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Abstract: The numerical analysis of MHD-free convective heat transfer and its interaction with
the radiation over a heated flame inside a porous semicircular cavity loaded with SWCNTs–water
nanofluid was explored for the very first time in the present work. The two circular arcs of the
upper wall of the enclosure were preserved at a constant cold temperature, whereas the middle
region of it was considered adiabatic. The midland region of the lower wall was heated partially,
while other regions were also assumed adiabatic. An internal hot flame was included inside the
cavity, while the cavity was exposed to a magnetic field. The results were illustrated for Hartmann
number (0 ≤ Ha ≤ 100), Rayleigh number (104 ≤ Ra ≤ 106), heated region length (0.1 ≤ L ≤ 0.3),
solid volumetric fraction (0 ≤ ϕ ≤ 0.04), Darcy number (10−3 ≤ Da ≤ 10−5) and radiation parameter
(0 ≤ Rd ≤ 1). It was found that decreasing L is the best option for enhancing natural convection.
Moreover, it was noted that (Nuout) is directly proportion to (Ra), (φ), (Rd) and (Da) increase. In
contrast, it was in reverse proportion to (Ha). Furthermore, the results showed that augmentation
of about (4%) and a decrement of (56.55%) are obtained on the average (Nu) on the heated length
by increasing the radiation and the Hartmann number, respectively. Moreover, raising the radiation
number from (0 to 1) causes an augmentation of about (73%) in the average (Nu) of the heated flame.
Results also indicated that increasing the Hartmann number will cause a decrement of about (82.4%)
of the maximum velocity profile in the vertical direction.

Keywords: nanofluid; natural convection; magneto-hydrodynamic; porous media; semicircular
enclosure; radiation; flame

MSC: 35Q30; 76M10; 80M10

1. Introduction

Nanotechnology is a recent science which appeared after the invention of a new
kind of fluid which was termed by Choi [1] in 1995 as nanofluid. Nanoparticles include
metal or non-metal oxides and metallic or non-metallic, while ethylene glycol, water and
mineral oil are examples of the base fluid [2,3]. The nanofluid was entered rapidly and
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strongly in many practical fields such as the biomedical industry, solar energy systems,
air-conditioning and refrigeration, heat exchangers and car radiators [4]. The reader can
find very intense information about the nanofluid in many review papers like Sajid and
Ali [5], Kamel et al. [6] and Pordanjani et al. [7]. On the other side, buoyancy-driven
convection, usually termed the natural convection in enclosures loaded with a nanofluid, is
a very interesting phenomenon investigated by many researchers [8–12]. Of course, the
major reason behind this attention is due to its very wide applications in many engineering
fields. Examples of these applications include heat exchangers, cooling of flush-mounted
electronic heaters and the building industry [13].

On the other hand, the magnetic field can play an important role in controlling the free
convection of nanofluids flow inside enclosures. The mixed effects of the natural convection
and the magnetic field are called magnetohydrodynamic (MHD) convection [14]. This
subject has efficiently been applied in the polymer industry, fusion reactors, electronic
packages, crystal growth in liquids, and geothermal energy extraction [15–17].

Natural convection in enclosures with intricate geometry, loaded with a nanofluid,
and exposed to a magnetic field has recently attracted the attention of researchers. This
is owing to the fact that it has a wide range of uses in industrial and engineering applica-
tions. Several of these applications are illustrated via packed bed reactors of solar systems,
petroleum resources, ventilation of buildings, and purification of molten metals, liquid met-
als and microelectronic devices [18]. Various researchers explored the natural convection
in irregular enclosures loaded with nanofluid in the existence of the magnetic field. The
influence of the vertical magnetic field on the free convection inside a triangular cavity
loaded with Cu–water nanofluid was performed numerically by Mahmoudi et al. [19]. The
tilted right side of the cavity was preserved at a cold temperature, whereas the bottom
wall was thought to be partially heated. The left vertical wall, together with the remaining
regions in the bottom wall, were assumed thermally insulated. The impacts of the Ha
(0 ≤ Ha ≤ 100), solid volume fraction (0 ≤ φ ≤ 0.05), Rayleigh number (104 ≤ Ra ≤ 107)
together with six different cases of the heat source location on the (Nuav) Streamline, and
isotherm were examined. A distinct depression in the flow field and heat transfer for high
(Ha) was noted. Sheikholeslami et al. [20] employed the control volume finite element
technique to explore the magnetohydrodynamic natural convection in a tilted half-annulus
enclosure loaded with copper-water nanofluid. The findings were reported for a range of
inclination angle values (Ha), solid volume fraction and (Ra). It was noted that the (Nuav)
was augmented by raising the solid volume fraction and (Ra) and decreasing (Ha). The
MHD free convection in a tilted trapezoidal cavity loaded with Cu–water nanofluid was
numerically carried out by Mansour et al. [21]. The results were illustrated for various
values of the (Ha), enclosure inclination angle, (Ra), heat source length and its location and
the solid volume fraction. They demonstrated that the maximum heat transfer rate was
observed at (Ha = 0 and Ra = 106). The natural convection problem inside a semi-annulus
enclosure loaded with alumina-water nanofluid under the impact of the magnetic field was
solved numerically by Sheikholeslami et al. [22]. The results were illustrated for Hartmann
number (0 ≤ Ha ≤ 100), a solid volume fraction (0 ≤ ϕ ≤ 0.04) and Rayleigh number
(104 ≤ Ra ≤ 106). They concluded that (Nuav) was decreased with increasing (Ha), while
a reverse trend was noted with increasing (Ra) and the solid volume fraction. Aminossa-
dati [23] numerically explored the MHD natural convection inside a triangular enclosure
loaded with CuO–water nanofluid. The cavity included inside it a right triangular heat
source. He deduced that the maximum heat transfer rate was found at high values of
the solid volume fraction and (Ra). Whereas it was reduced by magnifying the magnetic
field strength. The numerical analysis of the free convection of Cu–water nanofluid in a
tilted, differentially heated L-shaped cavity with the existence of the magnetic field was re-
searched by Elshehabey et al. [24]. It was deduced that (Nuav) was increased by decreasing
the aspect ratio or (Ha). It decreased by decreasing (Ra) or the solid volume fraction. Al-
Zamily [25] explored the magnetic field effect on the free convection within a semicircular
cavity loaded with Cu–water nanofluid by numerical means. He deduced that the magnetic
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field’s impact on the natural convective flow was retreated by increasing the solid volume
fraction. Whereas it increased by increasing (Ra). Sheikholeslami et al. [26] employed
numerical methods to examine the magnetic field influence on a wavy cavity loaded with
CuO–water nanofluid. The results were displayed for a broad variety of (Ra) and (Ha)
numbers, the dimensionless amplitude of the sinusoidal wall and the solid volume fraction.
It was noticed that (Nuav) was augmented by raising the solid volume fraction, (Ra) and
sinusoidal wall amplitude. While it damped by increasing (Ha). Sheikholeslami et al. [27]
examined numerically the free convection in a tilted L-shaped cavity loaded with alumina-
water nanofluid and exposed to the magnetic field. Their findings were shown for various
values of the solid volume fraction, inclination angle, (Ha) and (Ra) numbers. The authors
determined that the greatest heat transfer increase was obtained at high (Ha) and low (Ra).
The impact of the tilted magnetic field on the transient free convection inside a right-angle
trapezoidal cavity was performed numerically by Bondareva et al. [28]. The impacts of
the magnetic field inclination angle, dimensionless time, aspect ratio and Lewis, (Ha) and
(Ra) numbers on the flow and thermal fields were examined. They concluded that the
Sherwood and Nusselt numbers were enhanced by increasing the magnetic field inclination
angle and (Ra). Hussein et al. [29] numerically explored the magnetic field effect on a tilted
T-geometry cavity loaded with various types of nanofluid. It was found that (Nuav) was
increased with the solid volume fraction as the heat source location increased and its length
decreased. Yadollahi et al. [30] numerically analysed the MHD natural convection within
an F-geometry cavity loaded with sliver-water nanofluid. The influence of the aspect ratio,
(Ra) and (Ha) numbers were considered. It was noted that the impact of the magnetic field
strength on (Nuav) was increased by increasing (Ra). Ali et al. [31] performed the magneto-
hydrodynamic free convection in a hexagonal cavity with a tilted block numerically. The
cavity was loaded with CuO–water nanofluid. It was concluded that (Nuav) was decreased
by decreasing (Ra) and the solid volume fraction and increasing the magnetic field strength.
Purusothaman and Malekshah [32] numerically examined the MHD natural convection
inside a tilted V-shaped cavity loaded with Cu–water nanofluid. The influence of (Ha)
and (Ra) numbers, solid volume fraction and the cavity tilting angle and its aspect ratio
on the fluid and heat flow structures in the cavity were considered. It was deduced that
(Nuav) was reduced by decreasing (Ra) and the solid volume fraction. It was increased
by decreasing (Ha) the aspect ratio. Ghani et al. [33] explored the MHD free convection
inside a parallelogrammic cavity loaded with Cu–water nanofluid by numerical means.
The right sidewall of it was assumed open to the environment, while the left one was
subjected to a localised heat source. Both the top and bottom tilted walls were maintained
cold. The effects of Ra (104 ≤ Ra ≤ 106), inclination angle (−60◦ ≤ λ ≤ 60◦), heat source
location (0.25 ≤ ε ≤ 0.75), solid volume fraction (0 ≤ φ ≤ 0.04) and Ha (0 ≤ Ha ≤ 75) on the
flow, thermal fields and (Nuav) were examined. The heat source length was kept fixed at
(δ = 0.25). It was noted that (Nuav) was increased with increasing (Ra) and decreasing (Ha),
and its value for nanofluid was more than that for water. The impact of the inclined mag-
netic field on the free convection inside a trapezoidal enclosure loaded with alumina–water
nanofluid was addressed by Saha [34]. He deduced that the flow and thermal fields became
weak by increasing the aspect ratio. Moreover, the solid volume fraction increment slightly
influenced the heat transfer rate. Other useful references deal with heat transfer within
complex shaped geometries loaded with the nanofluid can be found in [35–41].

On the other hand, the free convection inside enclosures loaded with a porous
medium has been considered one of the most significant research subjects due to its
numerous practical applications such as domestic heating, polymer processing, and energy
extraction [42–45]. Al-Hafidh and Mohammed [46] numerically examined the free con-
vection of Cu–water nanofluid inside a cylindrical enclosure loaded with a porous media.
They presented their research findings for a wide range of (Ra), aspect ratio (A) and solid
volume fraction. It was found that (Nuav) was enhanced by increasing both (Ra) and
(A). Mansour et al. [47] numerically researched the natural convection inside an H-shaped
enclosure loaded with various nanofluids saturated with a porous media. Various nanopar-
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ticles were utilised (i.e., Ag, Cu, TiO2 and Al2O3). The thermal and flow fields characteristics
were presented for Rayleigh number (50 ≤ Ra ≤ 1000), solid volume fraction (0 ≤ ϕ ≤ 0.1),
heat source length (0.2 ≤ B ≤ 0.8), aspect ratio (0.2 ≤ AR ≤ 0.8) and heat source location
(0.2 ≤ D ≤ 0.5).The results indicated that (Nuav) was decreased with increasing the solid
volume fraction and heat source length. The free convection in a tilted hemispherical
enclosure loaded with Cu–water nanofluid saturated with a porous media was numerically
researched by Baïri et al. [48]. The authors were able to propose a correlation to calculate the
average temperature of the active dome of enclosure in terms of (Ra), solid volume fraction,
tilting angle and the thermal conductivity ratio. The free convection inside an E-enclosure
loaded with Al2O3-water nanofluid was explored by Raizah et al. [49]. The findings were
presented for a wide range of (Da), (Ra), solid volume fractions and six cases of the porous
media. They concluded that (Nuav) was maximum for horizontal heterogeneous porous
media. The numerical analysis of MHD free convection in a novel-shaped cavity was
researched by Molana et al. [50]. The cavity was loaded with Fe3O4-water nanofluid and
saturated with a porous medium. The analysis was performed for various values of (Ha),
(Ra), (Da) and (AR) and cavity inclination angle. The results refereed that (Nuav) was
enhanced by increasing (Ra) and (AR).

The combination of the free convection and radiation inside enclosures has various
technological applications like transpiration cooling process, high temperatures energy
conversion systems and cover material drying [51]. The numerical study of the radiation
impact on the MHD free convection inside a semi-annulus enclosure loaded with iron
oxide-water nanofluid was performed by Sheikholeslami et al. [52]. The authors observed
that (Nuav) was increased by decreasing (Rd) and (Ha). At the same time, it was increased
by increasing (Ra) and solid volume fraction. The mixed impacts of the magnetic field
and radiation on the free convection and entropy production in a tilted square enclosure
included a circular baffle loaded with alumina–water nanofluid was numerically researched
by Li et al. [53]. The research findings were shown for various values of cavity inclination
angle (Rd), the solid volume fraction (Ha), (Ra) and baffle aspect ratio. The authors
concluded that the free convection was augmented by increasing the radiation and existence
of the nanofluid.

Based on the above literature review, and in spite of a large number of published
papers on natural convection, the MHD natural convection and its interaction with the
radiation over a heated flame inside a partially heated porous semicircular cavity filled
with SWCNTs–water nanofluid were not studied previously in any paper. Moreover, the
SWCNT nanoparticles with various solid volume fractions were dispersed in the water
to enhance their thermal conductivity. Moreover, a parametric study has been done to
investigate the effect of the magnetic field, porosity, radiation, Rayleigh number and heated
length on the heat transfer and flow field inside the semicircular cavity. These points can
be considered novelties of the current work.

2. Geometrical Configuration and the Governing Equations

Figures 1 and 2 show the schematic diagram and mesh distribution of a 2D semicircular
cavity, respectively. The two circular arcs of the upper cavity wall were preserved at a
constant cold temperature (Tc), whereas the middle region of it was considered adiabatic.
The midland region of the lower wall was heated partially, while other regions were
assumed adiabatic also. The cavity was loaded with SWCNTs–water nanofluid. An internal
hot flame was included inside the cavity while the cavity was subjected to a magnetic
field. The thermophysical characteristics of the nanoparticles are presented in Table 1. The
governing equations that capture the physics of this problem are introduced in Section 3.
This section implemented a discretisation method to discretise the governing equations,
and a numerical scheme was developed. To this end, the Standard Galerkin Finite Element
Method (SGFEM) is implemented to discretise the governing equations. FlexPDE 5.0.18
software package was utilised for numerical modelling, and triangular gridding was used
for the meshing process.
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Table 1. Thermophysical characteristics of nanoparticles [25].

Physical Properties Nanoparticle (SWCNT)

cp (J/kg·K) 425

ρ (kg/m3) 2600

K (W/mK) 6600

β (1/K) 0.033 × 105

To increase the accuracy of this numerical solution, a dynamic mesh adaptive technique
was implemented. This method refined the grids with considerable variable alteration to
capture the phenomenon accurately, as shown in Figure 2. In the adaptive grid refinement
process, each cell where the error exceeds the defined error limit is subdivided until the
desired accuracy is achieved. It should be noted that the defined error limit is applied
either on spatial or time scales. Considering high values for error limit allows the existence
of coarse mesh in the solution domain, while the accuracy will not be acceptable. Small
values of error limit lead to too small mesh cells, which increases the computational cost.

An implicit backward difference method was utilised for discretisation, and the de-
veloped Galerkin matrix was solved numerically using the Newton–Raphson method.
First, the accuracy of this developed numerical simulation should be verified. Therefore,
the number of cells in this study is (9423), the relative error limit equals (0.0001), and an
acceptable accuracy and CPU time were achieved.

On the other hand, the following assumptions were used for modelling the govern-
ing equations:

• The SWCNTs are homogeneous in shape and size and well scattered in water.
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• To account for density fluctuation, the Boussinesq model was used. In comparison,
the other thermo-physical properties are kept constant.

• The flow field is assumed Newtonian, laminar, 2D and steady.
• The thermal equilibrium state was assumed between the water and SWCNTs from

one side and between the porous medium and SWCNTs from the other side.

3. Governing Equations

According to the assumptions mentioned above, the equations which govern the
problem read:

∂u
∂x

+
∂v
∂y

= 0 (1)

ρn f (u
∂u
∂x

+ v
∂u
∂y

) = −∂p
∂x

+ µn f (
∂2u
∂x2 +

∂2u
∂y2 )−

µn f

K
u (2)

ρn f (u
∂v
∂x

+ v
∂v
∂y

) = −∂p
∂y

+ µn f (
∂2v
∂x2 +

∂2v
∂y2 )−

µn f

K
v − σ

ρn f
B0

2v − gρn f βn f (T∗ − TC) (3)

u ∂T∗
∂x + v ∂T∗

∂y = αn f (
∂2T∗

∂x2 + ∂2T∗

∂y2 )− ( 1
(ρCp)n f

) ∂qr
∂y ,

where, qr = −(4 σr
χr
) ∂T4

∂y , T4 ∼= −3TC
4 + 4TC

3T
(4)

In these equations, u and v denote velocity components along x and y directions. The
thermophysical properties of the nanofluid, including the density, viscosity, coefficient
of thermal expansion and thermal diffusivity, are presented as ρn f , µn f , βn f and αn f . T∗

illustrates the temperature, and p shows the pressure.
In addition, the thermophysical characteristics of the nanofluid read [17]:

βn f = (1 − φ)β f + φβp,
ρn f = (1 − φ)ρ f + φρp,
(ρCp)n f = (1 − φ)(ρCp) f + φ(ρCp)p,

αn f =
kn f

(ρCp)n f
,

kn f
k f

=
(1−φ)+2φ(

kp
kp−k f

) ln(
kp−k f

2k f
)

(1−φ)+2φ(
k f

kp−k f
) ln(

kp+k f
2k f

)
,

µn f
µ f

= 1
(1−φ)2.5 ,

(5)

where β f , βp, ρ f , ρp, (CP) f , (CP)Pk f and kp are the coefficient of thermal expansion, density,
particular heat capacity, and thermal conductivity of the base fluid and nanoparticles each.
Moreover, µ f demonstrates the dynamic viscosity of the base fluid; φ shows the volumetric
fraction of the nanoparticles. The following boundary conditions have been applied:

Along the outer walls:
At the side arcs walls:

T∗ = TC (6)

At the bottom walls:

∂T∗
∂y = 0, Adiabatic sidewalls

T∗ = Th, Partially heated central wall
(7)

For the top central arc wall:
∂T∗

∂y
= 0 (8)

On all walls:
u = v = 0 (9)
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Along the inner walls:
T∗ = Th (10)

The following dimensionless variables are applied to the governing equations:

X = x
L , Y = y

L , U = uL
α f

, V = vL
α f

, T = T∗−TC
Th−TC

, P = pL2

ρ f α f
2 , ϑ f =

µ f
ρ f

, Pr =
ϑ f
α f

,

Ha = B0L
√

σ
ρn f ϑ f

, Rd = 4σrTC
3

χrk f
, P = −γ( ∂U

∂X + ∂V
∂Y ),

Ra =
β f (Th−TC)L3

ϑ f α f
.

(11)

here, Pr, Ra, Ha and Rd show the Prandtl number, Ra, Ha and radiation parameter. γ is
assumed to be equal to 107 to eliminate the pressure from the momentum equations. Using
these parameters, the dimensionless forms of the governing equations read [42]:

∂U
∂X

+
∂V
∂Y

= 0 (12)

U
∂U
∂X

+ V
∂U
∂Y

= γ
ρ f

ρn f

∂

∂X
(

∂U
∂X

+
∂V
∂Y

) + Pr
ϑn f

ϑ f
(

∂2U
∂X2 +

∂2U
∂Y2 )−

Pr
Da

U, (13)

(U ∂V
∂X + V ∂V

∂Y ) = γ
ρ f
ρn f

∂
∂Y (

∂U
∂X + ∂V

∂Y ) + Pr
ϑn f
ϑ f

( ∂2V
∂X2 +

∂2V
∂Y2 )− Ha2PrV

+
(1−φ)ρ f β f +φρp βp

ρn f βn f
RaPrT − Pr

Da V,
(14)

U
∂T
∂X

+ V
∂T
∂Y

=
αn f

α f
(

∂2T
∂X2 +

∂2T
∂Y2 ) +

4
3

Rd
(ρCp) f

(ρCp)n f

∂2T
∂Y2 , (15)

The non-dimensional boundary conditions read:
At the side arcs walls:

T = 0 (16)

At the bottom walls:

∂T
∂Y = 0, Adiabatic sidewalls
T = 1, Partially heated central wall

(17)

At the top central arc wall:
∂T
∂Y

= 0 (18)

Along the inner walls:
At all inner flame-shaped walls:

T = 1 (19)

For all walls:
U = V = 0 (20)

In addition, the average (Nu) along the partially heated wall is described as:

Nuave =
∫

LT

(1 +
4
3

k f

kn f
Rd)(

kn f

k f
)

∂T
∂n

dX, (21)

Here n represents the normal direction at the heated wall of the enclosure (LT).

4. Numerical Procedure and Validation

In the present work, the Standard Galerkin Finite Element Method (SGFEM) is em-
ployed to lay out the fluid flow and heat transfer. With respect to its advantages, the main
point is that it can be used efficiently to deal with complex geometries with an accurate
and short computational time. Moreover, this method has good stability when it deals
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with partial differential equations compared with conventional methods. The calculation
of problems dealing with the triangle grids is accomplished on the nodes. According to
this approach, differential equations are shaped by substituting the definitions, applying
the dependencies on the variables, integrating over cells, and differentiating the variables
of the system. The Galerkin matrix is figured through these equations. The grid refine-
ment is performed using an adaptive technique wherever the gradient of the variables is
remarkable. The grid refinement proceeds until achieving the desired precision, which is
defined. To accredit the procedure, the current simulation is compared with the previously
published paper by Haq et al. [54], which is presented in Figure 3 (As shown, the ν profile
for Ra = 105, φ = 0 is plotted along the y-direction in both studies). It can be observed that
an excellent agreement with the maximum error of 5% is achieved, which demonstrates the
accuracy of the model. Moreover, the solution flow diagram of the current study is shown
in Figure 4.
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5. Results and Discussion

The current work numerically explored the MHD free convection and its interaction
with radiation over a heated flame inside a partially heated porous semicircular enclosure
loaded with SWCNTs–water nanofluid. The ranges of studied controlling parameters
were: Ha (0 ≤ Ha ≤ 100), Ra (104 ≤ Ra ≤ 106), heated region length (0.1 ≤ L ≤ 0.3),
solid volumetric fraction (0 ≤ ϕ ≤ 0.04), Da (10−3 ≤ Da ≤ 10−5), and radiation parameter
(0 ≤ Rd ≤ 1).

5.1. Effect of Rayleigh Number

The contours of streamline (right) and isotherm (left) of the nanofluid inside the
semicircular cavity for various values of (Ra) at (φ = 0.02, Ha = 50, Rd = 0.5, Da = 10−4

and L = 0.2) are presented in Figure 5. It may be noted that the flow field consists of two
identical rotating vortices around the internal flame. The right vortices are cold, whereas
the left ones are hot. The natural convection currents initiate near the hot region in the
lower wall of the cavity and move upward towards the adiabatic region in the upper wall.
After that, they reflect adjacent to this wall’s two cold circular segments. Therefore, the
nanofluid compresses and moves downward. This repetitive motion generates the cavity’s
two identical rotating vortices. In fact, the (Ra) is an indicator of the strength of the natural
convection. The observations of Figure 4 show that the intensity of the flow circulation
rises significantly with increasing (Ra). Therefore, the peak value of the stream function
jumps from (ψ = 0.007) at (Ra = 104) to (ψ = 0.75) at (Ra = 106). The cause for this tendency
is due to the growth in buoyant force that occurs when the (Ra) rises. This causes the free
convection to increase within the cavity. With respect to the effect of (Ra) on the flow field
pattern, it can be noted that the increase in it leads to two things. The first one makes the
gap between the two vortices to decrease over the internal flame. While the second thing
increases the size of the internal core inside the vortices. On the other side, the increase in
(Ra) leads to make changes in the isotherm contours. They become more curved, especially
in the region below the internal flame. Moreover, they extend further with the increase in
(Ra) toward the upper wall unit to touch at (Ra = 106). This is a signal that the heat transfer
mechanism shifts from conduction to convection with the increase in (Ra).

The variation of (Nuout) at the heated wall of the cavity, temperature and velocity
profiles alongside the mean vertical location for different values of (Ra) at (φ = 0.02, Ha
= 50, Rd = 0.5, Da = 10−4 and L = 0.2) are illustrated respectively in Figure 6a–c. For all
values of (Ra), it can be noted from Figure 6a that (Nuout) increases with the increase in
it. This is a logical result due to the increase in the buoyancy force with increasing (Ra).
This leads to improving natural convection and enhances (Nuout) values. In addition, it
can be noted from Figure 6a that (Nuout) drops gradually along (X) until (X = 0.1) and then
starts to increase after that. The temperature and velocity profiles along the mean vertical
location of the semicircular cavity for various values of (Ra) are explained respectively in
Figure 6b,c. It can be noted from Figure 6b that the (T) varies approximately linear along
(Y) up to (Y = 0.15) and increases with the decrease in (Ra), as shown in the block zoom in
this figure. After that, it begins to drop sharply and increases with the increase in (Ra). For
Figure 6c, it can be seen that the velocity varies slightly along (Y) until (Y = 0.15) and then
begins to jump suddenly after that. This jump in (V) values begins to decrease rapidly with
the decrease of (Ra) from (Ra = 106) to (Ra = 104).
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at (φ = 0.02, Ha = 50, Rd = 0.5, Da = 10−4 and L = 0.2).

5.2. Effect of Heat Source Length

The contours of streamline (right) and isotherm (left) of the nanofluid for different
values of heated region length (L) in the bottom of the semicircular cavity at (φ = 0.02,
Ha = 50, Rd = 0.5, Da = 10−4 and Ra = 105) are displayed in Figure 7. The results indicated
that the stream function reaches its peak value (i.e., ψ = 0.2) at the shorter length of the
heated region (i.e., L = 0.1). Consequently, lowering (L) is the most effective method of
increasing natural convection in the cavity. In fact, the shorter (L) decreases the dissipation
of thermal energy, and this increases the flow circulation represented by the stream function
values. Moreover, it can be noted that both rotating vortices around the internal flame begin
to extend and approach each other as (L) increases. Moreover, the size of the core of vortices
begins to enlarge as (L) increases. For isotherm contours, it can be observed that the increase
in (L) makes two obvious things in their pattern. The first one is that the isotherms above
the internal flame moved further towards the upper wall of the cavity. Whereas the other
makes a clear divergence between the isotherms, especially adjacent to the heated region
in the lower wall. The heated region with the largest (L) produces a high heat generation
rate and makes the temperature gradient in this region more severe. The temperature
and velocity profiles alongside the mean vertical location (Y) for different values of (L) at
(φ = 0.02, Ha = 50, Rd = 0.5, Da = 10−4 and Ra = 105) are illustrated respectively in
Figure 8a,b. It can be noted that the variation of (L) on (T) profiles (i.e., Figure 8a) is very
slight and approximately similar up to (Y = 0.15). But, beyond this value, they decrease
along (Y), and this decrease becomes more pronounced as (L) decreases. For (V) profiles
(i.e., Figure 8b), a slight variation of them along (Y) can be seen up to (Y = 0.15). After that,
they increase rapidly and decrease gradually to their zero value at (Y = 0.2). The peak value
of (V) profiles corresponds to the shortest heat source length (i.e., L = 0.1).
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5.3. Effect of Solid Volume Fraction

Figure 9 depicts streamline (right) and isotherm (left) contours for various values
of (φ) at (Rd = 0.5, Ha = 50, L = 0.2, Da = 10−4 and Ra = 105). The result explains that
the increase in (φ) leads to damping of the stream function values. So, the lowest value
of it (i.e., ψ = 0.07) corresponds to (φ = 0.04). This is due to the rise in the viscosity of
nanofluid for the highest value of (φ), which impedes the simplicity of the flow circulation
in the cavity. Moreover, the increase of (φ) leads to enlarging the cores of rotating vortices.
With respect to isotherms, it can be noted that the increase in (φ) has a trivial effect on
their pattern. This can be confirmed by high matching between them when (φ) increases
from (φ = 0) to (φ = 0.04). The only difference between them can be observed in the spot
above the internal flame, where the isotherm lines begin to back down with the increase
in (φ). The variation of (Nuout) at the heated wall of the cavity, temperature and velocity
profiles alongside the mean vertical location for different values of (φ) at (Rd = 0.5, Ha = 50,
L = 0.2, Da = 10−4 and Ra = 105) are depicted respectively in Figure 10a–c. As expected,
the increase in (φ) leads to enhanced (Nuout) values. Therefore, the nanofluid (φ = 0.04) is
better than the water (φ = 0) and can be used to enhance the natural convection in the cavity.
This is due to the increase in thermal conductivity of the water caused by the addition of
SWCNTs nanoparticles. Furthermore, the increase in (X) leads to a decrease (Nuout) until a
certain value and then increases with the increase in (X) for all values of (φ). Similar to the
behaviour discussed previously in Figure 6b, the (T) linearly varies until (Y = 0.15), and a
severe drop was noted after that. On the other hand, a slight variation of (V) along (Y) can
be noted from Figure 10c until (Y = 0.15). Then, (V) increases to a specified value before
it decreases again up to (Y = 0.2). For all values of (Y), both (T) and (V) increase with the
decrease in (φ).

5.4. Effect of Hartmann Number

Both the streamlines (right) and isotherms (left) for various values of (Ha) at
(φ = 0.02, L = 0.2, Rd = 0.5, Da = 10−4 and Ra = 105) are illustrated in Figure 11. In
fact, the intensity of the magnetic field can be measured through (Ha). The results indicated
that the maximum stream function value decreases from (ψ = 0.08) at (Ha = 0) to (ψ = 0.05)
at (Ha = 100). Therefore, it can be deduced that the existence of a magnetic field with
high strength (i.e., Ha = 100) causes a drop and a clear deceleration in the flow circulation
compared with the case of no applied magnetic field (Ha = 0). This deceleration can be
attributed to the Lorentz force influence (generated by the magnetic field), which becomes
more dominant than the buoyancy force. As a result, it may be deduced that the magnetic
field reduces the intensity of the natural convection within the cavity. Moreover, increase in
(Ha) leads the rotating vortices to extend further inside the cavity and approach each other,
especially at (Ha = 100). In terms of the thermal field, it is worth noting that a rise in (Ha)
has only a little influence on the contours of isothermal curves. This observation can be
supported by the high similarity of their pattern for various values of (Ha). Figure 12a–c
shows the variation of (Nuout) at the heated wall of the cavity, temperature and velocity
profiles alongside the mean vertical location for different values of (Ha) at (φ = 0.02, L = 0.2,
Rd = 0.5, Da = 10−4 and Ra = 105). It can be noted from (Figure 12a) that for all values of
(Ha), (Nuout) decreases with the increase in (X) until (X = 0.1) and then increases beyond
this value. Furthermore, the increase in (Ha) leads to a decrease in (Nuout). This is due to
weak natural convection caused by increasing the magnetic field, which leads to a decrease
in the buoyancy force and damps (Nuout). So, the (Nuout) attains its peak value at (Ha = 0).
Figure 12b,c illustrates both the temperature and velocity profiles, respectively, alongside
the mean vertical location for different values of (Ha). It may be noted from (Figure 12b)
that there is a linear variation between (T) and (Y) until a certain value and a severe drop
in (T) profiles was noted after this value. The increase in (Ha) leads to a decrease in (T)
profiles, as shown in the block zoom in Figure 12b. In the same manner, the (V) profile
varies slightly along (Y) until a certain value and then increases strongly until it reaches its
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maximum value at (Y = 0.17). Then, it decreases gradually until it reaches its zero value at
(Y = 0.2). Again, the increase in (Ha) decreases (V) profiles.
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(Rd = 0.5, Ha = 50, L = 0.2, Da = 10−4 and Ra = 105).

5.5. Effect of Radiation Parameter

Figure 13 depicts the streamlines (right) and isotherms (left) of the nanofluid inside the
semicircular cavity for various values of (Rd) at (φ = 0.02, L = 0.2, Ha = 50, Da = 10−4 and
Ra = 105). It may be noted that at (Rd = 0.5), the maximum stream function reaches its peak
value (i.e., ψ = 0.08). So, this value can be considered as an optimum one for improving
the natural convection in the cavity compared with the case of no radiation (i.e., Rd = 0)
and (Rd = 1). Moreover, the increase in (Rd) results in increasing the core size for both hot
and cold rotating vortices. From the other side, the isotherm contours indicate that the
increase in (Rd) causes an increase in the region’s temperature above the internal flame.
Figure 14a–c illustrate respectively the profiles of (Nuout), (T) and (V) for various values
of (Rd) at (φ = 0.02, L = 0.2, Ha = 50, Da = 10−4 and Ra = 105). The results indicated that
an increase in (Rd) increases the (Nuout). Since the radiation positively affects the natural
convection, which leads to this increase in (Nuout). The latter drops with (X) until a limited
value, and then an increase can be noted. This behaviour is repeated for all values of (Rd).
With respect to the effect of (Rd) on both (T) and (V) profiles, it was noted that (T) increases
with the increase in (Rd). At the same time, its effect on (V) is very minor. This behaviour
was seen for (0.15 ≤ Y ≤ 0.2).
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5.6. Effect of Darcy Number

Figure 15 shows streamlines (right) and isotherms (left) of the nanofluid inside the
semicircular cavity for various values of (Da) at (φ = 0.02, L = 0.2, Rd = 0.5, Ha = 50 and
Ra = 105). The decrease in (Da) decreases the maximum stream function value from (ψ = 0.2)
at (Da = 10−3) to (ψ = 0.01) at (Da = 10−5). Since the decrease in it decreases the permeability
of the porous media and increases its resistance to the flow circulation. Therefore, the flow
vortices move more slowly inside the cavity, and as a result, the stream function values
decrease. So, it can be deduced that the increase in (Da) enhances the natural convection
inside the cavity. Moreover, the decrease in (Da) makes both rotating vortices around the
internal flame approach each other. With respect to the effect of (Da) on isotherms, it was
noted that the decrease in it makes them move back from the upper wall of the cavity.
Figure 16a–c displays respectively the profiles of (Nuout), (T) and (V) alongside the mean
vertical location for different values of (Da) at (φ = 0.02, L = 0.2, Rd = 0.5, Ha = 50 and
Ra = 105). As explained previously, (Nuout) decreases with the decrease in (Da). Moreover,
it decreases gradually along (X) until (X = 0.1) and increases after that. With respect to
(T) profiles (Figure 16b), it was observed that they vary linearly along (Y) until (Y = 0.15),
and the lowest value of them corresponds to (Da = 10−3). While, a remarkable decrease
in (T) along (Y) can be noted after (Y = 0.15), and it increases with the increase in (Da).
For Figure 16c, the (V) profiles vary very slightly with (Y) until a certain value and then
jump strongly after that. This jump in (V) profiles decreases with the decrease in (Da) from
(Da = 10−3) to (Da = 10−5). Then, as expected, the (V) profiles reach zero value at (Y = 0.2).
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respect to (T) profiles (Figure 16b), it was observed that they vary linearly along (Y) until 
(Y = 0.15), and the lowest value of them corresponds to (Da = 10−3). While, a remarkable 
decrease in (T) along (Y) can be noted after (Y = 0.15), and it increases with the increase in 
(Da). For Figure 16c, the (V) profiles vary very slightly with (Y) until a certain value and 
then jump strongly after that. This jump in (V) profiles decreases with the decrease in (Da) 
from (Da = 10−3) to (Da = 10−5). Then, as expected, the (V) profiles reach zero value at (Y = 
0.2). 

Figure 14. Variation of (a) Nusselt number at the enclosure heated length, (b) temperature along
vertically mean position and (c) velocity alongside mean vertical location for different values of Rd at
(φ = 0.02, L = 0.2, Ha = 50, Da = 10−4 and Ra = 105).
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Figure 16. Variation of (a) Nusselt number at the enclosure heated length, (b) temperature alongside
mean vertical location and (c) velocity alongside mean vertical location for different values of Da at
(φ = 0.02, L = 0.2, Ha = 50 and Ra = 105).

6. Conclusions

According to the findings of the current study, the following conclusions may be reached:

– The increase in (Ra) leads to an increase in the natural convection effect.
– Both (Nuout) and (V) increase as (Ra) increases.
– The (T) profiles vary approximately linearly along (Y) up to (Y = 0.15) and increase

with a decrease in (Ra). After that, they begin to drop sharply and increase with the
increase in it.

– A decrease in (L) improves the natural convection within the cavity.
– A symmetrical (T) profile is seen up to (Y = 0.15), while they decrease along (Y) as

(L) decreases.
– The increase in (φ) damps the stream function values. While its effect on isotherms is

slight except in the spot above the internal flame.
– (Nuout) increases when nanofluid is used instead of water.
– For all values of (Y), both (T) and (V) increase with the decrease in (φ).
– The increase in (Ha) decreases both the flow circulation (Nuout), (T) and (V) profiles.
– The increase in (Rd) increases the (Nuout). For (0.15 ≤ Y ≤ 0.2), the increase in (Rd)

increases (T), whereas its effect on (V) is slight.
– The decrease in (Da) decreases the maximum stream function value.
– (Nuout) decreases with the decrease in (Da). While (T) profiles decrease along (Y) after

(Y = 0.15), they increase with the increase in (Da). For (V) profiles, they jump after
(Y = 0.15) and decrease with the decrease in (Da).

– Increasing (Rd) enhances the average Nu on the heated length by about (56.55%) and
causes an augmentation of about (73%) in the average Nu on heated flame.

– Raising (Ha) augments the maximum Y-velocity by about (82.4%).
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– The present work results can be used in many industrial applications such as solar
energy systems.
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