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The main aim of the present work is to highlight the significances of periodic mixed
convection flow and heat transfer characteristics along the surface of magnetized
cone by exerting magnetic field exact at the surface of the cone. The numerical
simulations of coupled non-dimensional equations are computed in terms of veloc-
ity field, temperature and magnetic field concentration and then used to examine
the periodic components of skin friction, t,,, heat transfer, q,,, and current density, .,
for various governing parameters. A nice periodic behavior of heat transfer q,, is
concluded for each value of mixed convection parameter, ., but maximum peri-
odicity is sketched at 2 = 50. It is also computed that the lower value of magnetic
Prandtl number y = 0.1 gets poor amplitude in current density but highest ampli-
tude is sketched for higher y = 0.5. The behavior of heat and fluid-flow in the pres-
ence of aligned magnetic field is associated with the phase angle and amplitude of
oscillation. It is also noted that due to the increase in magnetic force parameter,
& there are wave like disturbances generate within the fluid layers. These distur-
bances are basically hydromagnetic waves which becomes more prominent as the
strength of magnetic force parameter is increased.
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Introduction

There is continuous increasing interest of recent researchers in flow problems in mag-
netized and non-magnetized shapes due to their various applications in industrial and enginee-
ring work. Convective heat transfer has various applications in engineering processes like ther-
mal power plants, missiles, heating and cooling processes in semi-conductors electronics, turbo
machines, space vehicles, cooling of combustion chamber wall in a gas turbine and nuclear
reactors. In the current work, periodic mixed convection 2-D flow around the surface of mag-
netized cone is considered. Glauert [1] was first who computed a boundary-layer mechanism
on magnetized plate analytically. He showed that the boundary-layer separation occurs due to
strong magnetic field. Later, Ramamoorthy [2] illustrated a classical theory of heat transfer in
boundary-layer along a magnetized plate where magnetic field is applied parallel to the plate.
He obtained that temperature in boundary-layer is reduced due to slow movement of fluid by
magnetic field. Chawla [3] analyzed oscillating boundary-layer behavior along a magnetized
plate numerically. He concluded that amplitude of surface current increases with frequency
but phase angle decreases from 90-45° angle. Ingham [4] performed a MHD boundary-layer
phenomenon over a thermally conducting plate analytically. He obtained that boundary-layer is
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slightly thicker when plate is placed at main stream temperature rather than thermally insulated.
Mohanty [5] developed a numerical problem on magnetized plate to predict oscillating magne-
tic field effects on boundary-layer flow numerically. He observed that magnetic drag decreases
due to higher magnetic Prandtl number and then increases with increase in frequency. Chamkha
[6] investigated the numerical results of coupled heat and mass transfer of natural-convection
flow around the surface of a truncated cone with radiation and magnetic field effects numeri-
cally.

Takhar et al. [7] developed a numerical problem on transient mixed convection flow
around the surface of rotating vertical cone with time-dependent angular velocity in the pres-
ence of magnetic field. They observed that the local skin friction in tangential and azimuthal
direction increases as angular velocity of cone is increased. An analysis of mixed convection
flow around the surface of vertical cone with constant wall temperature has been studied nu-
merically in [8]. It is concluded that the values of the rate of heat transfer gets higher as Prandtl
number increases but decreases with magnetic force number. Pullepu and Chamkha [9] con-
sidered a numerical problem on mixed convection flow around the surface of vertical cone
with non-uniform surface heat flux under the influence of magnetic field applied normal to the
cone surface. They neglected the Hall effects of MHD and pressure gradient in given model.
Mahmood et al. [10] studied the hydromagnetic-flow past a wedge with permeable surface
by assuming a constant transpiration through the wedge surface numerically. They noted that
the momentum and magnetic boundary-layer is reduced by increasing transpiration parameter.
Ravindran et al. [11] studied the combined effects of thermal diffusion and mass transfer on
a steady mixed convection boundary-layer flow over the surface of a vertical cone. Mahdy et
al. [12] gave an attention study double-diffusive convection with variable viscosity around the
surface of a vertical truncated cone in porous media in the presence of magnetic field and radia-
tion effects. They used shooting technique to find results which are in excellent agreement with
previously published work. Ashraf ef al. [13-15] discussed different cases around the surface of
magnetized vertical plate numerically. Chamkha and Rashad [16] studied the effect of magnetic
field, soret-dufour and chemical reaction on heat and mass transfer in mixed convection flow
around the surface of a vertical cone numerically. It is noted that increasing the magnetic field
leads to reduce the skin friction coefficients in the tangential direction. Patrulescu et al. [17]
performed a steady mixed convection boundary-layer problem around the surface of a vertical
truncated cone in nanofluids and working fluid is considered as water with Pr = 6.2. Hayat et al.
[18] performed a physical problem on heat and mass transfer characteristics around stretching
cylinder numerically. The Burger’s fluid-flow mechanism around stretched sheet in a thermally
stratified medium with magnetohydrodynamics effects has been illustrated numerically in [19].
They noted that the temperature gradient is reduced due to stratification parameter. Hayat et
al. [20, 21] developed numerical mechanisms of MHD mixed convection flow of thixotropic
nanomaterial and Burger’s nanofluids in the presence of thermally stratified medium. Ashraf
et al. [22] and Ashraf and Fatima [23] have explored different heat transfer cases around mag-
netized shapes numerically. Sudhagar et al. [24] computed the magnetic field effects on mixed
convection flow model of a nanofluids around the surface of an isothermal vertical cone. Reddy
et al. [25] worked on MHD heat and mass transfer mechanism of nanofluids over the surface of
a vertical cone under convective boundary conditions numerically. They noted that the thermal
boundary-layer thickness is increased with the increase in the values of thermophoresis param-
eter. Authors in [26-29], have discussed the various trends of heat and mass transfer by using
some new techniques of solution. Taking idea from [1-5], we obtained a numerical solution for
periodic fluid-flow phenomena along the surface of thermally and electrically conducting cone.
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The governing model and flow geometry

Considering 2-D boundary-layer fluid-flow phe-
nomena along the surface of thermally and electrically
conducting cone is considered. Figure 1 represents dis-
tance along the surface is x, the normal y-direction of the
surface and the velocities # and v along the xy-direction.
The H, is magnetic field at the surface of cone, H, is tak-
ing normal to the surface of cone and external fluid ve-
locity is U(x, t). Consider dimensionless system of cou-
pled non-linear PDE:
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The dimensionlized boundary conditions:

0=v=0, h,=0, k=1, 6=1 a =0, ©
ﬁ—)ﬁ(r), 0 —0, h.—>0 as y—oo

In egs. (1)-(5) with boundary conditions in eq. (6), ¢ is magnetic-force parameter,

A — the mixed convection parameter, y — the magnetic Prandtl number, Pr — the Prandtl parame-

ter, and H, is magnetic field intensity exact at the surface:
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Taking U(r) = 1 + ge’" is the stream velocity under |¢| << 1, where ¢ is presenting pe-
riodic component with small magnitude and frequency parameter w. The velocity of fluid, the
magnetic velocity and fluid temperature components u, v, &, h,, and 6 are in the sum form of

steady and unsteady equations:
u=u +eue’ v=v +eve' h =h +eh,e""
7 _ it o _ iot
h, =h, +¢eh,e™, 0 =0, +ebe

)

By substitute (8) into egs. (1)-(5) with boundary conditions (6), we can separate steady
and unsteady equations by collecting like powers of O(&°) and O(ge’").



llyas, A., et al.: Periodic Mixed Convection Flow Along the Surface of ...
S228 THERMAL SCIENCE: Year 2020, Vol. 24, Suppl. 1, pp. S225-S235

Computational analysis

The aforementioned obtained dimensionless governing steady, real and imaginary
coupled equations are discritized numerically by applying finite-difference scheme, using the
Primitive Transformation to obtained primitive form of coupled PDE for further integration.
Transformations given in eq. (9) for steady part is used to convert into suitable form both depe-

dent and indepedent variables:

0 (5.2)=U, (X.0). v, (v) =x "V (1), (e3)=x " (X.) o
o (2) =¥ (X.1), 6,(5.9)=0,(X.1), ¥=x "y X=x

— For steady equations:
The primitive form of steady equations by using eq. (9), we have:
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with boundary conditions:

Ug=V,=0, y, =0,y =1 6,=1at Y=0

(15)
U,—>1, 6, -0, yx, >0 as ¥ > o0
— For real and imaginary equations:
The primitive form of real and imaginary part, by using eq. (16), we have:
-1/2 -2
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(s hyo) = (l//xl,l/IXZ)(X’Y)ﬂ (6,6,) = (91’02)(X,Y), Y= ximy, X=x
Using eq. (16) we the find system of coupled non-linear equations in primitive form
given:
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The primitive form of equations given in eqs. (17)-(27) is carried out by applying
the finite-difference scheme. The numerical results of transformed algebraic expressions with
unknown variable U, V, 6, and ¢ which can be solved in tri-diagonal matrix form by using the

Gaussian-elimination scheme for these unknown variables.

Results and discussions

Figures 2(a)-2(c) are plotted against mixed convection, A, for five choices of values
to present numerical results along the surface of a thermally and electrically conducting cone.
The amplitude of fluid velocity obtained a certain height for higher value of A = 7.0 and good
variation at each value in fig. 2(a). The presence of 4 exerts buoyancy forces on fluid structure
which increases the fluid velocity because 4 is the ratio of buoyancy to inertial forces. The char-
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acteristics of A on temperature profile are represented in fig. 2(b). The thermal boundary-lay-
er shows good variations and is increased along the surface of magnetized cone for 4 = 0.1.
Also the presence of 1 indicates that heat is convected from the surface of magnetized cone to
the fluid-flow. The behavior of magnetic profile is illustrated in fig. 2(c) for various values of
A =0.1, 1.0, 3.0, 5.0, and 7.0. The magnetic profile showed good variations for each value of
mixed convection parameter. The magnetic boundary-layer is increased due to slow motion
of fluid which generates magnetic current at the surface of cone. This phenomena is valid
because the presence of magnetic field produce Lorentz forces which reduce the fluid motion
and increase the magnetic boundary-layer thickness along the surface of thermally and elec-
trically conducting cone. The influence of Prandtl number for various values is displayed in
figs. 3(a)-3(c). The fluid velocity is maximum at lower Pr = 1.0 and good amplitude is observed
for each value of Prandtl number in fig. 3(a). The velocity over shoot up to certain height and
then asymptotically approached to the given boundary condition. The lower periodic behavior
of fluid velocity is seen as Prandtl number increases. It is very important to mention that ki-
nematic viscosity of the fluid increases as Prandtl number increases which increased the mo-
mentum boundary-layer thickness along the surface of thermally and electrically conducting
cone. Figure 3(b) is sketched for five values of Prandtl number to present the behavior of fluid
temperature in given mechanism. The fluid temperature is found to increase for lower Prandtl
number and decreases as Prandtl number increases. The similar behavior is observed as Prandtl
number is increased. The velocity of magnetic field illustrated variations for each value but sim-
ilar response for higher values of Prandtl number in fig. 3(c). This is due to reason that the role
of Prandtl number in the magnetic field is not very prominent. The phenomena is valid because
the fluid become more viscous as Prandtl number increases which results the decrease in fluid
motion, so thermal and magnetic boundary-layers are decreased along the surface of thermally
and electrically conducting cone. Figures 4(a)-4(c) are presented against various values of y for
fluid velocity, fluid temperature and velocity of magnetic field with some fixed parameters. The
periodic amplitude of fluid velocity with good variations is observed for y = 0.3 in fig. 4(a) and
then asymptotically approaches to given boundary condition. The fluid velocity is maximum
at lower magnetic Prandtl number. The good variations in fluid temperature are concluded for
each value of y in fig. 4(b) and thermal boundary-layer showed similar response for higher val-
ues of y = 0.5, 0.7, and 0.9 along the surface of cone. The magnetic field effects are observed
exact at the surface for various values of y in fig. 4(c). The magnetic boundary-layer increases
for lower magnetic Prandtl number and showed maximum variations for each value. The mag-
netic Prandtl number has an extensive effect on the results. This phenomena is valid because
due to Lorentz force associated with magnetic field increases and it produce more resistance
to the transport phenomena. Figures 5(a)-5(c) depict the impact of magnetic force parameter
¢ with five choices of numbers on fluid velocity, temperature field and magnetic profile along
the surface of thermally and electrically conducting cone. The fluid velocity with certain height
and good variations are observed for each value of ¢ in fig. 5(a) and then approaches asymptot-
ically to the given boundary conditions. Figure 5(b) demonstrates the same behavior of thermal
boundary-layer for each value of ¢ and thermal boundary-layer thickness decreases as ¢ in-
creases. Magnetic profile illustrate the similar response and minimum variations for increasing
¢&. The thermal and magnetic boundary-layers are reduced as ¢ increases. It is concluded that
increase in magnetic field parameter ¢ decelerate the fluid motion which reduced the thermal
and magnetic boundary-layer along the surface of thermally and electrically conducting cone.
The maximum magnitude of magnetic force parameter is permitting the more fluid to restrict
along the surface of thermally and electrically conducting cone.
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Velocity of fluid, temperature and magnetic field plots to check
the accuracy of the obtained results by boundary conditions
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Figure 2. The geometrical profiles for; (a) velocity u, (b) temperature 6, and (c) magnetic field y for
three choice of 1= 0.1, 1.0, 3.0, 5.0, and 0.7 where others are y =0.01, Pr = 7.0, and &= 0.2
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Figure 3. The geometrical profiles for; (a) velocity u, (b) temperature 6, and (c) magnetic field y for
selected values of Pr = 1.0, 3.0, 5.0, 7.0, and 10.0 while y =0.01, = 0.4, and A =5.1
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Figure 4. The geometrical profiles for; (a) velocity u, (b) temperature 6, and (c) magnetic field y for
selected values y = 0.1, 0.3, 0.5, 0.7, 0.9 where others are 4 =0.01, & = 30.0, and Pr="7.0
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Figure 5. The geometrical profiles for; (a) velocity u, (b) temperature 6, and (c¢) magnetic field y for
selected values &= 10.0, 20.0, 30.0, 40.0, 50.0 where others are 2= 0.01, Pr="7.0, y=0.1
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Figures 6(a)-6(c) are plotted for various values of mixed convection parameter A
to compute periodic quantities of skin friction 7, fluctuating heat transfer ¢,, and periodic
current density j, along the surface of thermally and electrically conducting cone. The am-
plitude of 7,,is increased as A increases in fig. 6(a). The skin friction amplitude is maximum
for higher value of 1 and good fluctuating response is noted for each value of 1. Figure 6(b)
represents the characteristics of periodic heat transfer along the thermally and electrically
conducting cone for five values of 1. A good periodic behavior of heat transfer ¢, is con-
cluded for each value of 4 but maximum oscillations are sketched at 4 = 5.0. The minimum
variations for each value of 1 = 1.0, 2.0, 3.0, 4.0, and 5.0. but good amplitude for current
density j, is depicted in fig. 6(c). A similar behavior is seen for each value of 4 in current
density. Because the presence of magnetic field thins the boundary-layer by boosting flu-
id-flow which enhanced the oscillations in heat transfer in given mechanism. These results
are in good agreement because presence of 4 is ratio of buoyancy to inertial forces which
behave like a wave in fluid and heat transfer characteristics. The physical behavior of
emerging parameter Prandtl number with five choices for periodic flow has been drafted in
figs. 7(a)-7(c). The highest fluctuating response of skin friction 7z, is noted for lower value
of Pr=20.1 in fig. 7(a). The maximum oscillations of 7, with good variations are concluded
for each value of Prandtl number. The amplitude of fluctuating ¢,, gets higher response for
large Prandtl number but very low behavior is seen for lower Prandtl number in fig. 7(b).
A good periodic variation trend is observed in heat transfer with good agreement. A similar
trend in current density j,, is calculated for every value of Prandtl number but good fluctu-
ation is pointed as Prandtl number increases in fig. 7(c). It is noticed that the amplitude of
heat transfer increases as Prandtl number increases but current density decreases for each
value of Prandtl number. It can be found that an increase in Prandtl number, increase the
specific heat or decrease the thermal diffusivity which causes slower down the oscillation
in current density.

Figs. 8(a)-8(c) highlight the impact of increasing magnetic Prandtl parameter y
on periodic fluid-flow mechanism along the cross-section of thermally and electrically
conducting cone. The highest amplitude of fluctuations in skin-friction is conducted for
increasing y = 0.5 but low amplitude is noted for lower y = 0.1. Figure 8(b) depicts the
same trend of fluctuating heat transfer for five choices of y = 0.1, 0.2, 0.3, 0.4, and 0.5 by
keeping some fixed parameters. It is necessary to point out that a very poor variation in the
case of periodic heat transfer is examined along the thermally and electrically conducting
cone. But a very excellent oscillation in current density is displayed for each value of y in
fig. 8(c). The lower y = 0.1 gets poor amplitude in current density but highest amplitude is
sketched for higher y = 0.5. A very poor response of periodic skin friction, fluctuating heat
transfer and periodic current density for five values of magnetic force/field parameter ¢ has
been drafted in figs. 9(a)-9(c) for given periodic flow along the thermally and electrically
conducting cone. From these figures it is extracted that the similar variations with oscilla-
tion for each value is examined and very small response is calculated in skin friction.

Periodic skin friction t,,
heat transfer q,, ,
and current density j,

We used solution obtained from steady part into unsteady part and obtain periodic
quantities of skin friction, heat transfer and current density.
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Figure 6. The geometrical profiles of; (a) z,, (b) ¢., and (c) j, for three choice of 1 = 1.0, 2.0, 3.0, 4.0, 5.0
where other parameters y = 0.8, = 0.6, and Pr="7.0
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Figure 7. The geometrical profiles of; (a) z,, (b) ¢., and (c¢) j, for three choice of Pr = 0.1, 0.7, 2.0, 4.0, 7.0
where other parameters y = 0.01, = 0.2, and 2 = 0.1
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Figure 8. The geometrical profiles of; (a) 7,, (b) ¢., and (¢) j, for three choice of y = 0.1, 0.2, 0.3, 0.4, 0.5
where other parameters 2 = 0.01, £ = 0.2, and Pr = 0.7 are constant
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Figure 9. The geometrical profiles of; (a) z,, (b) ¢,, and (c) j, for three choice of £ =10.0, 20.0, 30.0, 40.0, 50.0
where other parameters y = 0.01, 4= 0.01, and Pr = 0.7 are constant
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Conclusion

The present analysis of periodic mixed convection flow and heat transfer character-
istics along the surface of thermally and electrically conducting cone have been calculated
numerically with primitive variable formulation by applying more efficient finite-difference
technique for various governing parameters. To ensure the accuracy of results, the numerical
results are plotted against various emerging parameters like mixed convection parameter, 4,
magnetic force parameter, ¢, magnetic Prandtl number, y, and Prandtl number for five choices
which are satisfying given boundary conditions. It is depicted that the amplitude of fluid veloc-
ity obtained a certain height for higher value of 4 = 7.0 and good variation at each value along
the thermally and electrically conducting cone. The fluid temperature is found to increase for
lower Prandtl number and decreases as Prandtl number increases. It is also noticed that a good
periodic behavior of heat transfer ¢, is concluded for each value of 1 but maximum oscillations
are sketched at 4 = 5.0. It is also computed that the lower y = 0.1 gets poor amplitude in current
density but highest amplitude is sketched for higher y = 0.5. This phenomena is in good agree-
ment because presence of /1 exert buoyancy forces which behave like waves in fluid and heat
transfer characteristics. It is also noted that due to the increase in magnetic force parameter &
there are wave like disturbances generate within the fluid layers. These disturbances are basi-
cally hydromagnetic waves which becomes more prominent as the strength of magnetic force
parameter is increased.

Nomenclature

C, - specific-heat, [Jkg 'K ] Greek symbols

g — gravitational-acceleration, [ms] a  —thermal-diffusivity, [m’s']

Gr, — Grashof number B — thermal-expansion, [K']
H,H,— magnetic velocities along x- and y - magnetic-Prandt] parameter

) y-direction, [Tesla] 0 — dimensionlized fluid temperature
Jw  —periodic current density A —mixed convection number

I —fluid Temperature, [K] u —fluid dynamic viscosity, [kgm 's ']
T, —ambient-temperature, [K] v —kinematic-viscosity, [ms ']

Pr - Prapdt.l number v, —magnetic-permeability, [Hm™]
q.  — periodic heat transfer & — magnetic force number

Re  —Renolds number p —fluid density, [kgm™]

u, v —velocity along x- and y-direction, [ms '] ¢ - shearing stress, [Pa]

7, — periodic skin friction
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