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Abstract
In the current study, magnetohydrodynamics mixed convective flow of Ag–MgO/water hybrid nanofluid in a triangular 
shaped partitioned cavity involving a porous layer is numerically investigated by using the finite element method. In the 
numerical simulation, various effects of pertinent parameters such as Richardson number (between 0.01 and 100), Hartmann 
number (between 0 and 60), magnetic field inclination angle (between 0 and 90), Darcy number (between 10−4 and 5 × 10−2 ), 
location of the vertex of triangular porous region (between 0.2 and 0.8 H) and hybrid nanoparticle solid volume fraction 
( �

1
 between 0 and 0.01, �

2
 between 0 and 0.01) on the fluid flow and convective heat transfer features are examined. It was 

observed that a large vortex is established below the main vortex near the upper wall for the lowest value Ri number. At the 
highest magnetic field strength, multi-recirculation flow pattern is seen in the right bottom corner. The average heat transfer 
enhances with higher values of permeability of the porous medium, magnetic field inclination angle, distance of the porous 
layer vertex from the hot wall and solid nanoparticle volume fraction of each particles in the hybrid nanofluid. The impact 
is reverse for higher values of Richardson number and Hartmann number. In the current work, significant changes in the 
average Nusselt number are obtained by varying the location of the porous medium. The triangular shaped porous compound 
can be used as an excellent tool for convective heat transfer control.
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List of symbols
Da  Darcy number
Gr  Grashof number
Ha  Hartmann number
h  Local heat transfer coefficient
k  Thermal conductivity
n  Unit normal vector
Nus  Local Nusselt number
Num  Average Nusselt number
p  Pressure
Pr  Prandtl number

R  Normalized residual
Ra  Rayleigh number
Re  Reynolds number
Ri  Richardson number
T  Temperature
u, v  x–y velocity components
x, y  Cartesian coordinates

Greek letters
�  Thermal diffusivity
�  Expansion coefficient
�  Inclination angle
�  Non-dimensional temperature
�  Kinematic viscosity
�  Solid volume fraction
�  Density of the fluid
�  Electrical conductivity

Subscripts
c  Cold
h  Hot
m  Average
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nf  Nanofluid
p  Solid particle

Introduction

Mixed convection in cavities is a simplified representative 
problem for many systems encountered in practical engi-
neering such as solar power, cooling of electronic devices, 
MEMs, flow in power generation systems, food industry, in 
many chemical engineering processes and many others. In 
the present study, partition of the square cavity with porous 
layer is considered. There are many applications where mul-
tilayered fluid domain should be considered such as in solidi-
fication, fibrous thermal insulation and many others [1]. The 
partition of the domain may be complex but many problems 
available in the literature considered simple shape of domain 
partitions. In the numerical study of Miroshnichenko et al. 
[2], natural convection in a multilayered structure consid-
ering a porous layer was examined in detail. Porous layer 
thickness and location of the porous region were found to be 
influential on the thermal performance of the system. In the 
study of Selimefendigil et al. [3], mixed convection due to a 
rotating circular cylinder which is located in the mid of the 
superposed porous medium with nanofluid layer was investi-
gated. The size of the cylinder was found to be influential on 
the heat transfer enhancement among other parameters such 
as higher values of Darcy number and angular rotational 
speed of the circular cylinder.

Magnetic field effects were used in this study for flow 
and convective heat transfer characteristics control [4, 5]. 
Magnetic field effects are encountered in applications such 
as coolers of nuclear reactors, float glass and geothermal 
energy extraction. However, in convective heat transfer 
applications magnetic field effects were found to be used 
to the control the heat transfer rates. Depending on the flow 
conditions and geometry of the problem, it can be used to 
enhance the heat transfer such as configurations with multi-
re-circulations as encountered in vented cavities [6] or in 
separated flow applications such as a geometry with sud-
den area expansion or contraction [7, 8]. In many problems 
related to convection in cavities, magnetic field effects were 
found to reduce the heat transfer rates. The fluid should be 
electrically conductive for the application of the magnetic 
field.

In recent years, there are many attempts to use nanoflu-
ids with magnetic field for the thermal engineering applica-
tions [9, 10]. The nanofluid technology was used in many 
applications from solar power to refrigeration. Thermal 
management and convective heat transfer applications are 

recently used with nanofluids [11, 12]. In the experimen-
tal work of Abadeh et al. [13], preparation of Fe3O4–water 
nanofluid was discussed and various influencing parameters 
on the preparation features are examined. Nanofluids are 
prepared by using a two-step method. A number of effective 
parameters for stability and magnetization of the nanoflu-
ids were identified. In the work of Pordanjani et al. [14], 
review study was performed for the use of nanofluids in 
various heat exchangers considering simulation methods as 
well. Energy saving features, performance enhancements 
in different heat exchanger types with the nanofluids used 
as the heat transfer fluid were investigated in detail. Many 
studies are performed for correctly describing the nanofluid 
behavior, effective thermo-physical properties and increas-
ing their effectiveness in heat transfer engineering applica-
tions [15]. In a recent study, Abadeh et al. [16] performed 
experimental work for the impact of magnetic field on the 
hydro-thermal performance of a flat tube using ferrofluid 
which was prepared by using Fe3O4 nanoparticles. Constant 
and alternative magnetic fields were imposed, and Nusselt 
number was found to enhance with constant magnetic field 
while alternating magnetic field resulted in heat transfer 
enhancement between 10 and 100 Hz. Due to the cost and 
stability, it may be necessary to take the advantage of one 
of the nanoparticles which results in preparation of hybrid 
nanofluids. In the review paper in Ref. [17], performance of 
hybrid nanofluids in solar energy systems was examined and 
comparisons were made for systems using mono nanoflu-
ids. In this work, production methods and hybrid nanofluid 
features are also studied in detail. In another review work, 
Huminic and Huminic [18] extensively studied the hybrid 
nanofluid thermo-physical properties considering the vari-
ous available correlations for the thermal conductivity and 
viscosity. Different application of hybrid nanofluids in heat 
exchanger systems considering numerical and experimental 
techniques was also studied. There are many studies where 
hybrid nanofluids are used with magnetic field effects in con-
vective heat transfer [19, 20]. Sajjadi et al. [21] performed 
the MHD free convection of MWCNT-Fe3O4/water hybrid 
nanofluid in a porous cavity by using double multi-relaxation 
time Lattice Boltzmann method. It was observed that the 
heat transfer rate reduced with higher strength of magnetic 
field and the amount of reduction was found to drop with 
higher values of Darcy number. The hybrid nanoparticle 
addition was found to enhance the heat transfer rate. Ma 
et al. [22] studied the impacts of magnetic field on the ther-
mal performance of Ag–MgO nanofluid in forced convection 
in a channel with active heaters and coolers by using the Lat-
tice Boltzmann method. The heat transfer rate was found to 
enhance with higher solid volume fraction and lower values 
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of Hartmann number while the highest local heat transfer 
values were observed at the junction of the heater and the 
cooler. Enhancement in the average heat transfer rate was 
found to be 17.9% when base fluid and nanofluid at the high-
est particle solid volume fraction are compared. Tayebi and 
Chamkha [23] examined the MHD natural convection and 
entropy generation of hybrid Cu–Al2O3/water nanofluid in 
a cavity containing a hollow cylinder. The thermal conduc-
tivity and viscosity of the hybrid nanofluid were evaluated 
by using the Corcione correlations. It was observed that 
the average heat transfer rate enhances with the inclusion 
of hybrid nanoparticles in the base fluid while the thermal 
entropy generation and heat transfer rate were reduced with 
higher magnetic field strength.

In the current work, mixed convection of Ag–MgO/water 
hybrid nanofluid in a lid-driven partitioned cavity involving 
porous and hybrid nanofluid layers is studied with magnetic 
field effects. In the literature, as mentioned above, there are 
studies related to convection in cavities with multilayered 
mono particle nanofluid and porous regions [2, 3] while 
some studies that analyzed the magnetic field effects con-
sidering binary nanoparticles were also found as in Refs. 
[21, 22]. However, the use of a hybrid nanofluid in a porous 
layered structure with magnetic field effects was never exam-
ined. Another novelty in the current work is that a trian-
gular shape of the partition was considered. Impact of the 
shape of the partition was recently mentioned and studied 
in Ref. [24]. Owing to the diversity in the application of 
multilayered fluid and porous media, such an arrangement 
of the partition and controlling the heat transfer and fluid 
flow features with the location of the partition, inclusion of 
hybrid nanofluid and using magnetic field effects will deliver 
useful outcomes. The results of the present work may be 
utilized in the thermal design and optimization of convective 
heat transfer in a layered fluid and porous compounds where 
many application areas exist.

Numerical modeling

Physical modeling and equations

In this study, mixed convection of hybrid nanofluid in a 
square cavity with triangular shaped partitioned nanofluid 
and porous layers is examined considering magnetic field 
effects. A schematic view of the computational problem with 
boundary conditions is given in Fig. 1. A triangular shaped 
partition of the square cavity involving a porous domain 
is considered. The size of the square cavity is H while L1 
denotes the length from the left lower corner until the vertex 

of the triangular porous medium. It also denotes the size 
of the triangular hybrid nanofluid layer adjacent to the left 
vertical hot wall. The cavity is differentially heated with left 
vertical hot wall at constant temperature of Th while right 
vertical wall is at constant temperature of Tc . The upper hori-
zontal wall is moving with constant speed of u0 in the posi-
tive x direction. In the present study, Ag–MgO/water nano-
fluid was used as the heat transfer fluid. The Prandtl number 
of the base fluid is 6.9. Magnetic field effects are considered 
in the study. The magnetic field is uniform and inclined with 
� as the inclination with the horizontal axis. Various effects 
such as joule heating, displacement currents and induced 
magnetic field are not considered. Viscous dissipation and 
thermal radiation effects are not taken into account. Incom-
pressible and Newtonian fluid assumption are utilized while 
the flow is two dimensional, laminar and steady.

Conservation equations of mass, momentum and energy 
for the hybrid nanofluid layers are written as:

(1)
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Fig. 1  Schematic description of the physical model with boundary 
conditions
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The generalized Darcy–Brinkmann Forchheimer extended 
porous model is used for the porous triangular region and 
the conservation equations are written as:

Non-dimensional form of the governing equations can 
be obtained by using the following non-dimensional 
parameters:

The final form of non-dimensional governing equations is 
written as:
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where d1 =
�nf

�f
 , d2 =

�f

�nf

�nf

�f
 and d3 =

�nf

�f
 . �1 and �2 are con-

stants and take the value of 1 for the porous domain while 
�1 =

1

�
 and �2 = 0 for the hybrid-nanofluid region.

Boundary conditions in dimensional form can be stated 
as:

• At the left vertical wall: u = v = 0 , T = Th
• At the right vertical wall: u = v = 0 , T = Tc
• At the upper horizontal wall: u = u0 , v = 0 , �T

�y
= 0

• At the lower horizontal wall: u = v = 0 , �T
�y

= 0

• At the interface between the hybrid-nanofluid layer and 
porous layer: uf = up, vf = vp, kf

(

�T

�x

)

f
= kp

(

�T

�x

)

p

Nusselt numbers are used for the evaluation of the heat 
transfer performance. The local and average Nusselt num-
ber for the hot wall is defined as:

The solution of the governing equations with boundary 
conditions is made by using the Galerkin weighted residual 
finite element method. Field variables are approximated with 
Lagrange polynomials of different orders and when they are 
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inserted into the governing equations, the residual R is estab-
lished. In the method, average of this residual in a weighting 
sense is forced to be zero as:

with W representing the weight function. It is chosen from 
the same set of functions as of the trial functions. The New-
ton–Raphson method is used to solve the resulting set of 
nonlinear equations and the convergence criteria is set to be 
10−6 for all dependent variables.

Following property relations are utilized for the 
description of the density and specific heat of the hybrid 
nanofluid [22]:

An experimental data fit was used to obtain the effective 
viscosity and thermal conductivity of the hybrid Ag–MgO/
water nanofluid as [25]:

� denotes the concentration of two different nanoparticle 
types added in the hybrid nanofluid and it is given as:

Table 1 shows the thermo-physical of base fluid and particle 
of the hybrid nanofluid [22].

Grid independence test and validation studies

Grid independence of the computational model is assured 
by using different number of triangular elements. Grid is 
refined toward the walls of the cavity and interface between 
the nanofluid layer and porous layer. Figure 2 shows the 
average Nusselt number variations with respect to changes 
in grid sizes at two different Richardson numbers. In the 
current work, grid with 17,954 elements is used for the sub-
sequent computations.
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Validation is performed by using different existing studies 
in the literature. Numerical study results of Ghasemi et al. 
[26] for the natural convection in a cavity under the mag-
netic field influence was used as the first validation. Com-
parison of streamline and isotherm variation at Hartmann 
number of 60 is shown in Fig. 3 at Rayleigh number of 105 . 
Figure 4 shows the comparison of the average Nusselt num-
ber for various Rayleigh numbers at Hartmann number of 
30 and differences below 2% are achieved with the current 
solver. Another validation is made by using the numerical 
results of Iwatsu et al. [27] where mixed convection in a lid-
driven cavity is examined. Figure 5 shows the comparison 
results of the average Nusselt number at the top wall of the 
lid-driven cavity. Current validation studies show that the 
present solver can be used to solve mixed convection with 
magnetic field effects. Another validation study is performed 

for natural convection effects of differentially heated porous 
cavity. Table 2 shows the average Nu variation for two dif-
ferent Rayleigh numbers available from different sources.

Results and discussion

In this study, mixed convection of nanofluid in a triangular 
shaped partitioned cavity with hybrid-nanofluid and porous 
layers is numerically examined with magnetic field effects. 
The upper horizontal wall is moving with constant speed 
while the vertical walls are at constant temperature. It is 
expected that the size of the partition, magnetic field effects 
and permeability of the porous medium have impact on the 
convective heat transfer features. The hybrid nanofluid is 
considered by using Ag and MgO nanoparticles dispersed in 

Table 1  Thermo-physical properties of particle and base fluid

Property Ag MgO Water

�∕kg m−3 10,500 3560 997.1

Cp∕J kg
−1 K−1 235 955 4179

k∕Wm−1 K−1 429 45 0.62

�∕kg m−1 s – – 8.55 × 10−4



1472 F. Selimefendigil, A. J. Chamkha 

1 3

the water. The numerical simulation is performed for various 
values of Richardson number (between 0.01 and 100), Hart-
mann number (between 0 and 60), magnetic field inclina-
tion angle (between 0 and 90), Darcy number (between 10−4 
and 5 × 10−2 ), location of the vortex of triangular porous 
region (between 0.2 and 0.8 H) and hybrid nanoparticles 
solid volume fraction ( �1 between 0 and 0.01, �2 between 0 
and 0.01). The porosity of the porous medium is � = 0.65.

Effects of Richardson number on the variation of stream-
lines and isotherms are shown in Fig. 6 ( Ha = 15 , � = 45◦ , 
L1 = 0.4H , Da = 10−3 , �1 = 0.005 , �2 = 0.005 ). The value 

of Rayleigh number is kept constant at Ra = 105 . Multi-
recirculation regions are established in the partitioned cavity. 
At low value of Ri number where forced convection effects 
due to the moving horizontal wall is dominant, a large recir-
culation region is seen below the vortex adjacent to the mov-
ing wall. As the value of Richardson number is increased, 
this vortex disappears and a corner vortex is appeared in the 
right lower part. This is attributed to the less impact of mov-
ing wall on the flow penetration toward the lower part of the 
domain with lower wall velocities. The relative importance 

Fig. 2  Grid independence test 
results for various grid sizes 
at two different Richardson 
numbers
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of the natural convection to the forced convection due to the 
moving lid is increased in this case.

Temperature gradients are steeper in the large portion of 
the upper part of the hot wall for lower Ri values due to the 
moving lid. However, in the lower part of the hot wall, due to 
the formation of the secondary vortex below the main vortex 
near the upper wall, heat transfer process is less efficient. As 
the value of Ri becomes higher, near the lower part of the 
hot wall, the clustering of the isotherms becomes higher at 
Ri = 1 but at Ri = 100 , it is again less clustered due to the 
reduction of forced convection due to the moving lid. The 
local and average variation of the Nusselt number of the 
hot wall with respect to changes in the Richardson number 
are shown in Fig. 7. The local Nu value is highest in the 
small portion of the lower part of the hot wall at Richardson 
number of 1 while it is lowest at Ri = 100 . This is due to the 
vortex formation at Ri = 0.01 below the main vortex near the 
moving wall. In the lower part of the hot wall, heat transfer 
process is very inefficient at Ri = 0.01 . However, for large 
portion of the hot wall, the local Nusselt number enhances 
with lower Ri number and the average Nu shows a decreas-
ing trend with higher Ri values as shown in Fig. 7b.

A uniform inclined magnetic field is imposed in the par-
titioned cavity for the hybrid-nanofluid and porous layers. 

(a) (b)

(c) (d)

Fig. 3  Comparison of streamlines and isotherms for MHD free con-
vection in a square cavity (Ha = 60, Ra = 105,� = 0%), a streamline, 
Ref. [26], b streamline, current code, c isotherm, Ref. [26], d iso-
therm, current code

Fig. 4  Comparison of the aver-
age Nusselt numbers for MHD 
free convection, Ref. values in 
[26]
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Impact of magnetic field strength and inclination angle of 
the magnetic field on the flow and thermal pattern distribu-
tion is shown in Fig. 8 ( Ri = 0.5 , L1 = 0.4H , Da = 10−3 , 
�1 = 0.005 , �2 = 0.005 ). The presence of magnetic field 
affects the streamline variation. As compared to absence 
of magnetic field, when the magnetic field strength is 
increased to Ha = 20 , the corner vortex in the right lower 
part increases in size. At the highest value of the Hartmann 
number, further enlargement and partition of the corner vor-
tex is seen which is due to the Lorentz forces of the inclined 
magnetic field. Dampening of the fluid motion in closed 
cavities with imposed magnetic field for convective heat 
transfer applications was already observed in many studies 
[9, 22]. The isotherms become more clustered especially for 

the larger portion of the upper hot wall with small magnetic 
field strength values. This is attributed to the dampening of 
the fluid motion and impact of moving lid on the penetra-
tion of the fluid movement toward the bottom wall becomes 
reduced with higher magnetic field strength. In a very lim-
ited small portion of the lower part of the upper wall, the 
effect is reverse. The magnetic field inclination angle con-
trols the size of the corner vortex as seen in Fig. 8g–i while 
the main vortex below the moving wall is also affected with 
the � . For a vertically alignment of uniform magnetic field, 
the right corner vortex disappears. The portions of the steep 
temperature gradients on the hot wall vary with different � 
values which is due to the varying values of Lorenz forces 
of the inclined magnetic field in the momentum equations. 
The local heat transfer decreases for the larger part of the 
hot wall (toward upper part) with higher Hartmann number 
values. However, with varying magnetic field inclination 
angles, different local heat transfer features are observed 
(Fig. 9b). Until location y = 0.65 , the heat transfer rate is 
higher for the highest inclination angle and it attains lower 
value for inclination angle of 0 while the trend becomes 
opposite from y = 0.65H until y = H for the hot vertical 
wall. This is attributed to the more alignment of the fluid 
motion toward the lid movement direction near the left bot-
tom part with lower values of �.

Fig. 5  Comparison of the 
average Nusselt number for the 
mixed convection case in a lid-
driven cavity, reference values 
in [27]
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Table 2  Comparison results of the average Nusselt number for a dif-
ferentially heated square porous enclosure

Ra = 100 Ra = 1000

Reference [28] 3.16 14.06
Reference [29] 3.02 13.72
Reference [30] 3.11 13.66
Present code 3.13 13.78
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The average Nusselt number decreases with higher Hart-
mann number while it is increases with higher values of 
magnetic field inclination angle until � = 75 (Fig. 10). The 
results are not surprising since in many convection prob-
lems related to cavities, magnetic field was found to reduce 
the convective heat transfer rate. In the current study, we 
observed that the magnetic field can act in a way to enhance 
the heat transfer rate locally for higher Hartmann number, 
but this location is very small as compared to the reduced 
heat transfer region for the hot wall. Figure 11 shows the 
amount of average heat transfer reduction with magnetic 
field strength (reference value as Ha = 0 ) considering vari-
ous solid nanoparticle volume fractions of particles �1 and 
�2 . Up to 14.88% reduction in the average heat transfer rate 
is seen as compared to case in the absence of magnetic field. 
As the value of the nanoparticle solid particle volume frac-
tion increases, the amount of enhancement slightly reduces 
to 13.78% since both thermal and electrical conductivity of 
the nanofluid changes with different � values.

In the current work, a porous compound is introduced 
between the hybrid nanofluid layers and the shape of 
the porous region is triangular. Impacts of permeability 
of the porous medium on the flow and thermal pattern 
variation are shown in Fig. 12 ( Ri = 1 , Ha = 15 , � = 45◦ , 
�1 = 0.005 , �2 = 0.005 ). As the Darcy number of the 
porous medium increases, the corner vortex in the right 
hybrid-nanofluid layer enhances in size and the center of 
the main vortex moves toward the bottom wall. This could 
be attributed to the convective fluid motion enhancement 
in the porous region and the more flow penetration due 
to the upper moving wall when the permeability of the 
porous compound is increased. The location of the porous 
zone is also considered as a control parameter in this study. 
The location of the vertex of the triangular porous layer 
has profound effects on the flow patterns. The corner vor-
tex in the right hybrid/nano-layer increases in size when 
the vertex becomes closer to the hot wall. The porous com-
pound adds discontinuity between the hybrid nano-layers 

Fig. 6  Impact of Richardson 
number on the distribution 
of streamlines and isotherms 
( Ha = 15 , � = 45◦ , L1 = 0.4 H , 
Da = 10−3 , �1 = 0.005 , 
�2 = 0.005)

(a) Ri = 0.01 (b) Ri = 1 (c) Ri = 100

(d) Ri = 0.01 (e) Ri = 1 (f) Ri = 100
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with less fluid motion for lower permeability of the porous 
medium. The convective fluid motion inside the hybrid-
nanofluid layer in the left part enhances when the value of 
L1 is increased since the major part of the porous region 
is included in the left part of the layered domain. The 
average Nusselt number rises with higher permeability 
of the porous medium and saturation type nonlinearity is 
seen in the average Nusselt number–Darcy number curve 
(Fig. 13). The amount of enhancement is 35.5% when the 

porous compound with the lowest and highest permeabili-
ties is compared. There are significant differences in the 
local heat transfer values for different L1 especially for the 
lower part of the hot wall and heat transfer is significantly 
higher with increasing L1 . The variation in the average 
Nusselt number versus L1 shows almost a linear increasing 
trend while 113% variation in the average Nusselt num-
ber is seen for configurations with the lowest and highest 
values of L1. 

Fig. 7  Variation of local 
(a) and average (b) Nusselt 
number with respect to changes 
in the Richardson number 
( Ha = 15 , � = 45◦ , L1 = 0.4 H , 
Da = 10−3 , �1 = 0.005 , 
�2 = 0.005)
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Fig. 8  Impact of magnetic field 
strength (a–f, � = 45◦ ) and 
inclination angle (g–l, Ha = 15 ) 
on the variation of stream-
lines and isotherms ( Ri = 0.5 , 
L1 = 0.4H , Da = 10−3 , 
�1 = 0.005 , �2 = 0.005)

(a) Ha = 0 (b) Ha = 20 (c) Ha = 60

(d) Ha = 0 (e) Ha = 20 (f) Ha = 60

(g) γ = 0 (h) γ = 45 (i) γ = 90

(j) γ = 0 (k) γ = 45 (l) γ = 90
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In the current work, hybrid nanofluid with different 
solid particle volume fractions of Ag nanoparticle ( �1 ) 
and MgO nanoparticle ( �2 ) are used as the heat trans-
fer fluid. Impact of varying Ag solid nanoparticle volume 
fraction on the average Nu variation is seen in Fig. 14a. 
The enhancement is almost linear, and 7.7% and 14.7% are 
seen for �1 = 0.005 and �1 = 0.01 . However, the amount 
of enhancement are 6.5% and 6.89% for �2 = 0.005 and 

�2 = 0.01 . This shows that the discrepancies between the 
average Nu enhancement between different particles ( �1 
and �1 ) are significant especially for the higher values of 
�1 . This is attributed to the higher conductivity of the first 
nanoparticle type and its impact becomes effective for 
higher values of �1.

Fig. 9  Local variation of aver-
age Nusselt number with respect 
to changes in magnetic field 
strength ( � = 45◦ ) and inclina-
tion angle ( Ha = 15 ) ( Ri = 0.5 , 
L1 = 0.4H , Da = 10−3 , 
�1 = 0.005 , �2 = 0.005)
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Fig. 10  Impact of magnetic 
field strength (a, � = 45◦ ) and 
inclination angle (b, Ha = 15 ) 
on the variation of average 
Nusselt number ( Ri = 0.5 , 
L1 = 0.4H , Da = 10−3 , 
�1 = 0.005 , �2 = 0.005)
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Fig. 11  Reduction (%) in the 
average heat transfer with 
higher values of magnetic field 
strength considering various 
solid particle volume fraction of 
particle 1, �1)
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Fig. 12  Impact of perme-
ability of the porous medium 
( L1 = 0.4H ) and location of the 
porous partition ( Da = 10−2 ) on 
the distribution of streamlines 
and isotherms ( Ri = 1 , Ha = 15 , 
� = 45◦ , �1 = 0.005 , �2 = 0.005)

(a) Da = 10–4 (b) Da = 10–3 (c) Da = 5 × 10–2

(d) Da = 10–4 (e) Da = 10–3 (f) Da = 5×10–2

(g) L1 = 0.2H (h) L1 = 0.5H (i) L1 = 0.8H
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Fig. 13  Local (a) and average 
(b) variation of Nussetl number 
with various locations of the 
porous partition (Da = 10−2) 
and average Nusselt number 
(c) variation with respect to 
changes in the Darcy number 
( L1 = 0.4 H ) ( Ri = 1 , Ha = 15 , 
� = 45◦ , �1 = 0.005 , �2 = 0.005)
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Fig. 14  Average Nusselt num-
ber (a) variation with respect to 
changes in the first solid particle 
volume fraction of the hybrid-
nanofluid ( �2 = 0.005 ) and 
enhancements in the average 
heat transfer with varying val-
ues of �1 (b) and �2 (c) ( Ri = 1 , 
Ha = 15 , � = 45◦ , L1 = 0.4H , 
Da = 10−3)
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Conclusions

In this study, mixed convection of Ag–MgO/water hybrid 
nanofluid in a triangular shape partitioned lid-driven square 
cavity with a porous layer is numerically examined. Follow-
ing important conclusions can be drawn from the numerical 
simulation results as:

• One large recirculation is established below the main 
vortex near the upper wall at Ri = 0.01 while the corner 
vortex in the right hybrid nanofluid layer enlarges in size 
with higher values of Ri number. Even though there are 
some locations where local heat transfer intensifies with 
higher Ri number, the average Nusselt number reduces 
with higher Ri number.

• Magnetic field strength and inclination affect the flow 
and thermal pattern variation. At the highest strength of 
magnetic field, multiple recirculation zones are appeared 
near the right bottom corner. The average heat transfer 
reduces with higher values of Hartmann number while 
the effect is reverse for higher inclination angles. The 
amount of reduction is 14.88% at the highest magnetic 
field strength and there are slight changes between the 
reduction amounts with different nanoparticle volume 
fractions. A pure fluid resulted in more reduction of 
the average heat transfer at the highest magnetic field 
strength which is attributed to both thermal and electrical 
conductivity change of hybrid nanofluid.

• The presence of the porous medium and controlling 
its size significantly change the heat transfer and fluid 
flow features. The average Nusselt number enhances 
with higher permeability of the medium and for higher 
distances between the hot wall and vertex of the porous 
medium. The impact of the latter on the average heat 
transfer enhancement is significant which is about 
113% while increasing the permeability leads to 35.5% 
enhancement.

• The average Nusselt number enhancement with solid vol-
ume fraction of hybrid nanoparticles is almost linear and 
14.7% is obtained for �1 = 0.01 when compared to the 
base fluid. However, at the highest solid particle volume 
fraction of the second particle, the amount of average 
heat transfer enhancement is 6.89% for �2 = 0.01.

The current study can be extended to include variable mag-
netic field effects, different boundary conditions at the inter-
face between the nanofluid and porous layers, unsteady flow 
effects and different corrugation of the interface which will 
enhance the applicability of the obtained results in various 
thermal engineering problems.
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