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Abstract

The focus of the study is to examine thermal radiation and viscous dissipative
heat transfers of magnetohydrodynamics (MHD) stagnation point flow past a
permeable confined stretching cylinder with non-uniform heat source or
sink. The formulated equation governing the flow is non-dimensional. The
dimensionless momentum and energy equation are solved using shooting
technique coupled with fourth-order Runge-kutta integrated scheme which
satisfied smoothness conditions at the edge of the boundary layer. The result
for the velocity and temperature distributions are presented graphically and
discussed to portray the effects of some important embodiment parameters
on the flow. The Nusselt number and skin friction were obtained and com-
pared with the previous scholars’ results in others to validate the present re-
search work.

Keywords
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1. Introduction

The science dealing with the motion of electrically conducting fluids through
magnetic fields is known as magnetohydrodynamics. Fluid mechanics and mag-
netic theory are harmonized as magnetohydrodynamics (MHD), the field which
was initiated in [1]. Magnetohydrodynamics is the multi-disciplinary finding of

fluid flow of an electrically conducting fluid through magnetic field which can
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subjectively divide into plasma physics. The feedback of MHD stagnation flow of
heat transfer in a cylinder through a boundary layer near a permeable plate in
the presence of non-uniform heat source is important from the technical point
of view. The MHD has received a considerable amount of special treatment due
to its instantaneous applications in several devices such as accelerators, MHD
power generators, MHD pumps and others [2]. Recently, the desires of contem-
porary technology have inspired the attention of many scientists in the studies of
fluid flow that involve the interaction of many phenomena. The study includes
stagnation point flow via a porous surface which plays an imperative role in so
many technical problems such as the production of friendly environment
stand-alone power generator from the principle of Tesla bladeless turbine and
boundary layer condition. However, an analysis for heat transfer in a hydro-
magnetic flow via a stretching surface [3] with, the investigation on heat transfer
for viscous dissipation effects on the external magnetic field was done in the
works of (Abel et al) [4]. The MHD flow heat transfer of fluid-metal in circular
pipes for non-heated cases and externally heated was considered [5]. The study
of a transient convection flow over a permeable stretching plate and heat trans-
fer with thermal radiation was considered by (Mukhopadhyay et al). More so,
the influences of variable viscosity on thermal diffusivity boundary layer flow

over a permeable broadening surface presented in [6].

2. Previous Work on Magnetohydrodynamic and Related
Issues

The study of chemical reaction and viscous dissipation for free convective hy-
dromagnetic flow past an inclined porous stretching surface was reported in the
works of (Alam, M.S) [7]. In the study, the influence of Eckert number Ec was
reported to have significant effects on the heat and momentum distribution. The
analysis [8] of thermal radiation effects on motioning semi-infinite vertical cy-
linder in an MHD flow with heat transfer was reported. The reaction of a
non-uniform heat source on liquid heat transfer past a porous stretching sheet
was verified in [9] and [10]. Several scientists have carried out related studies for
power-law non-Newtonian fluids Chen [11] [12] [13]. Many studies were carried
out on cylindrical geometry [14] [15] [16]. The influence of magnetic field and
injection/suction of heat transfer on a laminar fluid flow through a stretching
cylinder in the absence of transverse curvature is presented in (Ishak, A et al)
[17]. The transient flow of heat and species transfer past a decrease cylinder was
examined in the works of (Wan Zaimi et al) [18]. Heat transfer of MHD stagna-
tion point flow [19] over a porous plate was presented. Meanwhile, the dissipa-
tion and radiation effect on thermal conductivity and variable viscosity hydro-
magnetic heat transfer near a stagnation point flow reported in (Salawu, S.O et
al) [20]. The computational results of the study were obtained using Runge-Kutta
method. In the study, it was reported that the magnetic field parameter decreases

the flow while thermal Grashof parameter raises the flow velocity. The trans-
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verse curvature parameter can be defined as the ratio of the boundary layer
thickness to the cylinder radius. At lower transverse curvature parameters, the
model equations maybe expressed in a two-dimensional form. For a slim cylind-
er, nevertheless, the problem develops to axisymmetric; when the outer surface
transverse curvature parameter occurs in the formulated model. A similarity so-
lution for the model equation of the momentum and heat transfer besides an
elongating cylinder [21] suggested it. Later on, [21] reported a computational
analysis of the flowing liquid and energy transfer past a parallel cylinder with
studying the consequence of the prescribed surface heat flux and transverse cur-
vature parameter. Heat and mass transfer of second-grade fluid in MHD stagna-
tion point flow over an extending cylinder without radiation and heat source/sink
was examined [22]. Moreover, in [23] [24] Analyzed heat transfer of MHD stagna-
tion flow past non-isothermal stretching and stationary cylinder. The analysis was
done without radiation, viscous dissipation, heat source and thermal buoyancy but
[25] reported on the decreasing effect of Reynolds number and magnetic field pa-
rameters on the flow velocity profiles in. The effect of the thermal conductivity on
the temperature-dependent flow and thermal boundary layer sideways of a
broadening cylinder was investigated in (Sharma, ef al) [26]. They examined the
magnetic field and external heat source for two diverse thermal boundary situa-
tions. Some other scholars carried out studies on mixed convection over a ver-
tical stretching slender cylinder [27] [28]. In the current study, the influences of
the magnetic field, thermal buoyancy force, radiation, dissipation and non-uniform
heat sink/source with load loss in two dimensional laminar, MHD boundary
layer flow of an incompressible viscous electrically conducting fluids past along
an axisymmetric, isothermal and moving vertical thick semi-infinite permeable
solid cylinder is considered. The mathematical formulation is presented in Sec-
tion 3 and the fourth order Runge-Kutta integrated scheme along with shooting
techniques is employed in space for the computation. In Section 4, the numerical
computation with the graphical results is established and quantitatively ex-

plained with respect to existing fluid parameters entrenched in the flow.

3. Mathematical Formulation

Consider a laminar, two dimensional, hydromagnetic, incompressible viscous
fluid flow in an electrically conducting, heated and progressing vertical thin
resistant semi-infinite solid cylinder of the radius R. The cylindrical coordinates
(z,r) are presumed to be the axis of the cylinder which is parallel to the
uniform composite free stream flow. In addition, at the center of leading edge of
the cylinder is the origin of the coordinate system. A uniform weak magnetic
field density B, is applied normal to the flow direction. The cylinder moves
linearly with steady velocity about its axis in the same direction as that of the
free stream velocity with the temperature 7 of the free stream fluid. The cylinder
surface is maintained at stable temperature 7, while 7, is the ambient

temperature (Figure 1). It is assumed that 7 > T . The physical geometry model,
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Figure 1. Physical geometry model.

as well as the equations governing the momentum and energy balance, are as

follows:

o), a(m)
oz or

ou ou 1dP v 6( 6uJ oBu
ty—=———h——| r— |- ——+gpB(T-
0z or pdz ror\ or

=0 (1)

2 "
ua_T+Va_T:Lli[ra_Tj_Lli(rqr)_Fl[a_uj + q (3)
oz or  pc,ror\ or

Subject to slip boundary conditions

u(z,r) =U, (z):ujl—z,v(z,r):—v

T(z,r):Tw(z):Tw+(

wo

z

J AT atr=0 (4)
a

”(Z”’):“e(z):M,T(Z,F)=TOC atr — oo
a

From the above, u and v are the velocity elements in the z and r directions
respectively also the following parameters P, v, p, o, B,, & f and m
represent the elongating pressure gradient, kinematic viscosity, fluid density,
electrical conductivity, uniform magnetic field, the acceleration due to gravity,
the coefficient of expansivity and fluid mass. & ¢,, ¢,, u, and u, stand for
the thermal conductivity, specific heat at constant pressure, thermal radiation,

stretching velocity and free stream velocity respectively.

dP
The term dze in Equation (2) can be defined as
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dp du )
—f=—pu —4—-0Bu 5
dZ P e dZ 0% ( )
According to Rosseland diffusion approximation for radiation, ¢, can be
defined as (Salawu and Amoo (2016));

4o, oT*
=20 6
e 36 or ©

where o, and J are the Stefan-Boltzmann and the mean absorption
coefficient respectively. Let heat difference in the flow be satisfactory low, T*
may be expressed linearly as a function of temperature, applying Taylor series to

expand T* isexpanded about 7,
T =T + 4T (T T, )+ 6T* (T~ T, ) +-- (7)
Neglecting higher-order terms of 7 -7, in Equation (8) to get
T* ~4TT - 3T} (8)

Using Equation (8) on Equation (6) to obtain

16T 3(70 oT
—_ %0 Y7 9
=735 o ©)
The non-uniform heat source is defined as (Salawu and Fatunmbi (2017))
k *
q'”:—”‘*’(z)[z(T—Tw)m (TW—Tw)e’”J (10)
zv

where A" and A denote the heat source and space coefficients temperature
dependent respectively while 7/ is the free stream temperature. Here, 4 >0
and A" >0 represent heat sourcebut A<0 and A" <0 depict heat sink.

Using Equation (5), Equation (9) and Equation (10) along with the similarity
variables to Equation (11) as defined in Hayat et al. (2017) on Equations (1) to (4)
gives;

1

u:Mf‘(n),w—ﬁ[ﬂjzf(n),e(n)= oL ,w=[” ”j Rf (), (11)
a r\a a

T -T

w 0

Hence, the governing equations and the boundary conditions reduce to the

nonlinear coupled ordinary differential equation as follows,

(1+2Kn) f"(n)+2Kf" (n) + £ (n) £" () = (1+ Z)(f"(n))

2

—H*(f'(n)-7)+7r +Gro(n)=0, 12
(1+§N)((l+2K77)9"(77)+2K0’(77))+Prf(n)&'(n)—nP;f’(n)@(n) .
+2'e" + 20+ EcPr(1+2Kn)(f"(n)) =0

Subject to the boundary conditions,
f'(?]):Lfow,tg:l, atn =0, (14)

f'=y,0=0, asn —>
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1 jav . zm .
where K =2 ’a— is the curvature parameter, Z=— is the load potential
Uy

,
oB; a’gB(T,-T,
difference, H’=—" is the Hartman number, Gr:M is the
Py 2ty
.. . . 4o, .
thermal Grashof number, y= is the stagnation rate ratio N = is
i pC, . u;
the radiation parameter, P =—2 is the Prandtl number, Ec=—F7-—"——
k C,(1,-T,)

. a . . o
is the Echert number, f =-v, |— 1is the suction f, >0 or injection
v,

f,, <0 parameter.
The engineering interest of the physical quantities are the skin friction and

Nusselt number that is C ; and Nu defined as follow,

2T
Cr="7 (15)
Pl
where 7,
zq
N, =——tn 16
* k(T:v - Too) ( )
and g, are defined as following
2 2
rwzu(a—u) = 6_u+ va—L2[+u ou (17)
or)._r \or or 0zor i
3
qw:_k(a_Tj = — k+16o-—07—;° (a_Tj (18)
or ),_x 36 or ), _x

using Equation (15) on Equation (17) result to,

1

R2C.="(0) (19)
Also, using Equation (16) on Equation (18) gives,
1 4
R2N,_ = —(1 +§Nj g'(0) (20)
where R,_= 2 shows the local Reynolds number (Table 1 and Table 2).
v

4. Results and Discussion

The set of non-linear differential equations alongside the boundary conditions
are unraveled numerically by applying fourth-order Runge-Kutta integration
technique couple with shooting method. The smoothness conditions are confirmed
through checking at the edge of the boundary layer whether they are satisfied.
Calculations are conducted for different values of the following default parameters
based on existing research works, the following diverse computations values as set
as the default values for the embedded parameters; f”"(0) for K=0, H=0,
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Table 1. Comparison of f”(0) for K=0, H=0, Gr=0, Z=0, 1=0, n=0,
A'=0, N=0, f,=0, Pr=1, Ec=02, n—>w.

y Pop et al (2004) [29]  Sharma (2009) [26] Hayat et al (2014) [30]  Present results

0.1 -0.9694 —0.969386 -0.9679 —-0.9694
0.2 -0.9181 —-0.9181069 -0.9172 -0.9181
0.5 -0.6673 —-0.667263 —-0.6670 -0.6673
2.0 2.0174 2.01749079 2.0174 2.0175
3.0 4.7293 4.72922695 4.7294 4.7293

Table 2. Comparison of 9'(0) for K=0, H=0, Gr=0, Z=0, y=0, 1=0,
A'=0, N=0, f,=0, Pr=1, Ec=02, n—>w.

Pr n  Mukhopadhyay (2012) [27] Pal (2012) [28] Hayat et al. (2014) [30] Present results

1 -2 - - ~1.0000 -0.9889
1 . - -0.0 -0.0025
0 0.5821 - -0.5832 -0.5826
1 1.0000 - 1.0000 1.0002
2 1.3332 1.333333 1.3332 1.3333
10 -2 - - 10.0000 9.9964
-1 - - 0.0 0.0
0 - - 2.3080 2.3080
1 - - 3.7207 3.7206
2 - 4.796871 4.7969 4.7968
07 2 - - 1.0791 1.0702
06 2 - - - 0.9708
05 2 - - - 0.8637

Gr=0, Z=0, A=0, n=0, A'=0, N=0, f,=0, Pr=1, Ec=02,
n—o and 6'(0) for K=0, H=0, Gr=0, Z=0, y=0, A=0,
A=0, N=0, f,=0, Pr=1, Ec=02, n—>x.

All graphs satisfy the values except otherwise stated in the respective graph.

Figure 2 depicts the effect of various values of magnetic field parameter A4 on
fluid flow velocity. It is observed that the rate of fluid motion is considerably
reduced with an increase in the H values. The damping magnetic properties rise
due to the presence of the Lorentz force that results in increased resistance to
flow and thereby reduced the convective fluid flow motion. Also, the electrically
conducting liquid takes a thrust from the magnetic force by inducing an
electrically conducting fluid in the microscale system making it warmer as it
progresses along the plate by leading to a reduction in the velocity profiles.

The impact of diverse values of the thermal Grashof number Gr on the

momentum distributions is shown in Figure 3. It was observed that changes in
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Figure 2.Velocity Profiles for values of H.
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0.51 :

3
n

Figure 3. Velocity Profiles for values of Gr.

the relative thermal buoyancy force values with respect to that of viscous
hydrodynamic force enhanced the flow in the system. This is because the fluid
flow gets warmer as it moves along the boundary layer surface thereby reduces
the flow resistance forces which then result in an increase in the fluid flow rate.
For low buoyancy effects, the maximum flow velocity occurs at the surface.
Figure 4 and Figure 5 represent the effect of a variational increase in the
values of non-uniform heat generation parameters A and A" on the
temperature distributions. Follow from the Figures, was a rise in A and A’
values increased the temperature profiles. This resulted to an increase in the
thermal boundary layer thickness which in turn reduces the amount of heat that
diffuse out of the system and thereby causing a reduction in fluid dragging
forces and enhances the velocity of the fluid particles in the system. Hence, it

increases the fluid velocity and temperature profile.
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Figure 4. Temp. Profiles for values of A" .
1
0.81
0.61
A=45
0 - =i=30
0.44 === =135
' —1=02
0.2
0 —— T —
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n

Figure 5. Temp. Profiles for various values of A .

The reaction of the ratio of rates on fluid velocity field is presented in Figure
6. It is noticed that the velocity profile is enhanced with a rise in the parameter
7 . Boundary layer thickness increases for the values of y >0 because the rate
of stretching dominates the rate of free stream flow thereby increases the velocity
profiles.

The effect of loss load Z on fluid velocity is shown in Figure 7. It is seen from
the graph that as the values of the parameter Zis increasing there is a decrease in
the velocity distribution. The fluid velocity retarded due to load loss in form of
heat as a result of friction in viscous flow. The boundary layers to get thinner
and causes heat loss to the surrounding thereby strengthen the fluid dragging
forces that in turn reduces the fluid flow velocity profiles.

Figure 8 and Figure 9 show the behavior of curvature parameter X on the
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Figure 6. Velocity Profiles for various values of p .
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Figure 7. Velocity Profiles for values of Z.
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Figure 8. Velocity Profiles for various values K.
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Figure 9. Temp. Profiles for various values K.

temperature and momentum field. It is obtained that velocity and temperature
distribution has diminishing behavior near the cylinder surface while it increases
far away from it. However, it is observed that thickness of the boundary layer
reduces. Physically it is proved that larger values of curvature parameter K
reduce the cylinder radius. Consequently, the contact surface area of the cylinder
with the flowing liquid and temperature decreases which provides large
resistance to the motion of the fluid and increase the rate at which heat is diffuse
out of the system thereby decreases the velocity and heat profiles.

The influence of diverse values of Prandtl number Pr on the temperature
distribution is illustrated in Figure 10 It is found that the temperature field
reduces as increasing Pr values produces dampen effect on the profiles. Prandtl
number is the ratio of momentum diffusivity to thermal diffusivity and it
controls the relative thickness of the momentum and thermal boundary layers.
Hence, increasing Pr implies a reduction in the thermal boundary layer thickness.

The influence of viscous dissipation parameter Ec on the temperature field is
illustrated in Figure 11. Eckert number is the ratio of the kinetic energy of the
flow to the boundary layer enthalpy difference. Kinetic energy is converted into
internal energy by work done against the viscous fluid stresses. It is evident from
the figures that an increase in the Eckert £c number enhances the energy at any
point in the flow and thereby causes the temperature profiles to increase.

Figure 12 represents the influences of the suction or injection parameter f
on the dimensionless momentum profiles. It is observed from Figure 12 that the
suction parameter diminishes the velocity indicating the fact that suction
stabilizes the boundary layer development, while the injection enhances the
velocity at the boundary layer indicating that injection supports the flow to
penetrate more into the fluid.

The effect of radiation parameter NV on temperature distributions are displayed in

Figure 13. It is evident from this figure that thermal radiation diminishes the
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Figure 11. Temp. Profiles for various values Ec.
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Figure 12. Velocity Profiles for various values f, .
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Figure 13. Temp. Profiles for various values V.

heat transfer. Hence, the flow temperature profiles decrease as N increases.
Thermal radiation is the relative contribution of heat conduction transfer to
thermal radiation. Hence, an increase in the magnitude of radiation parameter N
reduces the thermal boundary layer. The reason for this is that the divergence of
the radiative heat flux qr decreases as the Rosseland mean absorption coefficient
0 increases. Thus, the rate of radiative heat transfer to the fluid decreases and
then causing the temperature of the fluid to decline. Therefore, to have the
cooling process at a faster rate, NV should be enhancing. The effect of thermal
radiation becomes more significant as N —> oo,

Figure 14 expresses the influence of viscous dissipation parameter Fc on the
energy gradient. The profiles decline close to the plate as result of friction due to
a viscosity that drags the flow down but rises as the heat dissipation increases as
it moves a distance away from the boundary layer towards the free stream due to
enhancement in the rate of heat transfer within the fluid flow.

The action of the ratio of momentum diffusivity to thermal diffusivity on the
Nusselt number is displayed in Figure 15. The rate at which heat is transferred
out of the system is noticed to be decreasing as Prandtl number Pr is increased
around the plate but heat diffuse out of the system continue to be rising
gradually as it keeps distance from the plate surface at 7 >1 due decline in
thermal boundary layer thickness which leads to decrease in the temperature

gradient profiles.

5. Conclusion

A model for characterization of magneto hydrodynamic (MHD) flow through a
confined cylinder was achieved when validated with some existing scholars’ re-
search work. However, formulated model was transformed to nonlinear coupled

differential equation and solved using shooting technique of fourth-order
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Figure 14. Nusselt number on various values Ec.
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Figure 15. Nusselt number on various values Pr.

Runge-kutta method. In this study, Maple (2016) software is used for the com-
putational analysis of the work with computer code developed for Equations
(12)-(14). The effect of embedded fluid parameters on the flow momentum and
energy balance was investigated and exhibited graphically. Likewise, the res-
ponses of the skin friction and Nusselt number to variation increase in some
germane parameters are also illustrated graphically and quantitatively discussed.
The detailed physical understanding is the scientific advantage of the analysis
and discussion is furnished in Sections 3 and 4, which could not have been trea-
sured easily from a global, overall solution of all the equations in one goal. The
outcome of this analysis is very important because fluid flow past a permeable
surface is useful in the areas of engineering, science and several transport

processes in nature.
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