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Abstract: A study of magnetohydrodynamics (MHD) axisymmetric stagnation point flow with viscous
dissipation and heat transfer in an electrically conducting laminar steady viscous incompressible fluid over a
heated axisymmetric shrinking surface is presented. The governing partial differential equations (PDEs) are
reduced to non linear ordinary differential equations (ODEs) in dimensionless form using suitable similarity
transformations. The transformed ODEs are solved numerically by an algorithm based on finite difference
approximations. The results show profound effects of the shrinking and the transverse magnetic field on the
hydrodynamic and thermal characteristics of the flow. In some features like boundary layer thickness these
phenomena are contending with each other while in others like viscous dissipation, these are supportive to
each other. Reversal of heat transfer direction from solid-to-fluid to fluid-to-solid starts at smaller values of the
Eckert number depending on the shrinking rate and the strength of the magnetic field. Therefore, in the presence
of either or both of the shrinking in the heated surface and the magnetic field in the flow, viscous dissipation
cannot be brutally neglected. In view of the shrinking rate and the strength of the applied magnetic field, careful
assessment must be made in order to decide whether viscous dissipation is to be neglected or not.
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INTRODUCTION Chamkha and Issa [4] investigated the hydromagnetic

MHD stagnation point flows past heated or cooled generation / absorption and thermophoresis effects. Two
surfaces have attracted many researchersdue to their dimensional steady, stagnation point flow of an
applications in many of the natural processes and electrically conducting fluid over a flat stretching sheet
engineering  applications.  Examples  include  cooling of was discussed by Mahapatra and Gupta [5]. Layek et al.
an infinite metallic plate in a cooling bath, blood flow [6] analyzed numerically the problem of stagnation point
problems, MHD generators, plasma studies, etc. The flow over a heated permeable stretching sheet with heat
electrically conducting fluid with magnetic field effects generation / absorption. The two dimensional laminar
has  various  industrial   applications   which   include mixed convection stagnation flows was studied by
purification of molten metals from non metallic inclusions Ramachandran et al. [7] for different cases of arbitrary
and semi conductor industries. surface heat flux variations and arbitrary wall temperature

Many investigations have been made for flow in the around the heated surface. Chakrabarti and Gupta [8]
vicinity of a stagnation point during the last several investigated the hydromagnetic flow over a stretching
decades. Hiemenz [1] was the first one who studied two sheet with heat transfer in a fluid initially at rest. The three
dimensional stagnation point flow over a flat plate. dimensional flow towards a stretching flat sheet was
Homann [2] and Eckert [3] then extended this work to the investigated by Wang [9] for the axisymmetric case. The
axisymmetric cases with heat transfer characteristics. heat  transfer  and  oblique  stagnation  point flow over a

flow over a semi infinite permeable flat surface with heat
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horizontal plate was investigated numerically by Paullet
and Weidman [10]. Lok et al. [11] studied the mixed
convection in flow of a two dimensional steady, laminar
and incompressible viscous fluid near a stagnation point
over a cooled or heated stretching flat plate.
Pantokratoras [12] discussed the steady incompressible
viscous boundary layer flow of an electrically conducting
fluid in the presence of a uniform transverse magnetic
field over a heated stretching sheet. Ishak et al. [13] found
numerical solution of steady stagnation point flow over a
vertical sheet with suction / blowing. The numerical study
of two dimensional magnetohrodynamic (MHD) steady
laminar stagnation point flow of a viscous incompressible
electrically conducting fluid of variable thermal
conductivity over a stretching surface was discussed by
Sharma and Singh [14]. Two dimensional stagnation point
flow in a porous medium was studied by Kumaran et al.
[15]. Kumaran et al. [16] analyzed the MHD boundary
layer flow of an electrically conducting fluid over a
stretching and permeable surface with suction / injection
through the surface. The off centered stagnation point
flow over a rotating disc was examined by Wang [17].
Wang [18] considered the two dimensional and
axisymmetric stagnation flows towards a shrinking
surface. Hassanien and Al arabi [19] presented the
problem of boundary layer unsteady mixed convection
flow near the stagnation point on a heated vertical plate
through a porous medium. Hayat et al. [20] investigated
MHD stagnation point flow and heat transfer through a
porous space bounded by a permeable surface. The
problem of two dimensional steady laminar MHD Hiemenz
forced flow over a flat plate through porous medium was
solved by Kechil and Hashim [21]. Kumaran et al. [22]
discussed unsteady/steady two dimensional transition of
boundary layer flow over a stretching sheet. In all the
above investigations the effects of viscous dissipation
have been neglected.

The aim of this paper is to present a comprehensive
parametric study of axisymmetric stagnation point flow of
a steady incompressible viscous electrically conducting
fluid over a permeable axisymmetric shrinking surface in
the presence of a uniform transverse magnetic field with
viscous dissipation effects.

Problem Formulation: We consider steady axisymmetric
stagnation point flow of an electrically conducting
viscous incompressible fluid impinging normally on a
heated axisymmetric shrinking surface without neglecting
viscous  dissipation  effects  as  shown   in    Figure   (1).

Fig. 1: A sketch of the physical problem

We employ Cartesian coordinate system in the present
case. Let (u,v,w) be the velocity components in the
Cartesian coordinate system (x,y,z). The fluid is influenced
by  a  uniform transverse magnetic field of strength .0

The  potential  stagnation   flow   at  infinity  is  given  by
u = ax, w = –az, where a is the strength of the stagnation
flow having dimension of . The velocities on the

stretching surface are u = bx, w = 0. where b < 0 is the
shrinking rate.

Under boundary layer approximations, the governing
continuity, momentum and energy equations for the
problem under consideration may be expressed as:

(1)

(2)

(3)

Here U represents the stagnation point velocity in the
inviscid free stream,  is the density of the fluid,  is thee

electric conductivity of the fluid, T is the fluid
temperature,  is the thermal diffusivity and c  is thep

specific heat capacity at constant pressure. The
appropriate boundary conditions are:

(4)

Here T  is the heated surface temperature and T  is the0

temperature   of  the  fluid  outside  the  boundary  layer.
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We have to solve the Equations (1), (2) and (3) subject to q  + 2 f q – q  + M  (1 – q) + 1 = 0, (10)
the boundary conditions given in Equation (4) to find the
velocity and temperature fields. This is done by using
appropriate similarity transformations in this model and
solving the resulting system of ODES by finite difference
method.
Following [18], the similarity variables are defined as:

(5)

We see that the velocity field given in (5) is
compatible  with  the   continuity   Equation   (1)  and
hence represents possible fluid motion. By using
Equation (5) in the Equations (2) and (3), we get the
following  ordinary  differential  equations in
dimensionless form

f  + 2  f f – f  + M  (1– f ) + 1 = 0, (6)2 2

 + 2 Pr f  + Pr Ec f  = 0. (7)2

Here prime denotes the differentiation with respect to

,  is the Hartmann number or magnetic

parameter,  is the Prandtl number,  is

the Eckart number.

The boundary conditions (4) will now take the form 

(8)

Where  is the shrinking parameter.

Numerical Solution: The highly non linear ordinary
differential Equations (6) and (7) are difficult to solve
analytically, so we find the numerical solution of these
equations subject to the associated boundary conditions
(8) using a finite difference based numerical algorithm.

The order of the Equation (6) can be reduced by one
Ashraf et al. [23-25] by taking

(9)

Equations (6) and (7) in view of Equation (9) together
with  the  boundary conditions   (8)   can   be   written  as

2 2

 + 2 Pr f  + Pr Ec q  = 0. (11)2

(12)

The Equations (10) and (11) after using the central
finite differences have the following form:

(13)

(14)

Where h represents the grid length, q q( ), f f( )n n n n

and ( ).n n

For the numerical solution of the above boundary
value problem we discretize the domain [0, ) uniformly
with step h. Simpson’s rule Gerald [26] with the formula
given in Milne [27] is applied to integrate Equation (9).
Successive over relaxation (SOR) method Hildebrand [28]
is used to solve iteratively the above system of discrete
equations subject to the associated boundary conditions
(12). The solution procedure which is mainly based on the
algorithm described in Syed et al. [29] is used to
accelerate the iterative procedure and to improve the
accuracy of the solution. The iterative procedure is
stopped if the following criterion is satisfied for three
consecutive iterations:

(15)

Here TOL  is the prescribed error tolerance and weiter

have taken its value at least 10  during our calculations.12

The higher order accuracy of the approximations to the
exact solutions can be obtained by using the
Richardson’s extrapolation method. This process can be
carried out using any extrapolation scheme Deuflhard [30].

RESULTS AND DISCUSSION

In this section, the results are presented in tabular
and graphical form together with their discussion and
interpretations   for  the   shear   stress   and  heat   flux  at
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Table 1: Dimensionless normal velocity f( ) on the three grid levels and

extrapolated values for B = – 0.5, M = 1.0, Pr = 0.7, Ec = 0.2

and  = 5.

f( )

---------------------------------------------------------------------------

h Extrapolated values

0.0 0 0 0 0

0.5 -0.027330 -0.027330 -0.027320 -0.027320

1.0 0.250412 0.250408 0.250407 0.250406

1.5 0.676177 0.676151 0.676145 0.676143

2.0 1.157750 1.157707 1.157696 1.157692

2.5 1.654518 1.654465 1.654451 1.654447

3.0 2.154131 2.154076 2.154062 2.154057

3.5 2.654101 2.654045 2.654030 2.654026

4.0 3.154099 3.154043 3.154029 3.154024

4.5 3.654099 3.654043 3.654029 3.654024

5.0 4.154099 4.154043 4.154029 4.154024

Table 2: Comparison of the present results with the literature results of

Wang [18] for M = 0, Ec = 0.2, Pr = 0.7 and  = 5

f (0)

-------------------------------------------------------

Present Wang [18]

0.25 1.45665 1.45664

0.50 1.49002 1.49001

0.75 1.35284 1.35284

0.95 0.94690 0.94690

the shrinking surface and the non dimensional velocity
and temperature fields. The values of the shrinking
parameter B, the magnetic field parameter M, the Prandtl
number Pr and the Eckert number Ec are chosen arbitrarily
because experimental data of the physical parameters are
not available. In order to establish the validity of our
numerical computations and to improve the order of
accuracy of the solutions, numerical results are computed
for three grid sizes  and  and then extrapolated

using Richardson’s extrapolation Deuflhard [30]. A
comparison of numerical values of the dimensionless
normal velocity f( ) for three grid sizes and its
extrapolated values is given in Table 1. Excellent
comparisons validate our numerical computations and the
use of extrapolation for higher order accuracy. The
present results have been further validated by comparing
them with the available literature results of Wang [18].
Table 2. gives this comparison for the case when there is
no magnetic field  and  viscous  dissipation  is  negligible.

Fig. 2a: Normal   velocity   profiles  for M = 0.0, Pr = 0.7,
Ec = 0.2.

Fig. 2a: Normal  velocity  profiles  for M = .3.5, Pr = 0.7,
Ec = 0.2.

We note that for all values of the shrinking parameter,
comparison is excellent. In the results to be presented we
have adjusted  in such a way that the profiles are
compatible with their asymptotic behavior. It may be
noted that  depends on the parameters of the problem
Pantokratoras [31] and, therefore, it may be different for
different sets of values of the parameters. Figures (2a) and
(2b) show normal velocity profiles for a range of values of
the shrinking parameter B when Pr and Ec are kept fixed
at 0.7 and 0.2 respectively. Two parts of each figure
present profiles for the two extreme values 0 and 3.5 of the
magnetic strength M considered in the present work. We
note from Figure (2a) that in the absence of magnetic field
flow reversal occurs in the vertical direction in the vicinity
of the stagnation point against the impinging flow due to
shrinking  of  the sheet and the extent of the reversal
region   increases   as   the   shrinking   rate   is  increased.
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Fig. 3a: Normal velocity profiles for  B  =  0.0,  Pr = 0.7, Fig. 4a: Horizontal velocity profiles for M =  0.0,  Pr = 0.7,
Ec = 0.2. Ec = 0.2.

Fig. 3b: Normal velocity profiles for B  =  0.9,  Pr = 0.7, Fig. 4b: Horizontal velocity profiles for  M = 3.,  Pr = 0.7,
Ec = 0.2. Ec = 0.2.

However, as the transverse magnetic field is applied on the stagnation point owing to the shrinking of the
the impinging flow, Figure (2b) shows that it assists the horizontal sheet in the absence of the magnetic filed.
impinging flow because of which downward flow velocity Vertical extent of this reversal regime increases with the
increases, thus reducing the vertical flow reversal regime. shrinking rate and thus causes the boundary layer
Moreover, the normal velocity profiles become closely thickness to be larger for larger magnitude of B. The
spaced showing that shrinking rate parameter tends to introduction of transverse magnetic field into the flow
lose its significance as the strength of transverse diminishes the effects of shrinking resulting into reduced
magnetic field is increased. This role of magnetic field in reversal region, decrease in boundary layer thickness and
the reduction of vertical flow regime may also be seen closely spaced velocity profiles. Figures (5a) and (5b)
more vividly in Figs. 3a and 3b in which influence of M on present temperature profiles against variations in
the normal velocity profile has been shown for the two shrinking rate parameter B for the two extreme values of
extreme value of the shrinking parameter. A comparison of M. In the absence of magnetic field all the temperature
Figures (3a) and (3b) shows that magnetic strength is profiles are falling for all values of B considered in the
more significant for larger values of the shrinking rate present work. However, at a given location in the
parameter. We observe horizontal  flow  reversal  towards boundary  layer,  temperature  of  the  fluid  rises  as  B  is
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Fig. 5a: Temperature  profiles  for  M   =   0.0,   Pr  =  0.7, Fig. 6a: Temperature  profiles  for  B   =   0.0,   Pr  =  0.7,
Ec = 0.2. Ec = 0.2.

Fig. 5b: Temperature profiles for  M   =  3.5,   Pr  =  0.7, Fig. 6b: Temperature  profiles  for  B   =   0.9,   Pr  =  0.7,
Ec = 0.2. Ec = 0.2.

increased with the rate of rise being larger for higher the heat transfer reversal. We can expect more
values of B particularly in the middle of the boundary pronounced peak for larger values of Ec as will be seen
layer. Because of such response, thickness of the thermal later. Such effects of the magnetic field may also be seen
boundary layer increases and the temperature curves tend more clearly in Figures (6a) and (6b). As noted earlier in
to have change of concavity for higher values of B Figures (3a) and (3b) for normal velocity profiles, here too,
indicating that if B is further increased or viscous magnetic strength is more significantly influential on the
dissipation is promoted somehow, the temperature curve temperature profiles for larger shrinking rate.
may have a peak in the vicinity of the sheet causing Now we  investigate  the  effect  of  Prandlt  number
reversal of heat transfer direction. As the transverse on  the temperature  profiles  in  the presence of
magnetic field of strength M = 3.5 is imposed on the flow, transverse magnetic field and shrinking of the surface.
it causes decrease in the thermal boundary layer These are presented for extreme values of the shrinking
thickness, makes the temperature profiles closely spaced rate parameter B and the magnetic parameter M and a
indicating its counter effects against shrinking and makes specified value of the Eckert number. Figure (7a) gives
appear a slight peak in the temperature curve in the temperature profiles for a range of values of Pr considered
vicinity of the sheet for B=– 0.9 and Ec = 0.2 indicative  of in  the  present  work  when  B  =  0, M =  0  and  Ec  = 0.5.
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Fig. 7a: Temperature profiles for B = 0.0, M = 0.0, Ec = 0.5. Fig. 7c: Temperature profiles for B = 0.0, M = 3.5, Ec = 0.5.

Fig. 7b: Temperature profiles for B = 0.9, M = 0.0, Ec = 0.5. Fig. 7d: Temperature profiles for B = 0.9, M = 3.5, Ec = 0.5.

We note that increase in Pr causes decrease in the This is why the temperature profiles intersect each other
thermal boundary layer thickness and temperature in the at a point and the behaviour goes other way round after
boundary layer and consequently it increases heat this point. When there is transverse magnetic field
transfer rate from the sheet to the fluid. When the surface imposed on the  flow  and  there  is  no  shrinking of the
shrinks at the rate B = – 0.9 in the absence of magnetic surface, Figure (7c) in comparison with Figure (7a) shows
field, strong flow reversal occurs horizontally as well as that there is a slight decrease in the thermal boundary
vertically as noted earlier in the velocity profiles. This in layer thickness and an increase in the temperature in the
turn enhances viscous dissipation in the vicinity of the vicinity of the surface resulting into decreased heat
surface which causes the fluid temperature to rise near the transfer rate at the surface. This may be attributed to
surface at a rate larger for larger value of Pr as shown in increase in viscous dissipation due to the imposition of
Figure (7b). This is why in the vicinity of the sheet, the the magnetic field, an effect already observed in the study
temperature curves for larger values of Pr are higher than of velocity profiles. When both the shrinking of the
those for small values of Pr. However, as we more away surface and the transverse magnetic field are applied
from the sheet within the thermal boundary layer, viscous simultaneously, Figure (7d) reflects their combined effect
dissipation decays out and the curves for smaller values on the temperature profiles. In comparison with Figures
of  Pr  tend  to  override  those  for  larger values  of  Pr. (7a),  (7b)  and  (7c),  we  note that both these phenomena
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Fig. 8a: Temperature profiles for B = 0.0, M = 0.0, Ec = 0.7. Fig. 8c: Temperature profiles for B = 0.0, M = 3.5, Ec = 0.7.

Fig. 8b: Temperature profiles for B = 0.9, M = 0.0, Ec = 0.7. Fig. 8d: Temperature profiles for B = 0.9, M = 3.5, Ec = 0.7.

have promoted viscous dissipation in the vicinity of the We now study the effects of magnetic field, shrinking
surface to the extent that reversal of heat transfer starts at of the sheet and viscous dissipation on the shear stress
small Prandlt number, Pr  0.2. Moreover, the region of f (0) and the heat transfer rate – (0) at the shrinking
enhanced viscous dissipation has shrunk towards the surface. Figure (9) presents f (0) and – (0) plotted
surface as indicated by the shift of the point of against the magnetic field parameter M for various values
intersection of these profiles towards the surface which is of the shrinking parameter B when the Eckert and Prandtl
the effect attributed to the magnetic field. Figures (8a), numbers Ec and Pr respectively, are kept fixed at the
(8b), (8c) and (8d) help in understanding the effect of values shown in the figure. We note that the shear stress
Eckert number Ec on the temperature profiles in the increases almost linearly with M for all values of B. The
presence of no, either or both of the transverse magnetic nature of variation of shear stress with B depends on the
field and shrinking of the surface. A comparison of all value of M. For 0 M  1, it first increases with B but then
these figures shows that both of these agents are starts decreasing with further increase in B. This non-
contending with regard to their effect on the thickness of monotonic dependence on B for M = 0 has also been
thermal boundary layer and supportive with Ec in reported by Wang [18]. For M > 1 the shear stress
increasing viscous dissipation. For the values of B and M becomes monotonically increasing with B. We further
considered in these figures, shrinking has more profound note that for small M, the stress curves are very close to
effect in increasing viscous dissipation and thickness of each other and get wider apart as M increases. Moreover,
the thermal boundary layer than the magnetic field. the    slope     of     these     curves     increases     with     B.
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Fig. 9a: Shear stress at the surface for Pr = 0.7, Ec = 0.2. insignificant peak, fall in such a way that these curves

Fig. 9b: Heat transfer rate for Pr = 0.7, Ec = 0.2. in the reverse direction. Figure (10c) shows the effect of

This behaviour shows that the shear stress increases by various  values  of  the  Prandlt  number.  We  note  that
increasing the shrinking rate and that the effect of
shrinking becomes more and more significant as the
strength of the magnetic field is increased. Thus the
transverse magnetic field and the shrinking enhance
viscous dissipation and, therefore, it can not be neglected
in flows affected by the transverse magnetic field or
involving surface motion opposite to the main stream
direction. Figure (9b) shows that for each value of B, the
heat transfer rate undergoes slight increase with M for 0

M  1 and then decreases with M at a rate relatively
larger in magnitude. This indicates that – (0) may
ultimately change its sign from positive to negative at
some value of M for a given value of B. This is the
situation where viscous dissipation has raised the fluid
temperature in the boundary layer to become equal to the
surface temperature and there will be no heat transfer
between  the  surface  and  the  fluid  in  either  direction. Fig. 10a: Heat transfer rate for B = -0.2, Ec = 0.2.

With further increase in M viscous dissipation makes the
fluid temperature larger than that of the surface and,
therefore, reversal of heat flow direction occurs. The value
of M at which this heat flow reversal starts is smaller for
larger shrinking rate indicating that both the strength of
magnetic field M > 1 and the shrinking rate promote
viscous dissipation. This finding is consistent with our
earlier study of shear stress. Figure (10a) shows
behaviour of – (0) against M for different values of the
Prandlt number Pr. It may be noted from the figure that for
a given value of M, – (0) is larger for larger value of Pr
and smaller for smaller value of Pr. However, as M
increases, the curves corresponding to 0.1 Pr  0.4 rise
while those for 0.5 Pr  0.7, after attaining an

appear to converge for large values of M. This behaviour
reflects that at low Prandlt numbers, magnetic field
promotes heat transfer from the heated surface to the fluid
while at large Prandlt numbers, it reduces the solid-to-fluid
heat transfer. Figure (10b) shows that although for small
Ec = 0.5, – (0) is positive, but as M is increased, – (0)
decreases and changes its sign some where in the interval
2.5 M  3.0. This marks the value of M at which reversal
of heat flux direction occurs for Ec = 0.5. For Ec  1.0, heat
flux has been found to be negative even in the absence of
magnetic field. If magnetic field is applied and its strength
is increased, – (0) decreases at the rate relatively larger
for larger values of Ec. This behaviour of – (0) curves
provides the evidence that transverse magnetic field
promotes viscous dissipation and hence heat transfer rate

shrinking parameter B on the heat transfer rate – (0) for
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Fig. 10b: Heat transfer rate for B = -0.2, Ec = 0.7. Fig. 10d: Heat transfer rate for M = 1.0, Ec = 0.7.

Fig. 10c: Heat transfer rate for M = 1.0, Ec = 0.2. Fig. 10e: Heat transfer rate for B = -0.2, M = 1.0.

at B = 0.0, – (0) is larger for larger values of Pr and CONCLUSIONS
decreases with B for all values of Pr considered in the
present work. – (0) decreases more rapidly for larger Pr The present study is concerned with the
and the curves intersect each other and the B-axis in such investigation of flow and thermal characteristics of a
a way that change of sign of – (0) occurs earlier along B- steady axisymmetric stagnation point flow of an
axis for large Pr. This reflects the facts that increase in Pr electrically conducting viscous and incompressible
promotes viscous dissipation which results into earlier Newtonian fluid impinging normally on a heated
reversal of the direction of heat transfer. Figure (10d) axisymmetric shrinking surface in the presence of
shows that – (0) decreases along B-axis for all values of transverse magnetic    field    without    neglecting
Ec with the curves gradually getting wider apart with viscous dissipation. We may draw the following
increase in the magnitude of B. This indicates that Eckert conclusions from our findings presented in the previous
number becomes relatively more significant as the section.
shrinking rate increases. Figure (10e) shows – (0) curves
plotted against Pr for various values of Ec. For Ec = 0, Shrinking    of    the    surface    causes   horizontal
– (0) is increasing and for Ec, 0.5, – (0), after reaching flow   reversal   at   the   sheet   and   vertical  reversal
an insignificant peak, starts decreasing along Pr-axis very in the  vicinity  of  the  stagnation  point.  The
steadily. For Ec  1.0, – (0) curves are continuously extents of the reversal regimes increase with the
decreasing and change their signs at certain value of Pr shrinking  rate  and,  in turn, boundary layer
which is larger for smaller value of Ec. Again the effect of thickness increases and viscous dissipation is
Ec on – (0) is more significant for larger values of Pr. promoted  near the heated surface leading to increase
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in the thickness of thermal boundary layer and 2. Homann, F., 1936. Der Einfluss grosser Zahigkeit bei
reversal of heat flow direction at the solid-fluid
interface at high shrinking rates.
Application of transverse magnetic field on the
stagnation point impinging flow on a shrinking sheet
has profound effects on the flow and thermal
characteristics. It assists the impinging flow and
counteracts the effects of the shrinking surface
resulting into reduction in the extents of the
horizontal and vertical flow regimes and the thickness
of the hydrodynamic and thermal boundary layers.
However, it promotes the shear stress and, hence, the
viscous dissipation at the solid-fluid interface.
In the absence of shrinking and magnetic field,
Prandlt number promotes heat transfer rate from the
surface to the fluid by decreasing the fluid
temperature. Shrinking, however, reverses its
influence so that at large shrinking rates, Prandlt
number promotes viscous dissipation resulting into
high fluid temperature in the vicinity of the surface
which, in turn, significantly reduces heat transfer rate
from the surface to the fluid. Imposition of transverse
magnetic field further intensifies the viscous
dissipation but reduces the region of high viscous
dissipation towards the heated surface. An
interesting interaction of the magnetic field and the
Prandlt number is that, at low Prandlt numbers, the
magnetic field promotes solid-to-fluid heat transfer
rates while, at large Prandlt numbers, it reduces this
rate.
Shrinking of the heated surface and the transverse
magnetic are both supportive with the Eckert number
in increasing viscous dissipation and causing
reversal of heat transfer direction from solid-to-fluid
to fluid-to-solid. However, shrinking has more
profound effect in this regard.
In the presence of either or both of the shrinking in
the heated surface and the magnetic field in the flow
viscous dissipation cannot be brutally neglected. In
view of the shrinking rate and the strength of the
applied magnetic field, careful assessment must be
made in order to decide whether viscous dissipation
is to be neglected or not.
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