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ABSTRACT

This study presents a numerical investigation into mixed convection heat transfer within a 
ventilated square cavity containing a circular obstacle, evaluated under various magnetic field 
inclination angles. Ventilation is ensured by two fixed openings on the vertical walls of the 
cavity. Cold Carbon Nanotubes-water nanofluid enters through the opening at the top of the 
left vertical wall and exits through the opening located at the bottom of the right vertical 
wall. All four walls of the cavity are maintained at the same temperature, which is higher 
than that of the incoming nanofluid. The finite volume method, combined with the SIMPLER 
algorithm for pressure-velocity coupling, was utilized to solve the governing differential equa-
tions of the system. The objective was to determine the optimal geometry that offers the best 
thermal performance with the lowest pressure drop. Key results indicate that increasing the 
nanoparticle volume fraction from 0% to 6% enhances the average Nusselt number by up to 
20.3%, significantly improving heat transfer performance. Similarly, tilting the magnetic field 
at an angle of 45° minimizes the pressure drop by 12% compared to the baseline case. The 
optimal obstacle position was identified as the cavity center, balancing heat transfer enhance-
ment with a manageable pressure drop. These findings can be applied to optimize the design 
of cooling systems in industrial applications such as electronic device cooling, energy storage 
systems, and heat exchangers, where efficient thermal management and minimal pressure loss 
are crucial. The research introduces a new application of Carbon Nanotubes-water nanofluid 
to enhance heat transfer performance, with the added complexity of a magnetic field influenc-
ing the flow dynamics.
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netohydrodynamic mixed convection within a ventilated cavity crossed by a nanofluid: Effect 
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INTRODUCTION

For companies, it is now imperative to manage the 
thermal performance adequately because with regards to 
minimized energy consumption and improved system effi-
ciency not only the durability of the material, but also cus-
tomer confidence are influenced. One possible solution to 
enhance the heat transfer rate is the addition of nanoparti-
cles in common fluids like water, ethylene [1], Nanofluids 
were documented and for the first time, a technologically 
feasible heat transfer fluid have been introduced as a dis-
persion of metallic nanoparticles in regular Heat Transfer 
Fluids that substantially enhances the heat conductivity, 
reduces pumping power to compensate adverse thermo-
physical properties by far out weighing limitations related 
with conventional fluids for energy effective heat transfer 
applications. Also, bottling of metallic or non-metallic NPs 
into fluids such as water, oils and ethylene glycol increase in 
the thermal conductivity coefficient and heat transfer rate 
[2-5]. In addition, the degree of heat transfer enhancement 
is strongly dependent on the nanoparticle and host fluid 
properties, particle volume fraction, particle size, particle 
shape, Brownian motion and thermophoresis [6-10].

However, with the incorporation of nanoparticles, 
thermal performance is enhanced and pressure drop is 
increased, which restricts their application in thermal 
systems.

 For instance, the viscosity behavior of Al2O3 –water and 
ZnO ethyleneglycol nanofluids over that of their respective 
base fluids is reported to be observed as higher in compari-
son with the base fluids [11, 12] experimentally studied the 
pressure drop and heat transfer rate of silver-water nano-
fluids in a counter-flow heat exchanger. The authors found 
that the pressure drop increased by 55%, and the heat trans-
fer rate increased by 69 % at a volume concentration of 0.9% 
compared to the base water [13] investigated the heat trans-
fer and pressure drop in helically coiled tube heat transfer 
working fluid with Al2O3 nanofluids under a turbulent flow 
condition. The increase in heat transfer coefficients and 
pressure drop is enhanced with particle concentration. The 
study of heat transfer and pressure drop in a conical heli-
cal tube heat exchanger using MWCNT/water nanofluids 
was the focus of [14]. Their findings revealed that, in com-
parison to water, the pressure drop increased by approxi-
mately 16%, 30%, and 42% for nanoparticle concentrations 
of 0.1%, 0.3%, and 0.5%, respectively. In addition, several 
numerical and experimental studies on different cavity 
shapes have explored the impact of nanofluids on heat 
transfer and pressure drop performance under different 
flow regimes [15-18]. All the mentioned studies showed a 
significant improvement in heat transfer, using nanofluids 
as working fluid in which the pressure drop also increased.

Over the last decade, a review of literature suggests that 
researchers have also explored the convective flow of fluids 
– nanofluids or base fluids filled in cavities with obstacles. 
It is a very promising solution for an improved thermal 

performance. For example, [19] performed a numerical 
investigation of the effect of a square conductive obstacle 
placed in the center of a square cavity under natural con-
vection. The heat-exchange coefficient has been found to 
be increased (decreased) by the incorporation of a body 
with thermal conductance lower (higher) than that of the 
unit.

Numerically studied the influence of an adiabatic obsta-
cle at the center of a differentially heated square cavity on 
flow and temperature fields [20]. The outcome reveals an 
optimal size of obstacle yielding a heat transfer enhance-
ment compared to the case in absence of obstacles. [21] 
conducted a numerical investigation to analyze how divid-
ing a solid block with varying conductivity affects the flow 
and heat transfer properties within a square cavity. The 
findings indicate that subdividing the block postpones the 
initiation of natural convection and diminishes heat trans-
fer. Additionally, the subdivision of solid blocks does not 
significantly impact heat transfer at elevated Rayleigh num-
bers, with blocks featuring lower conductivity proving to 
be more conducive to convective heat transfer. investigated 
natural convection in a truncated cone containing Cu-water 
nanofluid for different Rayleigh numbers, wall inclina-
tions and heat source lengths [22]. The results indicate an 
enhancement in the cooling capability when nanofluids are 
used, and this is further controlled by both wall angle and 
power length of heat [23]. Studied the water-Al2O3 nano-
fluids laminar forced convection in a microchannel heat 
sink, and obtained favorable heat transfer performance 
through numerical analysis, revealing that better thermal 
performance is attained with higher nanoparticle volume 
concentration and Reynolds number for advanced cooling 
systems.

Provided a comprehensive review of numerical and 
experimental results from natural laminar convection in 
enclosures with and without internal bodies, details were 
provided for the Rayleigh number, shape ratio, relative 
position of internal bodies, number of inner bodies and 
inclination angle of cavity or obstacle [24]. The results 
show that appropriate values of the control parameters can 
significantly enhance thermal recirculation in an enclosure 
with inner objects. Thus, due to the presence of bodies, 
secondary vortices are developed in the cavity and modi-
fication on current lines and isotherms occurs. Therefore, 
[25] considered the heat transfer of Cu-water nanofluid in 
a lid-driven cavity having conductive solid square cylinder 
at its center. Their findings showed that with a reducing of 
Richardson number, the influence of nanoparticle concen-
tration would decrease[26]. Investigated natural convection 
in a square cavity containing a nanofluid and an adiabatic 
square block in the center. The authors have demonstrated 
that the average Nusselt number has been found to increase 
with an increasing volume fraction of nanoparticles for all 
Rayleigh numbers, except Ra = 104.

Similarly, at low Rayleigh numbers, the heat transfer rate 
decreases as the adiabatic square body size increases. The 
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natural convection in a square cavity with four hot inner cir-
cular cylinders was studied by [27], which were arranged at 
multiple spatial location of rectangular shape. The authors 
showed that the flow and thermal fields are consistently 
stable across the range of 103≼ Ra ≼104. However, in the 
Rayleigh range of 105 to 106, both velocity and temperature 
fields become unstable due to the placement of cylinders. 
In addition, the symmetry with regard to the vertical center 
line is affected by cylinder locations. Another investigation 
by [28] explored the heat transfer characteristics of a CuO-
water nanofluid within a rhombus-shaped cavity, featuring 
a square cylindrical obstacle at the cavity center under three 
different conditions (cold, adiabatic, and hot). The results 
showed that the cold cylinder hinders heat transfer in cavity 
when compared with isothermal and hot square cylinders.

Similarly, the cavitymodel with openings have attracted 
much attention from researchers becaused it frequently 
appears in practical engineering processing , such as cool-
ing/heating systems. This design aims to optimize the con-
figuration of openings for facilitating heat transfer. For 
instance, [29] investigated the mixed convection of Al2O3-
water nanofluid within a ventilated enclosure. hey investi-
gated different combinations of outlet locations, Reynolds 
and Richardson numbers, and nano-particle volume frac-
tions to find a suitable configuration for these systems. This 
is a framework whereby saturated boiling has the highest 
possible heat transfer rate and pressure drop from same. 
Mixed nanofluid convection in a ventilated irregular cavity 
was also investigated numerically by [30]. The results show 
that heat transfer is augmented with increasing nanopar-
ticle volume fraction, Richardson and Reynolds numbers, 
and decreasing the particle size [31]. investigated mixed 
convection optimization in a ventilated square cavity con-
taining nanofluid. It was observed that an increase in the 
Richardson and nanoparticle volume fraction results in 
a reduction of average Nusselt number. Furthermore, the 
relative distance of inlet port location from bottom wall 
of cavity 0 and outlet port location from top wall of cavity 
0.9H at Re = 0.01 and Φ = 3% is the optimum configura-
tion for heat transfer. Owing to its practical importance, 
understanding the mixed convection in ventilated cavities 
is important in a number of technological applications such 
as solar collectors, building thermal systems, air condition-
ing and cooling of electronic boards. The modification of 
heat transfer in cavities due to the inclusion of obstacles, 
has recently been a subject of enhanced concern. From 
reviewing the previously conducted works, it is found that 
the mixed convection have been widely studied in venti-
lated square enclosure filled with cavity, as there are obsta-
cles inside and fins on the bottom wall acting as agents of 
disturbance.. For example, [32] conducted a numerical 
investigation on steady-state mixed convective laminar 
flow in a ventilated square enclosure where the right ver-
tical wall was heated and featured a thermally conductive 
solid cylinder. Their results, considering various obstacle 
positions and Richardson numbers, indicate a significant 

impact of obstacle location on the heat exchange rate. 
Similarly, in another study, [33] investigated mixed convec-
tion in a ventilated cavity with a centrally positioned solid, 
heat-generating circular obstacle, exploring a wide range 
of Richardson, Reynolds, and Prandtl numbers. They con-
clude that these parameters have a significant impact on the 
flow and thermal fields, in addition to the heat transfer rate, 
drag force and average fluid temperature of the cavity.

The effect of the external magnetic field on the heat 
transfer of the electrically conductive fluid has also received 
much attention due to various applications in many fields 
such as crystal growth, microelectronic devices, control of 
hydrodynamic behavior and heat transfer during crystal 
growth processes [34, 35]. Thus, an effect of the inclined 
uniform magnetic field on the natural convection of an 
electrical conductor (Pr = 0.025) in a rectangular cavity 
was numerically studied by [36]. The authors reported that 
the inclination angles of the magnetic field and the cavity 
aspect ratio play an important role in different Rayleigh 
numbersfor fluid flow and heat transfer. Namely,the flow 
structure depends strongly on the magnetic field inclina-
tion angle for a large Hartmann number [37]. numerically 
studied the natural convection in a fillated nanofluid cav-
ity having obstacles of different shapes (circular, square, 
and diamond) installed under the influence of a uniform 
magnetic field and uniform heat generation. The cavity 
was heated from the bottom and cooled from the verti-
cal sides, while the top wall was assumed to be adiabat-
ic;thesidewalltemperatures vary linearly. It is observed that 
the presence of obstacles deteriorates the heat transfer pro-
cess, and this is more pronounced with a higher external 
Rayleigh number compared to the cavity without obstacles 
at Ra = 106. Reduced heat transfer with square and dia-
mond-shaped obstacles than without obstacles is less effec-
tive with increasing Hartmann numbers [38]. Examined 
porous domain modeling under the influence of radiation 
and Lorentz forces, employing a hybrid nanomaterial and 
solving equations through CVFEM. Findings indicate that 
increased permeability thins the boundary layer, while 
magnetic fields reduce its impact on Nuave, buoyancy forces 
enhance thermal gradients [39]. Analyzed the influence of 
nanomaterials on MHD flow between non-parallel plates 
using HPM and RK4 methods. It finds that hydraulic 
boundary layer thickness decreases with higher Reynolds 
numbers but increases with a larger Hartmann number 
[40]. Discussed thermal behavior of nanomaterials in var-
ious contexts. The study examines Al2O3-water nanofluid 
flow between plates, incorporating Brownian motion and 
thermal forces, revealing Cf and Nu increase with higher 
squeeze and Eckert numbers.

Analyzed the MHD free convection flow of Cu /water 
nanofluid in a square cavity heated from the bottom 
and cooled by the side walls [41]. The heat transfer rate 
increases withthe heat source length, nanoparticle volume 
fraction, and Rayleigh number and a decreasing function of 
the Hartmann number [42]. Studied the mixed MHD flow 
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convection of Cu/water nanofluid in an open cavity with 
an isothermal horizontal wall. The authors showed that an 
increase in the Lorentz force leads to attenuating the circu-
lation zone inside the cavity for a horizontal and inclined 
magnetic field [43]. investigated the effect of magnetic field 
directions on the natural convection of CNT-water nano-
fluid in a cubical cavity. For different Rayleigh numbers 
and nanoparticle volume fractions, the results indicate that 
the heat transfer increases with the increase of nanoparticle 
volume fraction. At the same time,the magnetic force inhib-
its the heat transfer by 50% when the Hartmann number 
is increased from 50 to 100. Moreover, the magnetic field 
angles are more pronounced for Ra =105 [44]. Numerically 
examined the natural convection of TiO2-water nanofluid 
in a cubic cavity containing a hot block under the influ-
ence of a magnetic field, emphasizing the effects of 3D flow 
and the enhancement of heat transfer by nanoparticles. The 
results indicate that buoyancy enhances heat exchange, 
while magnetic fields inhibit it, with 3D flows showing sig-
nificant differences from 2D, particularly at high Rayleigh 
numbers.

Considered numerically mixed convection in a square 
cavity with a heated and filled lid of nanofluid alumina-wa-
ter whose isothermal square blockage inside the mag-
netic field [45]. For other parameters, the average Nusselt 
number decreased with an increase in the magnetic field. 
Numerical analysis of free convection in a square cavity 
filled with a saturated porous media with liquid gallium 
subjected to an inclined uniform magnetic field was per-
formed by [46]. The bottom of the enclosure is presumed 
to be uniformly heated. It is assumed that the top boundary 
of the horizontal top surface is insulated, whereas the left 
vertical side of the cavity is subjected to a linear heat gen-
eration and the right side wall is linearly heated or cold. It 
has been found that in the case of a linearly heated right 
wall, the average Nusselt number is an increasing function 
of the Darcy number, and the vertical magnetic field results 
in higher values for the average Nusselt number compared 
to the horizontal magnetic field along the bottom and side-
walls of the cavity. For the cold right wall case, the horizon-
tal magnetic field leads to higher values of the meanNusselt 
number than the vertical magnetic field case. The average 
Nusselt number decreases as one moves along the lower 
and right. At the same time, it increases along the left wall 
with increasing distance [47]. Demonstrated the effective-
ness of the GMDH-type neural network in modeling heat 
transfer in MHD nanofluids, outperforming the CVFEM 
approach. Key findings reveal that heat transfer improves 
with increased buoyancy, nanoparticle concentration, and 
enclosure slope but decreases with higher Hartmann num-
bers. Explored the impact of microrotational velocity and 
radial magnetic fields on laminar natural convection flow 
within vertical concentric annuli containing a polar fluid. 
The results highlight the effects of the Hartmann number, 
vertex viscosity, and annular gap on parameters such as 
velocity, induced magnetic fields, and current density [48]. 

In another study, [49] investigated unsteady heat transfer 
and entropy generation in a viscoelastic Maxwell fluid sub-
jected to an induced magnetic field over a stretching sheet, 
employing numerical methods for their analysis. Their key 
findings highlight the influence of various parameters on 
velocity, magnetic distribution, thermal boundary layers, 
and entropy generation.

Recently, [50] have studied the influence of external 
magnetic field on heat transfer and entropy generation of 
hybrid nanofluid past a partially heated non-uniform ven-
tilated cavity for different control parameters. They found 
that the enhancement of magnetic field strength usually has 
a tendency to resist the convective heat transfer and restrict 
thermal boundary layer thickness. For the entire range 
of Ha and Re, the nanoparticles’ inclusion enhances the 
Nusselt number [51]. Analyzed the influence of the posi-
tion of outlet for various control parameters of a nanofluid, 
inside a ventilated cavity in the presence of magnetic field. 
Numerical results indicate that the heat transfer rate is influ-
enced by the location of the outletpoints [52]. Investigated 
analytically the magnetohydrodynamic free convection 
with radiation and Hall currents in a porous media between 
vertical walls. The present investigation focuses on chilled 
panels for aluminum smelters. They emphasize the import-
ant role played by the parameters such as Hartmann num-
ber, Hall current and radiation in controlling flow patterns, 
velocity field and magnetic fields. These observations help 
to increase the system knowledge before even having a pro-
totype [53].

Presented a study on nanofluid heat transfer inside 
a porous media with a uniform magnetic field, in which 
they considered the impact of Rayleigh number, Hartmann 
number and the properties of nanofluid. Results indicate 
that on increasing the Rayleigh number and nanoparti-
cles property ratio, heat transfer increases, while is further 
intensified for a lower Hartmann number [54]. Analyzed 
an analytically solution of the effects of heat radiation, 
chemical reaction and induced magnetic field on natural 
convective MHD flow in a porous medium between verti-
cal walls. Their main results show that the influences of so 
many parameters are remarkable on the profiles of velocity, 
temperature and magnetic fields, which may have extensive 
applications in some chemical reactors and solar thermal 
systems has studied the application of ferro nanoparticles 
in screw heat exchangers with focus on influence of vari-
able magnetic fields and geometrical process parameters on 
enhancement of thermal performance. Computations indi-
cate that Reynolds number has the most effect on the flow 
of nanofluid, and screw diameter has an important impact 
on skin friction [55].

Recent research has increasingly examined heat trans-
fer optimization in enclosures containing internal obsta-
cles, under diverse operating conditions such as natural 
and mixed convection, varying Rayleigh numbers, and the 
influence of magnetic fields. The originality of the present 
study stems from:
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-	 Investigating the combined effects of circular obstacle 
positioning and external magnetic fields on the per-
formance of CNT-water nanofluids within ventilated 
cavities.

-	 Optimizing thermal performance while minimizing 
pressure drops, a balance that has practical applications 
in thermal management systems such as cooling, air 
conditioning, and electronic devices.

-	 Exploring a wider range of control parameters than 
reported in existing literature, enabling the identifi-
cation of optimal configurations for energy efficient 
design.
In this paper we attempt to fill in this gap by carrying 

out a numerical investigation to establish an optimal com-
bination of obstacle layout and magnetic field arrangement 
for the maximum heat transfer accompanied by minimal 
flow resistance.

PROBLEM DESCRIPTION

Figure 1 shows the geometry of the present study. The 
flow takes place inside a ventilated square cavity of length 
L and height H (L = H) containing a circular obstacle of 
diameter D (D = 0.1H) and thermal conductivity k* which 
changes place in the cavity: P1 (X = 0.50, Y = 0.50), P2 (X 
= 0.50, Y = 0.75), P3 (X = 0.75, Y = 0.50), P4 (X = 0.50, Y = 
0.25) and P5 (X = 0.25, Y = 0.50). The cavity is filled with 
a nanofluid from two equal cross sectional on some height 

(0.25H) at other angles of uniform magnetic field ( ) for 
the horizontal plane. The cool nanofluid is injected and 
sucked from the two openings located at the top of the left 
vertical side and at bottom fo the right vertical side, respec-
tively. All cavity walls are assumed to be isothermal and at 
the base fluid temperature of the enteringnanofluid. Table. 
1 Thermophysical properties of water and CNT nanoparti-
cles are shown in Table 1.

Simplifying Hypotheses
The following assumptions were established:

-	 The base fluid and the solid spherical nanoparticles are 
in thermal equilibrium.

-	 The solid nanoparticles and base fluid are assumed to 
be in thermal equilibrium.

-	 The nanofluid is Newtonian and incompressible.
-	 The Boussinesq approximation is used to determine the 

density variation in the buoyancy term, where the other 
thermophysical properties of the nanofluid are assumed 
constant.

-	 The flow is considered to be steady, two-dimensional, 
and laminar.

-	 The effects of radiation, viscous dissipation, and Joule 
heating are negligible.

-	 The induced magnetic field is sufficiently weak to be 
neglected compared to the applied magnetic field B0.

-	 The Hall effect is neglected.

Governing Equations
Given the simplifying hypothesis considered above, 

the governing equations describing the flow and thermal 
field used in this study are the continuity, momentum, and 
energy equations, respectively. The primary assumptions 
indicate that effects such as radiation, viscous dissipation, 
Joule heating, the Hall effect, and induced magnetic fields 
are negligible compared to the applied magnetic field B0​, 
These equations are defined in their nondimensional forms 
as follows:

	 	 (1)

	 	
(2)

	 	 (3)

Table 1. Thermophysical properties of water (Pr = 5) and CNT nanoparticles [43].

Water 4179 997.1 0.613 21
CNT 650 1350 3500 4.20

Figure 1. Geometrical representation of the present prob-
lem.
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where, the applied magnetic field B ( ) is 

uniform with a constant magnitude B0 ( )
The interaction between electromagnetic fields and 

the electrically-conducting nanofluid flow constitutes the 
Lorentz force [51, 56, 57]:

	 	 (4)

The electric current density is governed by the general-
ized Ohm’s law, defined as follows [42-44]:

	 	 (5)

where, σnf is the electrical conductivity of the nanofluid, ( ) 
is the electrical field intensity.

When all cavity walls are electrically insulated [51] and 
[57]: 

where, V’ ( ) is the velocity vector.
Thus, the expressions of the Lorentz force components 

are defined for the x and y directions, respectively:

	 	
(6)

The effective density, heat capacity, and thermal expan-
sion coefficient of the nanofluidare respectively:

	 	 (7)

	 	 (8)

	 	 (9)

For the effective thermal conductivity and the effec-
tive dynamic viscosity, the formulas used by [29] are, 
respectively:

	 	
(10)

	 	 (11)

with, 
where, h is the interfacial layer thickness, a is the particle 
radius, and lr denotes the layer.

From the work data of [58]: h = 1 nm and a = 10 nm.
The dimensionless form of the governing equations can 

be obtained by introducing the dimensionless variables as 
follows:

	 	

(12)

After substitution of the above variables, we obtain the 
following dimensionless equations: 

	 	 (13)

	 	

(14)

	 	
(15)

	 	 (16)

where,  is the thermal diffusivity of nano-

fluid and  is the Hartmann number, 

 : the Reynolds number for base fluid.

For a solid obstacle, the energy equation is:

	 	
(17)

The boundary conditions are in the following forms:
-	 Hot walls: all walls are assumed to be at a high tempera-

ture T=TH, with no-penetration and no-slip conditions:
-	 Left wall (x = 0 and 0 ≤ y ≤ 0.75H)
-	 Right wall (x = L and 0.25H ≤ y ≤ H)
-	 Top wall (y = H and 0 ≤ x ≤ L)
-	 Bottom wall (y = 0 and 0 ≤ x ≤ L)
-	 In dimensionless form: U = V = 0 and θ = 1.
-	 Inlet opening: The inflow is cold (T = TC) with a uni-

form velocity u = u0
-	 In dimensionless form: U = 1, V = 0 and θ = 0.
-	 Outlet opening: A steady-state regime is assumed.
-	 In dimensionless form: ∂U/∂X = ∂θ/∂X = 0 and V=0.
-	 Obstacle surfaces: No-slip and no-penetration condi-

tions apply.
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-	 In dimensionless form: U = V = 0.
-	 Nanofluid-Obstacle interface: (∂θ/∂n)nf = (k*/knf) 

(∂θ/∂n)Obstacle

Heat Transfer and Pressure Drop
To study the heat transfer characteristics related with 

mixed convection (along the four hot walls), we should 
consider these variations of local and average Nusselt num-
bers on the walls, which are as follows:

	 	
(18)

(n): Normal direction to the considered wall.
The total average Nusselt number is:

	 	
(19)

The dimensionless pressure drop is determined from 
the following equation [29]:

	 	
(20)

where,

	 	
(21)

To estimate heat transfer enhancement between the case 
of φ = 2% and the base fluid case, EN is defined as follows:

	 	
(22)

Numerical Method (code validation and grid testing)
We discretized the dimensionless governing equations 

used in this work by the finite volume method in agreement 
with [59]. The system of the algebraic equations and bound-
ary conditions was solved using line-by-line technique 
combined with the TDMA. Moreover, the pressure-velocity 
coupling was treated using SIMPLER algorithm to guaran-
tee a robust and accurate numerical solution formulation.

The convergence condition used for this study is:

	 	

(25)

where, L and M are the numbers of grid points in the X 
and Ydirections, respectively, f is any of the computed field 
variables and ξ is the iteration number.

In order to validate our numerical code, we compared 
our results with those obtained in [29] for a Newtonian 
fluid passing through a ventilated square cavity in terms of 
the variation of the local Nusselt number measured along 
the hot walls for Ri = 0, Re = 500 and φ = 0%. Figure 2 shows 
a very good match. The comparison indicates a good agree-
ment with differences mainly not exceeding 3.76% in high 
thermal gradient regions. Such variations are attributed to 
small differences in the boundary conditions and the dis-
cretization schemes.

In addition, in the presence of the magnetic field, figure 
3 compares the results of [57] Yu in terms of isotherm dis-
tribution. Thus, figure 3 shows an excellent resemblance. 
Finally, the temperature distributions on the horizontal 
midline were compared with the previous experimental 
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Figure 2. Local Nusselt number on the four walls of the 
cavity.

Figure 3. Comparison of isotherms between the present 
work and study of [57] at  ω = 00: (a) Ra = 104, Ha = 100 and 
(b) Ra = 105, Ha = 30.
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results of [60] (Fig. 4), differences of about 2.14% are 
observed at certain position on the horizontal midline, in 
particular near steep temperature gradient areas just to the 
right of the highly underexpanded regime. These may be 
related to variation in the experimental configuration and 
assumptions about flow properties.			 

For the grid generation, we took a mixed convection 
flow in a ventilated square cavity for Re = 500, Ha = 100. φ 
= 2% and ω = 900 with the circular obstacle in the middle of 
the cavity P1. Various grid sizes (1202 - 2202) were studied. 
The results in Fig. 5 indicated that a grid of size 2002 is 
acceptable for the present analysis. It is important to men-
tion that mesh inflation was not performed at the boundary 
layer, thus keeping a uniform mesh distribution in all over 
the domain.

RESULTS AND DISCUSSION

The effect of the obstacle position, Table. 2, in a venti-
lated cavity filled with an electrically conductive nanofluid 
based on water and nanoparticles (φ = 2%) under the action 
of a magnetic field is numerically studied in mixed convec-
tion mode. The objective is to determine the best position 
of the obstacle corresponding to the maximum heat trans-
fer rate and minimum pressure drop as a function of the 
different control parameters: Reynolds number, Hartmann 
number, magnetic field direction, and the volume fraction 
of the nanoparticles (φ = 2%).

Hydrodynamic and Thermal Field
At Ha = 0, the streamline and isotherm are presentedin 

Fig. 6. When Re is small (Re = 50), the typical structure of 
the streamlines consists of two rotating cells. One is on the 
right side of the top wall and rotating counter clockwise, 
and another larger cells are also rotating but clock-wise near 
the left wall for each configuration. The state P5 is identified 
by the emergence of a third rotating cell at the inlet. Indeed, 
for the high Reynolds number (Re = 500) the amplification 
of rotating cells and a clear observation of secondary cells 
above the obstacle is noted for P1, P2 and P3 configurations. 
This is due to the presence of anobstacle in the main flow.

In addition, we observe that the repositioning of the 
obstacle leads to traffic flow-line rearrangement (also for 
public transportation lines and routes). This influenceis 
manifested through the change, in size and shape, of the 
rotating cells and by that on the exchange in the parietal 
zone of fluid across between walls. For example, as Re = 50 
in figure 1, by changing the location of the obstacle from 
P1 to P2, the rotating cells become larger. In fact, when the 
magnitude of the inertial force is large (Re = 500), in the 
main flow linking both vent positions we can see a very 
remarkable change when obstacle is located at P2 and P3. 
This is due to the interaction of the obstacle Wake with 
main flow. It is, indeed, because the expanding rotating cells 
along with its core (Figs 3c and 3d ) are better developed 
when the obstacle’s position is at the core of the rotating 
cell in bottom cavity (see configurations P4 and P5). As for 
the isotherms described in Fig. 6b, it is possible to observe 
the behaviour of the streamline versus Re on top of the 
isotherms shape. It is true that the thickness of thermal 

	
Figure 4. Comparison of the temperature distribution with 
the experimental results of [60] at Ra = 1.89×105 and Pr = 
0.71.

Table 2. Obstacle positions in the ventilated cavity

Obstacle position (x, y)
P1 (0.5, 0.5)
P2 (0.5, 0.75)
P3 (0.75, 0.5)
P4 (0.5, 0.25)
P5 (0.25, 0.5)

21.0

21.5

22.0

22.5

23.0

23.5

24.0

24.5

220220021802160214021202

 

Nu
av

g

Meshing grids

                         Configuration P1

Figure 5. Average Nusselt number versus grid sizes. Ri = 1, 
Re = 500, Ha = 100, ω = 90° and φ = 2%.
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boundary layer decreases with increasing Reynolds num-
ber. The obstruction position does, on the other hand, have 
a major impact on the progress of the boundary layer thick-
ness. The P2 and P3 have the smallest thickness among the 
other Re = 500.

We demonstrate that the interaction of the main flow 
with the obstacle causes to change in main flow and stream-
line distribution. This effect (restriction) is reflected in the 
size and shape of the circulating cells, and thus on blood-
fluid exchange cross-diuse between wall to circulating par-
ticles. For instance, at Re = 50 the removal of same to after 
having introduced it allove a growth of around the rotating 
cells. In fact, in the stronger intensity of the inertial force 
case (500), a significant change takes place at this main flow 

connecting the throat positions for and when Re = 50. This 
result can be ascribed to the interaction between main flow 
and the obstacle. Hence, the expansion of rotating cells is 
expected to occur when the obstacle occupies the center of 
the rotating cell at bottom confining wall (cases and). With 
respect to the isotherms, in Figure 6b we demonstrate iso-
therm configuration development of the streamline with 
Reynolds. The thermal boundary layer thickness is actu-
ally decreased with Re. Sensitivity to the obstacle position 
The boundary‐layer thickness growth is, however, strongly 
dependent on the obstacle position. The two thinnest con-
figurations among all the Re = 500 cases are P1 and P2.

Figures 7 and 8 show the magnetic field effects for 
Re = 500 and different magnetic field inclination angles at 

Figure 6. Effect obstacle position versus Re on streamlines (a) and isotherms (b) for Ha = 0 and φ = 2%.
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Ha = 100. These effects correspond to the obstacle’s posi-
tion on the streamlines and the isothermal distributions 
for the nanofluid (φ = 2%), respectively. First, we com-
pared the impact of the magnetic field direction as a func-
tion of the variation of the obstacle position compared to 
the case of the absence of the magnetic field (Fig. 6). For 
ω = 0° and ω = 45°, we notice that the streamlines are almost 
similarregardless of the obstacle position. The rotation cells 
observed in the absence of the magnetic field and stream-
lines are weakened, tend to disappear close to the active 
walls and become almost parallel near these walls which 
correspond to a heat transfer conduction.

In contrast, in the P2 configuration, the cells located at 
the bottom do not disappear completely but undergo deg-
radation in size. This is due to the fact that the movement 
of the flow induced by the inertial forces slows down, and 
the shear forces become dominant by the applied magnetic 
field. Indeed, the Lorentz and inertial forces act in the oppo-
site direction (See the Momentum Equations). For ω = 90°, 

this time, we observe the reduction of the rotating cell size 
localized at the lower cavity and the disappearance of the 
cell located at the top for all configurations. This findingcan 
be explained by the fact that the Lorentz force acts this time 
perpendicular to the main flow direction. For ω = 135°, 
we note the disappearance of the secondary cells. The cell 
located at the top amplifies significantly, and the cell’s sizeat 
the bottom decreases. This phenomenon can be explained 
by the inertia force being stronger than the Lorentz force.
Moreover, it can be seen that the effect of inclination angles 
on the flow structure is considerable significant when 
ω = 0° and ω = 45° are compared to other angles (ω = 90° 
and ω = 135°).

Figure 8 illustrates the isotherms, and it can be not-
edthat the space occupied by the main flow (characterized 
by the lowest temperature 0.05) is considerably larger in the 
presence of the magnetic field at different angles, except for 
the case when the angle is equal to 135°. Thus, the thick-
ness of the boundary layer in the case is ω = 45°. It is the 

Figure 7. Streamlines versus magnetic field direction for all obstacle positions at Re = 500, Ha = 100 and φ = 2%.
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thinnestcompared to the cases obtained by the other angles. 
This means that the parietal exchange (fluid/walls) is very 
important. Moreover, we observe that the change in the 
obstacle’s position has a remarkable influence on the distri-
bution of the isotherms only for 135°.

Transfer Rates
In this context, to assess the nanofluid-wall heat transfer 

as a function of magnetic-field orientation, we studied the 
local Nusselt number characteristics across the hot walls for 
P4 configuration at Re = 500, Ha = 100 and φ = 2%. The 
dimensionless local Nusselt number characterizes convec-
tive heat transfer efficiency by account of the thermal gra-
dients and fluid dynamics in the vicinity of walls. Figure 
9 that the orientation of the magnetic field heavily affects 
the heat-transfer process. In particular, for the inclination 
angle of the magnetic field at 45°, maximum local Nusselt 

number is found to occur over the hot walls. Such a pro-
motion of the heat transfer by mixed convection may be 
due to the improved effect of the Lorentz force as well as 
convective streaming developed in this angle. For the case 
of field at 450 angle, the magnetic fields are inclined with 
respect to thermal loading that provide a more effective 
mixing in nanofluid. This alignment is presumably cho-
sen in the sense to minimize magnetic damping effect to 
suppress convective flow (a typical phenomenon at larger 
Hartmann numbers), but still making use of anisotropic 
field conductive paths.

In contrast, the Nusselt number is smaller when mag-
netic field angles change from 90° to 135° implying a 
decrease in heat transfer performance. At 90°, the magnetic 
field acts perpendicularly to the flow, which induces stron-
ger flow damping via Lorentz forces, further reducing con-
vective heat transport.

Figure 8. Isotherms versus magnetic field direction for all obstacle positions at Re = 500, Ha =100, and φ = 2%.
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In addition, Figure 10 shows the effect of the obstacle 

position in the ventilated cavity on the local Nusselt num-

ber evolution, for the angle ω = 45°. It is important to note 

that estimating the best configuration on the local Nusselt 

number is difficult and requires computing the average 

Nusselt number for all control parameters.

Figure 9. Magnetic field direction effects on the local Nusselt number for the configuration P4 at Ha = 100, Re = 500 and 
φ = 2%.
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Figure 10. Obstacle positions effects on the local Nusselt number at Re = 500, Ha = 100, ω = 45°and φ = 2%.
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Figures 11 and 12 illustrate the variation of the average 
Nusselt number as a function of Lorentz force intensity, 
obstacle position, and magnetic field direction for Reynolds 
numbers Re = 50 and Re = 500, respectively. The results 
indicate that the most effective heat transfer occurs for Re 
= 500. At Re = 50, we notice that the P5 configuration is the 
optimal choice in the absence of a magnetic field. Indeed, in 
the presence of the magnetic field, we observe that increas-
ing the Lorentz force intensity enhances the heat exchange 
rate for different angles of the applied magnetic field. Except 
when the angle is 135°, where the average Nusselt number 
decreases. For example, when the magnetic field is imposed 
in the horizontal direction (ω = 0°) at Ha = 100 for the P4 
configuration, the heat exchange rate is improved by about 
17.25% compared to the case of no magnetic field. Thus, 
the choice of the optimal configuration depends on the 
intensity and the angle of the applied magnetic field. For Re 
= 500 (Fig. 12), we observe that the average Nusselt num-
ber decreases with increasing the magnetic field intensity in 
the relatively small Hartmann number and then increases 
to large values. In particular, for an angle equal to 45°, 
the average Nusselt number decreases until Ha = 30, after 

which it increases to reach a maximum at Ha equal to 100. 
For the P4 configuration, we find that the average Nusselt 
number increases by 16.20% compared to the case of no 
magnetic field,when the cavity is subjected to a magnetic 
field in the direction ω = 45° with Ha = 100. When ω = 135°, 
the average Nusselt number is reduced with an increased in 
the magnitude of magnetic field for all arrangements.

The positioning of obstacles significantly impacts 
the heat transfer process under varying Reynolds and 
Hartmann numbers. At Re = 500, configurations such as 
P4 demonstrate superior heat transfer efficiency due to 
optimal interaction between the flow dynamics and the 
imposed Lorentz forces. When the obstacle is placed at 
P4, the thermal boundary layer is thinner, resulting in 
enhanced heat transfer. Furthermore, the intensity and 
direction of the magnetic field interact differently with 
obstacle positioning, altering the boundary layer’s behavior 
and the flow structure within the cavity. These differences 
illustrate the influence of placing obstacles on the heat 
transfer performance.

The subfigure 12c shows that the heat transfer rate 
reaches its maximum when the obstacle is positioned at 
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Figure 11. Effect of intensity and angle of magnetic field for different obstacle positions on the average Nusselt number at 
Re = 50 and φ = 2%: (a) ω = 0°, (b) ω = 45°, (c) ω = 90° and (d) ω = 135°.
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P4 for Ha = 100. This result is primarily due to the lim-
ited development of the thermal boundary layer thickness, 
which is significantly thinner in this configuration com-
pared to others. The reduced boundary layer thickness 
enhances the efficiency of heat transfer.

Pressure Drop
The pressure drop and thermal performance measure-

ments inside the ventilated cavities are useful information.
For this purpose, we plotted the evolution of the pressure 
drop for each cavity corresponding to the obstacle posi-
tionas a function of the variation of the Hartmann num-
ber and the angle of inclination of the applied magnetic 
through Figures 13 and 14, for Re = 50 and Re = 500, 
respectively. The results indicate that the pressure drop 
values for lower Reynolds numbers are higher than those 
for higher Reynolds numbers for all Hartmann numbers. 
Furthermore, we observe that the pressure drop increases 
with increasing Hartmann number for each Reynolds 
number. This is due to the effect of the Lorentz force, which 
causes a blockage of the fluid flow and consequently leads to 
the increase of the shear stresses. It can be noticed that the P1 
configuration gives themaximum pressure drop coefficient 
and that the P4 and P5 configurations give the minimum 

values of whatever the Reynolds number and the angle of 
the applied magnetic field. Moreover, it can be noted that 
the effect of changing the obstacle position on the pressure 
drop evolution is negligible for higher Hartmann numbers, 
except when the magnetic field angle is equal to 135°.

Nanoparticles Effects
Figure 15 shows the influence of nanoparticles water 

suspension on thermal performance. It is clear that only 
the presence of the nanoparticles has a positive influ-
ence, at low Reynolds number (Re = 50), for all different 
obstacle situations. Results show that the heat transfer rate 
increases when the volume fraction of graphene nano-
platelets is increased thanks to the higher thermal con-
ductivity in comparison with base fluid, nevertheless this 
increase diminishes at high volume fractions due to a 
raise in viscosity resulting in which convection heat trans-
fer decreases. The optimal nanoparticle volume fraction 
for heat transfer performance and manageable viscosity 
was observed at volume fractions of 1% and 2% for the 
configurations studied. Furthermore, the heat transfer 
rate is observed to be maximum at the greatest angle of 
the applied magnetic field (ω = 135°) for both Reynolds 
numbers. Moreover, the comparison between the different 
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Figure 12. Effect of intensity and direction of magnetic field for different obstacle positions on the average Nusselt num-
ber at Re = 500 and φ = 2%: (a) ω = 0°, (b) ω = 45°, (c) ω = 90° and ω = 135°.
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Figure 13. Effects of intensity and of magnetic field direction for different obstacle positions on the pressure drop at 
Re = 50 and φ = 2%: (a) ω = 0°, (b) ω = 45°, (c) ω = 90° and (d) ω = 135°.
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configurations, in terms of the improvement brought by 
the addition of 2% of the nanoparticles, shows that one 
can choose an appropriate configuration for each angle 
of the applied magnetic field, in terms of the maximum 
enhancement brought by these CNT nanoparticles. For 
example, adding nanoparticles is advantageous for the 
case P2 at the magnetic field angle is 135°. When the heat 
transfer enhancements of 3.30% and 10.09% for Re = 
500 and Re = 50, respectively, are obtained compared to 
the base fluid, then it can be observed that presence of 
nanoparticles is favorable when conduction is more influ-
ential compare to convection mode.

Figure 16 shows the variation ratio between the heat 
transfer enhancement in the presence and the absence of 

the magnetic field as a function of the obstacle position 
and the magnetic field directions, for the two Reynolds 
numbers. The objective is to compare the impact of the 
addition of nanoparticles between the case of the absence 
and the case of the presence of the magnetic field. Thus, 
figure 16 indicates that the use of nanoparticles in the 
presence of the magnetic field in the case of Re = 50 is 
unfavorable for all configurations and the different mag-
netic field angles, except for configurations P3, P4, and P5 
when ω = 135°. In this case, the addition of nanoparticles 
proves advantageous under the influence of a magnetic 
field. However, for Re = 500, their benefit is observed only 
in configurations P3, P4, and P5, regardless of the magnetic 
field’s orientation.

Figure 16. Nanoparticles effects for all control parameters.

Figure 15. Nanoparticles effects on the heat transfer enhancement for all control parameters.
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CONCLUSION

In the present work, mixed convection inside a vented 
cavity with circular body filled by CNT-water nanofluid 
has been numerically explored in presence of magnetic 
field. Performance analysis was performed to investigate 
the influence of various parameters on heat transfer rates 
and pressure drop in order to find the best configuration. 
Novelties of the work are a detailed consideration of how 
the obstacle position together with the Lorentz force influ-
ence both flow dynamics and thermal aspects, which has 
not been thoroughly examined by previous studies. These 
findings also have implications on the design and optimi-
zation of efficient cooling or thermal-management system, 
such as electronics cooling and heat exchanger. Key points 
are as follows:
-	 Increasing the Reynolds number intensifies the hydro-

dynamic field and improves heat transfer, especially in 
the absence of the magnetic field.

-	 The introduction of the magnetic field weakens the 
hydrodynamic structure of the flow and causes a heat 
transfer in conduction mode.

-	 The pressure drop coefficient is a decreasing function 
with Reynolds number and an increasing function with 
Hartmann number.

-	 Obstacle position is significant on the heat transfer and 
the pressure drop in the absence of the magnetic field. 
Nevertheless, the presence of the magnetic field has a 
negligible effect on the pressure drop.

-	 The magnetic field direction and the Lorentz force 
intensity also play a big role in choosing the best 
configuration.

-	 The optimal configurations in the absence of a magnetic 
field are P5 for Re = 50 and P2 for Re = 500. Moreover, 
in the presence of the magnetic field for Ha = 100, we 
find that P4 is the best for Re = 50 and ω = 90°. And the 
configuration P5, for Re = 500 and ω = 45°.

-	 The use of nanoparticles is beneficial in conductive 
mode and for the low Reynolds number. In amagnetic 
field, it is advantageous for the high Reynolds number. 
In addition, the results show that the obstacle position 
is a predominant factor that disadvantages or favors the 
importance of the existence of these nanoparticles.

NOMENCLATURE 

B	 Magnetic field, T
Cp	 Constant pressure specific heat, J kg-1 K-1

g	 Gravitational acceleration, ms-2

Ha	 Hartmann number, 

k	 Thermal conductivity, Wm-1 K-1

Nu	 Nusselt number
p	 Pressure, Pa
Pr	 Prandtl number 
Re	 Reynolds number

Ri	 Richardson number
s	 Distance along the walls, m
S	 Dimensionless coordinate, S = sH-1

T	 Dimensional temperature, K
(u, v)	 Velocity components in the x, y directions, m s-1

(x, y)	 Cartesian coordinates, m

Greek symbols	
α	 Thermal diffusivity, m2 s-1

b	 Thermal expansion coefficient, K-1

ρ	 Density, kg m-3

s	 Electrical conductivity
ν	 Kinematic viscosity, m2 s-1

µ	 Dynamic viscosity, kg m-1 s-1

θ	 Dimensionless temperature
φ	 Nanoparticle volume fraction

Superscript

EN	

avg	 Average
bf	 Base fluid
nf	 Nanofluid
s	 Solid particles
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