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Impact of Partial Slip on
Magneto-Ferrofluids Mixed
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Magneto-ferroﬂuid mixed convection ﬂow inside a lid-driven square cavity with partial slip
is investigated numerically using the ﬁnite volume method. The vertical walls of the enclosure are heated partially by a constant temperature, while the horizontal moving walls are
kept adiabatic. The square enclosure is ﬁlled with a mixture of kerosene–cobalt ferroﬂuids.
The numerical computations are obtained for various parameters of the heat source length,
position of the heat source, Hartmann number, Richardson number, fraction ferromagnetic
particles, and constant movement parameter. It is shown that the transfer rate is clearly
affected by the augmentation of the ferromagnetic particles volume fraction under the inﬂuence of a relative magnetic ﬁeld and by the opposite-direction horizontal walls movement.
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1 Introduction
Phenomena of heat transfer in cavities has gained a great and considerable attention by engineers and has been extensively examined
by investigators due to its important role in different applications
including devices used for electronic cooling, heat exchangers, collectors of solar energy, mixing chambers, renewable energies,
heating, ventilating, and air conditioning, nuclear power as well
as medical and pharmaceutical applications. Heat transfer by convection caused by molecular motion where the warmer areas of a
ﬂuid rise to cooler areas. Then, the places of cooler ﬂuid and
warmer areas (which have risen higher) are replaced, and as a
result of this cycle, a continuous circulation pattern produced and
heat are transferred. There are three kinds of convective ﬂow:
free, forced, and mixed convection. Mixed convection is the most
complicated type due to the interaction among the shear force
1
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(performed by the movement of a wall) and the buoyancy force
(performed by temperature variation). However, mixed convection
has great importance in many real-life applications such as solar
receivers, in pipes and transmission lines, nuclear reactors cooled
during an emergency shutdown, the design of aquifers, production
of ﬁber-reinforced polymeric parts, and wire-drawing. Many
researchers have focused their efforts on investigating the facts
that are related to the mixed convective ﬂow and heat transfer, for
more details, see Refs. [1–20]. Huang and Lin [3] reported the
impacts of Reynolds and Grashof numbers on the problem of
mixed convection ﬂow in a horizontal rectangular duct ﬁlled with
air. Abu-Nada and Chamkha [4] focused on the mixed convection
ﬂow and heat transfer in a lid-driven inclined cavity that ﬁlled
with a nanoﬂuid. They achieved that the signiﬁcant enhancement
of heat transfer was obtained by the presence of Al2O3 nanoparticles. The study of Sheremet and Pop [21] discussed the mixed convection ﬂow and heat transfer in a lid-driven square cavity
Buongiorno’s nanoﬂuid model. Waqas et al. [22] addressed using
the homotopic procedure the magnetohydrodynamic (MHD)
mixed convection ﬂow due to nonlinear stretched sheet of
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micropolar liquid having the convective condition. Hayat et al. [23]
investigated the impact of nonlinear thermal radiation on mixed
convection of Oldroyd-B ﬂuid across an unsteady convectively
heated stretched surface. Gibanov et al. [24,25] investigated the
effect of buoyancy strength on the convective heat transfer in a
square lid-driven cavity ﬁlled with nanoﬂuids. Mixed convection
ﬂow in a square lid-driven cavity consuming two porous layers
and ﬁlled with Al2O3-water nanoﬂuid was reported by Astanina
et al. [26]. They found that an enhancement in the heat transfer
was observed during the natural convection regime, while the opposite behavior was obtained for mixed convection and forced convection regimes. The simulation of the MHD and radiative heat transfer
in the convectively heated stratiﬁed ﬂow of Jeffrey nanoﬂuid was
reported by Waqas et al. [27]. Alsabery et al. [28] conducted a
numerical study on the effect of the non-homogeneous nanoﬂuid
model on the unsteady mixed convection ﬂow in a lid-driven
wavy cavity having a solid cylinder body. The heat transfer rate
was enhanced with nanoparticles volume fraction during the
forced convection regime, while it was reduced for mixed/natural
convection regimes for the mixed convection of a nanoﬂuid in a liddriven cavity having two porous blocks [29].
A ferroﬂuid, or magnetic ﬂuid, also known as a magnetic colloid,
was discovered by NASA scientists. It can be deﬁned as a stable
colloidal suspension of ferromagnetic or ferrimagnetic nanoparticles (around 10 nm in diameter or smaller) dispersed in a carrier
liquid and stabilized by a suitable organic surfactant (such as
oleic acid, to prevent agglomeration). NASA scientists also light
on the process of controlling liquids in space. They used the magnetic ﬁelds to control the location of a ferroﬂuid in the absence of
gravity. It was found that the magnetic ﬁeld signiﬁcantly enhances
the heat transfer phenomenon by convection in engineering systems
due to the physical properties of the magnetic nanoparticles. Such
effect tends to make ferroﬂuids a valuable material in industrial
applications such as micro-electronic devices, vacuum chambers,
rotating shaft seals, computer disk drives, and biomedical applications. There are a good number of excellent books and review
papers that have a clear description of ferroﬂuids [30–50]. Malvandi
et al. [51] studied the effect of Brownian diffusion and thermophoresis of ferroﬂuids on the strength of the magnetic ﬁeld at ﬁlm-wise
condensation through a vertical cylinder. The effects of the magnetic ﬁeld on the heat transfer enhancement through solar collector
ﬁlled with ferroﬂuids were analyzed numerically by Khosravi et al.
[52]. They found that the presence of the magnetic ﬁeld tended to
increase the local heat transfer coefﬁcient and the output temperature of the collector tube. Khosravi and Malekan [53] explored
the magnetic ﬁeld effects on the coefﬁcient of heat transfer of ferroﬂuids inside a circular tube with the application of computational
ﬂuid dynamics simulation and artiﬁcial intelligence. Malekan
et al. [54] described the impact of the magnetic ﬁeld on heat transfer
of ferroﬂuids in a double pipe heat exchanger and they discovered
that the increase of volume fraction and magnetic ﬁeld led to the
enhancement of friction factor of ferroﬂuids. Waqas [55] discussed
recently the mathematical framework about the heat transfer analysis of ferromagnetic non-Newtonian liquid subjected to heterogeneous and homogeneous reactions.
However, hydrodynamic ﬂows with the magnetic ﬁeld and slip
effects have received pivotal interest of scientists due to vast considerable and diverse applications in industrial along with industrial
operations. Partial slips happen for ﬂuid with particulates such as
suspensions, foams, polymer solutions, and emulsion. With a slip
at the wall boundary, the ﬂow manner and the shear stress in the
ﬂuid are extremely several from the no-slip-ﬂow.
Based on the research on past works of literature, there are
only a few investigations on MHD mixed convection ﬂow
inside a lid-driven square cavity with partial slip boundaries.
Therefore, it is a need to investigate the effects of the magnetic
ﬁeld on the mixed convection ﬂow with the presence of ferromagnetic particles volume fraction. The aim of the current
research is to analyze the magneto-ferroﬂuid mixed convection
ﬂow inside a lid-driven square cavity with partial slip boundaries
051002-2 / Vol. 12, OCTOBER 2020

and the ferroﬂuid being a mixture of cobalt and kerosene. This
novel kind of investigation will attract more scientists due to its
various industrial applications which motivated us to construe
the current work.

2 Formulation of the Problem
Let us exhibit a steady 2D combined convective laminar ﬂow
inside a square cavity of length H ﬁlled with the ferroﬂuid being
a mixture of cobalt and kerosene as appearing in Fig. 1.
The coordinates x and y are chosen such that x measures the distance along the bottom horizontal wall, while y measures the distance along the left vertical wall, respectively. Heat and sink
sources are located on a part of the left and right walls with
length b. The upper and bottom walls are assumed to move with
a constant velocity U0. A magnetic ﬁeld with strength B0 is
applied on the left side of the cavity with angle Φ along the positive
horizontal direction. The ferroﬂuid used in the analysis is assumed
to be incompressible and the ﬂow is laminar, and the base ﬂuid (kerosene) and the solid nanoparticles (cobalt) are in thermal equilibrium. The thermo-physical properties of the kerosene and cobalt
are given in Table 1. The thermo-physical properties of the ferroﬂuid are assumed constant except for the density variation which
is determined based on the Boussinesq approximation.
Due to the previous assumptions, the mathematical model
which describes the problem under consideration can be formulated
as [42]
∂u ∂v
+ =0
∂x ∂y
u

 2

∂u
∂u
1 ∂p
∂ u ∂2 u
+v =−
+ ν ff
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+
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Fig. 1 Geometry of the ﬂow process
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Table 1 Thermo-physical properties of kerosene and cobalt
Cp
k
ρ
(kg/m3) (J/(kg K)) (W/(m K))
Kerosene
Cobalt

780
8900

2090
420

0.149
100

β(/K)

μ

∂U ∂V
+
=0
∂X ∂Y

σ

−4

(14)

−10

9.9 × 10
0.00164 6 × 10
1.3 × 10−5
–
1.602 × 107

The physical boundary conditions of the model are
x = 0,

Applying Eqs. (6)–(13) in Eqs. (1)–(4), one can have
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u = v = 0,

T = Th ,
x = H,

∂T
= 0 otherwise
∂x

(d − 0.5b) ≤ y ≤ (d + 0.5b),

U

u = v = 0,

T = Tc ,

∂T
= 0 otherwise (5)
∂x
∂u
u = λt U0 + Nμ ff
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(d − 0.5b) ≤ y ≤ (d + 0.5b),
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v=

y = 0,

v=

∂T
= 0,
∂y

∂T
= 0,
∂y

u = λb U0 + Nμ ff

∂u
∂y

U

where u and v velocity components in the x-direction and
y-direction, p is the pressure, B0 is the strength of the magnetic
ﬁeld, d is the heat source/sink position, N is the slip constant, T is
the temperature, U0 is the velocity of the moving walls, λ is constant
movement parameter, ρ is the density, α is thermal diffusivity, β is
the thermal expansion coefﬁcient, and σ is the electrical
conductivity.
It is worth mentioning that there are many studies that are interested in determination and representing formulations for the
thermo-physical properties of ferroﬂuids. Formulations for the
effective density, thermal expansion coefﬁcient, thermal diffusivity,
effective dynamic viscosity, and the effective electrical conductivity
can be summarized as

Pr =

νf
,
αf

(7)

X = 0,

(ρβ) ff = (1 − ϕ)(ρβ)f + ϕ(ρβ)s

(8)

θ = 0.5,
X = 1,

k ff (ks + 2kf ) − 2ϕ(kf − ks )
=
(ks + 2kf ) + ϕ(kf − ks )
kf
μ ff =

(11)

(1 − ϕ)2.5

σ ff
3(γ − 1)ϕ
,
=1+
(γ + 2) − (γ − 1)ϕ
σf

where γ =

σp
σf

(12)

Now, consider the dimensionless variables as follows:
X=

x
,
H

θ=

(T − T0 )
,
(Th − Tc )

Y=

y
,
H

U=

T0 =

u
,
U0

Th + T c
2

V=

v
,
U0

P=

p
ρf U02

(13)
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Gr =


σf
B = b/H,
μf

gβf H 3 (Th − Tc )
,
ν2f
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Ri = Gr/Re2 ,

Sb = St = Nμf /H

U = V = 0,
(D − 0.5B) ≤ Y ≤ (D + 0.5B),

∂θ
= 0 otherwise
∂X
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V=

∂θ
= 0,
∂Y
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(10)

μf

U0 H
,
νf

are Prandtl number, Reynolds number, Grashof number, Richardson number, Hartmann number, dimensionless of heat source
length, dimensionless of the position of the heat source, slip parameter of upper and lower sides, respectively.
The boundary conditions for Eqs. (14)–(17) in the dimensionless
form are

(ρcp ) ff = (1 − ϕ)(ρcp )f + ϕ(ρcp )s

(9)

Re =

Ha = B0 H

(6)

k ff
(ρcp ) ff

(17)

where

ρ ff = (1 − ϕ)ρf + ϕρs

α ff =





∂θ
∂θ
1
α ff ∂2 θ ∂2 θ
+V
=
+
∂X
∂Y
Pr Re αf ∂X 2 ∂Y 2

μ ff ∂U
.
μf ∂Y

(18)

In the above equation, the velocity conditions at the horizontal walls
consist of two terms, namely, the lid-driven term and slip conditions
term in dimensionless form. Note, the normal velocity at this wall is
zero but the tangential velocity is not equal to zero and this effect is
characteristic by the dynamic viscosity of the mixture and length of
the slip. In no-slip-ﬂow, as a request of Continuum Physics, the ﬂow
velocity is zero at a solid–ﬂuid interface. But while the slip-ﬂow is
addressed, the ﬂow velocity at the solid wall is no longer zero. The
ﬂuids that show the boundary slip have substantial technological
implementations like in the internal cavities and burnishing of the
synthetic heart valves. In speciﬁc situations, the presumption of
no-slip-ﬂow is not viable and should be changed by the partial
slip boundary conditions.
OCTOBER 2020, Vol. 12 / 051002-3

Finally, the expression of local Nusselt number (Nus) and
average Nusselt number are written as
knf
Nus = −
kf



∂θ
∂X



Table 3 Comparisons of the average Nusselt number for
several values of Re at Pr = 0.71, Gr = 102
Re

Iwatsu et al. [56]

Khanafer and Chamkha [2]

Current outputs

1.94
3.84
6.33

2.01
3.91
6.33

1.93
3.91
6.31

(19)
100
400
1000

X=0,1

 

1 D+0.5B
Nus dY
B D−0.5B
X=0
 

D+0.5B
1
Num1 =
Nus dY
B D−0.5B

Num0 =

(20)

X=1

Num0 + Num1
Num =
2

3 Numerical Method
To get the numerical calculations of the system (14–17) with
respect to the boundary conditions in Eq. (18), an algorithm was
built employing the collocated ﬁnite volume method according
to the aid of SIMPLE technique presented in Ref. [42] to solve
the discretized equations iteratively. In this technique, the ﬁrst
upwind scheme is used for the advection term, while the central
differences approach is applied for the Laplace operator. For convergence, the under-relaxation technique has been employed. The
iteration is carried out till the normalized residuals of the momentum and temperature equations become lower than 10−6. The nonuniform grid has 101 × 101 grid nodes in the X- and Y-directions,
respectively. The obtained data are separated from the number of
grids. The grid-independency data are indicated in Table 2 at Ha =
10, Gr = Re = 104, D = 0.5, B = 0.5, Φ = 45, ϕ = 0.05, St = Sb = 1.0,
λt = −λb = 1.
To show the validity and prove the accuracy of the suggested procedure the numerical computations at speciﬁc status are compared
with the former outputs obtained by Khanafer and Chamkha [2]
and Iwatsu et al. [56] as shown in Table 3. It is manifested that
there is a good consensus between the outputs.

4 Analysis of the Results
The computational data will be demonstrated the streamlines, isotherms, local Nusselt number, velocity proﬁles, and the average
Nusselt number for various values of Hartmann number (0 ≤ Ha ≤
50), Richardson number (0.001 ≤ Ri ≤ 100), heat source length
(0.2 ≤ B ≤ 0.8), volume fraction (0 ≤ ϕ ≤ 1), and position of the
heat source (0.3 ≤ D ≤ 0.7), where the other parameters are ﬁxed
at an inclination angle of the magnetic ﬁeld (Φ = 45 deg), slip
parameter of upper and lower sides (Sb = St = 1), and a Grashof
number Gr = 104.
Figure 2 presents the effects of various heat source lengths (B) on
(a) streamlines and (b) isotherms with constant movement parameter of the top and bottom walls λt = 1 and λb = −1. It is clearly
observed that the ﬂow in the cavity begins from the left wall
affected by the heat source and conveys upward and downward
due to the buoyancy force and gravity impact. For a low length
of the heat source (B = 0.2), the ﬂow in the enclosure manifests
with two different streamlines cells. The primary cell tends to
occur within the lower segment of the enclosure and the secondary
cell gathers place next to the top wall. The isotherm patterns appear
Table 2 Grid-independency analysis for cobalt–kerosene
ferroﬂuid
Grid-size
Num

41 × 41

61 × 61

91 × 91

101 × 101

121 × 121

5.111007

4.980328

4.938983

4.934122

4.934136
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with intensity in the middle of the enclosure next to the nonadiabatic portion of the vertical walls due to the heat source
effect. Growing the heat source length visibly promotes the ﬂow
and the temperature distributions. The intensity of streamlines is
visibly increased due to the boost in the heating area by the heat
source longitude increment. This happens due to the buoyant
force increment which yields a boost for the intensity of the circulation ﬂow in the enclosure. It is also observed that the intensity and
the amount of the isotherm behaviors are increased with the augmentation in the heat source length. Different enhancements can
be seen in the ﬂow range at higher heat source length (B = 0.8) in
which the streamlines primary cell moves to the middle of the
enclosure while the secondary cell takes a place near to the left
corner of upper wall affected by the strong buoyant forces.
Figure 3 exhibits the impacts of various positions of the heat
source (D) on (a) streamlines and (b) isotherms. Similar to the pervious ﬁgure, the ﬂow is dominated by the effects of the mixed convection (Ri = 1;).It is shown that the ﬂow within the enclosure is
formed by twodifferentstreamlines cells. The fundamental cell in
the clockwise trend takes place in lower segment of the enclosure.
However, the weak minor cell in the anti-clockwise trend appears
following the top wall of the enclosure. This happens to the ﬂow
near to the heat source that has strong circulation. The intensity
of isotherm behaviors occurs strongly within the lower segment
of the enclosure due to the presence of the heat sources. Preceding
the heat source toward the top horizontal wall obviously increases
the ferroﬂuid ﬂow and temperature ﬁelds. This tends to shrink the
lower clockwise cell (primary) and expand the upper anti-clockwise
(secondary) cell. More increase in the value of D (D = 0.7) clearly
enhances the intensity of the streamlines within the enclosure. The
primary streamlines cell moves toward the middle of the enclosure
and the upper secondary cells almost vanished. The intensity and
the amount of the isotherm attitudes boost within the upper
segment of the enclosure.
Figure 4 displays the effects of various Hartmann numbers (Ha)
on (a) streamlines and (b) isotherms. The ﬂow within the enclosure
is characterized by two different streamlines cells at Ha = 0. A
primary cell appears in the middle of the enclosure close to the
lower segment, while a weak secondary cell occurs in the upper
segment of the enclosure next to the top wall. The intensity of isotherm behaviors increases next to the non-adiabatic portion of
the vertical walls while in the enclosure middle, the behaviors
tend to take an almost non-uniformlines. Applying a magnetic
ﬁeld (Ha = 20) slows low motion of the ferroﬂuid inside the
cavity; therefore, the intensity of the streamlines is decreased.
This happens due to the reality that the force of magnetic ﬁeld
crushes the ﬂuid movement. The intensity of the isotherm patterns
decreases with the Hartmann number increment and take almost
diagonal shape due to the decline of the gradient of boundary
layer. Increasing the Hartmann number to a greater value (Ha =
50) obviously affects the ﬂow structure and temperature ﬁeld significantly. Next to the enclosure walls, the intensity of the streamlines
decreases and most of the ﬂow moves to the middle of the enclosure
which formulated in a single streamlines cell.
Figure 5 explains the impact of Richardson number (Ri) on
(a) streamlines and (b) isotherms. At low Richardson numbers
(Ri = 0.001), it seems that the behavior of the forced convection
is entirely dominated. The ﬂow inside the enclosure is characterized
by two different streamlines cells, one in an anti-clockwise direction
in the top portion of the enclosure while the clockwise cell takes
Transactions of the ASME

(a)

(b)
Fig. 2

(a) Streamlines and (b) isothermal for different B at Ri = 1, Ha = 10, ϕ = 0.05, D = 0.5, λt = 1, and λb = −1

place within the lower segment of the enclosure. The isotherm patterns elucidate a thermal boundary layer within the enclosure
middle next to the heated partition of the left side, while another
thermal boundary layer can be observed close to the right vertical
side. It is clearly observed that the intensity of the streamlines
with increasing Ri up to 100. This indicates that the ﬂow is

dominated with the free convection effect. Flow within the enclosure appears with a unique streamlines cell in the clockwise
trend. The intensity and the amount of isotherm patterns distinctly
grew with the boost of Richardson number.
Figure 6 depicts the impact of movement parameters (λ ) on
(a) streamlines and (b) isotherms. These collections are regulated

(a)

(b)
Fig. 3 (a) Streamlines and (b) isothermal for different D at Ri = 1, ϕ = 0.05, B = 0.5, λt = 1, and λb = −1
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(a)

(b)
Fig. 4

(a) Streamlines and (b) isothermal for different Ha at Ri = 1, ϕ = 0.05, B = 0.5, D = 0.5, λt = 1, and λb = −1

by tuning alternatives signs of the movement parameters λt and λb.
Tuning λt = 1 (upperwall moves to the right) and λb = −1 (lower
wall moves to the left). As seen from this ﬁgure, moving the top
wall to the right and the bottom wall to the left (λt = −λb = 1)
causes the ﬂow inside the enclosure to be characterized by two
various streamlines cells similar to the previous ﬁgures (Figs.

2(a)–5(a)). Also, this ﬁgure shows that the ﬂow is clearly dominated by the effects of the mixed convection (Ri = 1). The isotherm
patterns occur with high intensity next to the non-adiabatic portions
of the vertical walls of enclosure due to the heat source effects.
Moving the upper wall to the left and lower wall to right (λt =
−λb = −1) tends to move the primary cell toward the bottom wall

(a)

(b)
Fig. 5

(a) Streamlines and (b) isothermal for different Ri at Ha = 10, ϕ = 0.05, B = 0.5, D = 0.5, λt = 1, and λb = −1

051002-6 / Vol. 12, OCTOBER 2020
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(a)

(b)
Fig. 6

(a) Streamlines and (b) isothermal for different λ at Ri = 1, Ha = 10, ϕ = 0.05, and D = 0.5

and the secondary cell toward the center of the enclosure due to the
bottom lid movement. The ﬂow within the enclosure is formulated
by three streamlines cells by moving both top and bottom walls to
the right (λt = λb = 1). This happens due to the motion of horizontal
walls in the same directions. A different behavior is observed to the
ﬂow within the enclosure by moving the horizontal walls in the
opposite directions (λt = λb = −1). The intensity of the streamlines
boosts next to the boundaries when two streamlines cells in clockwise trend appear in the middle of enclosure.
Figure 7 illustrates the impact of various heat source lengths on
local Nusselt number and along the heated left (a) and right (b)
walls. It is noticed that the local heat transfer reduces with an
increase in the heat source length. The reason for this conduct is
due to the increment of the area that is exposed to the heat transfer
which causes enhancements in heat dissipation; consequently, the
temperature gradient is decreased. At the right wall (Fig. 7(b)), it
is observed that the reduction of local Nusselt number by increasing
the length of the heat source.
Figure 8 shows the effectiveness of various Ha on local Nusselt
number and along the heated left and right walls. Increasing Ha
tends to reduce the gradient of the boundary layer, and consequently, the local heat transfer reduces. Higher heat transfer increment is gained without magnetic ﬁeld force which yields the
extreme local Nusselt number.
Figure 9 demonstrates the effects of Ri on the local Nusselt
number and along the heated left (a) and right (b) walls. At the
left vertical wall (X = 0), the local Nusselt number diminishes as
Ri boosts. This happens due to the increment in the Richardson
number and produces the increase of the thickness of thermal
boundary layer which tends to diminish the local heat transfer.
However, for low Ri, the local Nusselt number diminishes and
then boosts at the left vertical wall of the enclosure. At the right
wall (X = 1), a lower Ri (Ri = 0.001) causes considerable rise in
the local heat transfer, and thus, the extreme local Nusselt number
can be observed. Furthermore, it is depicted from Fig. 10 that at
the vertical walls, the enhancement of local Nusselt number is
clearly observed with the various values of parameter λ at the
lower edge of the left side, while for the right side, the enhancement
of the local Nusselt number happens at its top side. This happens
due to the motion of horizontal walls which causes the shear effects.
Journal of Thermal Science and Engineering Applications

Fig. 7 Proﬁles of the local Nusselt number along the heat
source length for Ri = 1, Ha = 10, ϕ = 0.05, D = 0.5, λt = 1, and λb
= −1
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Fig. 9 Proﬁles of the local Nusselt number along the Richardson number for Ha = 10, ϕ = 0.05, B = 0.5, D = 0.5, λt = 1, and
λb = −1

Fig. 8 Proﬁles of the local Nusselt number along the Hartmann
number for Ri = 1, ϕ = 0.05, B = 0.5, D = 0.5, λt = 1, and λb = −1

Figure 11 presents the impact of various heat source lengths B on
u and v velocities along the mid-section of the enclosure. It is clearly
observed that the vertical and horizontal velocities enhance with the
increment of the heat source length. Higher B (B = 0.8) tends to
increase the motion of the ferroﬂuid within the enclosure due to
the increment of the length of the heat partition. Also, from
Fig. 12, the vertical and horizontal velocities are inﬂuenced by
increasing the magnetic ﬁeld. However, increasing Ha slows
down the movement of the ﬂuid as a result; the magnitudes of the
vertical and horizontal velocities reduce as the magnetic ﬁeld
force tends to crush the ﬂuid movement. In addition, we clearly
observe from Fig. 13 the enhancement of the vertical and horizontal
velocities with the increment of the Richardson number. The movement of the ﬂow becomes slow when the ﬂow is dominated by the
effect of forced convection (Ri = 0;.001). In addition, no movement
appears on the ﬂow at lower Richardson numbers at the mid-height
velocity (Fig. 13(b)). A higher Richardson number clearly enhances
the vertical and horizontal velocities where the ﬂow is dominated by
the effect of natural convection.
Figure 14 presents the effects of various ferromagnetic particles
volume fractions on u and v velocities along the mid-section of
the enclosure. It seems that with the addition of the ferromagnetic
particles, the vertical and horizontal velocities are clearly inﬂuenced. Nevertheless, the movement of the ﬂuid tends to decrease
with the augmentation of the nanoscale ferromagnetic particles.
As a result, the magnitudes of the vertical and horizontal velocities
are clearly reduced. Also, it appears from Fig. 15 that a signiﬁcant
inﬂuence is clearly observed on the vertical velocity with the
various values of the movement parameter λ. Moving the top wall
051002-8 / Vol. 12, OCTOBER 2020

Fig. 10 Proﬁles of the local Nusselt number along the heat
source for Ri = 1, Ha = 10, ϕ = 0.05, B = 0.5, and D = 0.5
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Fig. 11 Horizontal (a) and vertical (b) velocity proﬁles along the
mid-section of the enclosure for Ri = 1, Ha = 10, ϕ = 0.05, D = 0.5,
λt = 1, and λb = −1

Fig. 12 Horizontal (a) and vertical (b) velocity proﬁles along the
mid-section of the enclosure for Ri = 1, ϕ = 0.05, B = 0.5, D = 0.5,
λt = 1, and λb = −1
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Fig. 13 Horizontal (a) and vertical (b) velocity proﬁles along the
mid-section of the enclosure for Ha = 10, ϕ = 0.05, B = 0.5, D =
0.5, λt = 1, and λb = −1

Fig. 14 Horizontal (a) and vertical (b) velocity proﬁles along the
mid-section of the enclosure for Ri = 1, Ha = 10, B = 0.5, D = 0.5,
λt = 1, and λb = −1
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to the right (and the bottom wall to the left) (λt = −λb = 1) and also
moving both horizontal walls in the negative left direction (λt = λb =
−1) tends to increase the velocity. On the other hand, we observe
the opposite behavior in the vertical velocity proﬁles with the
motion of the top wall to the left and the bottom wall to the right
(λt = −λb = −1) or moving both the top and bottom walls to the
right (λt = λb = 1). These types of behaviors are due to the motion
mechanism of the horizontal walls which leads to various patterns
in the velocity.
Figure 16(a) illustrates the effects of the heat source length on the
average Nusselt number with the Hartmann number Ha. The heat
transfer rate is regularly decreased with an increment in Ha.This
happens due to the decrease of the gradient of the boundary layer.
Increasing the length of the heat source tends to reduce the heat transfer rate. Due to the increase in the area that is exposed to the convection heat transfer, the heat dissipation is enhanced and, as a result, the
temperature gradient is reduced. In addition, the highest enhancement in the heat transfer rate represented by the maximum average
Nusselt number is obtained by the lower heat source length. Also,
it is seen from Fig. 16(b) that a continuous reduction of the heat transfer rate with the increase in the strength of the magnetic ﬁeld force is
clearly observed. At low Hartmann numbers (Ha ≤ 15), the higher
heat transfer rate is observed when the heat source is placed close
to the edge (D = 0.3), while the heat transfer rate increases by
moving the heat source to the middle of the boundary (D = 0.5)
with increasing the Ha up to the highest value (30 ≤ Ha ≤ 50).
Figure 17(a) exhibits the impacts of Ri on the average Nusselt
number with Ha. Similar to the previous ﬁgure, the average
Nusselt number displays that the heat transfer rate decreases with
an increment in Ha. The signiﬁcant reduction that appears on the
heat transfer rate is obtained by the lowest Richardson number
(Ri = 0;.001). This is due to the high thickness of the thermal
boundary layer which tends to decrease the heat transfer. It is indicated from Fig. 17(b) that the gradient of the boundary layer

Fig. 16 Variation of the average Nusselt number for Ri = 1, ϕ =
0.05, λt = 1, and λb = −1

Fig. 15 Horizontal (a) and vertical (b) velocity proﬁles along the
mid-section of the enclosure for Ri = 1, Ha = 10, ϕ = 0.05, B = 0.5,
and D = 0.5

decreases with the presence of the magnetic ﬁeld force and, as a
result, the heat transfer rate decreases. The heat transfer rate is
clearly decreased with the augmentation of the volume fraction of
the ferromagnetic particles with the inﬂuence of a relative magnetic
ﬁeld (Ha ≤ 25).The comparable behavior on the heat transfer rate
can be observed for a strong magnetic ﬁeld (30 ≤ Ha ≤ 50).
Figure 18(a) exhibits the impacts of various heat source lengths on
the average Nusselt number with the ferromagnetic particles volume
fraction (ϕ). The heat transfer rate is signiﬁcantly decreased with the
addition of the cobalt nanoparticles. The average Nusselt number
indicates that the heat transfer rate decreases by increasing the
length of the heat source. Increasing the area that is exposed to the
convection heat transfer tends to increase the heat dissipation,
which leads to the reduction of the temperature gradient. In addition,
the maximum value of the average Nusselt number is obtained by the
lower length of the heat source (B = 0.2). It is clearly observed from
Fig. 18(b) that the heat transfer rate reduces with the increase of nanoparticles concentration. The signiﬁcant enhancement on the heat
transfer rate appears when the heat source is close to the edge (D =
0.3) which leads to the maximum average Nusselt number.
Figure 19(a) shows the effects of Ha on the average Nusselt
number with the ferromagnetic particles volume fraction (ϕ). As
observed previously, the heat transfer rate signiﬁcantly decreases
as ϕ increases. In addition, the average Nusselt number shows a
decreasing trend in the heat transfer or higher values of the Hartmann number (Ha = 50). This is due to the reduction of the gradient
of the boundary layer due to the strong magnetic ﬁeld force. The
best enhancement on the heat transfer rate is obtained in the
absence of the magnetic ﬁeld (Ha = 0). Figure 19(b) shows
various behaviors in the heat transfer rate for which it decreases
with the increase of the concentration of the cobalt particles when
the ﬂow is dominated by forced convection effects (Ri = 0.001).
Figure 20(a) displays the variation of movement parameters λ
on the averageNusselt number with the Hartmann number.
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Fig. 17 Variation of the average Nusselt number for ϕ = 0.05,
B = 0.5, D = 0.5, λt = 1, and λb = −1

Fig. 18 Variation of the average Nusselt number for Ri = 1,
Ha = 10, λt = 1, and λb = −1
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Fig. 19 Variation of the average Nusselt number for B = 0.5, D =
0.5, λt = 1, and λb = −1

Fig. 20 Variation of the average Nusselt number for Ri = 1,
Ha = 10, B = 0.5, and D = 0.5
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As presented previously, the heat transfer rate decreases with the
application of the magnetic ﬁeld due to the reduction in the gradient
of the boundary layer. However, an increment of the heat transfer
rate can be seen by moving the horizontal walls in the opposite
directions (λt = λb = −1), while the opposite trend occurs by
moving the horizontal walls in the same direction (λt = λb = 1).
This is due to the reduction in the shear effects. Furthermore, it is
exhibited from Fig. 20(b) that the variation of the average Nusselt
number indicates that the heat transfer rate signiﬁcantly increases
with the addition of the ferromagnetic nanoparticles. The opposite
motion of the horizontal walls (λt = λb = −1) leads to signiﬁcant
enhancements in the heat transfer rate and thus, the maximum
average Nusselt number can be obtained.

5 Conclusion
Current work considered the impact of partial slip on magnetoferroﬂuid mixed convection ﬂow in a square cavity. The mathematical model is solved numerically applying the collocated ﬁnite
volume method. Some important remarks from the study are provided below:
• The intensity of the streamlines and the isotherm patterns
enhanced with the boost in heat source length due to the rise
in the heating area which increased the ﬂow circulation and
the buoyant force within the enclosure.
• The local heat transfer rate declined with the growth in the heat
source length. This conduct was due to the increment of the
area exposed to heat transfer which increased the heat dissipation and decreased the temperature gradient.
• The ﬂow within the enclosure slowed down when it was dominated by forced convection and there was no ﬂow movement
at lower Richardson numbers. However, higher Richardson
numbers enhanced the vertical and horizontal velocities
where the ﬂow was dominated by natural convection.
• The heat transfer rate is declined with the augmentation in the
ferromagnetic particles volume fraction under the impact of a
relative magnetic ﬁeld.
• The heat transfer rate reduced with a magnetic ﬁeld effect due
to the decrease of the gradient of the boundary layer. However,
the heat transfer rate increased by the opposite-direction horizontal walls movement.
• Finally, the proposed model can be extended in the future to
the case of the non-homogeneous two-phase nanoﬂuid
model as well as examining the case of a variable electromagnetic force.

Nomenclature
k
p
B
D
H
N
S
T
B0
Cp
U0
u, v
x, y
Gr
Ha
Num
Nus
Pr
Re
Ri
X, Y

=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=
=

thermal conductivity
pressure
heat source/sink length
heat source/sink position
enclosure height (m)
slip constant
dimensionless partial slip parameter
temperature
strength of the magnetic ﬁeld
speciﬁc heat capacity
velocity of the moving wall
velocity components in the x-direction and y-direction
space coordinates
Grashof number
Hartmann number
average Nusselt number
local Nusselt number
Prandtl number
Reynolds number
Richardson number
dimensionless space coordinates
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Greek Symbols
α
β
θ
λ
μ
ρ
σ
Φ

=
=
=
=
=
=
=
=

thermal diffusivity
thermal expansion coefﬁcient
dimensionless temperature
constant movement parameter
dynamic viscosity
density
electrical conductivity
magnetic ﬁeld inclination angle

Subscript
b
c
f
ff
h
s
t
0,1

=
=
=
=
=
=
=
=

bottom wall
cold
ﬂuid
ferroﬂuid
hot
solid cobalt particles
top wall
left and right walls, respectively
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