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Abstract

An analysis has been developed in order to study the flow and heat transfer on a stretching surface in a rotating fluid, in the presence of
a magnetic field. The partial differential equations governing the non-similar flow have been solved numerically by using the implicit finite
difference and the difference-differential methods. The magnetic field increases the skin friction coefficient-dirtation, but reduces
the skin friction coefficient in the-direction and the Nusselt number also decreases. On the other hand, the skin friction coefficients in
andy directions increase, in general, with the rotation parameter, but the Nusselt number decreases. The Nusselt number also increases wit
the Prandtl number.
0 2002 Editions scientifiques et médicales Elsevier SAS. All rights reserved.
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1. Introduction face. The moving surface sucks the fluid and pumps it back
in the down-stream direction. Consequently, both the surface

The study of flow and heat transfer in the boundary layer shegr stress and_the heat transfer are significantly enhanced.
induced by a surface moving with a uniform or non-uniform Sakiadis [1] studied the flow induced by a surface moving
velocity in an otherwise ambient fluid is important in sev- With aconstantvelocity in an ambient luid. The correspond-
eral manufacturing processes in industry which include the in9 heat transfer problem was considered theoretically and
boundary layer along material handling conveyers, the ex- €xperimentally by Tsou et al. [2] and Erickson et al. [3] and
trusion of plastic sheets, the cooling of an infinite metalic €xPerimentally by Griffin and Throne [4]. Crane [5] studied
plate in a cooling bath. Glass blowing, continuous cast- € Same problems as in [1], but assumed that the surface
ing and spinning of fibers also involve the flow due to a velocity U varies linearly with the stream-wise distance

stretching surface. In recent years MHD flow problems have (€ U = ax, wherea (a > 0) is the velocity gradient).
become more important in industry. Since many metallur- GUPt@ and Gupta [6] studied the heat and mass transfer for

gical processes involve the cooling of continuous strips or _the boundary layer over an isothermal stretching sheet sub-

filaments. By drawing them in an electrically conducting Ject 10 blowing and suction. Subsequ_ently_ Chakrabarti and
Gupta [7] extended the above analysis to include the effect

of a magnetic field. Carragher and Crane [8] investigated the
heat transfer characteristics of a linearly stretching imperme-
able isothermal surface and obtained an analytical solution.
Dutta et al. [9] considered the effect of the uniform flux con-
dition on the heat transfer over a linearly stretching surface.
Grubka and Bobba [10] examined the effect of the non-
isothermal wall temperature, varying as a power-law with
* Correspondence and reprints. the distancer, on the heat transfer over a stretching surface.
E-mail address: h.s.takhar@mmu.ac.uk (H.S. Takhar). The effect of uniform suction and injection on the flow and

fluid in the presence of a magnetic field, the rate of cooling
can be controlled. Another application is in the purifica-
tion of molten metals from non-metalic inclusions by the
application of a magnetic field. The flow past a moving or
stretching surface in an ambient fluid differs from that of
the classical Blasius problem of flow past a stationary sur-
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Nomenclature
Cix skin friction coefficient in thec-direction Re Reynolds number
Cyry  skin friction coefficient in they-direction T teMPErature .........ovveeeeeeeennannn..
Cp specific heat at constant pressure :kigJ*-K u,v,w velocitycomponents.................. .gnt
C specific heat at constant volume. . -kgt-K 1
f,vg d?mensionless similarity variables v Greek letters
g acceleration due to gravity ......... 8 ms? o thermal diffusivity .. ................. 1
h heat transfer coefficient ......... W-2.K-1 B coefficient of thermal expansion ......... K
Ha Hartmann number n, & transformed similarity variables
k thermal conductivity ............ wh1.K-1 M dyNamic VisCosity .. ............. kg—1.s1
L charactgrlstlc length........ ...t m KiNematic VISCOSHY . .. .. v\ vvven .. 1
M magnetic parameter : 3
NU, local Nusselt number 0 den§|ty ............................. kg
p PIESSUIE . ..ot eeeeeeennns Pani2 A rotation parameter
Pr Prandtl number £2 angular velocity
q REALFIUX .+« v v e e, Wi—2 W stream function...................... gt

heat transfer from a stretching sheet was analysed by Duttaextended the analysis of Wang [18] to include the effects
[11] who also obtained an analytical solution. Chappadi and of the magnetic field and unsteadiness and obtained a self-
Gunnerson [12] examined the flow and mass transport onsimilar solution.

a surface which is moving with a uniform velocity in an The magneto-hydrodynamics of rotating electrically-con-
otherwise ambient fluid. Andersson [13] studied the flow ducting fluids in the presence of a magnetic field is en-
of an electrically conducting fluid on a linearly stretching countered in many important and interesting problems in
surface with a magnetic field and also obtained an analyt- geophysics and astrophysics. It can provide explanations
ical solution of the Navier—Stokes equations. The effect of for the observed maintenance and secular variations of the
the variable thermal conductivity on the heat transfer in the geomagnetic field [20]. It is also relevant in solar physics in-
stagnation-point flow towards a linearly stretching sheet was volved in the sunspot development, the solar cycle and the
examined by Chiam [14], who obtained the solution of the structure of rotating magnetic stars [21].

governing ordinary differential equations numerically. Va- The aim of this analysis is to study the flow and heat
jravelu and Hadijinicolaou [15] carried out an analysis for transfer over a stretching surface in a rotating electrically-
the flow and heat transfer of a viscous electrically conduct- conducting fluid in the presence of a magnetic field. The
ing fluid over a vertical isothermal sheet which is linearly parabolic partial differential equations governing the non-
stretched in the presence of a uniform free stream. The ef-similar flow have been solved by using an implicit finite-
fects of the buoyancy force and internal heat generation ordifference scheme similar to that of Blottner [22]. These
absorption have been included in the analysis. The magneticequations have also been solved by using the difference-
field is applied normal to the surface. The boundary layer differential methods [23], wherein we have to solve a
equations given by a system of coupled non-linear ordinary system of ordinary differential equations instead of partial
differential equations were solved numerically. Kumari and differential equations. The results have been compared with
Nath [16] investigated the effect of a magnetic field on the those of Tsou et al. [2], Erickson et al. [3], Griffin and
stagnation-point flow and heat transfer of a viscous elec- Throne [4], and Jeng et al. [17].

trically conducting fluid on a linearly stretching sheet. The Our problem can be regarded as the magnetic and rotating
Navier—Stokes and energy equations governing the flow andcounter-part of the non-similar problem considered by Jeng
heat transfer were solved numerically. In most of the above et al. [17]. It can also be considered as the magnetic counter-
cases the surface velocity was taken tdbe ax, a > 0 and part of the similar-problem considered by Wang [18] with
self-similar solutions were obtained. The draw back of this the further difference that our problem is non-similar. Since
model is that it gives zero velocity at the slit. Jeng et al. [17] the rotation of the fluid increases the magnitude of the
have studied the non-similar flow over the surface which is secondary flow and the magnetic field decreases it, the
moving with the velocityy = Up(1+ x /L), whereUy is the magnetic field can play an important role in retarding the
velocity atx = 0, x is the distance along the surface, dnd  growth of the secondary flow as well as in reducing the heat
is the characteristic length, in an ambient fluid. Wang [18] transfer rate. This also justifies the study of the effect of the
has considered the steady flow over a linearly stretching sur-magnetic field on rotating flows. One possible application of
face U = ax, a > 0) in a rotating fluid and has obtained a the present model is in self-cooled liquid metal blankets in
self-similar solution. Recently, Takhar and Nath [19] have fusion reactors where the container is being rotated.
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2. Analysis Here p and v are the density and kinematic viscosity of
the fluid, respectivelyy is the thermal diffusivitylU is the

We consider the steady motion of a viscous incompress-surface velocity,T,, and 7, are the wall temperature and
ible electrically-conducting fluid induced by the stretching temperature at the edge of the boundary layer, respectively,
of a surface in thec-direction in a rotating fluid. The sur-  and the subscripts andz denote derivatives with respect to
face coincides with the plane= 0 and it is being stretched  x andz, respectively.
with velocity U = Up(1+ x/L). The fluid is rotating with a It is convenient to transform equations (1)—(4) from
constant angular velocit about thez-axis. The stretching  (x, z) system to(&, ) system by using the following trans-
distancex is also rotating with the fluid. The flow is three- formations:
dimensional due to the presence of the Coriolis force. Fig. 1 x
shows the coordinate system, whatev andw are the ve- _ (oE\1/2 =
locity components in the direction of Cartesian axesy = (2}’%‘)) vz, §= / U@x)dr

andz, respectively. The magnetic fiell is imposed in the . °
z-direction. Since the flow is induced by stretching the sur- U ) =Uod+x/L), & =x/L
face in thex-direction only, the velocity components, v, Y(x,z)= (2v§)‘1/2f(§, n)r

w, and the temperaturE depend only onx andz. It is as- =
sumed that the magnetic Reynolds numBej, = oo VL T, 2) =To jr (Tw — T2)0 (€. n) ~

is small, whereug is the magnetic permeability; is the v(x,2) =Ug(&,n), u==8y/sz=Uf"(&,n)
electrical conductivity, and’ and L are the characteristic & _ 11+ £/2)

velocity and length, respectively. Under these conditions, it _ _ 5
is possible to neglect the induced magnetic field in com- 1= (25/U)(dU/d§) =25(1+§/2)(1+8)
parison to the applied magnetic field. Since no applied or ) = 2L/ Uy, M =Ha’=0B?L?/u
polarization voltage is imposed on the flow field, the electric _ _

field E = 0. This corresponds to the case where no energy is Re = UoL/v, Pr=v/a
added to or extracted from the fluid by electrical means. The Here (£, ) are the transformed coordinateg; and f
surface is electrically insulated. Hence, the Lorenz magnetic are the dimensional and dimensionless stream functions,
force depends only on the magnetic field. The viscous dissi- respectively;t is the dimensionless stream-wise distance;
pation, Joule heating, and the Hall effect are neglected. The f” and g are the dimensionless velocity components along
surface temperature and the fluid temperature at the edgehe x and y directions, respectively (i.e.f” and g are,

of the boundary layer are all constant. Under the forego- respectively, the primary and secondary flow velocities);
ing assumptions, the boundary layer equationsin the rotatingg is the dimensionless temperatusejs the fluid rotation

(6)

frame of reference are [17-19,24] given by: parameterM is the magnetic parameter which is the ratio
_ of the Hartmann number to the Reynolds numlbris the
Uy +w; =0 1) . .
1 Prandtl numberHa is the Hartmann numbeRe;, is the
ulty 4wty — 22v ="z, — p~ "0 Bu (2) Reynolds numbesy, s» andss are functions of ; and prime
Uvy + wu; + 22u =vv.. — p o B 3) denotes derivative with respecti{o
uTy +wT, =aTs, (4) _ These transformations also con\_/ert Egs. (1)7(4) in d_|men—
N ) sionless form. Consequently, we find that (1) is identically
The boundary conditions are given by: satisfied and Egs. (2)—(4) reduce to:

ux,00=U(x), v(x,0=0

"+ ff" = s1f'% 4 2hs2g — Msaf’
wx,0=0, Tx,00=T,, x>0

— /8 / 8 _ //a a 7
u(x,00)=v(x,00) =0, T(x,00)=To, x20 © //+;3§/(f ff// 5 2; f]j/ ‘21 "
8 8§ —S1) 8§ —4As2) — MS28
0,2)=v(0,2) =0, T(,z)=Tw0, 0
AZ,W Prlo” + £0' = sa£ (10605 — 0'06/98) 9)

> where

(-
—\ W \ — 52= (26/Uo/ UPL) = 261+ £/2)(1 + &) 2 .
U L e x,u U s3=(2£/UL)E 1 =21+&/2)(1+&)t

The boundary conditions (5) can be re-written as
—s  JEO=0,  [f¢0=1

8(§,0)=0, 6(,0=1 (11)
Fig. 1. Coordinate system. F(E,00) = g(€,00) = (&, 00) =0
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It may be remarked that Egs. (7) and (9) foe M =0
(in the absence of fluid rotation and magnetic field) are
identical to those of Jeng et al. [17]. Foe=0, g(&,n) =
and Eq. (8) is not required. Also, Egs. (7) and (9) §or
M =) =0 (self-similar flow) reduce to those of Tsou et al.
[2] and Erickson et al. [3] if we apply the transformations
= 2Y2n, f1(11) = 22 f (), 61.(n1) = 6.(n). Since Wang
[18] and Takhar and Nath [19] have assumed the wall
velocity U = ax, a > 0 instead ofU = Up(1 + x/L),
Egs. (7)—(9) cannot directly be reduced to those of [18,19].
The quantities of physical interest are the skin friction and
heat transfer coefficients. The local skin friction coefficients
in thex andy directions are given by:

Cpx = —2u(8u/82):=0/ pUE
—2'2Re; 21+ 6’1+ £/27H2 £ (0)
) (12)
Cry = —2u(9v/dz).=0/pU§

—2V2Re; Y21+ £)2(14£/2) Y24 (£,0)

Similarly, the local heat transfer coefficient in terms of the
local Nusselt number can be expressed as

Nuy = —x(37/32);=0/(Tw — Too)
—2Y2Re P+ )1 +6/27 V% (6,0)  (13)
where Re, = Upx/v is the local Reynolds numbey; is

the coefficient of viscosity,Cr, and Cr, are the local
skin friction coefficients along andy directions (i.e.C,
andCy, are the local skin coefficients for the primary and
secondary flows, respectively); ahldi, is the local Nusselt
number.

3. Finite-difference method

The parabolic partial differential equations (7)—(9) along
with (10) under the boundary conditions (11) have been
solved by using an implicit iterative tri-diagonal finite-
difference scheme similar to that of Blottner [22]. All the
first-order derivatives with respect ¢éoare replaced by two-
point backward difference formulae

0S/0E =(S;; — Si—1,j)/ A&

whereS denotes the dependent varialgler ¢ or6 andi and

j are the node locations along thendn directions, respec-
tively. First, the third order partial differential equation (7)
is converted to a second-order partial differential equation
by substitutingf’ = F. Then the second order derivatives
with respect top for F, g and6 are discretized using the
three-point central difference formulae while the first-order

(14)

derivatives are discretized by employing the trapezoidal rule.

At each line of constar§, a system of algebraic equations

is obtained. The nonlinear terms are evaluated at the pre-

vious iteration and the equations are solved iteratively by
using the Thomas algorithm (see Blottner [22]). The same
procedure is followed for the negtvalue and the equations
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are solved line by line until the desirédvalue is reached.

A convergence criterion based on the relative difference be-
tween the current and the previous iterations is used. When
this difference reaches 10, the solution is assumed to have
converged and the iterative process is terminated.

4, Difference-differential method

The partial differential equations (7)—(9) with relations
(10) under the boundary conditions (11) are also solved
by using the difference-differential method [23]. In this
method, we have to solve a system of ordinary differential
equations instead of partial differential equations. Further,
these ordinary differential equations are converted to integral
equations and then solved by iterative numerical quadrature.
The results obtained by employing this method are nearly
the same as those obtained by using the finite-difference
scheme, but there is a significant reduction in the compu-
tation time.

First, we replace the derivatives with respectétoat
E=&=ih(I=0,1,2, ...), whereh is a constant interval,
by using a four-point formula of Gregory—Newton. Egs. (7)—
(9) can be replaced by the following ordinary differential
equations:

S+ [ fi +53/6)(ALf; — 18fi1+9fi 2 — 2fi-3)| f/
— [Ms2+53G/6)(11f] — 18f_1 +9f/ o — 2f_3) |/
— sl(fi’)z + 2As0gi =0 (15)
[+ [fi +53/6)(ALfi —18fi1+9fi 2 —2fi-3)]g;

— [s18i +53(i/6)(11g; — 18¢i -1+ 9gi 2 — 2gi-3) | f/
— 2Asof/ — Ms2gi =0 (16)
r0) + [ fi + 53 /6)(A1f; — 18fi 1
+9fi-2—2fi-3)]0;
— [s3(i/6)(116; — 180;_1 4+ 9;—2 — 20;_3)| f{ =0 (17)
where
s1=s2=2ih(1+ih/2)(1+ih)~?
L (18)
s3=2(1+ih/2)(1+ih)~
The boundary conditions (11) can be replaced by
fi(0)=0, [0 =
80(0)=0, 0;(0)=1 (29)
7 (00) = gi(00) =6 (00) =

It is possible to express the solution of (15)—(17) under
conditions (19) at théth stationg; = ik in terms of integral
equations.

/ B >/ o 19

=1+
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8] n
R(m) G(n)
| [E dnd 20
[/ (n)/E(n) n n}G(OO) (20)
0 0
n
fi = / £y (21)
0
A o)
o n
gl—/E(m/—E()d dn
0
[ H®m G
n n
— E dnd 22
[0/ (n)/E(n) n n}G(OO) (22)
A )
o )
0; = 1+PF/E(77)/E( )dnd
[ [Pm )
n
—P —= — 23
r[/ 0 [ & ¥ }G(oo) 23)
0 0
where
n
E(m) = exp[ / {—fi — s3(i/6)(11f; — 18fi_1
0
+9fi—2 — 2fi-3} dn} (24)
R(n) = [Ms2+s3(i/6)(11f — 18f{_,
+9f o —2f_3)|f!
+51(f)? - 2hsagi (25)
n
Gy = / E(n) dn (26)
0
H(n) = [s18i +s3(i/6)(11g; — 18g; 1
+9gi-2—2gi-3)]f{
+2hs2 f] + Msogi (27)
P(n) = [s3(i/6)(119; — 189;_1+ 9;_2 — 26;_3)] f{ (28)

The integral equations (20)—(23) are solved by employ-
ing an iterative numerical quadrature using the Simpson’s
rule. Egs. (20)—(23) involvef (n), f'(n), g(n) and 6(n)
at locationsé;_1, & -2, and &_3. When these quantities
are determined, we can g¢t(n), f/(n), g (n) ando;(n)
from (20)—(23). The initial functionsfo(n), fy(m), go(n)
andép(n) até = M = A = 0 are the solutions of the ordi-
nary differential equations obtained from (7)—(9) witk= 0.
These ordinary differential equationsét M =1 =0 are
solved by using the Runge—Kutta—Gill method [25]. Sim-
ilarly, f1(m), fi(m), g1(n), O1(n) and f2(m), f3(n), g2(n),
02(n) at & = & and & = & are obtained from equations
similar to (15)—(17), where the derivatives with respect to
& are, respectively, replaced by two-point and three-point
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difference formulae instead of four-point formula used in
(15)—(17). After these starting solutions have been obtained,
we can solve (20)—(23). The convergence criterion is based
on the relative difference between the current and the pre-
vious iterations. When this difference becomes30the
solution is assumed to have converged and the iterative
process is terminated.

5. Resultsand discussion

Egs. (7)—(9) with (10) under the boundary conditions (11)
have been solved numerically by using the finite-difference
and difference-differential methods as described earlier. In
order to assess the accuracy of our methods, we have com-
pared the velocity profila/Ug = f'(n) for§ =0=M = A
with the theoretical and experimental results of Tsou et al.
[2] in Fig. 2. It is in very good agreement with the theoret-
ical values. It also agrees well with the experimental values
near the wall. We have compared the local Nusselt number
Nu, for & = 0 with the theoretical values of Erickson et al.
[3] and with the experimental values of Griffin and Throne
[4] in Fig. 3. The results are in good agreement with the
theoretical and experimental values when the wall velocity
Uo > > 8 92 ft.s™L. Further, the local skin- fnctlon coefficient
(Rex Cfx) and the local Nusselt numberF{é Nux) for
M =) =0 (i.e., in the absence of the magnetic field and ro-
tation of the fluid) are compared with those of Jeng et al.
[17]. The results are found to be in very good agreement.
The comparison is shown in Fig. 4. Also, the results obtained
by both the finite-difference and the difference-differential
methods are identical at least up to the third decimal place.
Hence, the comparison is shown only in a few cases.

The effect of the magnetic parametdf on the lo-
cal skin friction coefficients in thex and y directions,
2-Y2Re/?C ., 2742Re; Y%, Cyy, and the local Nusselt
number, 2/2Rex Y2Nu,, for » = 0.5, Pr = 0.7, 0< £ > 3,
obtained by using both the finite-difference and the difference-
differential methods is shown in Figs. 5-7. Since the mag-
netic parameted/ is multiplied by¢ (see Egs. (7), (8), (10)),

1.0 ¢
Station Up(ftss)
No- 34.3 44.7 537
08 2 o > +
4 A < x tExpt.[2]
5 v a
° 0.6
o Present results
S Theo.
04+ ® Tsouetal [2]
0.2
0.0 | 1 1 | 1 1
0 1 3 4

2
1=y /e

Fig. 2. Comparison of the velocity profile/ Ug for ¢ = M = 1 = 0, with
that of Tsou et al. [2].
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Ug (tt/sec)
o 2.86
100
& 60 Expt. [4] v
a 8.96
80F v 13.90 a 97
A O
o
X -
3 60 o A
o
L0 °
2 Present results ™
20 ® Erickson et al [3] eo:
0 ] | ] 1 |
0 50 100 150 200 250
(Rey) /2 (Pr)"?

Fig. 3. Comparison of the local Nusselt numibpar, for § =M =1 =0,
with that of Erickson et al. [3] and Griffin and Throne [4].

N
=
& 1.0
14 -
5 A
= _-o7
o~ -
o9 )
g; /‘0/ A=0, Pr=07, A=0
@ / 1/2
x 0.8 yed Ctx Rex’
[8) /,O’/ — — — 2Nux-Rey
o o Jengetal [17]
0,7&—” L !
00 05 1.0
g

Fig. 4. Comparison of the local skin friction coefficient in direction
(Re%/ 2Cfx) and the local Nusselt numbeﬁRe;l/ 2Nux) with those of

Jengetal. [17]fon =M =0,Pr=0.7.

24
20+ Pr=07
A=05
16 Finite ditterence
x o Difference ditferential
Ky
S 12
[
@
s
~ 8
4
M=0.0,1.0,2.0,4.0
0 1 ] 1 1 ]
00 0-5 1-0 1-5 2-0 2.5 3.0
3
Fig. 5. Effect of the magnetic parametéf on the local skin friction coef-
ficient in x direction (2—1/2Re%/chx): — finite difference;o difference

differential.

50
Pr=0.7
L A =05
4.0+
- Finite ditterence
O Ditference ditterential
S 301
Sx
[}
& M =0.0,1.0,2.0, 6.0
'~ 2.0
1.0
0.0¢
0-0 05 1-0 1.5 2:0 2.5 3.0
¥

Fig. 6. Effect of the magnetic parametit on the local skin friction coef-

ficient in y direction (2‘1/2Rei/chy): — finite difference;o difference
differential.
1-0
0.9
0-8r
3
z 07 M=0.0,1.0,2.0, 4.0
g
e 06
g 0
N
~ 05
0-4
Finite difference
03 O  Ditterence difterential
0-2 1 I 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
g
Fig. 7. Effect of the magnetic paramet&f on the local Nusselt number
(21/2Re; 2Nuy): — finite difference:o difference differential.

its effect vanishes @& = 0 and increases significantly wigh

For example, fod = 1,1 = 0.5, Pr = 0.7, the skin friction
coefficients in ther andy directions and the Nusselt number
increase by about 833%, 525% and 74%, respectively, as
increases from 0.5 to 3. The reason for a comparatively weak
dependence of the Nusselt numberMnis that it does not
occur explicitly in the energy equation (see Eqg. (9)). It may
be noted that in the range-0¢ < 0.6, the Nusselt number
decreases foM > 2. This trend is due to the opposing ef-
fects of the parameters in this range. For a figethe skin
friction coefficient in thex-direction increases wittM, but

the skin friction coefficient in the-direction and the Nusselt
number decrease. The reason for this trend is that the mag-
netic field has a stabilizing effect on the flow field. Hence
it enhances the velocity in the-direction ' (&, ), but re-
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1.0 1.0
Pr=0.7 Pr=07
0.9 4 A=05 091 A=05
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&/B 0.5 4 wp 05
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Gt [«
0.4 0.4
03 1 M=0,1.0,20,4.0 03 |
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0.1 0.1
M=0, 1.0,2.0, 4.0
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Fig. 8. Effe/ct of the magnetic parametéf on the velocity profiles inc Fig. 10. Effect of the magnetic parameté on the temperature profiles
direction (f/ (&, n)). OE. m).

0.00

20

-0.02

-0.04

-0.06

-0.08

= 12
G &
%,2 -0.10 ¥ 10
-0.12 ] ™

2=0.25,05,1.0,20
-0.14

-0.16
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€

Fig. 9. Effect of the magnetic parametg&f on the velocity profiles iny

direction (g (€. n)). Fig. 11. Effect of the fluid rotation parametgron the local skin friction

coefficient inx direction (2*1/2Rei/chx).

duces the velocity in the-direction g(&, n) as is evident
from Figs. 8 and 9. Consequently, the skin friction coeffi- 0.5, § =1, Pr = 0.7 is given in Figs. 8-10. The velocity
cient in x direction increases wittV, but the skin friction ~ Profiles in thex andy directions decrease with increasing
coefficient in they-direction decreases. Since the boundary- M, but the temperature profiles are increased. This is due
layer thickness decreases with increasiigthe velocity in ~ to the reduction of the momentum boundary layers and
the z-direction decreases with increasimg This reduction  increase in the thermal boundary layer, with increaging
in the velocity functionf increases the thermal boundary ~ The effect of the fluid rotationa, on the skin fric-
layer thickness. Hence the Nusselt number decreases witHion coefficients and the Nusselt number t&#Re;/°C .,
increasing¥. Foré =3, =05,Pr = 0.7, the skin friction ~ 27Y/2Re; /%, C,, 2/2Re; /*Nu,) for M = 1, Pr = 0.7 is
coefficient in thex-direction increases by about 96% && presented in Figs. 11-13. Lik#, X is also multiplied by
increases from zero to 4, but the skin friction coefficient in &. Hence the effect ok vanishes at€ = 0 and increases
the y-direction and the Nusselt number decrease, by aboutwith &. Since the fluid rotation accelerates the fluid motion,
57% and 30%, respectively. the momentum boundary layer is reduced. Hence the skin
The effect of the magnetic parametdr on the velocity friction coefficients are increased. Since the velocity in the
and temperature profileg((¢, n), g(&,n), 6(&,n)) for A = z-direction f, is reduced due to the reduction in the bound-
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Fig. 12. Effect of the fluid rotation parameteron the local skin friction Fig. 14. EfoECt of the Prandtl numbe?r on the local Nusselt number
coefficient iny direction(2—1/2Re)1/2ny). (2Y2Re, 7 “Nuy).
10 Pr.Foré =3, M =1, = 0.5, the Nusselt number increase

by about 430% aPr increases from 0.7 to 7.

0.9 4

0.8 1 6. Conclusions

The Nusselt number is found to be strongly dependent
on the Prandtl number and the suction (or injection) para-
meter. The skin friction coefficient in the case of primary
flow is strongly affected by the magnetic field, whereas the
skin friction coefficient for the secondary flow is strongly
dependent on the rotation parameter. The velocity profiles
in the primary and secondary flows are reduced by the
magnetic field. The skin friction coefficients for both the pri-

' ' . ‘ ' mary and secondary flows, in general, increase significantly
00 05 1.0 L5 20 25 30 with the stream-wise distance. The results of the difference-

3 differential method are in excellent agreement with those of
the finite-difference method.
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Fig. 13. Effect of the fluid rotation parameteon the local Nusselt number
~1/2

(2Y2Re; 7 “Nuy).
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