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Mixed convection heat transfer of a nanofluid
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Abstract Laminar mixed convection heat transfer in a vented square
cavity separated by a porous layer filled with different nanofluids (Fe3O4,
Cu, Ag and Al2O3) has been investigated numerically. The governing equa-
tions of mixed convection flow for a Newtonian nanofluid are assumed to
be two-dimensional, steady and laminar. These equations are solved nu-
merically by using the finite volume technique. The effects of significant
parameters such as the Reynolds number (10 ≤ Re ≤ 1000), Grashof num-
ber (103 ≤ Gr ≤ 106), nanoparticle volume fraction (0.1 ≤ φ ≤ 0.6), porous
layer thickness (0 ≤ γ ≤ 1) and porous layer position (0.1 ≤ δ ≤ 0.9) are
studied. Numerical simulation details are visualized in terms of streamline,
isotherm contours, and average Nusselt number along the heated source. It
has been shown that variations in Reynolds and Darcy numbers have an
impact on the flow pattern and heat transfer within a cavity. For higher
Reynolds (Re > 100), Grashof (Gr > 105) numbers and nanoparticles vol-
ume fractions the heat transfer rate is enhanced and it is optimal at lower
values of Darcy number (Da = 10−5). In addition, it is noticed that the
porous layer thickness and location have a significant effect on the control
of the heat transfer rate inside the cavity. Furthermore, it is worth noticing
that Ag nanoparticles presented the largest heated transfer rate compared
to other nanoparticles.

Keywords: Mixed convection; Vented cavity; Porous layer; Finite volume method

∗Corresponding Author. Email: messaoud.hamdi@univ-bejaia.dz

mailto:messaoud.hamdi@univ-bejaia.dz


88 H. Messaoud, S. Adel, and O. Ouerdia

Nomenclature

a – thickness of porous layer, m
b – position of porous layer, m
Cp – heat capacity, J/kgK
Da – Darcy number
F – the inertia coefficient
h – length of heated source, m
g – gravitational acceleration, m/s2

Gr – Grashof number
K – permeability of porous layer
L – cavity length and height, m
Nu – Nusselt number
P – dimensionless pressure
Pr – Prandtl number
Ra – Rayleigh number
Re – Reynolds number
T – temperature, K
U , V – dimensionless velocity components
u, v – velocity components in x, y directions, m/s
w – size of inlet and outlet port
X, Y – dimensionless coordinates
x, y – Cartesians coordinates, m

Greek symbols

α – thermal diffusivity, m2/s
β – thermal expansion coefficient at constant pressure, 1/K
δ – dimensionless position of porous layer
γ – dimensionless thickness of porous layer
ε – porosity of porous layer
λ – thermal conductivity, W/mK
µ – dynamic viscosity, Pa s
ρ – density of fluid, kg/m3

φ – nanoparticles volume fraction
θ – dimensionless temperature

Subscripts and superscripts

eff – effective
f – fluid
h, c – hot and cold temperature
i, j – x–y components
nf – nanofluid
p – porous medium
s – solid
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1 Introduction

The study of mixed convection in an open or vented cavity induced by
combined effects of mechanical inflow and buoyancy force has so far been
a fundamental research area and requires comprehensive analysis to un-
derstand the physics of resulting flow and heat transfer. This is frequently
encountered in engineering applications such as cooling of electronic and
microelectronic equipment, heating and air conditioning, solar energy col-
lection, nuclear reactors and heat exchangers [1–7].

The vented cavity is one of the most studied geometries in heat transfer,
due to its application in electronic equipment cooling. Different configu-
rations have been studied. Mehrizi et al. [8] used the lattice Boltzmann
method (LBM) to investigate the effect of nanoparticles suspension on the
mixed convection in a square cavity with inlet and outlet ports and a hot
obstacle in the vented cavity. It was found that the heat transfer rate en-
hanced with the increasing nanoparticles volume concentration. Ismael and
Jasim [9] investigated fluid-structure interaction in mixed convection inside
a vented cavity having two inlet and outlet openings. They reported that
a flexible fin enhances the Nusselt number better than a rigid fin. Benzema
et al. [10] used the thermodynamic second law to study magnetohydrody-
namic (MHD) mixed convection heat transfer in a vented irregular cavity
filled with a hybrid nanofluid. Their results showed that adding nanoparti-
cles to water improves heat transfer but increases total entropy generation.
Selimefendigil and Oztop [11] examined magnetohydrodynamics forced con-
vection in a layered U-shaped vented cavity with a porous layer under the
wall corrugation impact. It was found that the flow field and heat trans-
fer are impacted by the Reynolds number, Hartmann number and Darcy
number. Ataei-Dadavi et al. [12] conducted an experimental study of mixed
convection in a vented, differentially side-heated cubical cavity filled with
a porous medium. The results showed that there are three different flow
and heat transfer regimes depending on the Richardson number. Dhahad
et al. [13] studied numerically mixed convection in a vertically vented cav-
ity using the spectral element method. Moayedi [14] investigated the heat
transfer of Cu-water nanofluid in laminar convection around double rotat-
ing cylinders in a vented cavity with different inlet and outlet ports. They
reported that the mean Nusselt number increases with the nanofluid volume
fraction and rotational Reynolds number. Velkennedy et al. [15] have stud-
ied convective flow in a ventilated cavity having two outlets and one inlet
with cold partitions using the finite difference method. They showed that
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the presence of cold partitions modifies the flow structure inside a ventilated
cavity. Recently, Jamshed et al. [16] conducted a numerical analysis of MHD
mixed convection in a ventilated porous cavity with a heated elliptic inner
cylinder filled with nanofluid. They demonstrated that the average Nusselt
number increases when the Richardson number and porosity ratio increase.

Currently, mixed convection in nanofluids has been the subject of several
theoretical, experimental and especially numerical studies. Among them;
Benos and Sarris [17] presented an analytical study of MHD natural con-
vection of nanofluid in a shallow cavity. Arani et al. [18] have used the finite
volume method to solve numerically the natural convection in a square cav-
ity with a heated horizontal plate containing a nanofluid. Results showed
that the mean Nusselt number increases with the increasing nanoparticles
volume fraction and decreases as the heated plate location varies from the
top to bottom of the cavity. Selimefendigil and Öztop [19] studied mixed
convection in a lid-driven cavity filled with ferrofluid in the presence of two
rotating cylinders. They observed that flow patterns and thermal transport
are affected by the Reynolds number and magnetic dipole strength varia-
tions. Rabbi et al. [20] studied MHD mixed convection in a ferrofluid filled
lid-driven cavity for different heater configurations. They observed that the
higher Richardson number enhances the heat transfer rate, although the
higher Hartmann number decreases the heat transfer rate. Elshehabey et
al. [21] investigated numerically natural convection with a nonlinear Boussi-
nesq approximation in an inclined and partially open cavity. Jakeer et
al. [22] studied magneto-hybrid nanofluid flow in a lid-driven porous cavity
with an inside heated square obstacle. Recently, Wang and Xu [23] investi-
gated mixed convection in an inclined lid-driven cavity filled with a hybrid
nanofluid. They indicated that hybrid nanofluid is superior to traditional
heat transfer fluids for heat transfer enhancement. Jayaprakash et al. [24]
suggested a mathematical model to illustrate the flow and radiative heat
transfer of a hybrid nanofluid over a curved stretching sheet. Their results
showed that the heat transfer enhanced with the increasing radiation pa-
rameter and Biot number. Dutta et al. [25] performed a study of mixed
convection in a ventilated cavity filled with viscoplastic hybrid nanofluid
and with a mounted heated solid obstacle. It is observed from their analysis
that the heat transfer rate enhanced with the inclusion of Cu nanoparticles
in Al2O3-viscoplastic fluid.

Convection heat transfer within an enclosure filled with a porous medium
has become important owing to its benefits in diversified applications in
various areas. Numerous studies have explored the phenomenon. Neild and
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Bejan [26] presented a board literature review about convection in porous
media. Balla et al. [27] investigated the flow and heat transfer of the MHD
boundary layer in a nanofluid-filled inclined porous square cavity. Their
results are obtained for different values of the Rayleigh number, inclination
angle, magnetic field and nanofluid volume fraction. The effect of MHD
convection of nanofluid in a porous enclosure with sinusoidal heating was
investigated by Malik and Nayak [28]. They found that the heat transfer
rate and entropy generation depend on the Grashof, Hartmann and Darcy
numbers. Sheremet et al. [29] studied mixed convection in a square porous
cavity filled with a water-based nanofluid under suction/injection zones ef-
fects. It has been found that an increase in Rayleigh and Darcy numbers
leads to flow acceleration near the heated wall. Abu-Hamdeh et al. [30]
investigated the impact of various parameters in a lid-driven cavity filled
with porous media having a one-side opening in the presence of heat gen-
eration. They found that the heat transfer rate rises and decreases as the
heater length and Grashof number increase, respectively. Maboud et al. [31]
considered the unsteady MHD incompressible Casson fluid flow in porous
media. Kumar et al. [32] examined the non-Newtonian hybrid nanofluid flow
through a porous moving rotating disk. Kashyap and Dass [33] investigated
numerically the influence of inclination of the cavity on mixed convection in
a double-sided lid-driven cavity with a hot porous square blockage. The re-
sults reveal that the inclination significantly impacts the heat transfer rate
and entropy production. Alsedais et al. [34] examined the influence of radi-
ation and heat generation on MHD mixed convection of a nanofluid in an
inclined undulating porous cavity containing an obstacle. Choudhary and
Ray [35] worked on a porous-corrugated enclosure containing a discrete
heat source. They found that different parameters (Rayleigh, Darcy and
Hartmann numbers) have a significant effect on flow behaviour. Nammi et
al. [36] have explored numerically unsteady natural convection heat transfer
within a square-shaped porous cavity with four heated cylinders. Recently,
Kumar et al. [37] used original mathematical models to evaluate convective
flow dynamics of viscous dissipative heat and mass transfer in a doubly
stratified fluid saturated porous enclosure.

Convection heat transfer with a superposed fluid and porous layers con-
fined in an enclosure (partly layered enclosure) have been studied early
because of their great mathematical and practical interest, such as in fuel
cells, solidification, and many other systems [38–41]. Aly et al. [42] studied
the effects of wavy nanofluid/porous interface on mixed convection and en-
tropy generations of Cu-water nanofluid. Under the influence of a uniform
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inclined magnetic field, Astanina et al. [43] explored natural convection
in an open trapezoidal cavity including a porous layer and a ferrofluid
layer. Their result showed that growth of the porous layer height leads to
a reduction of the heat transfer rate. Selimefendigil and Öztop [44] stud-
ied the curved porous layer impact on forced convection heat transfer and
entropy generation in a vented cavity filled with hybrid nanofluid under
inclined magnetic field effects by using the finite volume method. Gibanov
et al. [45] examined MHD mixed convection in a lid-driven cavity partially
filled with a porous medium saturated with a ferrofluid. It is found that the
magnetic field inclination angle and porous layer height influence greatly
the heat transfer enhancement and fluid flow intensification. Al-Srayyih
et al. [46] investigated natural convection inside a superposed enclosure
filled with composite porous-hybrid nanofluid layers. They observed that
the heat transfer rate in a hybrid nanofluid is higher than within pure fluid.
Al-Zamily [47] carried out a numerical analysis of natural convection and
entropy generation in a cavity filled with multi-layers of porous medium
and nanofluid with heat generation. They showed that the Nusselt number
depends on the heat source position. Moria [48] studied improvements of
porous layers in natural convection of an L-shape enclosure, with different
parameters considered. Recently, Alsabery et al. [49] provided a numerical
investigation of two-phase flow and heat transfer for hybrid nanofluid in
a wavy enclosure partially filled with a porous medium. They indicated
that hybrid nanofluid is better for heat transfer enhancement compared to
simple nanofluid. It’s worthy of note that there are other interesting papers
on this subject with various other applications [50–53].

Motivated by the above-mentioned research, the present study focuses
on numerical simulations of mixed convection in a ventilated square cavity
filled with different nanofluids containing a horizontal porous layer with
a heated source. It should be noted that this investigation is driven by
the need to understand the heat transfer mechanisms in heat exchangers
by analyzing the performance of the insertion of a porous layer associated
with the addition of nanoparticles to the base fluid.

2 Mathematical formulation

We consider steady laminar, two-dimensional, mixed convection inside
a vented square cavity filled with nanofluid having a horizontal porous
layer with thickness a (γ = a/L) and position b (δ = b/L). A schematic of
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the problem under investigation and the coordinate system are shown in
Fig. 1.

Figure 1: Schematic description of the physical system.

The cavity side length and height are denoted by L. The inflow opening is
located on the left of the upper wall and the outflow opening of the cavity
is fixed at the right wall bottom. The inlet port size is the same as that of
the outlet port, which is equal to w = 0.2L. It is assumed that incoming
flow is at a constant velocity (Vc) and low temperature (Tc). A heat source
is located at the middle of the bottom wall with a higher temperature Th
and at a length denoted by h = 0.5L, and all other walls are thermally
insulated. Basic fluid (water) and different spherical nanoparticles are in
thermal equilibrium and their properties are presented in Table 1.

Table 1: Physical properties of the based fluid and nanoparticles [45,49]

Physical property Units Base fluid (water) Fe3O4 Cu Ag Al2O3

Cp J/kgK 4179 670 385 235 765

ρ kg/m3 997.1 5200 8933 10500 3970

λ W/mK 0.613 6 401 429 40

β × 10−5 K−1 21.0 1.3 1.67 1.89 0.85

µ Pa s 0.001003 – – – –

The Forchheimer–Brinkman-extended Darcy model and Boussinesq ap-
proximation are applicable. The domain boundaries are impermeable, while
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the interface between clear fluid and porous medium is permeable. The
porous medium is saturated with a nanofluid that is in local thermodynamic
equilibrium with the solid matrix and is assumed to be homogeneous and
isotropic. Nanofluid thermophysical properties are constant, except for the
density variation, which is determined based on the Boussinesq approxima-
tion. Governing conservation equations for laminar and steady Newtonian
fluid flow with consideration of the above-mentioned assumptions can be
written in the following form:
For the nanofluid layer:

Continuity
∂u

∂x
+ ∂v

∂y
= 0 . (1)

Momentum

v
∂u

∂y
= − 1

ρnf

∂p

∂x
+ µnf
ρnf

(
∂2u

∂x2 + ∂2u

∂y2

)
, (2)

v
∂u

∂y
= − 1

ρnf

∂p

∂x
+ µnf
ρnf

(
∂2u

∂x2 + ∂2u

∂y2

)
. (3)

Energy

u
∂T

∂x
+ v

∂T

∂y
= αnf

(
∂2T

∂x2 + ∂2T

∂y2

)
. (4)

For the porous layer:
Continuity

∂u

∂x
+ ∂v

∂y
= 0 . (5)

Momentum

u
∂u

∂x
+ v

∂u

∂y
= − ε2

ρnf

∂p

∂x
+ εµnf

ρnf

(
∂2u

∂x2 + ∂2u

∂y2

)

− µnfε
2

ρnfK
u+ Fε2
√
K
u
√
u2 + v2 , (6)

u
∂v

∂x
+ v

∂v

∂y
= − ε2

ρnf

∂p

∂y
+ εµnf

ρnf

(
∂2v

∂x2 + ∂2v

∂y2

)

− µnfε
2

ρnfK
v + Fε2
√
K
v
√
u2 + v2 + ε2(ρβ)nf

ρnf
g (T − TC) . (7)
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Energy

u
∂T

∂x
+ v

∂T

∂y
= αeff

(
∂2T

∂x2 + ∂2T

∂y2

)
, (8)

where ε is the porosity and K is the porous medium permeability, F is
the inertia coefficient, αeff is the effective thermal diffusivity of the porous
medium. The inertia coefficient can be expressed mathematically by

F = 1.75√
150ε3

, (9)

while the effective thermal diffusivity of the porous layer is given by

αeff = λeff
ρCP

. (10)

The effective thermal conductivity of the porous layer is given by

λeff = ελnf + (1− ε)λs , (11)

where λs represents the porous medium thermal conductivity and λnf in-
dicates the nanofluid thermal conductivity.

Effective physical properties of the nanofluid were applied in the
form [39,45]:

• nanofluid density
ρnf = (1− φ)ρf + φρp , (12)

• nanofluid buoyancy coefficient

(ρβ)nf = (1− φ)(ρβ)f + φ(ρβ)p , (13)

• nanofluid heat capacitance

(ρCp)nf = (1− φ)(ρCP )f + φ(ρCP )S , (14)

• nanofluid thermal conductivity

λnf
λf

= λp + 2λf − 2φ (λf − λp)
λp + 2λf + φ (λf − λp)

, (15)

• thermal diffusivity
αnf = λnf

(ρCP )nf
, (16)
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• nanofluid viscosity (Brinkman [54])

µnf = µf
(1− φ)2.5 . (17)

The above equations were written in a non-dimensional form using the
following variables:

X = x

L
, Y = y

L
, U = u

Vc
,

V = v

Vc
, θ = T − Tc

Th − Tc
, P = p

ρV 2
c

.
(18)

For the nanofluid layer:
∂U

∂X
+ ∂V

∂Y
= 0, (19)

U
∂U

∂X
+ V

∂U

∂Y
= − ∂P

∂X
+ 1

Re
µnfρf
µfρnf

(
∂2U

∂X2 + ∂2U

∂Y 2

)
, (20)

U
∂V

∂X
+ V

∂V

∂Y
= −∂P

∂Y

+ 1
Re

µnfρf
µfρnf

(
∂2V

∂X2 + ∂2V

∂Y 2

)
ρnfβnf
ρnfβf

Gr
Re2 θ, (21)

U
∂θ

∂X
+ V

∂θ

∂Y
= αnf

αf

1
RePr

(
∂2θ

∂X2 + ∂2θ

∂Y 2

)
. (22)

For the porous layer:
∂U

∂X
+ ∂V

∂Y
= 0, (23)

U
∂U

∂X
+ V

∂U

∂Y
= −ε2 ∂P

∂X
+ ε

Re
µnfρf
µnfρnf

(
∂2U

∂X2 + ∂2U

∂Y 2

)

− ε2

ReDa
ρf
ρnf

µnf
µf

U + Fε2
√
Da

U
√
U2 + V 2 , (24)

U
∂V

∂X
+ V

∂V

∂Y
= −ε2 ∂P

∂Y
+ ε

Re
µnfρf
µfρnf

(
∂2V

∂X2 + ∂2V

∂Y 2

)

− ε2

ReDa
ρf
ρnf

µnf
µf

V + Fε2

Re
√
Da

V
√
U2 + V 2 , (25)

U
∂θ

∂X
+ V

∂θ

∂Y
= aeff

af

1
RePr

(
∂2θ

∂X2 + ∂2θ

∂Y 2

)
. (26)
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Dimensionless boundary conditions are expressed as follows:

• at the inlet port:
U = 0, V = 1, θ = 0; (27)

• at the outlet port:

U = 0, V = 0, ∂U

∂X
= ∂θ

∂X
= 0; (28)

• at the walls:
U = 0, V = 0, ∂θ

∂n
= 0; (29)

• at the heated source:

U = 0, V = 0, θ = 1. (30)

Taking the same dynamic viscosity (µp = µnf ) in both layers, interface
boundary conditions are obtained by equating the tangential and normal
velocities, shear and normal stresses, temperatures, and heat flow across
the interface. Therefore, interface conditions can be expressed as:

θp = θnf , λp
∂θp
∂Y

= λnf
∂θnf
∂Y

,

Up = Unf ,
∂Up
∂Y

= ∂Unf
∂Y

,

Vp = Vnf ,
∂VP
∂Y

= ∂Vnf
∂Y

.

(31)

The local Nusselt number (Nu) along the heat source and the average Nus-
selt number can be defined as follows:

Nu = −ελnf + (1− ε)λs
ελf + (1− ε)λs

∂θ

∂y

∣∣∣∣
y=0

,

Nu =

3h
2∫

h
2

Nu dx.
(32)
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3 Numerical procedure and code validation

3.1 Numerical scheme

The governing coupled equations, Eqs. (1)–(8), with the boundary condi-
tions, Eqs. (27)–(28), were solved with the finite volume method (FVM).
The SIMPLE (semi-implicit method for pressure linked equations) algo-
rithm was adopted for the pressure velocity coupling (Patankar [55]). The
second order QUICK (quadratic upstream interpolation for convective kine-
matics) scheme was used to discretize the continuity, momentum and energy
equations. The obtained discretized equations were solved using a Gauss-
Seidel iteration technique. A convergence criterion for continuity, momen-
tum and energy equations was defined as such that the residuals become
lower than 10−6. In this study, the computations were performed on a per-
sonal computer with an Intel Core i3 – 3.6 GHz processor. The typical CPU
time is around 100 423 s for a productive run.

3.2 Grid dependency

The grid independence test was performed for the present formulation (see
Fig. 1) at Gr = 104, Re = 10, φ = 0, Da = 10−3, δ = 0.5 and γ = 0.2.
Six uniform grids were tested. Table 2 shows the effect of mesh resolution
on the average Nusselt number along the heated source. Using this result,
a uniform finer grid of 140 × 140 was found to meet the requirements of
both the grid independency study and the computational time limits.

Table 2: Grid independence study for Gr = 104, Re = 10 and Da = 10−3

Grid size 60 × 60 80 × 80 100 × 100 120 × 120 140 × 140 160 × 160

Average Nusselt number 7.688 7.686 7.683 7.695 7.709 7.713

3.3 Code validation

Validation of this study was done for natural convection flow in a lay-
ered porous cavity filled with nanofluid, as investigated by Chamkha and
Ismael [39], for Da = 10−5, Rayleigh number (Ra) of 105 and φ = 0. Com-
parisons with streamlines and isotherms are shown in Fig. 2, respectively.
Results are in very good agreement with the benchmark solution for the
considered range of parameters.
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(a)

(b)

Figure 2: Comparison of streamlines and isotherms at Da = 10−5 and Ra = 105:
a) numerical results of Chamkha and Ismael [39], b) present study.

4 Results and discussion

This section presents numerical results for streamlines, isotherms and the
average Nusselt number for various values of the Reynolds number (1 ≤
Re ≤ 1000), the Grashof number (103 ≤ Gr ≤ 106), the Darcy number
(10−1 ≤ Da ≤ 10−5), nanoparticles volume fraction (0 ≤ φ ≤ 0.06), differ-
ent nanoparticles (Fe3O4, Cu, Ag, Al2O3), thickness and position of porous
layer (0 ≤ γ ≤ 1), (0.1 ≤ δ ≤ 0.9), respectively. The porous layer porosity
is fixed at ε = 0.9.
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4.1 Effect of Reynolds and Grashof numbers

Figure 3 illustrates the effects of Reynolds and Grashof numbers on the
structure of streamlines (top row) and isotherms (bottom row) at Da = 10−3,
φ = 0, δ = 0.5 and γ = 0.2. As can be seen from the figure, in the
present study the Reynolds number characterizes the inlet vertical veloc-
ity of nanofluid at the inlet zone. Growth of this dimensionless parameter
reflects more intensive penetration of nanofluid inside the cavity.

Re = 10 Re = 100 Re = 1000

Figure 3: Streamlines (top) and isotherms (bottom) for different Reynolds numbers at
Da = 10−3, Gr = 104, φ = 0, δ = 0.5 and γ = 0.2.

At low Re = 10, flow is generally made up of a main (forced) flow, charac-
terized by open streamlines, connecting the inlet and outlet of the cavity.
However, near the porous layer, streamlines become vertical. This is due to
the hydrodynamic resistance provided by the porous layer. An additional
vortex is generated near the inlet port at the upper wall when Re is further
increased to Re = 100. As the value of Reynolds number increases further
(Re = 1000), the last vortex becomes stronger and a new small vortex ap-
pears in the left bottom corner, proving that the convection is more or less
dependent on the intensity of the inflow.

On the other hand, isotherm lines for all values of Reynolds number are
below the porous layer; cold nanofluid occupies entirely the cavity. For high
Reynolds numbers, isotherms are clustered toward the bottom part of the
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cavity. Due to inlet flow with high momentum, flow is entirely dominated
by inertia forces.

The variation of the average Nusselt number on the heated plate with
the Reynolds number for different Grashof numbers at φ = 0, Da = 10−3,
δ = 0.5 and γ = 0.2 is shown in Fig. 4. Results indicate that the average
Nusselt number enhances significantly with the increasing Reynolds and
Grashof numbers, the increase of the latter leads to an improvement in
the heat transfer rate. But, it is interesting to note that for Re = 100, the
average Nusselt number stays nearly the same with the increasing Grashof
number.
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Figure 4: Variation of average Nusselt number with Reynolds number for different values
of Grashof number at Da = 10−3, φ = 0, δ = 0.5 and γ = 0.2.

4.2 Effect of Darcy number

Figure 5 illustrates the distributions of streamlines and isotherms for differ-
ent Darcy numbers (100, 10−2 and 10−5) at Gr = 104, Re = 100, φ = 0.03,
δ = 0.5, γ = 0.2 and Fe3O4. It can be seen from this figure that for a tiny
Darcy number 10−5, i.e., low permeability, flow is similar to the previous
case of (Da = 10−3) and is characterized by open streamlines and a small
vortex in the upper wall. The porous layer hinders fluid flow acting like
a solid; streamlines are vertical in this section. Increasing Darcy number
(10−2 and 100) means increasing the porous layer permeability and there-
fore, more cold nanofluid is allowed to penetrate the porous layer, consid-
erably increasing the strength of the vortex. However, the Darcy number
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variation does not have a significant effect on the distribution of isother-
mal lines, which are almost completely confined around the heated source,
except for a slight rise of isotherms.

Da = 10−5 Da = 10−2 Da = 100

Figure 5: Streamlines (top) and isotherms (bottom) for different Darcy numbers at
Gr = 104, Re = 100, φ = 0.03, δ = 0.5 and γ = 0.2 for Fe3O4.

Figures 6–7 show the overall heat transfer rate for different values of Darcy
number, volume fraction of nanoparticle and Reynolds number with fixed
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Figure 6: Variation of average Nusselt number with Darcy number for different values of
Reynolds number at Gr = 104, φ = 0, δ = 0.5 and γ = 0.2.
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values of Gr = 104, δ = 0.5 and γ = 0.2 for Fe3O4 nanoparticles. Similar to
the previous case, an increase in the overall heat transfer rate is observed
with the increasing Reynolds number for the fixed value of Darcy number.
It can be seen, that for the fixed value of the Reynolds number, the Darcy
number has not a significant effect on the average Nusselt number. The
Darcy number effect is more clear in Fig. 7, where it demonstrates that
the average Nusselt number is optimal at lower values of Darcy number
(Da = 10−5). On the other hand, the average Nusselt number increases with
the increasing nanoparticles volume fraction for different Darcy numbers.
In fact, the nanofluid thermal conductivity and heat transfer rate increase
with the increasing nanoparticles volume fraction.
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Figure 7: Variation of average Nusselt number with nanoparticles volume fractions for
different values of Darcy number at γ = 0.2, δ = 0.5, Gr = 104, Re = 100 for
Fe3O4 nanoparticles.

4.3 Effect of nanoparticles type

Figure 8 shows streamline (top row) and isotherm (bottom row) profiles for
three types of nanoparticles (Cu, Ag, Al2O3) in association with Gr = 104,
Da = 10−5, Re = 10, δ = 0.5 and γ = 0.2. Therefore, a concentration of 4%
has been chosen as a reference for each type of nanofluid. The flow structure
is wired, connecting the inlet and outlet of the cavity and the isotherms
are concentrated in the cavity lower part. It is noted that changing the
type of nanoparticles has no discernible impact on the flow pattern and
temperature distribution.
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Cu Ag Al2O3

Figure 8: Streamlines (top) and isotherms (bottom) for different types of nanoparticles
at Gr = 104, Re = 10, Da = 10−5, φ = 0.04, δ = 0.5 and γ = 0.2.

The comparison of Nusselt number for various working nanofluids with
various nanoparticles volume fractions for three different Darcy numbers
and Gr = 104, Re = 100, γ = 0.2 and δ = 0.5 is presented in Fig. 9.
It is notable that Ag nanoparticles have the uppermost heat transfer rate
chased by Cu, Fe3O4 and Al2O3 nanoparticles. This is due to the fact
that Ag nanoparticle has a higher thermal conductivity compared to other
nanoparticles. On the other hand, the Nusselt number increases with the
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Figure 9: For caption see next page.
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Figure 9: Variation of average Nusselt number with nanoparticles volume fractions for
different types of nanoparticles and Darcy number at γ = 0.2, δ = 0.5, Gr = 104

and Re = 100.

increasing volume fraction whatever the Darcy number and nanoparticle
type.

4.4 Effect of porous layer thickness

Figure 10 illustrates the effects of porous layer thickness on streamline
contour maps and isotherms, when Da = 10−3, Re = 100, Gr = 104 and
φ = 0.04 for Fe3O4 nanoparticles. It is observed that the change of porous
layer thickness leads to significant changes in flow patterns. At γ = 0 (pure
nanofluid), two vortices develop, a large one is located at the right top
corner and a small vortex is located at the left bottom corner. As the
value of γ increases, the size of circulating two cells gradually decreases. It
should be noted that flow is directed toward the outlet port as the porous
layer thickness increases. Corresponding isotherms are compressed near the
heated source at the bottom wall, while all the upper part of the cavity is at
a cold jet temperature, due to dominated forced convection. However, for
a cavity completely filled by the porous medium (γ = 1) the through-flow
fluid stream occupies the entire cavity and isotherm lines become wider and
stratified due to strong effects of conduction larger than those of convection.

The behaviour of the average Nusselt number with γ is presented in
Fig. 11. A growth of the porous layer size results in a rise of the heat
transfer rate. This behaviour is imputed be to a reason that the effective
thermal conductivity of the porous layer (Eq. (11)) is larger than that of
the nanofluid layer.
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γ = 0

γ = 0.3

γ = 0.6

γ = 1

Figure 10: Streamlines (left) and isotherms (right) for different porous layer thicknesses
(γ) at Gr = 104, Re = 100, Da = 10−3, φ = 0.04 for Fe3O4 nanoparticles.
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Figure 11: Variation of average Nusselt number with porous layer thickness for at
Gr = 104, Re = 100, Da = 10−3 and φ = 0.04 for Fe3O4 nanoparticles.

4.5 Effect of porous layer position

Figure 12 shows the distribution of streamlines (left row) and isothermal
lines (right row) for various porous layer locations (δ = 0.1, 0.3, 0.7 and
0.9) in the cavity for γ = 0.2, Da = 10−3, Re = 100, Gr = 104 and φ = 0.04
for Fe3O4 nanoparticles. When the porous layer is located at the top wall
(δ = 0.9), two vortices appear in the right top corner and in the left bottom
corner. However, for the case δ = 0.7, cells disappear leaving a space for
the main flow stream. Gradually as the porous layer approaches the bottom
wall, two vortices reappear and become stronger, due to the dominance
of convection flow. Isotherms are compressed at the cavity lower part as
δ ≤ 0.9. It is noticed that when the heater source is surrounded by porous
media (δ = 0.1), isotherms ascend slightly, which means that the porous
layer acts as a heat diffuser.

Figure 13 illustrates the average Nusselt number for the heated source
at different aspect ratios (δ) and Darcy numbers. It is noted from the figure
that the Nusselt number increases with the decreasing aspect ratio δ for
all values of Darcy number. On the other hand, the Nusselt number is not
much affected by a change in the Darcy number for δ ≥ 0.5, i.e., when the
porous layer is far from the heated source. But usually, the Nusselt number
increases with the decreasing Darcy number. In contrast, this tendency
changes for the case δ = 0.1, the heat transfer rate increases with the
increasing Darcy number,which is due to the increase of effective thermal
conductivity of the porous layer.
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δ = 0.9

δ = 0.7

δ = 0.3

δ = 0.1

Figure 12: Streamlines (left) and isotherms (right) for different porous layer positions
(δ) at Gr = 104, Re = 100, Da = 10−3, γ = 0.2 and φ = 0.04 for Fe3O4
nanoparticles.
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Figure 13: Variation of average Nusselt number with porous layer position at Gr = 104,
Re = 100, Da = 10−3 and φ = 0.04 for Fe3O4 nanoparticles.

5 Conclusions

The purpose of this work was to numerically analyze mixed convection in
a vented square cavity filled with different nanofluids having a horizon-
tal porous layer. The effects of governing parameters on flow and thermal
fields characteristics were analyzed. A detailed analysis of streamlines dis-
tribution, isotherms and the average Nusselt number in the cavity were
carried out to investigate the effect of Reynolds, Grashof and Darcy num-
bers, nanoparticle volume fraction, thickness and positions of porous layer
on fluid flow and heat transfer in the mentioned cavity. The numerical
results reported lead us to the following conclusions:

1. The average Nusselt number increases with the increasing volume
fraction of nanoparticles, Reynolds and Grashof numbers for all stud-
ied Darcy numbers.

2. The flow pattern does not change substantially with the volume frac-
tion and nanoparticles type.

3. The average Nusselt number is optimal at lower values of Darcy num-
ber.

4. An addition of nanoparticles to basic fluid leads to an increase of the
average Nusselt number.
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5. Ag nanoparticles seem to produce the highest values of Nusselt num-
ber compared to other types of nanoparticles.

6. A growth of the porous layer size increases the heat transfer rate and
the position of the porous layer at the bottom wall has an uppermost
effect on the heat transfer rate.

These various results should be useful for the design and optimization of
several thermal engineering problems associated with heat exchangers. Sub-
sequently, it would be interesting to complete this initiative by continuing
the analysis and exploring the impact of discrete source location and three-
dimensionality on the flow and heat transfer when the governing parameters
are changed.

Received 12 October 2022
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