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HYDROMAGNETIC AXISYMMETRIC SLIP FLOW ALONG A VERTICAL
STRETCHING CYLINDER WITH A CONVECTIVE BOUNDARY CONDITION

Steady axisymmetric laminar boundary-layer slip flow of a viscous incompressible

fluid and heat transfer towards a vertical stretching cylinder in the presence of a
uniform magnetic field is investigated. It is assumed that the left surface of the cylinder
is heated by a hot convective flow. Using a similarity transformation, the governing
system of partial differential equations is first transformed into a system of coupled
nonlinear ordinary differential equations. The resulting intricate nonlinear boundary
value problem is solved numerically by the fourth-order Runge — Kutta method with
the shooting iteration technique. The analytical solutions are presented for a special
case. The effects of various physical parameters on the velocity and temperature
profiles are discussed through graphs. The values of the skin friction coefficient and
the Nusselt number are tabulated and examined. It is found that the thermal boundary
layer thickness increases with an increase in the velocity slip, the magnetic field, the
surface convection parameter and the curvature parameter and decreases with the

Prandt]l number.

AXISYMMETRIC FLOW, MHD, SLIP FLOW, STRETCHING CYLINDER, CONVECTIVE

BOUNDARY.

1. Introduction

Flow and heat transfer due to a stretching
cylinder or a flat plate in a quiescent or
moving fluid is important in a number of
industrial manufacturing processes that include
manufacturing both metal and polymer sheets.
Flow over a cylinder is considered to be two-
dimensional if the body’s radius is large and
comparable to the boundary-layer thickness.
On the other hand, for a thin or a slender
cylinder, the radius of the cylinder can be of
the same order as the boundary-layer thickness.
Therefore, the flow may be considered
axisymmetric instead of two-dimensional along
a vertical or a horizontal cylinder [1 — 6].

Magnetohydrodynamic (MHD) flow and
heat transfer for fluid have broad applications
in various engineering problems such as MHD
power generators, petroleum industries, plasma
studies, geothermal energy extractions, boundary
layer control in the field of aerodynamics,
and many others [7—27]. MHD flow along a
stretching cylinder has been considered by the
authors of Refs. [28—31].

The nonadherence of the fluid to a
solid boundary, known as velocity slip,
is a phenomenon that has been observed
under certain circumstances. When fluid
is encountered in microelectromechanical
systems, the no-slip condition at the solid-fluid
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interface is abandoned in favor of a slip flow
model which represents the nonequilibrium
region near the interface more accurately. In
all of the above-mentioned investigations, the
no-slip condition at the boundary was assumed.
Even in literature, the slip flow over a flat plate
has not been studied sufficiently. Zheng, et al.
[32] investigated the flow and the radiation
heat transfer of nanofluid over a stretching
sheet with the velocity slip and the temperature
jump in a porous medium. Mukhopadhyay [33]
analyzed the slip effects on MHD flow along
a horizontal stretching cylinder. Very recently,
Abbas, et al. [34] studied the slip effects on
the flow over an unsteady stretching/shrinking
cylinder in the presence of suction.

Heat transfer characteristics of the
stretching sheet problem have been restricted
to two boundary conditions of either prescribed
temperatures or heat flux on the wall in the
published papers. Most recently, the heat
transfer problems for a boundary layer flow
concerning a convective boundary condition
was investigated by Aziz for Blasius flow [35].
Following Aziz, many researchers investigated
boundary layer flows with the convective
boundary condition [36—40].

All the above-mentioned studies on the flow
along a stretching cylinder have been carried
out with a prescribed surface temperature
(PST) and prescribed surface heat flux (PHF)
boundary conditions only. This motivates
us to do the present work. We investigated
the slip effect on MHD flow along a vertical
stretching cylinder with a convective boundary
condition. Using a similarity transformation,
the governing system of partial differential
equations was first transformed into coupled
nonlinear ordinary differential equations and
then solved through the numerical shooting
method.

2. Equations of motion

Let us consider the steady axisymmetric slip
flow of incompressible fluid along a vertical
stretching cylinder in the presence of a uniform
magnetic field. The x-axis is measured along
the tube axis and the r-axis is measured in the
radial direction. It is assumed that a uniform
magnetic field of intensity B acts in the radial
direction. The magnetic Reynolds number
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Fig. 1. The coordinate system and the physical
model

is assumed to be small so that the induced
magnetic field is negligible in comparison with
the applied magnetic field. It is also assumed
that the left side of the cylinder is heated by
convection from the hot fluid at temperature
T, which provides a heat transfer coefficient
hf, and T is the ambient fluid temperature (see
Fig. 1).

The continuity, the momentum and the
energy equations governing such type of flow
[33] are as follows:
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where u and v are the velocity components,
respectively in x and r directions; v=p/p
is the kinematic viscosity (u is the dynamic
viscosity of the fluid); p is the fluid density;
g is the acceleration due to gravity; B is the
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volumetric coefficient of thermal expansion;
c is the electric conductivity of the medium,
B, is the uniform magnetic field, o is the
thermal diffusivity of the fluid; 7 is the fluid
temperature.

2.1. Boundary conditions

The appropriate boundary conditions for the
problem are given by the following formulae:

u=Ux)+Av v -,
or

4)
kL _h T -1
Ko D
at r = R;
u—>0,T—>T asr— w. (5)
Here Ux) = Ugx/L is the stretching

velocity (U, is the reference velocity, L is the
characteristic length), A, is the velocity slip, &
is the thermal conductivity, Tf is the hot fluid
temperature, 4, is the convective heat transfer
coefficient, R is the cylinder radius.

2.2. Method of solution

The continuity equation is automatically
satisfied by the introduction of a stream
function y as

p=ltov ,_-lov
r or r ox

Introducing the similarity variable as
7'2 _ R2 U 0.5
n= - )
2R (vx)
v = (Uvx)" R F(n),
T-T,
A

0(n) =

AT =T, -T, (6)

and upon substitution of (6) in Egs. (2) — (5)
the governing equations and the boundary
conditions are reduced to

(1+2Cn)F" +2CF" + FF" -
- F?-M?F'+10 =0,
(1+2Cn)0" +2CO' + Pr(FO' — F'9) =0, (8)

F=0,F=1+AF", )
0 =—y(1-0) at n=0,

(10)

(7

F'—>0, 6 >0 as n—> o,

where the prime denotes differentiation with
respect to n; A is the slip parameter, M?is the
magnetic parameter,

A:A EO.S. MZZGB(?L‘
"\ L ’ pU, ’

C is the curvature parameter, A is the mixed
convection parameter,
s = SBATLL

\/L 0.5
C=|——51 7z
U,R U,
Pr is the Prandtl number, y is the surface
convection parameter,

0.5
Pr:u_q'yzh_fﬂ .
kT K\,

We assume that AT = AT x.

Other important characteristics of the
present investigation are the skin friction
coefficient C, and the Nusselt number N, which
are defined as follows:

ou
2%)
Cr=—gr " = O, )

(o)
e
Tk = (Re,)"6(0).

N, =-
T,-T,
Here Re is the local Reynolds number,
Re, = %
A%

2.4. Analytical solutions for a special case

It is significant that if C = 0 (i.e. R— ),
the problem under consideration (with
A=M=A=0and y - ©) is reduced to the
boundary layer flow along a stretching at the
plate. The closed form of the solution of Eq.
(7), with the boundary conditions given in
Egs. (9) and (10), in the absence of A and C is
obtained as

1—efMm
f(n)=(mj, (11)
where
» 21/361
= _—(3A)! -
p=-CD [3A(B2 +\/4l313+l3§)'/3}+
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B, = A2(27 +18M?) - 2.

The analytical solution of Eq. (8) with the
boundary conditions in Egs. (9) and (10) is
obtained by the power series method in terms
of Kummer’s hypergeometric function [41] as

-PrX

0(n) = CleaUﬁnM(ao -La, + I,B—zeﬁn) (12)

The heat transfer rate at the surface is given
by

2
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2.5. Numerical method for solution

The nonlinear coupled differential Egs. (7)
and (8) along with the boundary conditions
(9) and (10) form a two-point boundary value
problem. This problem is solved using the
shooting technique together with the fourth-
order Runge-Kutta integration scheme by
converting it into an initial value problem.
In terms of this method we have to choose a
suitable finite value of 1 — o, for instance n_.
We set the following first-order system:
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Yo =DVs,

¥y =1+ Cn)"'[2Cys + Pr(yys - »,0,)]
with the following boundary conditions:

1(0) =0, y,(0) =1+ A4y;(0),

70) =1+ (&j
Y

To solve Eq. (14) with conditions (15) as an
initial value problem, the values for y,(0), i.e.,
F"(0), and y(0), i.e. 0'(0), are required, but
such values are not given. In order to obtain
the solution, we chose the initial guess values
for F"(0) and 0'(0) and applied the fourth-or-
der Runge-Kutta integration scheme. Then we
compared the calculated values of F'(n) and
0(n) at n_ with the given boundary conditions
and adjusted the values F"(0) and 0'(0) using
the shooting technique to achieve the better ap-
proximation for the solution. The process was
repeated until we obtained the correct results
up to the desired accuracy of 10~ level, which
fulfilled the convergence criterion.

(15)

3. Results and discussion

For the verification of the present numerical
results, we have compared F"(0) values with
those obtained by Mukhopadhyay [11] in
the absence of a slip and mixed convection
parameters which are presented in Table 1. The
comparison results are found to be good.

In order to analyze the obtained results, the
numerical computations were carried out for
various values of the curvature parameter C, the
mixed convection parameter A, the magnetic
parameter M, the Prandtl number Pr and the
surface convection parameter y. The numerical
values are plotted in Figs. 2—6 for illustration
of the results. The values of the skin friction
coefficient and the Nusselt number have been
calculated and are presented in Table 2.

The effects of C and A4 on the dimensionless
horizontal velocity profile are presented
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Table 1

Comparison between the results obtained for the local skin friction coefficient F''(0)

M i Mukhopadhyay [11] Present results
araagrrriZtlecr (without slip parameters) (without the slip and 1)
P Without curvature
0.5 —1.11803400 —1.11803399
1.0 —1.41421350 —1.41421356
1.5 —1.80277564 —1.80277564
a)
Fr(m)p
0.7
]
0.6
1
i)
0.5 l"\‘
4 X A=08,06,04
“
03+
0.2t
0.1+
0 6 7 n
b)
6(n)
0.15 §
A=04,06,08
0.10
0.05 C=0.2,04,0.6
0 0.5 1.0 L5 2.0 n

Fig. 2. Effects of slip and curvature parameters on the velocity (a) and the temperature (b) profiles

with M=1,2=1,Pr=28,y=0.6;

a — solid lines correspond to C variation with A = 0.2 (variation I), dashed ones to A variation with
C = 0.1 (variation II); b — solid lines correspond to variation 11, dashed ones to variation I
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Fig. 3. Effects of magnetic and mixed convection parameters on the velocity (a) and the temperature (b)
profiles with C=0.1, A=0.2, Pr=38, y = 0.6.
Solid lines correspond to A variation with M = 1, dashed ones do to M variation with A = 1

in Fig. 2, a. It is clear that the curvature
parameter decreases the velocity profile near
the wall and increases it far away from the wall.
When a slip occurs, the flow velocity near the
stretching wall is no longer equal to the stretching
velocity of the wall. With an increase in A such
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a slip velocity increases and consequently the
fluid velocity decreases because under the slip
condition, the pulling of the stretching wall can
only be partly transmitted to the fluid. Thus,
the increasing values of the slip parameter
decelerate the dimensionless velocity profile.
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0.05

2.0 n

Fig. 4. Effects of the Prandtl number and the surface convection parameter
on the temperature profile with C= 0.1, A=02, M =1 =1;
vy variation with Pr = 8 (solid lines) and Pr variation with y = 0.6 (dashed ones) are presented

F(0)
O -

_25 L 1 1
0

0.5 1.0 1.5

Fig. 5. Effects of curvature, slip, mixed convection and magnetic parameters on F "(0).
C variation with M= 1, =1, Pr=8, A= 0.2 and y = 0.6 (solid lines); A variation with M =1, C = 0.1,
Pr=8, A= 0.2 and y = 0.6 (dashed ones); A4 variation with M =1, C=0.1, Pr=8, A= 1, and y = 0.6
(dotted lines with stars) are presented

Fig. 3, a depicts the effects of M and A on
the horizontal velocity profile. It can be seen
that increasing values of the magnetic parameter
reduce the horizontal velocity profile. The figure
clearly shows that the transverse magnetic field

opposes the transport phenomena. This is due
to the fact that M variation leads to the variation
of the Lorentz force induced by the magnetic
field, and this force produces more resistance
to transport phenomena. With an increase in A,
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the horizontal velocity is found to increase the
buoyancy-induced flow (A > 0) but decreases
the buoyancy-opposed one (A < 0). For A > 0,
there is a favorable pressure gradient caused by
the buoyancy forces, which results in the flow
being accelerated.

The effects of C and A4 on the dimensionless
temperature profile are shown in Fig. 2, b. It
can be seen that increasing the values of the

curvature parameter enhances the thermal
boundary-layer thickness. The temperature
profile increases with an increase in the slip
parameter. This is because an increase in the
slip parameter leads to the thickening of the
thermal boundary layer.

Fig. 3, b demonstrates the effects of A and
M on the temperature profile. With increasing
%, the temperature is found to decrease in the

-0'(0)
0.51f
0.50f
0.49}
0.48
0.47
0.46
04st e
-
0.55
0.50
0.45
0.40
<2 ............... T « S
035 L TEPPRRR. G, L2 LETTPPN £ TR,
....... o..o
0.30f
L = TTTT AR T TIT TR, L T Ot @,
0.25 I l ; .?_ ..? ............... -0
0 15 20 25 30 35 M

Fig. 6. Effects of curvature, slip, mixed convection, surface convection and magnetic parameters on 0'(0).
Here we present: C variation with M =1, » =1, Pr=8, A = 0.2 and y = 0.6 (solid lines); A variation with M = 1,
C=0.1, Pr=8,4=0.2 and y = 0.6 (dashed ones); A variation with M =1, C=0.1, Pr=8,x =1, and y = 0.6
(dotted lines with stars); y variation with M =1, C= 0.1, Pr=8, A = 1, 4 = 0.2 (dotted ones with circles)
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buoyancy-induced flow and to increase with
A in the buoyancy-opposed one. The thermal
boundary-layer thickness decreases with an
increase in the values of the mixed convection
parameter. The temperature profile enhances
with an increase in the magnetic parameter.
Thus, the presence of the magnetic field leads
to increasing the thermal boundary-layer
thickness.

The effects of Pr and y on the dimensionless
temperature profile are elucidated in Fig. 4.
It is clear that the increasing values of Pr
reduce the temperature profile. The fluids with
lower Prandtl numbers have higher thermal
conductivities (and thicker thermal boundary-
layer structures) so that heat can diffuse from
the sheet faster than for fluids with higher Pr
numbers (that have thinner boundary-layers).
Hence the Prandtl number can be used to
increase the rate of cooling in conductive fluids.
It is also seen that the temperature profile

enhances with the surface convection parameter.
The y parameter is directly proportional to the
heat transfer coefficient associated with the
hot fluid hf The thermal resistance on the hot
fluid side is inversely proportional to 4. Thus,
as y increases, the hot fluid side convection
resistance decreases and consequently, the
temperature profile increases.

Physically, the negative sign of F"(0) implies
that the surface exerts a dragging force on the
fluid and the positive sign implies the opposite
effect. This is consistent with the present case,
as a stretching cylinder which induces the flow
is considered here. Fig. 5 shows the variation of
the skin friction coefficient. It is clear that this
coefficient F"(0) grows with increasing A and
A, and decreases with increasing C and M. The
variation of the Nusselt number is shown in
Fig. 6. It is observed that the Nusselt number
grows in value with increasing values of C, A
and vy, and decreases with M and A.

Table 2
Various values of governing parameters and F''(0), 0'(0) values for them
. Value
Governing Governing
parameter parameter —F"(0) —0'(0)

0.1 1.06754708 0.18479261

C 0.2 1.09310236 0.18493968

0.3 1.11775841 0.18508489

1 1.06754708 0.18479261

M 2 1.52007910 0.18220507

3 1.91790594 0.17847387

1 1.06754708 0.18479261

A 2 1.05348361 0.18484647

3 1.03963697 0.18489862

0.2 1.06754708 0.18479261

A 0.3 0.94852567 0.18407353

04 0.85471337 0.18341212

6 1.06754708 0.18479261

Pr 7 1.06950873 0.18595638

8 1.07099257 0.18689031

0.1 1.07438124 0.09604074

Y 0.2 1.06754708 0.18479261

0.3 1.06125922 0.26708712

Note: While studying the effect of individual parameters the following
values were assumed: C=0.1, M=1,A=1,4=0.2, Pr=6,y=0.2.
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4. Conclusion

The steady axisymmetric laminar boundary-
layer slip flow of viscous incompressible fluid
and heat transfer towards a vertical stretching
cylinder in the presence of the uniform
magnetic field has been investigated. Using
a similarity transformation, the governing
system of partial differential equations was first
transformed into coupled nonlinear ordinary
differential equations and then was solved with
the help of the numerical shooting method. The
parameters involved in this study significantly
affect the flow and heat transfer. The following
conclusions can be drawn as a result of the
computations:

(i) The thickness of the momentum
boundary layer decreases in the presence of
the velocity slip and the magnetic field and
increases with the mixed convection and
curvature parameters;

(ii) The thermal boundary-layer thickness
increases with an increase in the velocity slip,

the magnetic field, the surface convection
parameter and the curvature parameter, and
decreases with the Prandtl number;

(iii) The skin friction coefficient enhances
with the increasing values of mixed convection
slip and surface convection parameters and
decreases with the curvature parameter, the
magnetic parameter and the Prandtl number.
The Nusselt number increases with the curvature
parameter, the mixed convection parameter,
the Prandtl number and the surface convection
parameter, and decreases with magnetic and
slip parameters.

We expect that the physics of flow over a
stretching cylinder can be utilized as a basis for
many engineering and scientific applications
especially in petroleum engineering with
the help of the present model. The results
pertaining to the present study may be useful
for investigating different models. The findings
of the present problem are also of great interest
in different areas of science and technology,
where the surface layers are being stretched.
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Fanew H.B., laHea b., Xakum A.K.A., CapaHes C., Kanau6aHaH P. TWOPOMAT-
HUTHbIN OCECUMMMETPUYHbIV OBTEKAIOLW M MOTOK BAOIb BEPTUKAJIbHO-
o PACTAHYTOIO UWMNNHAPA C KOHBEKTUBHbIM TPAHNYHBIM YC/TOBUEM.

WccnenoBaH cTallMOHApHBLIA OCECMMMETPUYHBINM JJAMUHAPHBIA OOTEKAIOLIMIA TOTOK BI3KOW HECXKMU-
MaeMOW XMIKOCTA B IOTPAHUYHOM CJIOE, a TaKXKE €ro TeIulolepenaya Mo HampaBIeHUIO K BEPTUKAJIb-
HOMY pPaCTSIHYyTOMY UWJIWHAPY B OJHOPOJHOM MarHUTHOM mojie. CaenaHo MpPenrnojiokeHue, YTo JieBasi
TMOBEPXHOCTh LWJIWHIPA HArpeBaeTCsl TOPSIYMM KOHBEKTMBHBIM TMOTOKOM. B KadecTBe MepBOro miara Mbl
Mpeodpa3oBaIv OMPENEIONIYI0 cucTeMy AuddepeHInaibHbIX YPaBHEHUI ¢ YaCTHBIMU MPOU3BOAHBIMYU B
CHCTEMYy TMAapHBIX HEJIVMHEWHBIX OOBIKHOBEHHBIX AU(depeHIIMaTbHbIX YPABHEHNM, UCTTONB3Ys Mpeobdpa-
30BaHue noaoous. [lonyyeHHas cioxXHasi HEJIMHEHAs KpaeBasl 3a1aya ObUIa pellleHa YMCIEHHO METOIOM
Pynre-KyTTbl 4-TO mopsiika ¢ MOMOIIBIO UTEPALMOHHON MPOLEAYpbl MPUCTPENKU. 151 criennaibHOTro
cJlydasi HAaMU TIpe/ICTaBIeHbl aHAIUTUYECKNE pellieHus1. BausHue paznuunbix pu3nueckux rnapaMmeTpoB Ha
MPoUIN CKOPOCTU M TEMIIEPATYPBI OOCYXKIAETCSI ¢ MPUBJICYEHUEM TpadUUecKoro Marepuana. 3HAUeHUs
koa(dunmenTa moBepxHOCTHOrO TpeHust U uuciaa Hyccenbra cBeneHbl B TAOJUIBI M TTPOAHAIM3UPOBA-
HBl. YCTaHOBJIEHO, YTO TOJIIIMHA TEPMUYECKOTO TPAHUYHOIO CJIOS YBEJIUUYMBAETCSI C POCTOM CKOPOCTHO-
0 CKOJIbXEHUS, BEJIMYUHBI MAaTHUTHOTO IOJIs, MapaMeTPOB MOBEPXHOCTHONW KOHBEKLIMU U KPUBU3HBI U

YMCEHbBLIACTCA € POCTOM YHrClia HpaHI[TJ'IH. . .
OCECUMMETPHUYHBLIN TTOTOK, MATHUTOT'MAPOANMHAMMKA, OBTEKAIOILIMK TTOTOK, PACTAHYTLIM LIU-
JIMHAP, KOHBEKTUBHAA 'PAHULA.

CNMUCOK JIUTEPATYPbI
[1] Kumari M., Nath G. Mixed convection  Pp. 969—976.
boundary layer flow over a thin vertical cylinder [2] Elbarbary E.M.E., Elgazery N.S. Flow and

with localized injection/suction and cooling/heating  heat transfer of a micropolar fluid in an axi symmetric
// Int. J. Heat Mass Transfer. 2004. Vol. 47. No. 5.  stagnation flow on a cylinder with variable properties

44



4 MaTtematnueckoe mogenupoBaHme hmM3nuecKnx NpoLeccoB

and suction // Acta Mech. 2005. Vol. 176. No. 3—4.
Pp. 213—229.

[3] Datta P., Kumar D.A., Roy S., Mahanti
N.C. Effect of non-uniform slot injection (suction)
on a forced flow over a slender cylinder // Int. J.
Heat Mass Transfer. 2006. Vol. 49. No. 13—14.
Pp. 2366—2371.

[4] Ishak A., Nazar R., Pop I. Uniform suc-
tion /blowing effect on flow and heat transfer due to
a stretching cylinder // Appl. Math. Model. 2008.
Vol. 32. No. 10. Pp. 2059—2066.

[5] Ishak A., Nazar R. Laminar boundary layer
flow along a stretching cylinder // Eur. J. Sci. Res.
2009. Vol. 36. No. 1. Pp. 22—29.

[6] Mukhopadhyay S. Mixed convection bound-
ary layer flow along a stretching cylinder in porous
medium // Journal of Petroleum Science and Engi-
neering. 2012. Vol. 96—97 (October). Pp. 73—78.

[7] Turkyilmazoglu M. Analytic heat and mass
transfer of the mixed hydrodynamic/thermal slip
MHD viscous flow over a stretching sheet // Int. J.
Mech. Sci. 2011. Vol. 53. No. 10. Pp. 886—896.

[8] Zheng L., Niu J., Zhang X., Gao Y. MHD
flow and heat transfer over a porous shrinking sur-
face with velocity slip and temperature jump //
Math. Comput. Model. 2012. Vol. 56. No. 5-6.
Pp. 133—144.

[9] Turkyilmazoglu M. MHD fluid flow and heat
transfer due to a stretching rotating disk // Int. J.
Therm. Sci. 2012. Vol. 51 (January). Pp. 195—201.

[10] Turkyilmazoglu M. Multiple analytic solu-
tions of heat and mass transfer of magnetohydrody-
namic slip flow for two types of viscoelastic fluids
over a stretching surface // J. Heat Transfer. 2012.
Vol. 134. No. 7. doi:10.1115/1.4006165.

[11] Kandelousi M.S. Effect of spatially variable
magnetic field on ferrofluid flow and heat transfer
considering constant heat flux boundary condi-
tion // Eur. Phys. J. Plus. 2014. Vol. 129. No. 11.
P. 248.

[12] Sheikholeslami M., Abelman S., Ganji D.D.
Numerical simulation of MHD nanofluid flow and
heat transfer considering viscous dissipation // Int.
J. Heat Mass Transfer. 2014. Vol. 79 (December).
Pp. 212—222.

[13] Turkyilmazoglu M. An analytical treatment
for the exact solutions of MHD flow and heat over
two-three dimensional deforming bodies // Int. J.
Heat Mass Transfer. 2015. Vol. 90 (November).
Pp. 781—789.

[14] Sheikholeslami M., Rashidi M.M., Ganji
D.D. Numerical investigation of magnetic nanofluid
forced convective heat transfer in existence of vari-
able magnetic field using two phase model //J. Mol.
Lig. 2015. Vol. 212 (December). Pp. 117—126.

[15] Sheikholeslami M., Ellahi R. Three di-

mensional mesoscopic simulation of magnetic field
effect on natural convection of nanofluid // Int.
J. Heat Mass Transfer. 2015. Vol. 89 (October).
Pp. 799—-808.

[16] Sheikholeslami M., Rashidi M.M. Effect of
space dependent magnetic field on free convection
of Fe,O,-water nanofluid // J. Taiwan Inst. Chem.
Eng. 2015. Vol. 56 (November). Pp. 6—15.

[17] Sheikholeslami M., Abelman S. Two-phase
simulation of nanofluid low and heat transfer in an
annulus in the presence of an axial magnetic field
// IEEE Trans. Nanotechnol. 2015. Vol. 14. No. 3.
Pp. 561—5609.

[18] Sheikholeslami M., Rashidi M.M., Ganji
D.D. Effect of non-uniform magnetic field on forced
convection heat transfer of Fe,O,-water nanofluid //
Comput. Methods Appl. Mech. Eng. 2015. Vol. 294
(September). Pp. 299—312.

[19] Sheikholeslami M., Ganji D.D., Javed
M.Y., Ellahi R. Effect of thermal radiation on
magnetohydrodynamics  nanofluid flow and
heat transfer by means of two phase model // J.
Magn. Magn. Mater. 2015. Vol. 374 (15 January).
Pp. 36—43.

[20] Zhang C., Zheng L., Zhang X., Chen G.
MHD flow and radiation heat transfer of nanofluids
in porous media with variable surface heat flux and
chemical reaction // Appl. Math. Model. 2015. Vol.
39. No. 1. Pp. 165—181.

[21] Lin Y., Zheng L., Zhang X., Ma L., Chen
G. MHD pseudo-plastic nanofluid unsteady flow
and heat transfer in a finite thin film over stretching
surface with internal heat generation // Int. J. Heat
Mass Transfer. 2015. Vol. 84 (May). Pp. 903—911.

[22] Sheikholeslami M., Vajravelu K., Rashidi
M.M. Forced convection heat transfer in a semi
annulus under the influence of a variable magnetic
field // Int. J. Heat Mass Transfer. 2016. Vol. 92
(January). Pp. 339—348.

[23] Sheikholeslami M., Rashidi M.M., Hayat T.,
Ganji D.D. Free convection of magnetic nanofluid
considering MFD viscosity effect // J. Mol. Liq.
2016. Vol. 218 (June). Pp. 393—399.

[24] Sheikholeslami M., Hayat T., Alsaedi A.
MHD free convection of AlO,-water nanofluid
considering thermal radiation: A numerical study //
Int. J. Heat Mass Transfer. 2016. Vol. 96 (May).
Pp. 513—524.

[25] Sheikholeslami M., Ashorynejad H.R., Rana
P. Lattice Boltzmann simulation of nanofluid heat
transfer enhancement and entropy generation // J.
Mol. Liqg. 2016. Vol. 214 (February). Pp. 86—95.

[26] Sheikholeslami M., Soleimani S., Ganji D.D.
Effect of electric field on hydrothermal behavior of
nanofluid in a complex geometry // J. Mol. Liq.
2016. Vol. 213 (January). Pp. 153—161.

45



4 HayuHo-TexHuueckmne Begomoctn CI16ITTY. Pusmko-matemarmueckme Haykm Ne 4(253) 2016

[27] Sheikholeslami M., Rashidi M.M. Non-
uniform magnetic field effect on nanofluid
hydrothermal treatment considering Brownian
motion and thermophoresis effects // J. Braz.
Soc. Mech. Sci. Eng. 2016. Vol. 38. No. 4.
Pp. 1171—1184.

[28] Anuar I., Roslinda N., Pop I. Magneto-
hydrodynamic (MHD) flow and heat transfer due
to a stretching cylinder // Energy Conversion
and Management. 2008. Vol. 49. No. 11.
Pp. 3265—3269.

[29] Vajravelu K., Prasad K.V., Santhi S.R.
Axisymmetric magneto-hydrodynamic (MHD) flow
and heat transfer at a non-isothermal stretching
cylinder // Applied Mathematics and Computation.
2012. Vol. 219. No. 8. Pp. 3993—4005.

[30] Butt A.S., Ali A. Entropy analysis of
magnetohydrodynamic flow and heat transfer due
to a stretching cylinder // Journal of the Taiwan
Institute of Chemical Engineers. 2014. Vol. 45.
No. 3. Pp. 780—786.

[31] Hayat T., Shafiq A., Alsaedi A. MHD
axisymmetric flow of third grade fluid by a stretching
cylinder // Alexandria Engineering Journal. 2015.
Vol. 54. No. 2. Pp. 205—212.

[32] Zheng L., Zhang C., Zhang X., Zhang J.
Flow and radiation heat transfer of a nanofluid over
a stretching sheet with velocity slip and temperature
jump in porous medium // J. Franklin Inst. 2013.
Vol. 350. No. 5. Pp. 990—1007.

[33] Mukhopadhyay S. MHD boundary layer
slip flow along a stretching cylinder // Ain Shams
Eng. J. 2013. Vol. 4. No. 2. Pp. 317—324.

[34] Abbas Z., Rasool S., Rashidi M.M. Heat
transfer analysis due to an unsteady stretching/
shrinking cylinder with partial slip condition and
suction // Ain Shams Eng. J. 2015. Vol. 6. No. 3.

Pp. 939—945.

[35] Aziz A. A similarity solution for laminar
thermal boundary layer over a flat plate with a
convective surface boundary condition // Commun.
Nonlinear Sci. Numer. Simul. 2009. Vol. 14. No. 4.
Pp. 1064—1068.

[36] Makinde O.D. Similarity solution of
hydromagnetic heat and mass transfer over a
vertical plate with a convective surface boundary
condition // Int. J. Phys. Sci. 2010. Vol. 5. No. 6.
Pp. 700—710.

[37] Ishak A., Nor Yacob A., Bachok N. Radiation
effects on the thermal boundary layer flow over a
moving plate with convective boundary condition //
Meccanica. 2011. Vol. 46. No. 4. Pp. 795—801.

[38] Hayat T., Igbal Z., Qasim M., Obaidat S.
Steady flow of an Eyring Powell fluid over a moving
surface with convective boundary conditions // Int.
J. Heat Mass Transfer. 2012. Vol. 55. No. 7-8.
Pp. 1817—1822.

[39] Akbar N.S., Nadeem S., Ul Haq R.,
Khan Z.H. Radiation effects on MHD stagnation
point flow of nanofluid towards a stretching surface
with convective boundary condition // Chinese
Journal of Aeronautics. 2013. Vol. 26. No. 6.
Pp. 1389—1397.

[40] Nadeem S., Rashid Mehmood, Akbar N.S.
Optimized analytical solution for oblique flow
of a Casson-nano fluid with convective boundary
conditions // Int. J. Thermal Sciences. 2014.
Vol. 78. Pp. 90—100.

[41] Anjali Devi S.P., Ganga B. Effects of
viscous and Joules dissipation on MHD flow, heat
and mass transfer past a stretching porous surface
embedded in a porous medium // Nonlinear
Analysis: Modelling and Control. 2009. Vol. 14.
No. 3. Pp. 14303—14314.

CBEAEHUA Ob ABTOPAX

TAHEII H. Bumny — compyonux Axademuu evicuieco obpaszosanus e. Kapnaeama, wmam Tamuanao,

Hnous.

Pollachi Main Road, Eachanari, Coimbatore, Tamil Nadu 641021, India

T'AHTA B. — Ph.D., doyenm kaghedpor mamemamuxu Ilposudenc-konnredxnca oas dcenujut, oepeeHs baw-

Juwiona, wmam Tamuanad, Hnous.

Spring Field, Coonoor, Bandishola, Tamil Nadu 643104, India

gangabhose@gmail.com

XAKUM Abayn K.A. — Ph.D., doyenm kagpedpvr mamemamuru Koanredxuca uckyccmea u nayku Muccuu

Hlpu Pamaxpuwnst, wmam Tamuanao, Hnous.

Periyanaickenpalayam, Sri Ramakrishna Vidyalaya Post, Coimbatore, Tamil Nadu 641020, India

abdulhakeem6@gmail.com

CAPAHDBA Capanum — compyonux Koanedxnca uckycemea u nayku Muccuu Illpu Pamaxpuwner, e. Koum-

o6amyp, wmam Tamuanao, Hnous.

Periyanaickenpalayam, Sri Ramakrishna Vidyalaya Post, Coimbatore, Tamil Nadu 641020, India

46



4 MaTtematnueckoe mogenupoBaHme hmM3nuecKnx NpoLeccoB

KAJTIAUBAHAH Pamka M.Sc., compyouux Koanedwca uckycemea u nayku Muccuu Hlpu Pamaxpuwinor,
2. Koumbamyp, wmam Tamuanao, Hnous.
Periyanaickenpalayam, Sri Ramakrishna Vidyalaya Post, Coimbatore, Tamil Nadu 641020, India

© CaHkT-letepbyprckuim nonmtexHuuyecknim yHmpepcutet Netpa Benunkoro, 2016



