
Heat Transfer. 2022;51:1691–1710. wileyonlinelibrary.com/journal/htj © 2021 Wiley Periodicals LLC | 1691

Received: 30 July 2021 | Revised: 11 September 2021 | Accepted: 13 October 2021

DOI: 10.1002/htj.22370

RE S EARCH ART I C L E

MHD mixed convection of a Cu–water
nanofluid flow through a channel with an
open trapezoidal cavity and an elliptical
obstacle

Khaled Al‐Farhany1 | Mohammed A. Alomari1 |

Ahmed Al‐Saadi1 | Ali Chamkha2,3 | Hakan F. Öztop4 |

Wael Al‐Kouz5

1Department of Mechanical Engineering,
University of Al‐Qadisiyah,
Al‐Qadisiyah, Iraq
2Faculty of Engineering, Kuwait College
of Science and Technology, Kuwait City,
Kuwait
3Center of Excellence in Desalination
Technology, King Abdulaziz University,
Jeddah, Saudi Arabia
4Department of Mechanical Engineering,
Firat University, Elazig, Turkey
5Mechatronics Engineering Department,
German Jordanian University, Amman,
Jordan

Correspondence
Khaled Al‐Farhany, Department of
Mechanical Engineering, University of
Al‐Qadisiyah, Al‐Qadisiyah 58001, Iraq.
Email: Khaled.alfarhany@qu.edu.iq

Abstract

In the current work, numerical simulations are achieved

to study the properties and the characteristics of fluid flow

and heat transfer of (Cu–water) nanofluid under the

magnetohydrodynamic effects in a horizontal rectangular

canal with an open trapezoidal enclosure and an elliptical

obstacle. The cavity lower wall is grooved and represents

the heat source while the obstacle represents a stationary

cold wall. On the other hand, the rest of the walls are

considered adiabatic. The governing equations for this

investigation are formulated, nondimensionalized, and

then solved by Galerkin finite element approach. The

numerical findings were examined across a wide range of

Richardson number (0.1≤Ri≤ 10), Reynolds number

(1≤Re≤ 125), Hartmann number (0≤Ha≤ 100), and

volume fraction of nanofluid (0≤φ≤ 0.05). The current

study's findings demonstrate that the flow strength in-

creases inversely as the Reynolds number rises, which

pushes the isotherms down to the lower part of the tra-

pezoidal cavity. The Nuavg rises as the Ri rise, the max-

imum Nuavg = 10.345 at Ri=10, Re=50, ϕ=0.05, and

Ha=0; however, it reduces with increasing Hartmann

number. Also, it increase by increasing ϕ, at Ri=10, the

http://orcid.org/0000-0002-5806-3800
http://orcid.org/0000-0002-8335-3121
mailto:Khaled.alfarhany@qu.edu.iq


Nuavg increased by 8.44% when the volume fraction of

nanofluid increased from (ϕ=0–0.05).
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open cavity, trapezoidal cavity

1 | INTRODUCTION

Mixed convection can be defined as a phenomenon where both forced and natural convection
are active. This phenomenon is considered of key importance in several engineering applica-
tions like heat exchangers,1–7 electronics cooling systems,8–11 solar collectors,12–18 and nuclear
reactors.19–21 In this regard, there have been extensive experimental and numerical studies to
understand the physics related to this phenomenon and the affected factors. To serve that
reason, researchers have considered different geometrical parameters, different flow para-
meters, and different boundary conditions.

Leong et al.22 looked into combined convection and fluid movement in a rectangular duct
with an open cavity. The Grashof number, aspect ratio, and Reynolds number were considered
as parameters. The results of this previous study showed the flow pattern, as well as the
recirculating cells, were changing with the change of Re and Gr while the shape of these cells
was greatly affected by the aspect ratio.

Combined natural and forced convection in an open cavity within a three‐dimensional rectan-
gular channel were studied by several researchers.23–25 The authors concluded that the Richardson
number could affect the stability of the flow, where the flow was stable at Re=100 for Ri≤ 10 and
also at Re=1000 for Ri<1, while it became unstable if Ri became greater than these ranges. Also,Nu
was predicted to increase with an increase in the values of Re and Ri. The mixed convection
generated from flowing air in a ventilated cavity passing through a hollow hot cylinder was in-
vestigated numerically by Mamun et al.26 They noticed that as the diameter of the cylinder increases,
theNuavg and temperature of the fluid increase. Furthermore, the effects of thermal conductivity were
predicted to increase when the Richardson number increased and became more noticeable when the
Richardson number equaled 5. Boutina27 investigated the combined convection of electronic com-
ponents in a channel that was inclined in four different angles. The author concluded that the
effectiveness of the cooling was raised with increasing Reynolds number and the distance between
the electronics component. Also, the inclination of the vertical channel was only effective at 45° to the
left. Combined convection in cavities, partially opened, has been numerically examined by Fontana
et al.28 Their findings revealed that the recirculation inside cavities was affected by the change of
Reynolds number. Also, the heat dissipation increased by increasing the inlet flow. Burgos and
Salueña29 looked at the effects of coupled convection in an open cavity. The authors considered a
wide range of Re and Ri from which they concluded that the bouncy force was unnoticeable or
neglected at Ri≤ 0.1 and the effect was enhanced with the increase in the value of Ri. García et al.30

investigated the impact of a channel's inclination containing two identical cavities, the aspect ratio,
and bouncy on the mixed convection. Guo and Zhang31 numerically investigated the flow within a
cavity that had a small aspect ratio and they found that the vortices increased with the rise in the
value of Re. Recently, Al‐Farhany et al.32 conduct an investigation into the effects of magnetohy-
drodynamics (MHD) on a horizontal open enclosure heated partially from below. They were able to

1692 | AL‐FARHANY ET AL.



show that increasing the Richardson number increases the local and average Nusselt numbers, while
they decreased by increasing the MHD effect at a constant Richardson number.

The flow patterns and the heat convection can be affected by adding solid nanoparticles to the
fluid, so many researchers have made many investigations to understand the way that these particles
act.33–37 Abbasi et al.38 studied mixed convection in a nanofluid‐filled peristaltic inclined channel.
They found that, as the Grashof number increases, the temperature of the nanoparticles increases. In
the presence of a magnetic field, Das et al.39 examined the mixed convection in a vertical channel
filled with nanofluid. They experimented with three different kinds of nanoparticles: aluminum
oxide, copper, and titanium dioxide with volume fractions (0≤ϕ≤ 0.2). According to their findings,
copper nanoparticles provide better heat transfer than titanium dioxide and aluminum oxide. From
this, they found that the presence of the MHD effects caused an increase in the nanofluid velocity.
Another mixed convection study was made by Benzema et al.40 to investigate heat convection in a
nanofluid‐filled vented chamber. They took into account a wide range of volume fractions
(0, 0.1, 0.2, 0.3, 0.4, 0.5) and nanoparticles diameters (25, 50, 100, and 150 nm). They concluded that
theNuavg increased inversely with the increase of Ri, Re, and ϕ, and adversely with the increase of the
nanoparticles diameter. Hussian et al.41 examined the MHD influence on nanofluid mixed convec-
tion in a channel with two asymmetric cavities. The aspect ratio of the square cavities varied from 0.2
to 1, which gave different shapes for cavities. They also considered a variety of volume fractions of
nanoparticles, as well as Reynolds and Richardson numbers. The findings revealed that the influence
of the nanoparticles was negligible for a low value of Ri and this effect increased with the increase of
Ri. Also, the heat transfer became higher at a higher channel aspect ratio. In a vertical channel,
Kahalerras and Nessab42 investigated nanofluid mixed convection. The left side was ununiformly
heated and the right side was maintained at cold temperature. They tested a range of volume
fractions in nanoparticles and observed that when the volume fraction increased, heat transfer
decreased.

The magnetic field effects are present in many engineering applications, especially those which
examined mixed convection phenomena. For this reason, many academic researchers have studied
the MHD effects on mixed convection to understand how it impacts flow patterns and heat transfer
distribution. Many researchers43,44 investigated combined convection in an open cavity channel
under the effect of MHD and considered different parameters, such as Ra, Re, and Ha. They came to
the conclusion that when the Hartmann number rises, the drag force, Nusselt number, and
streamline strength all decrease. Al‐Farhany et al.45,46 investigated the numerical impacts of MHD
heat convection in a nanofluid‐filled porous cavity, including two heated fins. The model of
Darcy–Brinkman has been utilized within the porous enclosure. MHD mixed convection was ex-
amined by Armaghani et al.47 in a C‐shaped enclosure filled with nanofluids, with the cold flow
entering at the upper right corner and coming out from a lower right corner. They considered a wide
range of Ha (0, 20, 40, and 60) and a wide range of Re (10, 100, 500, and 1000). The authors found
that increasing the Hartmann and Reynolds numbers improved heat transfer. Also, they concluded
that the Hartmann number effect is negligible at a low Reynolds number and the effect becomes huge
with a higher Reynolds number. Ali et al.48 investigated MHD mixed convection within a nanofluid‐
filled grooved tunnel, which contained a heated rotating circular cylinder in the center. They ex-
amined the MHD effect at different angles and they found that when the MHD effect decreased, the
heat transfer increased; however, it was enhanced by increasing the magnetic field inclination angle.
Recently, many studies have been done to investigate the heat and fluid flow in an open trapezoidal
cavity with a horizontal channel.49–51

The innovative side of the current work is to investigate the effects of an elliptical obstacle
on the fluid flow behavior and the heat transfer characteristics in a two‐dimensional (2D)
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channel with an open trapezoidal enclosure in the presence of a magnetic field. The open
trapezoidal enclosure has been heated by a zigzag heater from the bottom while the Cu−H2O
nanofluids have been used as the working fluid. The study considers a variety of variables,
including Reynolds number (Re), Richardson number (Ri), Hartmann number (Ha), and na-
noparticle volume fraction (ϕ).

2 | METHODOLOGY

The physical geometry of a 2D horizontal channel with an open trapezoidal considered in this
study is illustrated in Figure 1. The length and height of the channel equal 6L and 0.5L,
respectively. A zigzag‐shaped heater is placed on the cavity base with length L and an am-
plitude height (A= 0.2L). An insulated elliptic cylinder with minor and major radii equal to
0.5L and L, respectively is positioned at the channel's center as shown in Figure 1.

The Cu–water nanofluid has been selected to be the working fluid in this study as one of the
solar collector applications. Also, it is worth mentioning that the reason behind choosing Cu
nanoparticles is due to its high thermal characteristics. The fluid enters the channel from the
left side with a constant velocity (uo) and a cold temperature (Tin) and leaves from the right
side. All channel walls are assumed to be insulated. A homogeneous magnetic field is used in
this experiment, and the thermophysical characteristics of the nanofluid (nanoparticles and the
water) are shown in Table 1.52 The nanofluid is assumed to be isentropic, homogenous, non-
heat generating, and there exists a no‐slip condition between the nanoparticles and water. The
Boussinesq approach is applied to the density variation while the rest of the physical char-
acteristics are assumed to remain constant. In the dimensional forms employed in this
study, the governing equations are written as follows52–56:
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FIGURE 1 The geometry of the current study

TABLE 1 Thermophysical properties of copper and water52

Properties ρ (kg/m3) Cp (J/kg K) k (W/mK) β (1/K)

Water 997 4180 0.614 2.1 × 10‐4

Copper 8933.0 385.0 401.0 1.67 × 10−5
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The dimensionless governing equations were obtained using the following dimensionless
parameters:
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The dimensionless version of the governing equations are provided by [57,58]. Equations
(1)–(4) are written in the dimensionless format described below:
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The following models can be used to determine the nanofluid's thermophysical properties.52
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The viscosity of the nanofluid may be estimated using the Brinkman model, which is given
by [59,60]:
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The dimensionless boundary conditions are:

(1) At inlet port: U V θ= 1, = 0, and = 0.
(2) At outlet port: ∂ ∂θ X P/ = 0, = 0.
(3) On the wall, except for the heater: ∂ ∂U V θ N= 0, = 0, and / = 0.
(4) At the heater: U V θ= = 0, and = 1.

On the zigzag heated wall, the average and local Nusselt numbers are computed as follows:
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where h( )L refers to the heater zigzag length.

3 | NUMERICAL METHOD AND GRID INDEPENDENCE
STUDY

The dimensionless equations are numerically solved using the Galerkin finite element method
(FEM) approach. In the current computational investigation, a nonuniform triangular grid
mesh was used as presented in Figure 2. Table 2 shows the number of mesh elements that have

FIGURE 2 The meshing of the computational domain

TABLE 2 Mesh independence exam for Nuavg on hot zigzag surface for at Re= 100, Ri= 10, ϕ= 0.05,
Ha= 60

Grid size Nu err = × 100%
Nu Nu

Nu

−new old

new

Grid 1 3361 2.629 –

Grid 2 5563 2.617 2.79

Grid 3 7295 2.616 0.1

Grid 4 10,870 2.621 0.190

Grid 5 21,539 2.616 0.191

Grid 6 51,856 2.618 0.1

Grid 7 66,522 2.618 0.1
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been examined. The table indicates that the Nusselt number calculated by using Grids 6 and 7
have the same percentage errors. Therefore, Grid 6 with 51,856 mesh elements has been
selected in this study for all cases. A partial refinement technique has been used at each zone
that requires a higher mesh to capture the data, such as around the elliptical obstacle and near
the edge of the cavity as well as near the zigzag heater wall reigns. This technique has been
used to reduce the time‐dependence and the high‐computational requirements, which are
needed in the case of using a uniform fine mesh.

4 | VALIDATION

4.1 | Validation with numerical results

Two different comparisons are performed to assess the correctness of the current model based
on previously published studies. Table 3 presents a comparison of the Nuavg with Laouira
et al.61 results for various heat source lengths at Ri= 0.01, Re= 100, and Pr= 0.71. Also,
Figure 3 shows that the results, which are carried out at the same parameters above for ε= 1 are
in good agreement with Laouira et al.'s56 work for both the isotherms and the velocity profiles.
Another excellent comparison is made with Rahman et al.62 results for the isotherms contours
at Re= 100, Ra= 105, and Pr= 0.7 with and without the magnetic field effects, and it shows a
good agreement with Rahman's et al.57 results for both cases, as shown in Figure 4.

5 | RESULTS AND DISCUSSION

The current investigation has been numerically conducted to determine the effect of altering
physical characteristics on the behavior of the heat transfer and the fluid flow characteristics,
which can help to improve the thermal efficiency in many engineering applications. This study
takes into account a wide variety of parameters: Reynolds number (1, 25, 50, 100, 125),
Richardson number (0.1, 0.5, 1, 2.5, 5, 7.5, 10), Hartmann number (0, 20, 40, 60, 80, 100), and
Cu–water nanofluid volume fraction (0, 0.01, 0.03, 0.05). Besides, the value of the thermal
conductivity of the Cu–water nanofluid and the Prandtl number has been considered as
constant. Furthermore, the elliptical obstacle inside the channel is considered as a retarding

TABLE 3 Comparison of the present work with Laouira et al.61 for average Nusselt number with various
lengths of heat source at Re= 100, Ri= 0.01, and Pr= 0.71 model

Nuavg

Hot wall Present work Laouira et al.61

0.16 0.796 0.857

0.33 1.102 1.149

0.50 1.331 1.331

0.66 1.478 1.473

0.83 1.629 1.556

1.00 1.756 1.621
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body to the nanofluid. The results are presented into three groups which are the streamlines,
isotherms, and the average Nusselt number, where these factors demonstrate the flow field,
temperature variation, and the heat rate inside the channel, respectively. The average Nusselt
number, as well as the streamlines and isotherms, are discussed below as can be seen in
Figures 5–11.

Figure 5 demonstrates the influence of using range values of the Reynolds number (1, 25,
50, 100, 125) on streamlines and isotherms for Ri= 5, Ha= 0, and φ= 0. It is seen that for a low
Reynolds number, most streamlines are based below the adiabatic obstacle flowing inside the
open cavity and only small streamlines flow above the ellipse near the top wall. These
streamlines become denser above the obstacle as Reynolds number increases; however, most
streamlines remain lined below the obstacle even with the highest Reynolds number due to
having a wider path below the obstacle, which enables most streamlines to escape below. It is
important to point out that at Re= 125, a large vortex is formed beside the left side of the
trapezoidal cavity, which acts to narrow the below path, and hence, some of the streamlines
escape from above. On the other hand, for low Reynolds number (Re= 1), the dominant mode
of the heat transfer is the natural convection for which reason the isotherms counter fully the
trapezoidal cavity and spread around the obstacle and the left side of the channel. As Reynolds
number increases, the forced convection enhances and becomes dominant, which causes the

FIGURE 3 Comparison of streamline (Top) and isotherms contours (bottom) with Laouira et al.61 at
Re= 100, Pr= 0.71, Ri= 0.01, and ε= 1
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FIGURE 4 Comparison of isotherms contours with Rahman et al.62 at Re= 100, Pr= 0.7, Ra= 105, Ha= 0,
and 100

FIGURE 5 Reynolds number effects on the streamlines (left) and isotherms (right) at Ri= 5, Ha= 0,
and ϕ= 0
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isotherms contours to vanish inside the channel and only a few isotherms develop near the
enclosure bottom wall. For the Reynolds number, Re= 125, the isotherms close to the left wall
of the cavity are developed due to a vortex inside the cavity, which acts to reduce the influence
of the forced convection inside the cavity.

Figure 6 demonstrates the effects of applying a range of Reynolds numbers on the
streamlines and isotherms under magnetic field effects (Ha= 60) with a constant Richardson
number (Ri= 1) and constant nanofluid volume fraction (φ= 0.05). It can be noticed that the
streamlines mostly pass above the obstacle and only a few streamlines pass below, and this
behavior has not been influenced by increasing the Reynolds number. The physical reason
behind this behavior is associated with the imposition of a high magnetic force (Ha= 60) and
hence, the influence of the Lorentz force is remarkable and acts as a repellent force that faces
the streamlines to the top according to the right‐hand rule. For the isotherms, even with a very
low Reynolds number (Re= 1), in which natural convection is dominant with the absence of
the MHD effect as can be seen in Figure 6, the isotherms distribution inside the cavity and the
channel is low. This is due to the Lorentz force effect, which reduces the buoyancy force and
causes forced convection; however, the presence of the magnetic force prevents most stream-
lines from passing through the cavity to reduce the effect of pushing the isotherms to the
bottom. This explains how the isotherms fill half the enclosure even with a very high Reynolds
number.

Figure 7 explains the effect of applying different strengths of the magnetic force, which is
represented by the Hartmann number (Ha= 0, 20, 40, 60, 80, 100) on the streamlines and
isotherms, while other parameters have been taken as constants (Re= 100, Ri= 10, and
φ= 0.05). In this plot, the dominant heat transfer mode is the forced convection. At (Ha= 0),

FIGURE 6 Reynolds number effects on the streamlines (left) and isotherms (right) at Ri= 1, Ha= 60,
and ϕ= 0.05
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most streamlines pass through the open cavity below the obstacle as the forced convection is
dominant. As the magnetic force increases, the streamlines that pass through the enclosure
decrease and compress to the top of the elliptical obstacle due to the magnetic force, which
forces the streamlines to the top according to the right‐hand rule. At a high Hartmann number
(Ha= 100), almost all the streamlines are forced to pass through the narrow path above the
obstacle. On the other hand, as the streamlines flooding inside the enclosure decreases with
increasing the magnetic field strength, the forced convection that compresses the isotherms to
the bottom decreases and this explains how the isotherms distribution develops inside the
enclosure.

Figure 8 illustrates the effect of the Richardson number (Ri= 0.1, 0.5, 1, 2.5, 5, 7.5, 10) on
the streamlines and isotherms contours at (Re=Ha= 100) and (ϕ= 0.05). The effect of the
Richardson number on the streamlines is not sensible due to having large Reynolds and
Hartmann numbers. For a low value of Ri, less than unity, the dominant mode of heat transfer
is the forced convection; moreover, with the increase of Richardson number (Ri= 1, 2.5) the
dominant force does not change due to the presence of the MHD effects, which decrease the
buoyancy force and switches to forced convection mode. In contrast, with a further increase in
the Richardson number (Ri= 5, 7.5, and 10), there is a sensible development in the isotherms
contours close to the right wall of the cavity; however, the channel remains free of the iso-
therms even with a very high Richardson number, which indicates that the general mode of
heat transfer remains to be forced convection. This is because of the Lorentz force, which

FIGURE 7 Hartmann numbers (Ha) effects on the streamlines (right) and isotherms (left) at Re= 100,
Ri= 10, and ϕ= 0.05
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prevents the buoyancy force from developing to interact with the outer force and hence,
prevent the mixed convection as well as natural convection as is usual with a high Richardson
number.

Figure 9 elucidates the average Nusselt number at the bottom zigzag wall of the enclosure
for a range of Richardson numbers (Ri= 0.1, 0.5, 1, 2.5, 5, 7.5, and 10) and the solid volume
fraction (0, 0.01, 0.02, 0.03, 0.04, and 0.05) while the Reynolds number and Hartmann number
have been considered constants (Re= 50 and Ha= 0). The value of the average Nusselt number
linearly increases with increasing the volume fraction, at Ri = 10, the percentage increase of
Nuavg is 8.44% at ϕ = 0.05 compering with free fluid. Also, its value increases with increasing
Richardson number, and the maximum Nuavg is equal to 10.346 at ϕ= 0.05 and Ri= 10.
Figure 10 illustrates the effect of using a range of Reynolds number and Richardson number on
the Nuavg at a Ha= 60 and ϕ= 0.05. This analysis shows that Nuavg increases with the increase
of the Re and this increase depend on the Ri. For a low Richardson number, the increase in the
Reynolds number slightly increases Nuavg; however, the change of the Reynolds becomes more
effective at a high Richardson number, the maximum Nuavg can be found at Re= 125 and
Ri= 10, which was 8.962, while the minimum was 1.1667 at Re= 1 for all cases. Figure 11
explains the effect of using a range of Hartmann numbers (0, 20, 40, 60, 80, and 100) and

FIGURE 8 Richardson number (Ri) effects on the streamlines (right) and isotherms contours (left) at
Re= 100, Ha= 100, and ϕ= 0.05
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Richardson numbers (Ri= 0.1, 0.5, 1, 2.5, 5, 7.5, and 10) at a constant Reynolds number
(Re= 100) and a volume fraction (ϕ= 0.05). It is evident that Nuavg increases with the increase
of the Richardson number and decease with the augmentation of the Hartmann number.
Table 4 presented the average Nusselt number along with the heated for different Richardson

FIGURE 9 The average Nusselt number on the hot zigzag wall for various solid volume fractions (ϕ) and
Richardson number (Ri) at Re= 50 and Ha= 0

FIGURE 10 The average Nusselt number (Nuavg) on the hot zigzag wall for various Reynolds number (Re)
and Richardson number (Ri) at Ha= 60 and ϕ= 0.05
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TABLE 4 Variations in the average Nusselt number (Nuavg) along the heated zigzag wall for Richardson
and Hartmann numbers at Reynolds = 50, volume fraction = 0.05 in the average Nusselt number along the
heated zigzag wall for Richardson and Hartmann numbers

Ha Ri Nuavg Ha Ri Nuavg

0 0.1 9.538 40 0.1 4.361

0.5 9.578 0.5 4.4002

1 9.626 1 4.454

2.5 9.762 2.5 4.643

5 9.969 5 5.039

7.5 10.163 7.5 5.482

10 10.345 10 5.915

60 0.1 3.590 100 0.1 3.125

0.5 3.600 0.5 3.127

1 3.615 1 3.131

2.5 3.675 2.5 3.144

5 3.845 5 3.174

7.5 4.131 7.5 3.222

10 4.512 10 3.299

FIGURE 11 The Nuavg on the hot zigzag wall for various Ha and Ri at Re= 100 and ϕ= 0.05
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and Hartmann numbers at Reynolds = 50, volume fraction = 0.05. From the table, it is clear
that the Nuavg increases with increasing Ri and decreases with increasing Ha. The maximum
Nuavg can be seen when Ri= 10 and Ha= 0, which is equal to 10.346 and the minimum Nuavg
can be seen when Ri= 0.1 and Ha= 100, which is equal to 3.126.

The current work can be modified by using elliptical obstacles with different sizes and
positions as well as adding an inclined magnetic field for mixed/forced convection.

6 | CONCLUSIONS

The MHD effect and flow of a Cu–water nanofluid in a two‐dimensional channel with a
trapezoidal cavity and an elliptical obstacle on combined convection have been studied nu-
merically in this paper. The results have been validated with published works and all outcomes
have been physically presented and discussed. The following are the major conclusions of this
study:

• The increase of the Reynolds number increases the streamlines inside the cavity and changes
the dominant mode of heat transfer to be forced convection and this results in compressing
the isotherms inside the cavity to the bottom wall. Also, the average Nusselt number in-
creases with the increase of the Reynolds number

• The increase of Richardson number increases the isotherms' development and the average
Nusselt number, for example, at Re = 50, ϕ = 0.05, and Ha = 0 the maximum Nuavg equal to
10.345 can be found at Ri = 10.

• The average Nusselt number rises as the solid volume percentage rises. Nuavg increased by
8.44% at Ri= 10 and ϕ= 0.05 when compared to using water only.

• The increase in the Hartmann number decreases the buoyancy force and makes the forced
convection to be the dominant model. Also, the increase in Hartmann number forces most
streamlines to flow outside the enclosure, which minimizes the pushing force that com-
presses the isotherms to the bottom wall of the cavity and hence, the development of iso-
therms inside the cavity. In addition, when the Hartmann number rises, the average Nusselt
number drops, at Ri= 0.1, Re= 50, and ϕ= 0.05; the minimum Nuavg was 1.069 at Ha= 100.

NOMENCLATURE
A amplitude heater height
Cp specific heat
g gravitational acceleration
h convection Heat Transfer Coefficient
Ha Hartmann number
hL total heater zigzag length
k thermal conductivity
L length of the heater
Nu Nusselt number
P nondimensional pressure
Pr Prandtl number
Ra Rayleigh Number
Re Reynolds number
Ri Richardson number
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T dimensional temperature
U nondimensional velocity component X‐direction,
V nondimensional velocity component Y‐direction,
X nondimensional X‐coordinates
Y nondimensional Y‐coordinates

GREEK SYMBOLS
α thermal diffusivity
β thermal expansion coefficient
µ dynamic viscosity
ρ density
θ dimensionless temperature
ϕ solid volume fraction
ν kinematic viscosity

SUBSCRIPTS
avg average
c cold
f fluid (pure water)
h hot
in inlet
loc local
nf nanofluid
o outlet
s solid
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