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Three-dimensional magnetohydrodynamics axisymmetric stagnation
flow and heat transfer due to an axisymmetric shrinking/stretching
sheet with viscous dissipation and heat source/sink*
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The present work is concerned with the effects of viscous dissipation and heat source/sink on a three-dimensional
magnetohydrodynamic boundary layer axisymmetric stagnation flow, and the heat transfer of an electrically conducting
fluid over a sheet, which shrinks or stretches axisymmetrically in its own plane where the line of the symmetry of the
stagnation flow and that of the shrinking (stretching) sheet are, in general, not aligned. The governing equations are
transformed into ordinary differential equations by using suitable similarity transformations and then solved numerically
by a shooting technique. This investigation explores the conditions of the non-existence, existence and uniqueness of the
solutions of the similar equations numerically. It is noted that the range of the velocity ratio parameter, where the similarity
solution exists, is increased with the increase of the value of the magnetic parameter. Furthermore, the study reveals that
the non-alignment function affects the shrinking sheet more than the stretching sheet. In addition, the numerical results of
the velocity profile, temperature profile, skin-friction coefficient, and rate of heat transfer at the sheet are discussed in detail

with different parameters.
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1. Introduction

The study of boundary layer flow over a stretch-
ing/shrinking sheet is a subject of great interest due to its var-
ious applications in the engineering process, such as plasma
studies, petroleum industries, geothermal energy extractions,
and in designing cooling systems, which includes liquid met-
als, magnetohydrodynamics (MHD) generators, accelerators,
pumps and flow meters. Furthermore, the continuous surface
heat and mass transfer problems are related to many practical
applications in electrochemistry and polymer processing.

Stagnation flow, describing the fluid motion near the stag-
nation region, exists on all solid bodies moving in a fluid. The
stagnation region encounters the highest pressure, the high-
est heat transfer and the highest rates of mass deposition.
Hiemenz!!! was the first to study two-dimensional (2D) stag-
nation flow using a similarity transform to reduce the Navier—
Stokes equations to non-linear ordinary differential equations.
The axisymmetric case of the above problem was investigated
by Homann.[?! On the other hand, the flow due to a stretching
sheet, which is important in extrusion problems, also admits

31 was the first who found an exact

similarity solutions. Cranel
similarity solution in closed analytic form for a steady 2D flow
of an incompressible fluid over a stretching sheet where the
velocity on the boundary is proportional to the distance. In ad-

dition, the studies of heat and mass transfer of the flow main-
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tained at constant as well as variable wall temperature past a
stretching sheet with suction were conducted by Gupta et al.!¥]
Wang P! studied a steady three-dimensional (3D) flow of a vis-
cous fluid over a plane surface which was stretched in its own
plane in two lateral directions at different rates. Chiam!®! in-
vestigated a 2D steady stagnation-point flow of viscous fluid
over a stretching surface. Consequently, the combination of
both stagnation flow and stretching surface was considered by
Mahapatra and Gupta!”#! and extended to oblique stagnation
flow by Lok et al.!”! The corresponding problem of axisym-
metric stagnation flow towards a stretching surface in the pres-
ence of a uniform transverse magnetic field with heat genera-
tion was investigated by Attia.['” Ding and Zhang!'!! gave an
analytic solution for a MHD stagnation point flow towards a
stretching sheet. The similarity solution for an unsteady MHD
stagnation-point flow of a 3D porous body with heat and mass
transfer was investigated by Chamkha and Ahamed.['?] Fur-
ther, dual solutions in boundary layer stagnation-point flow
and mass transfer with the chemical reaction past a stretch-

13] Conse-

ing/shrinking sheet were given by Bhattacharyya.
quently, Bhattacharyya et al.l'*l reported on the slip effects
on an unsteady boundary layer stagnation-point flow and heat
transfer towards a stretching sheet. The effects of partial slip
and variable fluid viscosity on a stagnation flow past a stretch-
ing sheet in the presence of a heat source/sink were reported

by Mukhopadhyay et al.!'”!
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Recently, the boundary layer flow due to a shrinking
sheet has attracted more considerable interest. Miklavcic and
Wang!!%! investigated a 2D and axisymmetric viscous flow in-
duced by a shrinking sheet in the presence of uniform suc-
tion, and they found that the existence of the similarity solu-
tions is possible in a certain range of the suction parameter.
The above shrinking sheet problem was extended to power-

[17) Fang and Zhang!'®!

law surface velocity by Fang. gave
an exact solution of MHD boundary layer equations in the
closed analytical form for the flow of an electrically conduct-
ing fluid. Fang et al.!""! studied the viscous flow over an un-
steady shrinking sheet with mass transfer. Ishak et al.?"! in-
vestigated a magnetohydrodynamic flow towards a permeable
surface with a prescribed wall heat flux. Further, the slip
MHD viscous flow over a permeable shrinking sheet was in-
vestigated by Fang et al.[>!l Alsaedi et al.[*?! gave an analytic
solution for the MHD boundary layer flow of Casson fluid
over a stretching/shrinking sheet with wall mass transfer. A
steady 2D and axisymmetric stagnation-point flow with heat
transfer on a shrinking sheet was investigated by Wang!>*! and
he found that with an added stagnation-point flow to contain
the vorticity, a similarity solution is possible even in the ab-

sence of suction at the surface. Rahimpour et al.l**

gave the
analytical solution of axisymmetric stagnation flow towards
a shrinking sheet. Recently, Mahapatra et al.[* studied a
steady 2D MHD stagnation-point flow of an electrically con-
ducting incompressible viscous fluid over a shrinking sheet,
the flow being permeated by a uniform transverse magnetic
field. Bhattacharyya and Layek!*®! investigated the effects
of suction/blowing on steady boundary layer stagnation-point
flow and heat transfer towards a shrinking sheet with ther-
mal radiation. Consequently, dual solutions in an unsteady
stagnation-point flow over a shrinking sheet were given by
Bhattacharyya.[?”) Bhattacharyya er al.[?! also investigated
the slip effects on boundary layer stagnation-point flow and
heat transfer towards a shrinking sheet. The heat transfer stag-
nation flow problem with non-uniform heat flux was recently
discussed again by Bhattacharyya.[>’]

In the present investigation, our objective is to study the
three-dimensional (3D) MHD boundary layer axisymmetric
stagnation flow and the heat transfer of an electrically conduct-
ing fluid past an axisymmetric shrinking/stretching sheet with
viscous dissipation and heat source/sink where the line of the
symmetry of stagnation flow and that of the shrinking (stretch-
ing) sheet are not aligned. Actually, this investigation is an ex-

(23] of axisymmetric

tension of the problem studied by Wang,
flow over an axisymmetric shrinking sheet taking the magnetic
effect into account in the presence of the viscous dissipation

and heat source/sink.

2. Formulation of the problem

Consider a 3D and axisymmetric stagnation flow of an
electrically conducting incompressible viscous fluid towards a
sheet which shrinks or stretches axisymmetrically in its own
plane (Fig. 1). The velocity components u, v and w are taken
along the x, y, and z directions, respectively, where the x and
y axes are along the length and breadth of the sheet and the z
axis is perpendicular to the sheet. On the surface of the sheet,
the velocity components are

u=Uy(x) =blx+c), v=Vy(y)=aay, w=0, (1)

where b < 0 is the shrinking rate, b > 0 is the stretching rate,
—c is the location of the shrinking (stretching) origin, a is the
strength of stagnation flow, and & = b/a is the velocity ra-
tio parameter or the ratio of the stretching (shrinking) rate to
the strength of stagnation flow. Here, the line of the symme-
try of stagnation flow and that of the shrinking (stretching)
sheet are, in general, not aligned (¢ # 0). A constant magnetic
field with strength By is applied in the z direction. The mag-
netic Reynolds number is taken to be small, so that the induced
magnetic field is neglected.

(a) (b)

]
“L/N

Fig. 1. Systematic diagram of physical model, showing (a) axisymmet-
ric stagnation flow on axisymmetric shrinking sheet, and (b) axisym-
metric stagnation flow on axisymmetic stretching sheet.
Under the usual boundary layer approximations, the basic
governing boundary layer equations of continuity and momen-
tum (Wang(?3) are

du dv  Idw

oyt a0 )
du du Ju  1dp d%u oB}

ua‘FVafy"‘WaiZ——Ea <aZ2>—pLi, (3)
dv dv dv _ 1dp d%v oB3

where v = 1/p is the kinematic viscosity, i is the dynamic
viscosity, p is the density of the fluid, p is the pressure, o is
the electrical conductivity, and By is the magnetic induction.

In the inviscid free stream u = Us.(x) = ax, v="V.(y) = ay
and one can write

oU., oB}
U—— 4 —LUe =
ox p

_Lop

E ax7 (5)
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Then by eliminating dp/dx and d p/dy, the momentum equa-

(6)

tions (3) and (4) are reduced, respectively, to

du, ou, o
“ox Vay Waz
U 2%u oB}
a3,
“ox vay "oz
Ve 0>\ OB}

The energy equation for axisymmetric flow with viscous
and Ohmic dissipations and heat source/sink is given as

or , ot ot
"ox vay "oz
_ K (& T 0T
C pep \Ox2 9y 9Z2
Q (T -T.) 0B}
420 T P (i U) + (v— Ve
AN )

() () ()]

+ @+@ 2+ @+a—w 2+ @+a—w 2 )
dy ox dz  Jx dz  dy ’

where T is the temperature of the fluid, 7. is the free stream
temperature, K is the thermal conductivity, ¢, is the specific
heat at constant pressure, and Q is the volumetric rate of heat
source or sink.

The boundary conditions applicable to the present flow

are
z=0: u=b(x+c), v=aay=by, w=0, T =T,,
7200 Uu—Us(x)=ax, v—=Vu(y) =ay, T — T, (10)

where the temperature at the sheet is Ty, .

3. Analysis

Introducing the following similarity transformations:

w=axf'(n)+bch(n), v=ayf'(n), w=-2vavf(n),
o(n) = T=Te  ond n:\/gz. (11)

C Tw-T.
Equation (2) is identically satisfied by similarity transfor-
mations while Egs. (7)—(9) become

f///_|_2ff”_f’2_|_M(1—f/)+1=0, (12)
W42 —hf' ~Mh=0, 1

0"+ Pr|2£0+ Q0 + 12Ecf” + (Ec,+ Ec,)

/
« {f//2+(f171>2}+a2ECx% (h/2+Mh2)

+20Ecy/ % {Wf"+Mn(f —1)} | =0. (14)

Corresponding boundary conditions are

n=0: f=0, f=a=b/a, h=1, and 0 =1,

n—oe: ff=1, h—0, and 6 — 0, (15)

where a prime denotes differentiation with respect to simi-
larity variable 1, M = 0B3/pa is the magnetic parameter,
Pr = licp/K is the Prandtl number, Q = Qp/apcy is the heat
Source (Q > 0) or sink (Q < 0) parameter

Fe—_ M4
pep(Tw —To)

is the Eckert number, Re’ = c%a /v and Re = ax?/v are the
Reynolds numbers,

a2x2 a2y2

Ec,=——"— and Ecy= ————
T p(Ty — Too) T p(Ty — Too)

are the local Eckert numbers based on the variables x and y,
respectively.

4. Numerical method for solution

The set of nonlinear ordinary differential equations (12)—
(14) with boundary conditions (15) form a boundary value
problem (BVP) and can be solved numerically by converting
them into an initial value problem (IVP) using the shooting
method. We set the following first-order system:

fl=z Z=p

p = 2fp+-M(1—z)—1, (16)
W =gq, ¢ =-2fq+hz+Mh, (17
0 =,

Y= —Pr{2fr+Q9+12Ecz2+(Ecx+Ecy)
/
e
Reé'
+20Ec, E[‘IP-FMh(z— 1] ¢, (18)

with boundary conditions

x [P+ (—1)7]+ OczEcXI;—e (4> +Mn?)

0(0)=1. (19

In order to integrate Eqs. (16)—(18) with (19) as an initial
value problem (IVP), one requires a value for p(0) i.e.,f” (0)
and ¢(0) i.e., #/(0) and r(0) i.e., 8'(0) but no such values
are given in the problem. Now, choosing the suitable initial
guesses for £ (0), 4’ (0), and 6’ (0) and using the fourth order
Runge—Kutta method to solve the IVP, a solution is obtained.
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Comparing the calculated values of f(1), h(1n), and 6(n) at
TN (a suitable finite value of 11 — oo) with the given bound-
ary conditions f'(Nw) = 1, h(Nw) =0, and 6(N.) = 0, and
adjusting the estimated values of f”(0), &’ (0), and 6’ (0) us-
ing the Secant method to obtain a better approximation for the
solution. The step-size is taken as An) = 0.001. The above pro-
cedure is repeated until we obtain the converged results within
a tolerance limit of 10~7. All the computations are done by
generating a program in Matlab software.

5. Results and discussion

In order to analyze the results of velocity profile f' (1),
temperature profile 6 (1), skin friction coefficients f”(0) and
1 (0), and the rate of heat transfer at the surface —6’ (0), all the
numerical computations are carried out for various values of
the velocity ratio parameter ¢, magnetic parameter M, Prandtl
number Pr, heat source/sink parameter Q, Eckert number Ec
and local Eckert numbers Ec, and Ecy.

First of all, we compare the local skin friction coefficients

"(0), #'(0) and the rate of heat transfer at the sheet —6’(0)
in the absence of a magnetic field, i.e., (M = 0) for different
values of o with the available results of Wang!?3! and Rahim-
pour et al.”*! Wang!?3] numerically solved the axisymmetric
stagnation flow problem over an axisymmetric shrinking sheet
in the absence of a magnetic field and Rahimpour et al.[*¥]
solved the same problem analytically. The results of f”(0)
and h'(0) for the stretching (¢ > 0) and shrinking (& < 0)
cases are given in Tables 1 and 2, respectively. From both
cases, the solutions seem to be unique for & > —1 and no so-
lutions are found for o¢ < —1 in the absence of the magnetic
field. Notice that here o = 0 presents the axisymmetric stag-
nation flow towards a solid plate and & = 1 corresponds to
inviscid flow with no boundary layer. The results of —6’(0)
for the stretching (¢ > 0) and shrinking (& < 0) cases are
given in Table 3. All these results show that they are in favor-
able agreement with the results of (Wang[?}! and Rahimpour

L. [24

et al.'>*!) and thus give confidence that the obtained numerical

results are accurate, so we can proceed to further analysis.

Table 1. Initial values for axisymmetric stretching sheet case when M = 0.

3 /7(0) 7(0)
Wang 23] Rahimpour(?4 Present Wang |23 Rahimpour(?* Present
0 1.31193 1.311938 1.311937 —-0.93873 -0.938732 —-0.936972
0.1 1.22911 1.229113 1.229112 —-1.00400 —1.004026 -1.002212
0.5 0.78032 0.780323 0.780323 —1.2355 —1.235451 —-1.233402
0.0 0.0 0.0 -1.4793 —1.479337 —-1.476965
-2.13107 —2.131069 —2.131066 —-1.8800 —-1.879949 —-1.876887
5 —-11.8022 —-11.80221 —-11.80221 -2.7617 —2.761702 —2.756425
Table 2. Initial values for axisymmetric shrinking sheet case when M = 0.
. /70) #(0)
Wang ] Rahimpour (2 Present Wang |23 Rahimpour!?*! Present
-0.25 1.45664 1.45659 1.45663 —-0.75639 —-0.756390 —0.754748
-0.5 1.49001 1.49000 1.49001 —-0.53237 —-0.532371 -0.530805
-0.75 1.35284 1.35285 1.35284 -0.22097 —-0.220789 -0.219208
-0.95 0.94690 0.94681 0.94710 0.26845 0.268450 0.270035
Table 3. Values of rate of heat transfer at sheet with M = 0.
—0'(0)
o Pr=0.7 Pr=1
Rahimpour(?*] Present Rahimpour(?¥ Present
1.0 0.94406 0.942291 2.98541 2.967663
0.5 0.81676 0.815455 2.34510 2.334163
0.0 0.66540 0.664513 1.54570 1.541020
-0.25 0.57485 0.574218 1.05649 1.054251
-0.50 0.46709 0.466750 0.51204 0.511507
-0.75 0.32600 0.326142 0.07191 0.071896
-0.95 0.13688 0.139908 0.00003 0.000003
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Figure 2 shows the trajectories of the values of f”(0) and
1 (0) against o for different values of the magnetic param-
eter M. From the figure, we observe that in the absence of
the magnetic parameter (M = 0), the solutions of Eqs. (12)
and (13) for f(n) and h(n) satisfying the boundary condition
(15), are unique for o > —1 and no similarity solution exists
for o < —1. These results agree well with those of Wang. >3]
When o = 1, we find that f”(0) becomes zero for all values
of M while f”(0) > 0 in a range of —1 < o < 1 and with a
fixed value of o, f”(0) increases with the augmentation of M.
While the trajectory for A’(0) crosses the & axis in the case
of flow over a shrinking sheet but it does not cross the q-axis
for flow over a stretching sheet. The magnitude of 4’(0) de-
creases with the increase of o with a fixed value of M, while
for a given value of «, it also decreases with the increase of
M. Consequently, a major result emerging from the analysis is
that as M increases, the range of o where similarity solutions
exist continuously increases. This result reveals that the exis-
tence and the uniqueness of the similarity solution depend not
only on the parameter & but also on the magnetic parameter
M.

2
L 1(0)
1 L
0 -
h'(0
| { 0)
-:‘r?‘\'\:\:‘::
—2 1 1 1 1 1 1
—1.5 —-1.0 -0.5 0 0.5 1.0
«

Fig. 2. Variations of f”(0) and 4’ (0) with ¢ for various values of M.

In addition, the exact values of velocity ratio parameter
o upto which the similarity solution exists for a specific in-
creased value of M are listed in Table 4. We observe that
for M = (.25, the similarity solutions seem to be unique for
o > —1.20 and no solutions are found for & < —1.20. While
in the case of M = 0.5, the similarity solutions exist uniquely
for oo > —1.37 and no solutions are found for o < —1.37.

The universal curves of function f(n) against n for dif-
ferent values of o are shown in Fig. 3 in the presence of a
magnetic field i.e., M = 0.5. It is found that all curves of f(n)
start from the origin and approach identical slopes for a large
value of . When a = 1, the flow is inviscid and no bound-
ary layers are needed. The case o0 = 0 gives the axisymmetric
stagnation flow towards a solid plate. For all shrinking cases
(a < 0), the function f(n) is initially negative, showing re-
gions of reverse cellular flow. Figure 4 shows the variations

of the non-alignment function #(n) with 1 for different values
of ¢ with M = 0.5. It is seen that with the increasing of the
strength of shrinking (& < 0) of the sheet, the non-alignment
function (n) increases while it decreases with the increasing
of the strength of the stretching (@ > 0) rate. In addition, we
can easily see that the effect of the non-alignment function is
small for the stretching sheet but large for the shrinking sheet.

Table 4. Values of f”(0), #'(0), and —6’(0) in the presence of M with
Pr=07,Ec=0=0.

M o f"(0) 1 (0) —6'(0)

1 0 -1.55467  0.942291
0.5 0818293 -132417  0.817906
0 1402364  -1.05004  0.671920
025 -05 1.670827 -0.69483 0.487568
-1 1363586  -0.09324 0201653
-1.15 0910221 0352313 0.047733
-1.195 0587697 0656125  0.005212

-1.20 0 inf 0
1 0 -1.629235  0.942291
0.5 0.854711  -1.410085  0.821795
0 1487651 -1.154275  0.678545
-05 1.833036  -0.835762  0.504562
0.50 -1 1727356 -0.793730  0.262195
-12 1431895 -0.064226  0.121794
-13 1.147821 0.175314 0041658
-135 0938400  0.339154  0.011999
-1365  0.864541 0394649 0.006583

-1.37 0 inf 0

4 M=0.5

f(n)

a=1,0.5,0, —-0.5,

h(n)

Fig. 4. Variations of &(n) against 7 for various values of o.
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The variations of the functionf(n) with n for different
values of M for both cases of shrinking and stretching rates
are shown in Fig. 5. It is found that for shrinking at the sur-
face (a0 < 0), the function f(n) is negative near the shrink-
ing sheet showing regions of reverse cellular flow and also, as
the M increases, the region of reverse cellular flow decreases.
For stretching at the surface (¢ > 0), the function (1) is not
much changed near the surface of the sheet with M while af-
ter a certain distance normal to the sheet, it increases slowly
with M. Figure 6 shows the variation of the velocity profile
f(n) against n for different values of M with both cases of
the sheet. It is observed that as M increases, the velocity pro-
file increases more for the shrinking case (o = —0.5) than for
the stretching case (o = 0.25). Figure 7 exhibits the effects of
M on the non-alignment function 4(n) in the presence of the
shrinking (& < 0) and stretching (¢ > 0) of the sheet. With the
increasing of the value of M, the non-alignment function /(1)
decreases in both cases of the shrinking (o < 0) and stretching
(a > 0) of the sheet. In addition, it is evident to conclude that
the effect of the non-alignment function becomes less with the
increasing of the value of M for both cases of the sheet.

— 151

f(n

n

Fig. 6. Velocity profiles against 1 for various values of M.

Figure 8 presents the effects of M on the temperature pro-
file for both cases of the sheet. For shrinking of the sheet

(a = —0.5), the temperature profile decreases with the in-
creasing of the value of M. On the other hand, for the stretch-
ing of the sheet (a = 0.5), the temperature profile does not
change much with M. Figure 9 shows the effects of the pa-
rameter o on the temperature profile in the presence of the
magnetic field (M = 0.5). It is found that with the increase of
the strength of shrinking (o < 0), the temperature profile also
increases very smoothly while in the case of increasing the
strength of stretching (a > 0), the temperature profile gives
the reverse phenomena in comparison to the shrinking of the
sheet i.e., it decreases.

1.0

0.8 1
- M=0 |

= 06 ---M=05
= AN\ M=1 ]
0.4 |
0.2} |
a=0.25 E
0 3 4

Fig. 7. Variations of h(n) against 1] for various values of M.

1.0

Pr=0.7,Q=0.1, Re’=1, Re=0.1, |
0.8 A Fc=FEc,=FEc,=0.01
St A

Fig. 8. Temperature profiles against 1 for various values of M.

10k=-—-- M=0.5, Pr=0.7,Q=0.1, Re'=1,
’ S~ T~ Re=0.1, Ec=Ec,=FEc,=0.01 ]
N ~
\\\ \\ ~
N
0.8 AN N
N \ \
N N N
0.6 N N Na=1, 0.5, 0, —0.5,
__ 0. NN N _ 1 1
= NN 0.75, —1, —1.2
5
0.4 \
N
\
\
0.2 N N AN
\\ ~
o> o
0 . . . . . — -
0 1 2 3 4

Fig. 9. Temperature profiles against 1 for various values of «.
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The effects of Prandtl number Pr on the temperature pro-
file for both cases are described in Fig. 10. It is seen that ini-
tially the temperature of the fluid increases and after a certain
distance normal to the shrinking sheet, it decreases with the
increasing of the value of Pr. On the other hand, in the case
of the stretching sheet, the temperature of the fluid as well as
the thermal boundary layer thickness decreases with the in-
crease of Prandtl number Pr. This happens because when Pr
increases, the thermal conductivity decreases, thus it leads to
the decrease of the energy transfer ability. Figure 11 presents
the effects of heat source/sink parameter Q on the temperature
profile in the presence of the shrinking (& < 0) and stretching
(a0 > 0) of the sheet. From both cases of shrinking and stretch-
ing of the sheet, it is found that the temperature of the fluid de-
creases with the increasing of strength of heat sink Q < 0 while
due to the increase of the strength of the heat source Q > 0, the
temperature profile increases. Therefore, the thickness value
of the thermal boundary layer reduces with the increasing of
the heat sink but it increases with the increasing values of the
heat source parameter.

M=0.5,Q=0.1, Re'= 1, Re=0.1,

1.0 k-
f Ec=FEc, = FEc,=0.01

0.8}%
a=0.5

__ 0.6} ¢
£
I _
0.4} Pr=1
-—--Pr=3
............. Pr=7
0.2}
0 . . . e
0 1 2 3 4
n

Fig. 10. Temperature profiles against 1 for various values of Pr.

1.24 M = 0.5, Pr = 1, -

L=~ Ec= Ec, = Ec,=0.01,
1.0 / N Re'= 1, Re = 0.1

6(n)

Fig. 11. Temperature profiles against 1 for various values of Q.

Effects of Eckert number Ec on the temperature profile on

both cases of the sheet are shown in Fig. 12. It is noticed that

by increasing the value of Ec, the temperature and the thermal
boundary layer thickness value increase in both cases. Effects
of local Eckert numbers Ec, and Ecy on the temperature pro-
file are displayed in Figs. 13 and 14, respectively. From both
figures, it is noticed that in the case of the shrinking sheet,
the temperature of the fluid increases faster near the surface
than far from the sheet with an increase of the values of Ec,
and Ecy. This happens because the viscous dissipation creates
frictional heating, which is stored in fluid as heat energy and
thus it leads to the increase of the energy transfer ability, also
in the case of stretching, the temperature of the fluid increases
slowly with the increased values of Ec, and Ecy.

1.0 T T T - - -
M=0.5, Pr=1,Q=0.1, Re'=1,
Re=0.1, Ec, = Ec,=0.01

0.8f

0.6

6(n)

0.4}

0.2}

Fig. 12. Temperature profiles against 1] for various values of Ec.
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—— Ec,=0.0 A
ol ---- FEc,=0.25
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0 - 3
0 1 2 ’ )
n

Fig. 13. Temperature profiles against 1 for various values of Ec,.

Figure 15 shows variations of the temperature gradient at
the sheet i.e. —6’(0) (which is proportional to the rate of heat
transfer from the sheet) with parameter o for different values
of Pr and M with Q = Ec = 0. In the case of the stretching
sheet, it is noticed that for both values of the magnetic param-
eteri.e., M =0, 0.5, the rate of heat transfer —6’ (0) increases
with the increase of the value of Pr. While in the case of the

shrinking sheet, the parameter ¢ causes a much larger change
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in the heat transfer for water (Pr = 7) than for air (Pr = 0.7).
In addition, the rate of heat transfer —6’ (0) increases with the

increase on the values of o and M.

L M=05, Pr=1, Q=0.1, Re'— 1|

- ~. “.Re=0.1, Be= Ec, = 0.01

0.81

0(n)

0.4}

3
-------- M=0.5
— M=0.0
2
S
6\3 Pr=17 1
1 ’%”’;
P Pr=0.7
0 - - 2 re
-15 —-1.0 -0.5 0 0.5 1.0

Fig. 15. Variations of —6’(0) against « for different values of Pr and
M.

The variations of the temperature gradient at the sheet i.e.,
—0’(0) with o for different values of Q and Ec are depicted in
Figs. 16 and 17. Both the figures indicate that the rate of heat
transfer —6’ (0) decreases with the increasing of the values of
Q and Ec, while it increases with the increasing of the value

of o.
1.2F " ' ' i
M=0.5,Pr=1,Q=0.1, Re'=1
| Re=0.1, Ec,=FEc,=0.1
0.8}
= | Ec=0, 0.025, 0.05, 0.075
T 04
|
O L
—04p 7/
—1.5 —-1.0 -0.5 0 0.5 1.0
«a

Fig. 16. Variations of —6’(0) with & for various values of Ec.
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Fig. 17. Variations of —6’(0) with & for various values of Q.

6. Conclusions

In the present work, we attempt to express the effects of
viscous dissipations and heat source/sink on 3D MHD bound-
ary layer axisymmetric stagnation flow and the heat transfer
of an electrically conducting incompressible viscous fluid past
an axisymmetric shrinking sheet by comparison with the ax-
isymmetric stretching sheet. The symmetry line of the stag-
nation flow and that of the sheet are non-aligned and the ef-
fect of non-alignment is also studied. The set of nonlinear
ordinary differential equations is solved numerically using the
Runge—Kutta fourth-order algorithm with the shooting tech-
nique. Numerically, it is observed that with the increasing of
the value of magnetic parameter, the certain domain of the ve-
locity ratio parameter where the similarity solution exists also
increases. In the case of the shrinking sheet, the region of re-
verse cellular flow is observed near the sheet and as the mag-
netic parameter increases, the region of reverse cellular flow
decreases. On the other hand, the flow for the stretching sheet
is not much affected with the magnetic parameter. The effect
of a non-alignment stagnation flow is found to be small for the
stretching sheet, but large for the shrinking sheet. The ther-
mal boundary layer thickness increases with the increase of
the values of Eckert number and heat source/sink while it de-
creases with the increase of velocity ratio parameter, magnetic
parameter and Prandtl number in both cases of shrinking and
stretching of the sheet. Therefore, the rate of heat transfer at
the sheet decreases with the increase of the values of the heat
source/sink parameter and Eckert number, while it increases
with the increase of the velocity ratio parameter, magnetic pa-
rameter, and Prandtl number. Overall, the study remarks that
in comparison to the stretching sheet, the shrinking sheet has

many unique characteristics.
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