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1. Introduction

Nowadays, there have been many studies on MHD in various geometric shapes, such as the
studies of Srinivasacharya and Reddy [1] on vertical plate, Jhnumur and Bhattacharje [2] on L-shaped,
Makinde and Aziz [3] on vertical plate, and Widodo et al., [4] on sphere. In term of fluid types such
as micropolar fluid, nanofluid, ferrofluid, and viscous fluid, the study of the MHD has been
investigated by Alkasasbeh et al., [5], Widodo and Ningtyas [6], Sajed et al., [7], and Nugraha et al.,
[8], respectively. In addition, in term of the conditions that influencing the MHD fluid flow can be
seen in the papers that have been written by Widodo et al., [9], Haq et al., [10], and Prasad et al.,
[11].

The importance thing of magnetic fluid flow had attracted researchers to study and explore its
benefits and uses in the industrial sector, especially in convective flow and heat transfer processes.
The studies of convective MHD flow and heat transfer on the stagnation point when the fluid flow
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through the various geometry, such as sliced sphere and sphere, have been investigated by Widodo
etal., [12], Widodo et al., [13], and Nursalim et al., [14].

This paper considers the study of mixed convection viscous fluid magnetohydrodynamic flow on
the lower stagnation point when the fluid through a magnetic sliced sphere. It therefore is interesting
to study also the effect of the angle of the slice of the sphere.

1.1 Mathematical Modelling

Figure 1(a) and Figure 1(b) shows the physical model of the fluid flow and coordinate system,
respectively. The mixed convection viscous fluid magnetohydrodynamic flow is assumed flowing in
direction bottom to the top. Further, upstream temperature is denoted by T,,. Meanwhile, T, is the
surface temperature on the surface of the sliced magnetic sphere. In addition, there is also a sliced
magnetic sphere with the slice angle 6 located at the bottom of the sphere. The following figures
are their illustration
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Fig. 1. (a) Physical Model of MHD fluid flow, (b) Sliced magnetic sphere
and coordinate system

1.1.1 Dimensional governing equation

The 2-D dimensional governing equation further is developed from continuity, momentum, and
energy equations as follows

Continuity equation

2w | 2GD)

or T oy =0 (1)

Momentum equation in-x direction

ou _ou _0 op d — T
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Momentum equation in-y direction
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Energy equation

pCp(£+ﬂ£+ﬁ%)=k(g+gi;) (4)

. . X CcosXx _ 9
with 9 = 9 tan ( cos 0, ), and gy - COS(x cosx)

cosfg

subject to boundary conditions as follows
fort =0thenui=v=0,T =T, foranyx,;
and fort >0thenui=v=0,T =Ty aty = 0,and u = ,(¥),T = Tp, aty — 0.

where p is the fluid density, u is fluid viscosity, g is gravity, f is coefficient of thermal expansion, C,

is specific heat, and k is heat flux. In addition, the value of r is defined as ¥ = b sin (b) and the value

_ 3 . _
ofu, = 5 U sin (E)’ U, is a local free stream.

1.1.2 Non-dimensional governing equation

Further Eq. (1) to Eq. (4) to be transformed into non-dimensional governing equations by
introducing dimensionless variables as follows

By substituting these dimensionless variables into the dimensional equations of Eq. (1) to Eq. (4)
can be written non-dimensional governing equations as follow

Continuity equation

a(ru) . o(ru)
ax dy

=0 (5)

Momentum equation in-x direction

u ou ou __ O0p 1 9%u (x cosx)
6t+u6x+vay_ ax+Re ax2+ +Mu+aTtan <050 (6)
Momentum equation in-y direction
1 (v ov ov 9 1 0% 1 0%v M aT
—(—+u—+v—)=——p+——+——+—v—1— (7)
e \at dy  Re? 9x?2 Re dy? Re Re~2 Xcosx
e 2Cos(coses)
Energy equation
oT ar 1 1 9%T 1 a%r
E-I_ + dy Re;ﬁ_i_Pr dy? (8)
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where M is magnetic parameter, a is convection parameter, Gr is Grassof number and Pr is Prandtl
number. Each of these parameters is defined as follows

_ O-(BO - b)za .
= U :
_ Gr

" Re?’

_ gﬁ(TW - Too)a3
Gr = > ;
vV

vpC.
Pr=—%,

Cc

subject to boundary conditions as follows
fort =0thenu=v=0,T =T, foranyx,y;
andfort >0thenu=v=0,T=Tyaty =0,and u = u,(x), T =T, aty — 0.

Further, by using the boundary layer approximation, where the Reynold number Re — o which
implies that R—le — 0, the Eq. (5) to Eq. (8) can each be expressed by

Continuity equation

a(ru) . o(ru)
ax dy

=0 (9)

Momentum equation

u 0 ou_ . due  Ou (Beosx)

6t+u6x+v6 Ue— + +M(u u,) + aT tan oy (10)
Energy equation

oT oT 1 8%T

E +u— + 17— = E ﬁ (11)

subject to boundary conditions as follows
fort =0thenu=v=0,T =T, foranyx,y;
andfort >0thenu=v=0,T=Tyaty =0,and u = u,(x), T =T, aty — 0.

1.1.3 Stream function

In the two-dimensional flow, the velocity in each -x and -y component can be expressed
as stream function as follows

uzl%'andvz——% (12)
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Further, by substituting equation Eq. (12) into each equation Eq. (10) and Eq. (11), it is obtained,

Momentum equation

1O 10O 0 (0NE OO Oe 10y gy (100 ) (o)
T Otdy + r2 9y dxdy 13 0dx \dy r2 9x 9y2 Ue 0x + rdy3 +M r dy Ue ) +aT tan ( 3)
Energy equation

oT , 10y dT 10y 9T _ 182

at  radyadx roxady Pr 6y2 (14)
with boundary conditions
t< 0= a—li= T = 0 for any ¥, y;
t>0; w_——T—laty—O
9y
oy = u,(x), T =0aty — oo,
1.1.4 Similarity equation
By using similarity equations
for small-time (t < t*) with t* any value is
1
Y = tu, (OrC)fCon, ;T = sGom, )5 n =" (15)
t2
for large-time (t > t*) with t* any value is
1
Y =t2u, ()r(x)F(x, Y, t);T=SxY,t); Y=y (16)

Further, by substituting Eq. (15) into Eqg. (13) and Eq. (14), the following governing equations for
small-time are obtained

Momentum equation

3f | n 3%f ar\? a2f a2f af 92f  Afd%f 10r _.9%f
+o oottt (1—(—) +fa—nz)=t—+tue(————————f—)+ M(l—

an3 2 9an? an anat onondx 9xdn2 rax’ 9In?

oy an(iees

o9\ _ cos B

677) ats w (27)
Energy equation

62 n 6 6ue 65 as (65 of 0f0os for 65)

on oy TPT + Pr tf = Prt <6t *Ue Ox0dn 0xdn radxan (18)
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And by substituting Eq. (16) into Eq. (13) and Eq. (14), the following governing equations for large
time are obtained

Momentum equation

oF 0%F 0%F OF 0%F 0F 0°F 10r . 0%F OF
e (1—(ay) +Fm) = gt G-I 2 p ) M (1-5) -
t (XCOS)C)
an cosOg

Ue

as (19)

Energy equation

92%s ou as 0SOF OQFQdS Forads
—+ Pr eF —Pr — (—————————) 2
Y2 + at t U dxdY 9xdY rdxady (20)

Especially at lower stagnation point (when x = 0), the governing equations for small-time are
reduced to:

Momentum equation

Of (¥ st (4 (9F)', 0% _ 0 oy _z
on3 + 2 0n? + 2 cos B (1 (617) + f6172> aton + Mt (1 077) 3 ats (21)

Energy equation

02s 3 as as
an 2+P +Prtf2coses%—PrtE (22)

with boundary conditions
t=0:f=3—];=s=0foranyx,n

t>0:f=z—j;=0,s=1atn=0

of

an=1,5=0atn—>oo

whereas for the large time, at stagnation point (when x = 0), the equations are reduced to

Momentum equation

d3F 3t oF 02F 0%F OF 2
av3 T 2coser (1 (ay) +Fﬁ)_atay+M(1_a_Y)_§aS (23)

Energy equation

92s 3 as as
T F— = Pr— 2
ay? 2cosfs  OY ot (24)
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with the boundary conditions

F=%_0s=1aty=0%=15=0atY >
oY oY

2. Methodology

The problems of mixed convection MHD viscous fluid flow on the lower stagnation point of a
magnetic sliced sphere further is solved numerically using the Keller-Box method the same as that
used in the study conducted by Al-Shibani et al., [15], Osman and Langlands [16], and Habib et al.,
[17]. There are four steps as follows

i.  Reducing the transformed equations to a first-order system.
ii.  Write the difference equations using central differences.
iii.  Taking Linearization of the resulting algebraic equations by Newton method and writing
them into matrix-vector form.
iv.  Solving the linear system by block tridiagonal eliminations technique.

3. Results and Discussions

The effects of various parameters, such as Prandtl number (Pr), magnetic parameter (M), sliced
angle parameter (6;), and mixed convection parameter (a) are applied to investigate velocity and
temperature on the lower stagnation point. Further, the problem is numerically solved by the finite
difference method using the Keller-Box scheme. The computer programming is developed using
MATLAB.

Table 1

Magnetic parameter values based on sphere material

Magnetic sphere p o M
Iron 7.87 x 10° 1.04 x 107 1.3
Cobalt 8.86 x 10° 1.6 x 107 1.8
Steel 7.75 x 10° 1.61 x 107 2.0
Zinc 7.14 x 10° 1.68 x 107 2.3

The current results are further compared with the results obtained from the study of Widodo et
al., [13] where M = 1.3,a = 1,Pr = 0.7,and 6, = 0. The difference between the current study
and Widodo et al., [13] are that in the current study the sphere has no effect on the slice angle, and
for Widodo et al., [13] problem is solved by using an implicit finite difference method. Figure 2 shows
comparison of present and Widodo et al., [13] results.

Figure 2 shows that Figure 2(a) the velocity and Figure 2(b) the temperature of the present study
and Widodo et al., [13] are coincided. This coincidence means that the results of the current study
are confirmed. The numerical results of the current study further can be used for other parameters
and variables that are appropriate to the problem in the current study.
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Fig. 2. (a) Velocity and (b) Temperature
3.1 Variations in Magnetic Parameter

Figure 3 shows numerical results with variations in magnetic parameters. The variation of the
magnetic parameters used in this numerical calculation is as shown in Table 1 and the fixed value of
the other parameters used are a =1, Pr=0.7, and 65, = 30°.

Figure 3(a) illustrates that an increase in the magnetic parameter causes a decrease in the fluid
velocity. This happens because the increase in the magnetic parameter causes an increase in the
Lorentz force which holds the fluid close to the spherical surface. So the fluid velocity is reduced.
Figure 3(b) shows that an increase in the magnetic parameter causes an increase in the fluid
temperature. This is due to the large number of fluid particles that are retained by the Lorentz force
so that the distance between the particles is getting closer.
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Fig. 3. (a) velocity and (b) temperature for various magnetic parameters

This causes the opportunity for friction between particles to become more frequent, causing the
internal temperature to increase.
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3.2 Variations in Convection Parameter

The variation of convection parameters used in Figure 4 are a = 1, 2, 3, and 4, when the fixed
value of other parameters are M=1, Pr=0.7, and 6, = 45°.
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Fig. 4. (a) velocity and (b) temperature for various convection

Figure 4(a) shows that the fluid velocity increases when the convection parameter is increased in
value. This occurs because of the additional energy in the fluid flow caused by the external force
exerted on it. Meanwhile, Figure 4(b) shows that the fluid temperature decreases when the
convection parameter value is increased. This happens because the fluid particle force is dominant

over the Lorentz force so that there is no increase in the internal temperature of the fluid due to
friction between fluids or repulsive forces that arise in the fluid flow.

3.3 Variations in Prandtl Number Parameter

The variation of the Prandtl number parameter used in Figure 5 is Pr = 0.7(Gas), 1(Brine),
7(Water), and 100(0Oil), with fixed values for other parameters are M=2, a=2, and 6, =45 °.

Figure 5(a) shows that the fluid velocity decreases as the value of the Prandtl number is increased.
This happens because increasing the Prandtl number results in an increase in the density of the fluid
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Fig. 5. (a) velocity and (b) temperature for various Prandtl number
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This causes the fluid particles to flow more slowly. Figure 5(b) shows that the temperature of the
fluid decreases when the value of the Prandtl number is increased. This happens because increasing
the value of the Prandtl number has an impact on decreasing the thermal conductivity so that the
heat distribution in the fluid decreases slowly and causes the temperature of the fluid to decrease.

3.4 Variations in The Angle of Slice of The Sphere

Variations of the spherical slice parameters 8, used in Figure 6 are _s = 15, 30, 45, 60, 65, 70, and
85, the fixed values for other parameters are M=2, =1, and Pr=0.7.

Figure 6(a) shows that the velocity of the fluid increases with the increase in the angle of slice on
the sphere. This happens because the lower surface of the sliced ball gets wider which results in
reduced friction between the fluid and the surface so that its velocity increases. Figure 6(b) shows
that the temperature of the fluid decreases with increasing the angle of slice on the sphere. This
happens because the greater the angle of slice on the sphere causes the surface under the sphere to
become wider, which has an impact on the temperature at the bottom of the sphere decreasing
faster so that the fluid temperature decreases.

(a) (b)
Fig. 6. (a) velocity and (b) temperature for various slicing

4. Conclusion

A study of the numerical solution of the mixed convection viscous fluid flow problem at the lower
stagnation point of the magnetic sphere wedge has been carried out. The result is that

i. If the value of the magnetic parameter is increased, the fluid velocity decreases and the
fluid temperature increases,
ii. If the convection parameter value is increased, the fluid velocity increases, but the fluid
temperature decreases,
iii.  If the Prandtl number is increased, the velocity and temperature of the fluid decrease,
iv. If the angle of the wedge of the lower sphere is increased, the velocity of the fluid
increases but the temperature of the fluid decreases.
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