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Abstract The unsteady ¯ow and heat transfer of a viscous
incompressible electrically conducting ¯uid in the forward
stagnation point region of a rotating sphere in the pres-
ence of a magnetic ®eld are investigated in this study. The
unsteadiness in the ¯ow ®eld is caused by the velocity at
the edge of the boundary layer and the angular velocity of
the rotating sphere, both varying continuously with time.
The system of ordinary differential equations governing
the ¯ow is solved numerically. For some particular cases,
an analytical solution is also obtained. It is found that
the surface shear stresses in x- and y-directions and the
surface heat transfer increase with the acceleration, the
magnetic and the rotation parameters whether the mag-
netic ®eld is ®xed relative to the ¯uid or body, except that
the surface shear stress in x-direction and the surface heat
transfer decrease with increasing the magnetic parameter
when the magnetic ®eld is ®xed relative to the body. For
a certain value of the acceleration parameter, the surface
shear stress in the x-direction vanishes while the surface
shear stress in the y-direction and the surface heat transfer
remain ®nite. Also, below a certain value of the accelera-
tion parameter, reverse ¯ow occurs in the x-component of
the velocity pro®le.

1
Introduction
The ¯ow and heat transfer characteristics of spinning
bodies of revolution in a forced ¯ow stream are important
in a variety of applications in engineering such as re-entry
of missiles, projectile motion, ®bre coating, and rotating
machinery design. Reviews on this topic were written by
Dor®man [1] and Kraith [2]. The ¯ow and heat transfer on
a rotating sphere in a uniform ¯ow stream with its axis of
rotation parallel to the free stream velocity have been
studied by a number of investigators [3±8]. The above

studies deal with the steady ¯ows. The analogous unsteady
problem was considered by Kumari and Nath [9] with the
time-dependent free stream velocity. Ece [10] on the other
hand studied the unsteady ¯ow past an impulsively started
translating and spinning sphere.

It may be remarked that most exact solutions in ¯uid
mechanics and MHD are similarity solutions in the sense
that the number of independent variables is reduced by
one or more. These similarity solutions are derived i) by
dimensional arguments, ii) by the group-theoretic method
and iii) by the adhoc method of the free parameters.
Among these methods the group-theoretic method which
includes dimensional analysis as a special case, is the most
systematic in generating similarity solutions. These
methods are extensively described in references [11±16].

Here we have studied the unsteady ¯ow and heat
transfer of a viscous electrically conducting ¯uid in the
forward stagnation-point region of a rotating sphere in the
presence of a magnetic ®eld applied in the direction nor-
mal to the surface. Two cases have been considered,
namely (a) when the magnetic ®eld is ®xed relative to the
¯uid and (b) when it is ®xed relative to the body. The
unsteadiness in the ¯ow and the temperature ®elds is in-
duced by the velocity at the edge of the boundary layer and
by the angular velocity of the sphere, which vary contin-
uously with time. It is found that a self-similar solution
exists if the velocity at the edge of the boundary layer
varies directly as the distance x and inversely as the time t
and also the angular velocity of the sphere varies inversely
as the time t. The system of ordinary differential equations
governing the ¯ow and temperature ®elds is solved
numerically using a shooting method. Some analytical
solutions are also obtained. Particular cases of the
present results are compared with these of Lee et al. [7]
and Sparrow et al. [17]. It may be remarked that in
recent years the study of the interaction of electro-
magnetic ®elds with ¯uids has become important due to
the possibility of applications in areas like nuclear fusion,
chemical engineering, medicine and high speed noiseless
printing.

2
Problem formulation
We consider the unsteady motion of a viscous, incom-
pressible electrically conducting ¯uid in the forward
stagnation-point region of a rotating sphere. The
unsteadiness in the ¯ow ®eld is caused by the velocity
at the edge of the boundary layer
(ue � Ax=t; A > 0; x > 0; x > 0; t > 0) and the angular
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velocity of the sphere �X � C=t; C > 0; t > 0�; both
varying inversely as time t. Fig. 1 shows the orthogonal
curvilinear co-ordinate system in which x measures the
distance along a meridian from the forward stagnation
point, y represents the distance in the direction of rotation
and z is the distance normal to the surface, u; v and w are
the components of velocity in x-, y-, and z-directions,
respectively. It is assumed that the ¯ow is axisymmetric.
Hence the velocity components (u; t;w�, temperature �T�
and static pressure (p) are independent of y; r�x� is the
distance of a point on the body from the axis of rotation
and it is equal to x in the vicinity of the stagnation point. A
uniform magnetic ®eld of strength B is applied to the
boundary layer in the z-direction, which is ®xed relative to
either the ¯uid or the body. It is assumed that the magnetic
Reynolds number Rm � l0rVL� 1, where l0 is the
magnetic permeability, r is the electrical conductivity, and
V and L are respectively, the characteristic velocity and
length. Under this condition, it is possible to neglect the
effect of the induced magnetic ®eld. It is also assumed that
there is no applied polarization voltage which implies that
the electric ®eld E � 0. Hence the electrical term is not
included in the relevant equations. This corresponds to the
case where no energy is added to or extracted from the
¯uid by electrical means. The electrical current ¯owing in
the ¯uid will give rise to an induced magnetic ®eld which
would exist if the ¯uid were an electrical insulator. Here we
have taken the ¯uid as electrically conducting. When the
magnetic ®eld is ®xed relative to the body only the ¯uid
within the boundary layer is electrically conducting. The
viscous dissipation terms, ohmic heating and surface
curvature are neglected in the vicinity of the stagnation
point. The wall and free stream temperatures are taken as
constant. Under the above assumptions, the boundary
layer equations governing the unsteady ¯ow in the front
stagnation point region of a rotating sphere in the pres-
ence of a magnetic ®eld can be expressed as [7±10]
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The initial conditions (i.e. at t = 0) are given by;

u�x; z; 0� � ui�x; z�; t�x; z; 0�
� ti�x; z�;w�x; z; 0�
� wi�x; z�;T�x; z; 0�
� Ti�x; z�:

�5�

and the boundary conditions are given by

u�x; 0; t� � 0; t�x; 0; t� � Xx;w�x; 0; t�
� 0;T�x; 0; t� � Tw;

u�x;1; t� � ue�x; t�; t�x;1; t�
� 0;T�x;1; t� � T1: �6�

Here q and m are, respectively ¯uid density and kinematics
viscosity; b is a dimensionless constant and b = 1 or zero
according to whether the magnetic ®eld B is ®xed relative
to the ¯uid or body; a is the thermal diffusivity; X is the
angular velocity of the rotating sphere; and the subscripts
e; i;w and1 denote condition at the edge of the boundary
layer, initial condition, condition at the surface and free
stream condition, respectively.

Equations (1)±(4) are a system of partial differential
equations with three independent variables x; z and t. It is
shown that these partial differential equations can be re-
duced to a system of ordinary differential equations if we
take the velocity at the edge of the boundary layer ue to be
varying directly as the distance x and inversely as time t
and the angular velocity of the sphere to the varying inv-
ersely as time t. Consequently, we apply the following
transformations

ue � Ax=t;A > 0; x > 0; t > 0;X � C=t;C > 0 ;

g � 21=2�mt�ÿ1=2z; u � �Ax=t�f 0�g� ;
t � �Cx=t�s�g�;w � ÿ21=2�m=t�1=2Af �g� ;
T ÿ Tw � �T1 ÿ Tw�g�g�; M � H2a=Rex ;

H2a � rB2x2=l ;

Rex � uex=m; k � �C=A�2 � �tw=ue�2; Pr � m=a ; �7�
to Eqs (1)±(4) and we ®nd that Eq. (1) is identically sat-
is®ed and Eqs (2)±(4) reduce to

f 000 � Aff 00 � 2ÿ1A�1ÿ �f 0�2 � ks2� ÿ 2ÿ1

� �1ÿ f 0 ÿ gf 00=2� ÿ 2ÿ1AM�f 0 ÿ b� � 0 ; �8�
s00 � A�fs0 ÿ f 0s� � 2ÿ1�s� gs0=2� ÿ 2ÿ1AMs � 0 ; �9�
Prÿ1g00 � Afg0 � �g=4�g0 � 0 : �10�
The boundary conditions (6) can be rewritten in the form

f �0� � f 0�0� � 0; s�0� � 1; g�0� � 0 ;

f 0�1� � 1; s�1� � 0; g�1� � 1 : �11�

Fig. 1. Physical model and the co-ordinate system
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Here g is the dimensionless similarity variable; f 0 and s
are the dimensionless velocity components along x- and
y-directions, respectively; f is the component of velocity
in z-direction; g is the dimensionless temperature; Pr is
the Prandtl number; M is the magnetic parameter; Ha is
the Hartmann number; Rex is the local Reynolds number;
l is the coef®cient of dynamic viscosity; A and C are the
dimensionless positive constants and are associated, re-
spectively, with the velocity at the edge of the boundary
layer (ue � Ax=t) and the angular velocity of the sphere
(X � C=t� and prime denotes derivative with respect to
g: k is the dimensionless rotation parameter and k � 0
implies that the sphere is stationary. Since there is no
rotational motion of the sphere to induce a circumfer-
ential velocity in the ¯uid through the action of viscosity,
the velocity component t is identically zero. Hence, the
momentum equation in y-direction (9) vanishes and the
momentum equation in x-direction (8) reduces to that of
the momentum equation in x-direction over a stationary
sphere.

It may be remarked that the self-similar solution exists
for a slightly different distribution of the velocity at edge
of the boundary layer (i.e. ue = ax�1ÿ a�t��ÿ1� and of the
angular velocity of the sphere (i.e. X � X0�1ÿ a�t��ÿ1�. In
this case, we apply the following transformations

n � 21=2�a=m�1=2�1ÿ a�t��ÿ1=2z; a�t� < 1; t� � at ;

X � X0�1ÿ a�t��ÿ1 ;

ue � ax�1ÿ a�t��ÿ1; a � �oue=ox�t��0;

u � ax�1ÿ a�t��ÿ1F0�n� ;
t � X0x�1ÿ a�t��ÿ1S�n�;
w � ÿ21=2�am�1=2�1ÿ a�t��ÿ1=2F�n� ;
k � �X0=a�2;B � B0

� �1ÿ a�t��ÿ1=2;M � rB2
o=�qa� ;

T ÿ Tw � �T1 ÿ Tw�G�n� ; �12�
to Eqs. (1)±(4) and we ®nd that Eq. (1) is satis®ed iden-
tically and Eqs (2)±(4) reduce to the following system of
equations

F000 � FF00 � 2ÿ1�1ÿ �F0�2 � kS2�
� 2ÿ1a��1ÿ F0 ÿ nF00=2� � 2ÿ1M�bÿ f 0� � 0 ;

�13�
S00 � �FS0 ÿ F0S� ÿ 2ÿ1a��S� nS0=2� ÿ 2ÿ1MS � 0; �14�
Prÿ1F00 � FG0 ÿ a��n=4�G0 � 0 : �15�
The boundary conditions (6) are given by

F�0��F0�0� � G�0� � 0; S�0� � 1; F0�1� � G�1� � 1;

S�1� � 0 : �16�
Here n is the dimensionless similarly variable; F0 and S are
the dimensionless velocity components in x- and y-direc-
tions, respectively; t� is the dimensionless time; G is the
dimensionless temperature; a is the velocity gradient at
time t�=0; a� is the dimensionless parameter characteris-

ing the unsteadiness in the ¯ow ®eld and a� > 0; or < 0
according to whether the ¯ow is accelerating or deceler-
ating and the prime here denotes derivatives with respect
to n.

Equations (13)±(15) are slightly different from
(8)±(10). However Eqs. (8)±(10) can be reduced to
Eqs (13)±(15) if we apply the following transformations

g � �A�ÿ1=2n; f �g�
� �A�ÿ1=2F�n�; s�g�
� S�n�

g�g� � G�n�; A � ÿ�a��ÿ1; a� < 0 :

�17�

It may be noted that Eqs. (8)±(10) govern the unsteady
¯ow in the forward stagnation-point region of a rotating
sphere. The corresponding steady-state equations are ob-
tained by omitting the terms representing the contribution
to the unsteady ¯ow. The steady-state equations are given
by

f 000 � Aff 00 � 2ÿ1A�1ÿ �f 0�2 � ks2�
ÿ 2ÿ1AM�f 0 ÿ b� � 0 �18�

s00 � A�fs0 ÿ f 0s� ÿ 2ÿ1 AMs � 0; �19�
g00 � Pr A f g0 � 0 : �20�
For A=1, M � 0 Eqs (18)±(20) reduce to those of Lee et al.
[7]. Also for A � b � 1; k � 0, equations (18) and (20)
reduce to those of Sparrow et al. [17] if we apply the
following transformations

g � 21=2n; f �g� � 21=2f1�n�; g�g� � g1�n�: �21�
When k � 0 (no rotation), Eq. (19) is not required.

3
Approximate solution
It is possible to obtain an analytical (approximate) solu-
tion of equations (18) and (20) under conditions (11) for
k � 0; b � 1: We introduce the parameter b for stretching
both the independent variable g and the dependent
variable f . The new variables are given by

n � bg; F�n� � bf �g�; b > 0 ; �22�
which transform the boundary value problem represented
by equation (18) under conditions (11) into

b2 d3F

dn3 � AF
d2F

dn2 � 2ÿ1A 1ÿ dF

dn

� �2
" #

� 2ÿ1AM 1ÿ dF

dn

� �
� 0 ; �23�

F � dF

dn
� 0 at n � 0;

dF

dn
! 1 as n!1 : �24�

Now we take the approximation

dF=dn � 1ÿ exp�ÿn� ; �25�
which satis®es both the boundary conditions on dF/dn in
(24). Integration of (25) from zero to n and using the
boundary conditions on F in (24) gives
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F � nÿ 1� exp�ÿn� : �26�
The defect R �n; b;A;M� in (23) is given by

R�n; b;A;M� � �An� 2ÿ1A M ÿ b2� exp�ÿn�
� 2ÿ1A exp�ÿ2n� : �27�

We now apply the least square method to minimize R in
(27) and we get

o
ob

Z1
0

R2�n; b;A;M�dn � 0 : �28�

From the above equation, we get

b � f 00�0� � ��5=6�A� �A=2�M�1=2 : �29�
The expressions for f ; f 0 and R in terms of g are given by

f � gÿ bÿ1�1ÿ exp�ÿbg�� �30a�
f 0 � 1ÿ exp�ÿbg� �30b�
R�g; b;A� � �Abgÿ �5=6�A exp�ÿbg�

� 2ÿ1A exp�ÿ2bg�� : �30c�
Using the relation (30a) in (20) we get

g00 � PrA�gÿ bÿ1�1ÿ exp�ÿbg���g0 � 0 : �31�
The solution of (31) under boundary conditions (11) is
given by

g �
Zg

0

P�g�dg

�Z1
0

P�g�dg �32�

g0�0� �
Z1
0

P�g�dg

24 35ÿ1

�33a�

where

P�g� � exp�ÿAPr�2ÿ1g2 ÿ bÿ1g

� bÿ2 ÿ b2 exp�ÿbg��� �33b�

and b in P�g� is given by (29).
The results (f 00�0�; g0�0�� of the analytical solution are

compared with the corresponding results of the numerical
solution. For M=1, A=1 the difference is about 0.8 per cent
for the surface shear stress �f 00�0�� and about 1.5 per cent
for the surface heat transfer �g0�0��: This difference
decreases as M or A increases.

4
Asymptotic solution
Here we consider the asymptotic behaviour of the solu-
tions of equations (8)±(10) under conditions (11) for large
g. As g!1; f 0 and g tend to 1 and s! 0: Also

�gÿ f � !
Z1
0

�1ÿ f �dg : �34�

Since the above integral is the displacement thickness of
the boundary layer, it must be ®nite and is usually small.
This implies that f ! g for large g. We set for large g.

f �g� � g� f1�g�; s�g� � s1�g�; g�g� � 1� g1�g� �35�
where f1; s1 and g1 are small and their squares and prod-
ucts can be neglected. Using (35) in (8)±(10), we get

f 0001 � c1gf 001 ÿ c2�f 01 � k� � 0 �36a�
s001 � c1gs01 ÿ c2s1 � 0 �36b�
g001 � c1Pr gg01 � 0 �36c�
where

c1 � A� 4ÿ1; c2 � A� 2ÿ1�AM ÿ 1�;A > 0; c1 > 0;

c3 � 2ÿ1AM�1ÿ b�; k � c3=c2; c2 > 0 for

A > �2�M�ÿ1 : �36d�
The boundary conditions on f 01; s1 and g1 for g!1 are
given by

f 01; s1; g1 ! 0 as g!1 : �36e�
Equations (36a) and (36b) admit solutions in terms of
parabolic cylinder functions [18].

f 01 � k � s1 � exp�ÿc1g
2=4��B1D1�c1=2

1 g�
� B2D2�i c

1=2
1 g��

�37a�

where

D1�c1=2
1 g� � exp�ÿc1g

2=4��c1=2
1 g�ÿc4ÿ1�1� 0�cÿ1

1 gÿ2��
D2�ic1=2

1 g� � exp�c1g
2=4��c1=2

1 g�c4�1� 0�cÿ1
1 gÿ2��

c4 � c2=c1; c1 > 0 �37b�
and B1 and B2 are arbitrary constants. In view of the
conditions (36e), the divergent term D2�ic1=2

1 g� must be
omitted for c4 > 0 �i:e: c2 > 0�. Hence the constant B2 � 0
and from (37a) the solution for f 01 and s1 can be expressed
as

f 01 � k � s1 � B1 exp�ÿc1g
2=2��c1=2

1 g�ÿc4ÿ1

� �1� 0�cÿ1
1 gÿ2�� :

�38a�

The solution of (36c) under the boundary, condition on g1

in (36e), is given by

g1 �ÿ B3�Pr c1g�ÿ1 exp�ÿPr c1g
2=2�

� �1ÿ Pr c1g
2�ÿ1 � . . .�

�38b�

where B3 is an arbitrary constant. For c4 < 0 (i.e. c2 > 0)
the solutions for f 01 and s1 are given by (37a) in the form

f 01 � k � s1 � B1 exp�ÿc1g
2=2��c1=2

1 g�ÿc4ÿ1

� �1� 0�cÿ1
1 gÿ2��

� B2�c1=2
1 g�c4 �1� 0�cÿ1

1 gÿ2�� :
�38c�

It is evident from equations (38a) and (38c) along with
(35) that the velocity pro®les in x-direction (f 0) tends to 1
in an exponential manner for large g only when b � 1
�k � 0�. For b � 0�k > 0�f 0�f 0 � 1� f 0� does not tend to 1
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exponentially. However, the velocity pro®le in y-direction
s and the temperature pro®le g tend to their edge values
(i.e., 0 and 1, respectively) exponentially for both b � 0
and 1. The physical reason for this is that for b � 0, the
viscous ¯uid in the boundary layer is electrically con-
ducting, but the ¯uid outside the boundary layer is non-
conducting. Therefore, there is no magnetic ®eld outside
the boundary layer. This discontinuity of the magnetic
®eld for b � 0 is responsible for the non-exponential be-
haviour of the velocity pro®le f 0 for large g: For c2 � 0 (i.e.
c4 � 0�, Eqs. (36a) and (36b) are similar to (36c). Hence
for c2 � 0 the solutions for f 01 and s1 are given by (38b)
with Pr = 1.

5
Results and discussion
Equations (8)±(10) under the boundary conditions (11)
are solved numerically using a double shooting method
which is described in detail in [19]. The results are ob-
tained for various values of the parameters
M�0 � M � 4�; k�0 � k � 5�; A�0:1 � A � 2�: However
for the sake of brevity, only some representative results are
presented here.

In order to assess the accuracy of our method, we
have compared our results for the surface shear stresses in
x-and y-directions �f 00�0�;ÿs0�0�) and the surface heat
transfer �g 0�0� corresponding to the steady-state case when
A � 1;M � 0 with the tabulated results of Lee et al. [7].
Also, for A � b � 1; k � 0 the results for the surface heat
transfer (g0(0)) for the steady-state case have been com-
pared with the tabulated results of Sparrow et al. [17]. For
direct comparison we have to multiply our results for g0(0)
by 21=2. In both cases the results are found to agree within
0.2 per cent. Hence for the sake of brevity the comparison
is not shown here. The results for b � 1 (i.e., when the
magnetic ®xed B is ®xed relative to the ¯uid) are given in
Figs. 2±5 and Tables 1 and 2 and for b � 0 (i.e., when the
magnetic ®eld B is ®xed relative to the body) in Tables 3
and 4 and in Fig. 6.

The effect of the acceleration parameter A on the ve-
locity pro®les in x- and y-direction �f 0; s� and the tem-
perature pro®les �g� for k � M � 1, Pr = 0.7 is shown in

Figs. 2 and 3. It is observed from these ®gures that the
velocity pro®les in the x-direction �f 0) and the temperature
pro®les �g� increase everywhere with increasing A, but the
viscous and thermal boundary layerthickness decrease.
The physical reason for this behaviour is that the velocity

Fig. 2. Velocity pro®les in x-direction (f 0) for A � 0:1; 0:3; 0:5;
1; 2, M � 2; k � b � 1

Fig. 3. Velocity pro®les in y-direction (s) and temperature
pro®les �g� for A � 0:1; 0:3; 1; 2;M � 2; k � b � 1, Pr = 0.7

Fig. 4. Velocity pro®les in x- and y-directions �f 0; s� for M � 0
2,4, A � k � b � 1

Fig. 5. Velocity pro®le in x-directions �f 0� for k � 1; 3; 5;
A � M � b � 1
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at the edge of the boundary layer ue increases as A in-
creases. This imports an additional momentum in the x-
direction into the boundary layer and the ¯uid inside the
boundary layer gets accelerated in x-direction which in-

creases the velocity f 0 and hence the temperature g, and
reduces the viscous and thermal boundary layer thick-
nesses. On the other hand, increasing A tends to oppose
the ¯uid motion in the rotating direction (i.e y-direction)
as is evident from equation (9). Consequently, the velocity
in the rotating direction is everywhere lowered and the
boundary layer in the rotating direction becomes thin. For
A � 0:1, the reverse ¯ow is observed in f 0 near the wall.
The reason for this behaviour is given later.

The effect of the magnetic parameter M on the velocity
pro®les in x- and y-directions �f 0,s) for k � A � 1 is pre-
sented in Fig. 4. Since the effect of M on the temperature
pro®les �g� is very small, it is not shown here. The mag-
netic ®eld B induces a magnetic force in the x-direction
which tends to support the velocity in that direction.
Hence the x- component of the velocity pro®les �f 0) is
everywhere increased. Consequently, the temperature
pro®le �g� is also increased. The viscous boundary layer
thickness in the x-direction and the thermal boundary
layer thickness are reduced with an increasing M. On the
other hand, the magnetic ®eld gives rise to a magnetic
force in the rotating direction (i.e y-direction) which tends
to oppose the velocity in that direction. Hence the velocity
in y-direction is reduced and the boundary layer thickness
is thinned as illustrated in Fig. 3b.

The effect of the rotation parameter k on the velocity
pro®les in the x-direction �f 0) is shown in Fig. 5. Since the

Table 1. Surface shear stresses in x- and y-directions (f ¢¢ (0), )s¢
(0)) and the surface heat transfer (g¢ (0)) for k = 1, Pr = 0.7, b = 1

M A f ¢¢ (0) )s¢ (0) g¢ (0)

0 0.3 0.1818 0.7493 0.3886
0 0.5 0.4880 0.8271 0.4450
0 1.0 0.9233 0.9381 0.5611
0 2.0 1.4655 1.0989 0.7418
1 0.3 0.3924 0.8738 0.4018
1 0.5 0.6897 0.9805 0.4582
1 1.0 1.1552 1.1733 0.5766
1 2.0 1.7578 1.4664 0.7612
2 0.1 )0.1047 0.0282 0.3442
2 0.3 0.5566 0.5639 0.4103
2 0.5 0.8624 0.7674 0.4677
2 1.0 1.3624 1.1065 0.5886
2 2.0 2.0240 1.5695 0.7768
3 0.1 0.0391 0.2059 0.3492
3 0.3 0.6720 0.6823 0.4155
3 0.5 0.9933 0.9107 0.4741
3 1.0 1.5209 1.3051 0.5972
3 2.0 2.2514 1.8507 0.7886
4 0.1 0.1444 0.3151 0.3525
4 0.3 0.7723 0.7837 0.4197
4 0.5 1.1099 1.0358 0.4791
4 1.0 1.6838 1.4797 0.6042
4 2.0 2.4597 2.0977 0.7984

Table 2. Surface shear stresses in x- and y-directions (f ¢¢ (0), )s¢
(0)) and the surface heat transfer (g¢ (0)) for M = A = 2, Pr = 0.7,
b = 1

k f ¢¢ (0) )s¢ (0) g¢ (0)

0 1.0062 ± 0.5697
1 1.1552 1.1733 0.5766
2 1.3008 1.1846 0.5832
3 1.4434 1.1953 0.5832
4 1.5832 1.2056 0.5954
5 1.7205 1.2154 0.6011

Table 3. Surface shear stresses in x- and y-directions (f ¢¢ (0), )s¢
(0)) and the surface heat transfer (g¢ (0)) for k = 1, Pr = 0.7,
b = 0

M A f ¢¢ (0) )s¢ (0) g¢ (0)

1 0.5 )0.0746 0.7919 0.3497
1 0.75 0.2205 0.9302 0.4095
1 1.0 0.4210 1.0383 0.4575
1 1.5 0.6901 1.2145 0.5611
1 2.0 0.8950 1.3365 0.6142
3 0.75 )0.0138 0.8432 0.3014
3 1.0 0.1570 1.0820 0.3543
3 1.5 0.3679 1.4138 0.4247
3 2.0 0.5149 1.6730 0.4808
4 0.75 )0.0159 1.0478 0.3054
4 1.0 0.1291 1.2865 0.3448
4 1.5 0.3112 1.6473 0.4036
4 2.0 0.4400 1.9370 0.4520

Table 4. Surface shear stresses in x- and y-directions (f ¢¢ (0),
)s¢(0)) and the surface heat transfer (g¢(0)) for M = A = 1,
Pr = 0.7, b = 0

k f ¢¢ (0) )s¢(0) g¢(0)

0 0.2315 ± 0.4416
1 0.4210 1.0383 0.4575
2 0.5993 1.0583 0.4712
3 0.7691 1.0762 0.4832
4 0.9322 1.0925 0.4941
5 1.0897 1.1075 0.5039

Fig. 6. Velocity pro®les in x-directions �f 0� for A � 0:75;M � 3;
k � 1; b � 0
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effect of k on the velocity pro®les in the y-direction (s) and
the temperature pro®les �g� is found to be small because k
affects them indirectly, these pro®les are not shown here.
The increase in k injects an additional momentum into the
boundary layer which accelerates the ¯uid. Hence the ve-
locity pro®les in x-direction are increased and the boun-
dary layer thickness decreases.

The effect of the acceleration parameter A on the sur-
face shear stresses in x- and y-directions �f 00�0�;ÿs0�0��
and the surface heat transfer �g0�0�� for Pr = 0.7 is pre-
sented in Table 1. As mentioned earlier, both the viscous
and thermal boundary layer thicknesses increase with
decreasing k. Consequently, the surface shear stresses and
the surface heat transfer �f 00�0�;ÿs0�0�; g 0�0�� decrease
with decreasing A. For example, for k � M � 1, Pr = 0.7,
f 00�0�;ÿs0�0� and g0�0� decrease by about 77% , 40% and
47%, respectively, when A decreases from 2 to 0.3. The
interesting result is that the surface shear stress in x-di-
rection f 00�0� vanishes for a certain value of A � A0 which
depends on M and k, but the surface shear stress in y-
direction and the surface heat transfer �ÿs0�0�; g0�0�� re-
main ®nite. A0 = 0.2061, 0.1466, 0.1265, 0.0932, 0.0671 for
M=0, 1, 2, 3, 4 respectively, when k � 1. Similar results
have been obtained by Yang [20] in the case of the un-
steady ¯ow in the stagnation-point region of a two-
dimensional body without a magnetic ®eld. Unlike the
steady case, the vanishing of the surface shear stress
(f 00�0�� does not imply separation [21, 22]. Hence, when A
is slightly further reduced f 00�0� < 0 which implies that
there is a reverse ¯ow in the x-component of the velocity
pro®le �f 0) as shown in Fig. 2.

The effect of the magnetic parameter M and the rotation
parameter k on the surface shear stresses and the surface
heat transfer �f 00�0�;ÿs0�0�; g0�0�� for Pr = 0.7 is shown in
Tables 1 and 2. The surface shear stresses and the surface
heat transfer �f 00�0�;ÿs0�0�; g0�0�� increase with M or k due
to the reduction of viscous and thermal boundary layers as
mentioned earlier. However, the effect of M on g0�0� and
the effect of k on ÿs0�0� and g 0�0� are small. For
k � A � 1; Pr =0.7, f 00�0�;ÿs0�0� and g0�0� increase, re-
spectively, by about 82%, 80% and 7.6% when M increases
from zero to 4. Also for A � M � 1; Pr = 0.7,
f 00�0�;ÿs0�0�; g 0�0� increase by about 50%, 3.6%, 4.2,
respectively, as k increases from 1 to 5.

We have also obtained the results for the case when the
magnetic ®eld B is ®xed relative to the body (b � 0). Since
the effects of A and k on the velocity and temperature
pro®les �f 0; s; g� and the effect of M on the velocity pro®les
(s) are found to be qualitatively similar to those of the
previous case (b � 1�, for the sake of brevity these are not
presented here. The effect of the magnetic parameter M on
the velocity pro®les in the x-direction �f 0� and the tem-
perature pro®les (g) is found to be opposite to that of the
previous case (b � 1). For b � 0 the magnetic ®eld induces
a magnetic force in the x-direction which tends to oppose
the velocity f 0. This reduces the velocity f 0 and hence the
temperature g. The viscous and thermal boundary layers
increase with increasing M. Also, for b � 0 and M > 0 the
velocity pro®les in x-direction �f 0� do not tend to 1 in an
exponential manner when g!1 as mentioned in the
previous section.

The effect of the acceleration parameter A on the sur-
face shear stresses in the x- and y-directions
�f 00�0�;ÿs0�0�� and the surface heat transfer (g0�0�� is
presented in Table 3. Qualitatively, they are similar to the
previous case (b � 1�. However, f 00�0� is much less than
that of the previous case. For M � k � 1; f 00�0� is about
1/3 of the corresponding value of case I(b � 1). The value
of A � A0 for which f 00�0� � 0 is more than that of the case
I is given by A0 � 0:5466; 0:7204; 0:7667; 0:7939 for
M � 1; 2; 3; 4, respectively. Below these values of
A0; f

00�0� < 0, which implies that reverse ¯ow occurs in the
velocity pro®le f 0 as shown in Fig. 6. As mentioned earlier
for M > 0; b � 0; f 0 does not tend to 1 in an exponential
manner at the edge of the boundary layer.

The effect of the magnetic parameter M and the rotation
parameter k on the surface shear stresses and heat transfer
�f 00�0�;ÿs0�0�; g 0�0�� for Pr = 0.7 is displayed on Tables 3
and 4. The surface shear stress in the x-direction �f 00�0��
and the surface heat transfer �g0�0�� decrease with in-
creasing M due to the thickening of viscous and thermal
boundary layers. For A � k � 1; Pr=0.7, f 00�0� and g0�0�
decrease by about 70% and 25%, respectively, as M in-
creases from 1 to 4. This trend is opposite to that of the
case I(b � 1� where f 00�0� and g0�0� increase with M. The
effect of M on ÿs0(0) and the effect of k on f 00�0�;ÿs0�0�
and g�0� are qualitatively similar to those of case I �b � 1�
and they increase with M or k. For A � k � 1;ÿs0�0� in-
creases, by about 24% as M increases from 1 to 4.

6
Conclusions
The surface shear stresses in the x-and y-directions and
the surface heat transfer increase with the increasing ac-
celeration, magnetic and rotation parameters whether the
magnetic ®eld is ®xed relative to the ¯uid or body except
that the surface shear stress in x-direction and the surface
heat transfer decrease with increasing magnetic parameter
when the magnetic ®eld is ®xed relative to the body. For a
certain value of the acceleration parameter the surface
shear stress in x-direction vanishes. However, it does not
imply ¯ow separation since the ¯ow is unsteady. Below
this value of the acceleration parameter the surface shear
stress in x-direction becomes negative and reverse ¯ow
occurs in the x-component of the velocity pro®les.
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