Fig. 4-II)
hybrid nanofluids. The values of the inner circulation cells
gradually increase and the flow is more elevated at the top
and bottom of the cavity when the values of Reynolds number
are magnified. In Fig. 4-I, dual circulation cells are formed
in case of Fe3O4 −MWCNT−water hybrid nanofluid when
Re = 1. For the higher values of Reynolds number, the
circulating cells are stretched along the vertical direction,
and higher circulations are observed at bottom and top of the
enclosure. However, in the center of the cavity, the flow is
reduced. In Fe3O4 − MWCNT−kerosene hybrid nanofluid
case, when Re = 1, the dual circulation cells are formed inside
the enclosure. When the Reynolds number is augmented from
Re = 1 to Re = 3, the circulating cells are fragmented. This
implies that velocity of the hybrid nanofluid is reduced at the
middle part of the enclosure and the fluid velocity is increased
at the bottom and top of the enclosure. For the higher values
of Reynolds number, the inner circulating cells are broken
into two portions and slightly move towards the top and
bottom walls of the cavity. As a result, it is notable that in
the case of Fe3O4 − MWCNT−kerosene hybrid nanofluid,
stronger circulation is observed at the top and bottom regions
of the cavity and the flow velocity decreases at the center of
the cavity.

Figure 5 elucidates the isotherms of Fe3O4 −
MWCNT−water (Fig. 5-I) and Fe3O4 −MWCNT−kerosene
(Fig. 5-II) hybrid nanofluids within the cavity for various
values of Reynolds number. As seen in Fig. 5 (I-A), energy
transfer inside the cavity is suppressed with a cooler central
zone when Re = 1. The effect of the cold slits is dominant
in the center of the cavity whereas the impact of hot slits
is explored only in their neighborhoods. When Re = 3, the
influence of the hot slits and cold slits is relatively same
inside the cavity as shown in Fig. 5 (I-B). When Re = 5, the
influence of the hot slits is dominant in the center of the cavity
whereas the impact of cold slits is explored only in their
neighborhoods. The results indicate that the energy transfer is
considerably improved for augmenting the Reynolds number.
The heat transfer analysis of Fe3O4 − MWCNT−kerosene
hybrid nanofluid is demonstrated in Fig. 5 (II). It is observed
that the influence of the hot slits and cold slits is relatively
same inside the cavity when Re = 1. For increasing the value
of Reynolds number from Re = 1 to Re = 3, the heat transfer
is increased in the middle part of cavity as shown in Fig. 5
(II-B). Increasing the values of Reynolds number from Re = 3
to Re = 5 has the tendency to significantly explore the impact
of the hot slits throughout the cavity except the neighborhood
of cold slits. This indicates that the heat transfer improves
for enhancing the Reynolds number values. The influence of
the hot slits is more prominent with more elevated values of
Reynolds number.
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B. Investigating the effect of the magnetic field of hybrid
nanofluids on streamlines, isotherms, U and V velocity profiles

When the applied magnetic field interacts with the elec-
trically conducting fluid, a magnetic force known as the
Lorentz force is formed, which affects fluid velocity. In
the theoretical analysis of such flows, a dimensionless vari-
able known as the Hartmann number arises which repre-
sents the ratio of the magnetic force to viscous force. Fig-
ure 6 represents the significance of the Hartmann number
values on streamline contours for Fe3O4 −MWCNT−water
(Fig. 6-I) and Fe3O4 −MWCNT−kerosene (Fig. 6-II) hy-
brid nanofluids. The magnetic field effect is featured in the
Y -momentum (Eqn.(8)) through the term ρ f

ρhn f

σhn f
σ f

Ha2

Re . An
increase in the values of the Hartmann number boosts the
magnetic body force and strongly modifies the inner circu-
lating cells’ strength and contour substantially for both hybrid
nanofluids. When Ha = 0 (in the absence of the magnetic
field), the flow circulates freely inside the square cavity. In
this case, a single left and right circulation cells are formed for
Fe3O4 −MWCNT−water hybrid nanofluid. The inner circu-
lation cell forms a peanut shell shaped structure. When Ha =
10, there is no change in the shape of the circulating cells
but the magnitudes of the stronger circulation cells slightly
diminish. When Ha = 50, the inner circulating cells are di-
vided into two parts and the magnitudes of the circulating cells
are diminished. This elucidates that an augmentation in the
Hartmann number causes a deceleration in the fluid flow. As
seen in Fig. 6 (II-A), double right and left circulation cells
form for Fe3O4−MWCNT−kerosene hybrid nanofluid when
Ha = 0. There is no significant change in the streamlines of
Fe3O4 −MWCNT−kerosene hybrid nanofluid for magnify-
ing the Hartmann number from Ha = 0 to Ha = 10. Rising
the Hartmann number to Ha= 50 makes notable change in the
eddies. The two eddies emerge at the bottom and top of the
cavity walls as shown in Fig. 6(II-C). For the increased values
of the Hartmann number, the stronger circulation cell’s shapes
are slightly changed and more inner circulation cells form at
the top and bottom of the cavity. The center of the cavity has
less flow; the left circulation cells are entirely broken into two
separate circulation cells and the inner layers of the right cir-
culating cells are separated. This means that the fluid velocity
is reduced in the middle of the enclosure while it is increased
at the bottom and top. That is, the magnetic force suppresses
and weakens the circulating cells as the Hartmann number
increases. It is noticed from Figs. (6-I) and (6-II) that the
impact of magnetic field on Fe3O4 −MWCNT−kerosene hy-
brid nanofluid is stronger than Fe3O4 −MWCNT−water hy-
brid nanofluid. There is clearly an interplay between the mag-
netic and viscous forces which produce different effects in the
Fe3O4 −MWCNT−water and Fe3O4 −MWCNT−kerosene
hybrid nanofluids, and this is attributable to viscosity differ-
ences in the base fluids.

Figure 7 represents the significance of the Hartmann num-
ber on isotherm contours for Fe3O4 −MWCNT−water and
Fe3O4 −MWCNT−kerosene hybrid nanofluids. For both hy-
brid nanofluids considerable heat transfer is observed at the

center of the cavity. The higher heat transmission is observed
near the right and left hot slits in case of Fe3O4 −MWCNT−
water. Higher heat transfer is observed throughout the cav-
ity except the neighborhoods of the cold slits in Fe3O4 −
MWCNT−kerosene hybrid nanofluid case. Although some
kinetic energy is dissipated as thermal energy by dragging the
nanofluid against the action of the transverse magnetic field,
there is no significant heat transfer modification in both hy-
brid nanofluids for increasing values of the magnetic param-
eter. On comparing Figs. 7(I) and 7(II), the heat transfer is
greater in the Fe3O4 −MWCNT−kerosene hybrid nanofluid
case. In addition, the impact of hot slits is stronger in
Fe3O4 − MWCNT−kerosene hybrid nanofluid compared to
Fe3O4 −MWCNT−water hybrid nanofluid.

Figure 8 shows the U velocity profiles of Fe3O4 −
MWCNT−water (Fig. 8-I) and Fe3O4 −MWCNT−kerosene
(Fig. 8-II) hybrid nanofluids for different values of the Hart-
mann number. By increasing the Hartmann parameter from
0 to 10, insignificant changes are obtained in both hybrid
nanofluid cases. In the Fe3O4 − MWCNT−water hybrid
nanofluid case, when Ha = 0 and Ha = 10, the contour lines
are densely formed near the horizontal walls and a single cir-
culation cell is formed near the center of the vertical walls. By
enhancing the values from 10 to 50, considerable changes are
observed. In this case, the contour lines are shrunk near the
horizontal walls whereas more circulation cells are formed at
the center of the cavity. In the Fe3O4 −MWCNT−kerosene
hybrid nanofluid case, the contour lines are densely formed
near the horizontal walls of the cavity for all the considered
values of Ha. At the center portion, when Ha = 0 and Ha =
10, more circulation cells are formed along the secondary di-
agonal zone whereas more circulation cells are formed along
the principal diagonal zone in the case of Ha= 50. Overall, an
increase in Ha slightly enhances the circulation at the center.

Figure 9 illustrates the V velocity profiles of Fe3O4 −
MWCNT−Water (Fig. 9-I) and Fe3O4−MWCNT−kerosene
(Fig. 9-II) hybrid nanofluids for various values of the mag-
netic parameter. As seen in Fig. 9(I-A), combined circulation
cells are formed at the middle portion when Ha = 0. When
Ha = 10, the inner contour line shrinks at the middle portion.
When Ha = 50, the inner cells are split and moved towards
the top and bottom zones. This indicates that improving the
magnetic parameter reduces the velocity at the center and in-
creases near the horizontal walls. It is noticed from Fig. 9(II-
A) that stronger circulation cells are formed close to the verti-
cal walls when Ha = 0. When Ha = 10, the stronger circula-
tion cells slightly shrink at the middle portion but the weaker
circulation cells are densely formed at the center of the cavity.
When high magnetic field (Ha = 50) is imposed, the stronger
circulation cells near the vertical wall are split into two parts
and slightly move towards the horizontal walls and the dense
of the inner contour lines is decreased, as seen in Fig. 9(II-C).
Therefore, an increase in the values of the magnetic parameter
reduces the V-velocity profiles in the center of the cavity.
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C. Investigating the consequence of Darcy on streamlines
and isotherms

The Darcy number (Da) quantifies the effect of porous
medium’s permeability (K) on the percolating nanofluid. A
reduction in K means an increase in flow resistance. This
porous solid matrix’s fiber structure significantly affects the
fluid flow characteristics and considerably affects the heat
transfer characteristics. The Darcy parameter arises in both
primary and secondary momentum equations (Eqns.(7) and
(8)) through the linear Darcy drag force terms, −νhn f

ν f
1

ReDaU

and −νhn f
ν f

1
ReDaV . In this study, permeability of the porous

matrix is considered based on the physically attainable range
(10−3 ≤ Da ≤ 10−1). Figure 10 displays the Darcy pa-
rameter’s influence on streamlines distribution of Fe3O4 −
MWCNT−water and Fe3O4 − MWCNT−kerosene hybrid
nanofluids. As seen, the circulating cells in the Fe3O4 −
MWCNT−water hybrid nanofluid case are created along the
center portion of the cavity whereas the circulating cells in
the Fe3O4−MWCNT−kerosene hybrid nanofluid case are di-
vided into two eddies and are formed at the bottom and top of
the enclosure. Enhancing values of the Darcy number modify
the inner circulation cells gradually and the flow is increased
at the center of the cavity in the Fe3O4 − MWCNT−water
hybrid nanofluid case. The inner circulating cells are en-
larged and extended towards the center of the enclosure in
Fe3O4 − MWCNT−kerosene hybrid nanofluid case. This
shows that increasing values of Darcy parameter increase the
fluid flow inside the enclosure.

Figure 11 demonstrates the influences of the Darcy num-
ber on isotherm contours for Fe3O4 −MWCNT−water and
Fe3O4 −MWCNT−kerosene hybrid nanofluids. In the con-
tour plots, for both hybrid nanofluids, significant heat transfer
is observed at center of the cavity i.e. thermal diffusion is in-
tensified in the central zone of the cavity. In case of Fe3O4 −
MWCNT−water hybrid nanofluid, higher temperature con-
tour’s magnitude is observed near the right and left hot slits
as shown in Fig. 11(I). In Fe3O4 −MWCNT−kerosene hy-
brid nanofluid case stronger heat transfer is observed through-
out the cavity and more variations in the heat transfer are
noticed near the cold slits. Comparing Figs. 11(I) and
11(II), more efficient thermal transport arises in the Fe3O4 −
MWCNT−kerosene hybrid nanofluid case in which a warmer
(yellow) central zone is consistently visible whereas in the
Fe3O4 − MWCNT−water hybrid nanofluid case, slightly
cooler (dark orange) central zones are observed.

D. Investigating the consequence of heat absorption and
generation on streamlines, isotherms, U and V velocity profiles

A heat sink is a passive heat exchanger that transmits the
heat produced by a mechanical or electronic devices into a
coolant fluid in motion. A heat source is an object that pro-
duces or radiates heat. It should be emphasized that Q < 0
signifies the internal heat sink (absorption) whereas Q > 0
characterizes the internal heat source (generation). Figure

12 illustrates the impacts of heat absorption/generation (Q)
on the streamlines for Fe3O4 −MWCNT−water (Fig. 12-I)
and Fe3O4−MWCNT−kerosene (Fig. 12-II) hybrid nanoflu-
ids. In the Fe3O4 −MWCNT−water hybrid nanofluid case
with heat sink (Q = −5) impact, there are two parallel elon-
gated vertical cells which are distributed in the enclosure.
For the Fe3O4 −MWCNT−kerosene hybrid nanofluid case,
there are four cells on which two cells are formed in the
right and other two cells are formed in the left half spaces
of the cavity when a heat sink is present (Q = −5). In the
scarcity of heat absorption/generation (Q = 0) parameter, in
the Fe3O4 −MWCNT−water case, the inner circulation cells
are split and moved towards the bottom and top of the enclo-
sure. The circulation cells shrink at the center of the cavity
in Fe3O4 −MWCNT−kerosene hybrid nanofluid case. The
fluid flow is restricted in the cavity compared to the sink
case for both hybrid nanofluids. In the heat generation case,
(Q = 15) case, the cell structure is further modified. For the
Fe3O4 −MWCNT−water hybrid case, two further cells form
and now six circulation cells are observed. The circulation
cells with low intensity form at the top-left, middle-right and
lower-left corner of the enclosure while stronger circulation
cells form at the top-right, middle-left and lower-right corner
of the enclosure. For the Fe3O4 −MWCNT−kerosene hybrid
nanofluid case, although six cells are present, the central cells
are much weaker and not fully formed. The upper and lower
pairs of circulation cells are however quite strong with intense
flow in the top-right and lower-right corners of the enclosure.

Figure 13 illustrates the influence of heat ab-
sorption/generation (Q) on the isotherms for
Fe3O4 −MWCNT−water and Fe3O4 −MWCNT−kerosene
hybrid nanofluids. The modifications in the heat absorp-
tion/generation characteristics have a notable impact on heat
transfer characteristics inside the cavity. The features of
heat absorption/generation parameters on the isotherms of
Fe3O4 −MWCNT−water hybrid nanofluid is shown in Fig.
13-I. As shown, the influence of the hot slits is low at the
center zone of the cavity in the case of heat sink (Q =−5). In
the absent of the internal heat absorption/generation (Q = 0),
the influence of the hot slits is extended towards the cavity’s
center region. When the heat source (Q = 15) is present, the
influence of the hot slits is highly noticeable in the center
zone and more heat transfer occurs in the middle of the cavity.
Figure (13-II) shows that larger hot zone region arises in the
Fe3O4 −MWCNT−kerosene hybrid nanofluid case. The hot
region is sustained in the majority of the cavity and indicating
an elevation in heat transfer throughout the cavity. Compared
to the heat sink case, the hot region is more extended in the
absence of heat sink/source. The deployment of a heat source
significantly improves the magnitudes of the isotherms and
thereby the energy transfer inside the cavity is enhanced. The
influence of heat sink/source is considerably greater in the
Fe3O4 − MWCNT−kerosene hybrid nanofluid compared to
Fe3O4 − MWCNT−water hybrid nanofluid. However, the
impact of heat sink/source elucidates higher variations in case
of Fe3O4 − MWCNT−water hybrid nanofluid. As seen in
figures (13-I) and (13-II), the variations in the heat sink and
source parameter effectively modify the heat transfer in both
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hybrid nanofluids.
Figure 14 shows the U velocity profiles of

Fe3O4 − MWCNT−water (Fig. 14-I) and Fe3O4 −
MWCNT−kerosene (Fig. 14-II) hybrid nanofluids for
different values of heat source/sink coefficient (Q). When
Q = −5, the contour lines are densely formed near the hori-
zontal walls and a single circulation cell is formed near the
center of the vertical walls. When Q = 0, the contour lines are
shrunk near the top horizontal walls whereas few circulation
cells are formed at the center of the cavity. When Q = 15,
the contour lines are further shrunk near the horizontal walls
whereas more circulation cells are formed at the center of the
cavity. In the Fe3O4 −MWCNT−kerosene hybrid nanofluid
case, the contour lines are densely formed near the horizontal
walls of the cavity for all the considered values of Q. When
increasing the values of Q, more circulation cells are formed
at the middle of cavity. Overall, an increase in Q slightly
enhances the circulation at the center.

Figure 15 illustrates the V velocity profiles
of Fe3O4 − MWCNT−water (Fig. 15-I) and
Fe3O4 −MWCNT−kerosene (Fig. 15-II) hybrid nanofluids
for various values of heat source/sink coefficient (Q). As
seen in Fig. 15(I-A), combined circulation cells are formed
at the middle portion when (Q = −5). When (Q = 0), the
inner cells are split and moved towards the top and bottom
zones. When (Q = 15), stronger circulation cells are noticed
inside the cavity but weaker circulation cells are noticed near
the center of the vertical and horizontal walls. As seen, fluid
circulation is very high in the presence of heat source. It is
noticed from Fig. 15(II-A) that stronger circulation cells are
formed close to the vertical walls when (Q = −5). When
(Q = 15), the stronger circulation cells near the vertical
wall are split into two parts and slightly move towards the
horizontal walls and the dense of the inner contour lines is
decreased, as seen in Fig. 15(II-C). Overall, an enhancement
in the values of the heat source/sink coefficient Q increases
the V-velocity profiles in the center of the cavity.

E. Investigating the streamline profiles under the
consequence of Richardson number

Figure 16 portrays the forced convective (A), mixed con-
vective (B), and natural convective (C) fluid flow charac-
teristics of both Fe3O4 − MWCNT−water (Fig. 16-I) and
Fe3O4 −MWCNT−kerosene (Fig. 16-II) hybrid nanofluids.
The convective transportation within the cavity is greatly in-
fluenced by the Richardson number. The Richardson number
represents the connection between the buoyancy effects and
shear force and is expressed as Ri = Gr

Re2 . Higher Richardson
numbers indicate the natural convective flow (Ri > 1), lower
Richardson numbers indicate the forced convective flow (Ri<
0.1), and Ri = 1 describes the pure mixed convective flow.
The thermal buoyancy term ρβhn f

ρhn f β f Riθ contains the Richard-
son number and it is considered in the secondary momentum
equation (Eqn.8). Figure 16 (I-A) visualizes the development
of streamlines for Fe3O4 − MWCNT−water and Fe3O4 −

MWCNT−kerosene hybrid nanofluids flow in the case of nat-
ural convection i.e. Ri = 10. In the Fe3O4 −MWCNT−water
hybrid nanofluid case, more circulating cells are formed in the
proximity of the right wall with strong flow movement in the
middle core region of the enclosure. On the other hand, in
the Fe3O4 −MWCNT−kerosene hybrid nanofluid case, the
circulating cells have separated into two different eddies and
are created along the cavity’s top and bottom walls. As a re-
sult, in the middle of the cavity, there is less flow. The con-
tour shapes are not noticeably modified when Ri is improved
from 0.01 to 1 (i.e. forced convective flow to mixed convec-
tive flow) for both hybrid nanofluids. This reveals that even
in the case of mixed convection, the forced convective flow
behavior is maintained consistently. When Ri = 10, the mag-
nitudes of the interior vortices are increased for both nanoflu-
ids as shown in Figure 16(C). The magnitude of streamline
contours is more elevated in Fe3O4 − MWCNT−water hy-
brid nanofluid compared to Fe3O4 −MWCNT−kerosene hy-
brid nanofluid. Further, a dual eddy pair is noticed inside the
enclosure for the Fe3O4 −MWCNT−water hybrid nanofluid
whereas a quadruple eddy structure is observed with the
Fe3O4 −MWCNT−kerosene hybrid nanofluid for any value
of Richardson number. This indicates that higher velocity is
observed in Fe3O4 −MWCNT−water hybrid nanofluid com-
pared to Fe3O4 −MWCNT−kerosene hybrid nanofluid.

F. Investigating the effect of the volume fraction of hybrid
nanoparticles on streamlines and isotherms

The fluid’s ability to transfer the heat is mainly governed
by its thermal conductivity. The addition of nanoparticles
has the tendency to enhance the thermal conductivity of the
carrying fluid. In addition, the proper combination of dif-
ferent variety of nanoparticles further augments the thermal
conductivity of the carrying fluid. As a result, the behav-
ior of streamlines of the hybrid nanofluids is modified for
increasing the volume fraction of the hybrid nanoparticles.
It is to be noted that the impact of volume fraction is an-
alyzed by fixing the heat sink/source parameter value as
Q = 15 (heat source). Figure 17 demonstrates the stream-
lines of Fe3O4 −MWCNT−water (Figure 17-I) and Fe3O4 −
MWCNT−kerosene (Figure 17-II) hybrid nanofluids. In the
Fe3O4 −MWCNT−water hybrid nanofluid case, circulation
cells form throughout the cavity, with stronger flow synthe-
sizes along the corners of right-side wall and the center of
left-side wall. In the Fe3O4 − MWCNT−kerosene hybrid
nanofluid case, the circulating cells form in the corners of the
enclosure, the stronger flow synthesizes along the corners of
right-side wall, and the minimum number of circulation cells
is formed in the center of the right and left walls. This im-
plies that an insignificant flow is noticed in the core zone of
the cavity in the case of Fe3O4 −MWCNT−kerosene hybrid
nanofluid. Figure (17-I) shows that for increasing the val-
ues of φ , the shape of the stronger circulation cells enlarges
whereas the weaker circulation cells shrink. These changes
are more noticeable for increasing the volume fraction from
φ = 0.03 to φ = 0.05. Therefore, the flow circulation inside
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the cavity is increasing for increasing the volume fraction.
Figure (17-II) explores that for increasing the values of vol-
ume fraction (φ), the magnitudes of the weaker circulation
cells are slightly increased whereas there is no variation in the
magnitudes of the stronger circulation cells. In addition, there
is no change in the shape of the circulation cells. This indi-
cates that the volume fraction variation has a slight impact on
the flow characteristics of Fe3O4 −MWCNT−kerosene hy-
brid nanofluid. The variation in the volume fraction is more
effective in Fe3O4 −MWCNT−water hybrid nanofluid com-
pared to Fe3O4 −MWCNT−kerosene hybrid nanofluid.

Figure 18 indicates the impact of the volume fraction
factor (φ) on isotherms for Fe3O4 − MWCNT−water (Fig.
18-I) and Fe3O4 − MWCNT−kerosene (Fig. 18-II) hy-
brid nanofluids. Figures 18 (I-A), 18 (I-B), and 18 (I-C)
and 18 (II-A) in order, explain the attributes of isotherms
of Fe3O4 −MWCNT−water hybrid nanofluid with 1%,3%,
and 5% nanoparticles volume fraction. In case of Fe3O4 −
MWCNT−water hybrid nanofluid, higher heat transmission
is noticed in the center of the cavity. More circulating cells
are originated at the bottom and top of the cavity whereas few
circulation cells are formed near the hot slits and the center
of the cavity. There is no significant variation in the shape of
the isotherms for increasing the nanoparticle’s volume frac-
tion. However, the magnitudes are considerably increased for
increasing the nanoparticle’s volume fraction. In addition,
it is well known that the heat transfer rate is dependent on
the concentration (percentage doping) of nanoparticle’s vol-
ume fraction. As a result, the heat transmission characteris-
tics of the hybrid nanofluids are enhanced extensively with
a boost in the nanoparticle volume fraction. Figures 18 (II-
A), 18 (II-B) and 18 (II-C) in order elucidate the features of
Fe3O4 −MWCNT−kerosene hybrid nanofluid with 1%,3%,
and 5% nanoparticles volume fraction. Increasing the mixture
of volume fraction clearly induces modifications in the magni-
tudes of the isotherms inside the cavity but there is no change
in the shape of the isotherms. In Fe3O4−MWCNT−kerosene
hybrid nanofluid case, the impact of internal heat generation
is very high in the center of the cavity as well as it is expanded
in all the directions within the cavity. Most of the heat transfer
variations are noticed at the bottom and top sides of the enclo-
sure where the cold slits are considered whereas a single heat
transfer variation is observed on the right and left wall sides
where the hot slits are considered. It is noticed that greater
heat transfer is observed in the Fe3O4 −MWCNT−kerosene
hybrid nanofluid case compared to Fe3O4 −MWCNT−water
hybrid nanofluid.

G. Characteristics of Nusselt number distribution

Figure 19 illustrates the local heat transfer rate for var-
ious volume fraction values. For enhancing the hybrid
nanoparticle’s volume fractions, the local Nusselt number
profiles are increased. i.e. greater percentage of doping
the nanoparticles boosts the heat transferred at the bound-
aries of the enclosure. More noticeable modifications are ob-
served in the Fe3O4 − MWCNT−kerosene hybrid nanoliq-

uid case compared to the Fe3O4 − MWCNT−water hybrid
nanoliquid case. The attributes of the average heat trans-
fer rate for different values of volume fraction are demon-
strated in Table 5. Apparently, there is a significant vari-
ation in the mean heat transfer rate of water and kerosene
based nanofluids. The average heat transfer rates of Fe3O4 −
MWCNT−water and Fe3O4 − MWCNT−kerosene hybrid
nanofluids differ by 10.93% when 1% of hybrid nanoparticles
are suspended into the base-fluids. The mean heat transfer rate
of Fe3O4−MWCNT−kerosene hybrid nanofluid is more ele-
vated than Fe3O4 −MWCNT−water hybrid nanofluid. When
3% of Fe3O4 −MWCNT hybrid nanoparticles are suspended
into water and kerosene base fluids, the mean heat trans-
fer rate of Fe3O4 −MWCNT−kerosene hybrid nanofluid is
8.88% higher than that of Fe3O4 −MWCNT−water hybrid
nanofluid. When 5% of Fe3O4 − MWCNT nanoparticles
are suspended into water and kerosene, the difference in the
mean heat transfer rate between Fe3O4 − MWCNT−water
and Fe3O4−MWCNT−kerosene hybrid nanofluids is 6.81%.

The impact of the heat sink or source parameters on the
local rate of heat transfer is depicted in Fig. 20. Increased
heat source parameter values (Q =+15) enrich the local Nus-
selt number profiles, whereas increasing heat sink parameter
values (Q = −5) suppresses the local Nusselt number pro-
files. Q = 0 denotes the non-existence of heat source/sink.
In addition, more elevated heat transfer rates are computed
in the case of Fe3O4 − MWCNT−water hybrid nanofluid.
Table 6 depicts the mean heat transfer rate characteristics
for various heat sink and source parameter values. In the
presence of a heat sink, the average heat transfer rate of
Fe3O4 −MWCNT−water hybrid nanofluid is 78.92% lower
than that of Fe3O4 − MWCNT−kerosene hybrid nanofluid.
In the absence of a heat sink/source, the average heat trans-
fer rate of Fe3O4 −MWCNT−kerosene hybrid nanofluid is
57.62% higher than that of Fe3O4 − MWCNT−water hy-
brid nanoliquid. In the presence of a heat source, the
average heat transfer rate of Fe3O4 − MWCNT−kerosene
hybrid nanofluid is 6.81% higher than that of Fe3O4 −
MWCNT−water nanofluid. As a result, the increment in the
mean heat transfer rate for the investigated nanoliquids varies
greatly with changes in heat absorption/generation within the
porous cavity. In addition, more elevated heat transfer occurs
in the case of Fe3O4 −MWCNT−kerosene hybrid nanofluid.

Figure 21 examines the influence of non-Fourier thermal re-
laxation parameter δ on non-dimensional temperature of both
Fe3O4 −MWCNT−water and Fe3O4 −MWCNT−kerosene
hybrid nanofluids. The Nusselt number is seen to have an
inverse relationship with the thermal relaxation parameter.
The trends substantiate the Cattaneo-Christov theory that the
higher values of (δe) physically imply that greater time is
needed to transfer heat to particles with low energy when a
temperature gradient is present in the medium. The thermal
relaxation effect therefore delays heat transmission in nanoflu-
ids. It is to be noted that for (δe = 0), the classical Fourier
conduction case is retrieved, and in this case, energy transfers
without any time lag through the entire medium of the cav-
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TABLE V. Variations of hybrid nanofluids’ average heat transfer rate with various volume fraction values

Parameter Values Fe3O4 −MWCNT−water Fe3O4 −MWCNT−kerosene
Φ = 0.01 4.168388139867347 4.624275837501220
Φ = 0.03 4.454226967509394 4.850175712758110
Φ = 0.05 4.760691225892772 5.085262819964906

TABLE VI. Variations of average heat transfer rate with various heat source/sink parameter values

Parameter Values Fe3O4 −MWCNT−water Fe3O4 −MWCNT−kerosene
Q =−5 2.305576754043674 4.125313772987758
Q = 0 2.757630803341192 4.346837999491187
Q = 15 4.760691225892772 5.085262819964906

ity. From Fig. 21, it is evident that the temperature is higher
for the case of Fourier’s model (δe = 0) than that of the Cat-
taneo–Christov heat flux model (δe ̸= 0). The inclusion of
the non-Fourier hyperbolic heat conduction model therefore
avoids the over-prediction of temperatures associated with the
classical Fourier parabolic heat conduction model. In ad-
dition, the Cattaneo–Christov heat flux model can represent
a material’s conducting or non-conducting nature. Further,
there is a notable variation in the heat transfer rate estimated
with different base fluids (water & kerosene).

V. CONCLUSIONS

The magnetohydrodynamic mixed convective hybrid
nanofluid flow inside a square cavity saturated with a porous
medium is studied theoretically. The present investigation
addresses the relative heat transfer performance of Fe3O4 −
MWCNT−water and Fe3O4 − MWCNT−kerosene hybrid
nanofluids within the cavity. The major conclusions of the
present numerical problem are mentioned below:

1. An increase in the Hartmann number diminishes the
fluid flow intensity in the middle of the cavity and in-
creases at the top and bottom zones.

2. In the case of the Fe3O4 − MWCNT−water hybrid
nanofluid, increasing values of the Darcy parameter
increase the flow at the cavity’s center. The magni-
tudes of the interior circulating cells in the Fe3O4 −
MWCNT−kerosene hybrid nanofluid case are aug-
mented at the top and bottom of the cavity.

3. Increasing values of Reynolds number increase the en-
ergy transmission throughout the cavity in Fe3O4 −
MWCNT−kerosene case. Further noticed that Fe3O4−
MWCNT−kerosene hybrid nanofluid has a higher en-
ergy transfer efficiency than Fe3O4 −MWCNT−water
hybrid nanofluid.

4. In forced convection mode, the fluid veloc-
ity is greater in the entire cavity for the
Fe3O4 − MWCNT−water hybrid nanofluid compared
to Fe3O4 −MWCNT−kerosene hybrid nanofluid.

5. When 5% nanoparticles are suspended into water
and kerosene base-fluids, the average heat transfer
of Fe3O4 − MWCNT−kerosene hybrid nanofluid is
6.81% higher than Fe3O4 − MWCNT−water hybrid
nanofluid.

6. Compared to the Fe3O4 −MWCNT−kerosene hybrid
nanofluid, the average heat transfer rate of the Fe3O4 −
MWCNT−water hybrid nanofluid is 78.92% lower in
the presence of the heat absorption effect.

7. Fourier’s model achieves higher temperatures than the
Cattaneo–Christov heat flux model.

The current investigation has revealed some luring aspects of
mixed, forced, and natural convective electro-magneto-hybrid
nanofluid flow and energy transmission within a square porous
cavity. Fe3O4−MWCNT hybrid nanoparticles are suspended
into two types of conventional fluids. The MAC algorithm (fi-
nite difference) is very advanced and uncomplicated for com-
puting the fluid flow problems which may have some rele-
vance to electro conductive hybrid magnetic nano-fuel cells.
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FIG. 4. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Re = 1, (B) Re = 3, (C)
Re = 5.
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FIG. 5. Isotherms of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Re = 1, (B) Re = 3, (C)
Re = 5.
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FIG. 6. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Ha = 0, (B) Ha = 10,
(C) Ha = 50.
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FIG. 7. Isotherm of (I)Fe3O4 −MWCNT− water and (II)Fe3O4 −MWCNT−kerosene for distinct values of (A) Ha = 0, (B) Ha = 10, (C)
Ha = 50.
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FIG. 8. U velocity of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Ha = 0, (B) Ha = 10, (C)
Ha = 50.
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FIG. 9. V velocity of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Ha = 0, (B) Ha = 10, (C)
Ha = 50.
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FIG. 10. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Da = 10−3, (B) Da =
10−2, (C) Da = 10−1.
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FIG. 11. Isotherms of (I) Fe3O4−MWCNT−water and (II) Fe3O4−MWCNT−kerosene for distinct values of (A) Da= 10−3, (B) Da= 10−2,
(C) Da = 10−1.
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FIG. 12. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Q =−5, (B) Q = 0, (C)
Q = 15.
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FIG. 13. Isotherms of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Q = −5, (B) Q = 0, (C)
Q = 15.
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FIG. 14. U velocity of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Q =−5, (B) Q = 0, (C)
Q = 15.
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FIG. 15. V velocity of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Q =−5, (B) Q = 0, (C)
Q = 15.
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FIG. 16. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Ri = 0.01, (B) Ri = 1,
(C) Ri = 10.
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FIG. 17. Streamlines of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Φ = 1%, (B) Φ = 3%,
(C) Φ = 5%.
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FIG. 18. Isotherms of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene for distinct values of (A) Φ = 1%, (B) Φ = 3%, (C)
Φ = 5%.
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FIG. 19. Local Nusselt number of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene hybrid nanofluids.
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FIG. 20. Local Nusselt number of (I) Fe3O4 −MWCNT− water and (II) Fe3O4 −MWCNT−kerosene hybrid nanofluids.
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FIG. 21. Local Nusselt number of (I) Fe3O4 −MWCNT−water and (II) Fe3O4 −MWCNT−kerosene hybrid nanofluids.




