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Unsteady compressible boundary layer flow at the stagnation 
point of a rotating sphere with an applied magnetic field 

A. SAU and G. NATH (BANGALORE) 

THE PAPER is concerned with the unsteady compressible boundary layer flow near the forward 
stagnation point of a rotating sphere in a uniform axial stream of conducting fluid, with magnetic 
field normal to the surface. The unsteadiness in the flow is created by (i) giving a sudden change in 
the wall temperature (enthalpy) as the impulsive motion has started, (ii) impulsive change of the 
rotation of the sphere, and (iii) sudden changing of the free stream velocity. The motion is governed 
by a coupled set of three nonlinear time-dependent partial differential equations which are solved 
accurately by Newton's linearization technique and an implicit finite difference scheme. Attention 
is given to the transient phenomenon from the initial fl ow to the final steady state solution. The 
numerical results show changes in the flow pattern with time, rotation and strength of the magnetic 
field, and are in good agreement with earlier theoretical results. The calculated skin friction, heat 
transfer, displacement thickness and enthalpy thickness show interesting dependence on time and 
the physical parameters, which are quite similar to the earlier investigations, and the mechanism 
of dependence is closely examined. 

1. Introduction 

CuRRENT usE of blunt bodies of revolution for the solution of hypersonic flight 
problems has placed special emphasis on accurate prediction of aerodynamic 
heating. Design of hypersonic re-entty vehicles such as a re-entering satellit e 
requires reasonably accurate predictions of the stagnation point heat transfer to 
obtain optimum configurations. The high stagnation temperature accompanying 
flight at high Mach numbers renders the air sufficiently ionized behind the bow 
shock so that it may be considered as an electrically conducting fluid . Under these 
circumstances, the presence of a magnetic field will tend to modify both the flow 
field and the heat transfer. 

An axisymmetric boundary layer flow over a rotational symmetric body set 
into impulsive axial motion was first studied by BOLTZE [1 ], who expanded the 
stream function and vorticity in series of powers of time (t) after the impulsive 
tart and obtained numerical solution for terms up to t3. D ENNrs and WALKER 

[2] improved the accuracy of Boltze solution by numerically computing the solu-
tion for terms up to L7. The unsteady flow past an impulsively started sphere has 
also been discussed by D ENNIS and WALKER [3] and the results were extended to 
larger values of time. The boundary layer growth near the equator of an impul-
sively started sphere was considered by BANKS and ZATUSKA [4] . The evolution 
of unsteady boundary layers close to the stagnation region of a slender prolate 
spheroid in uniform motion at constant angle of attack after an impulsive start 
have been discussed by CEBECI et al. [5]. D ENNlS and D ucK [6] have presented 
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the Navier -Stokes solutions for an impulsively started rotating sphere. In a re-
cent study D ucK [7] investigated the effect of small amplitude, time-periodic, free 
stream disturbances on the axisymmetric boundary layers. The unsteady bound-
ary layer flow past an impulsively started translating and spinning, rotationaly 
symmetric body has been studied by EcE [8], and he obtained initi al stages of 
flow by expanding the stream function and swirl velocity in series of power of 
time. Al l the above studies deal wi th incompressible flows. K u MARI and NATH 
[9] have studied the unsteady compressible stagnation point boundary layer flow 
over a rotating body of revolution (sphere) when the free stream velocity, rota-
tion, the surface mass transfer and the wall temperature varied arbitrarily w ith 
ti me. V rMA LA and NATH [10] have solved the two-dimensional stagnation point 
flow for accelerating and oscill ating free streams. 

In this paper we evaluate the characteri stics of unsteady compressible bound-
ary layer flow of an electricall y conducting flu id near the forward stagnation point 
of a rotating sphere, immersed in a uniform flow and having a normal magnetic 
field appli ed a t the surface. Three separate situations have been considered in 
which there is an initi al steady state that is perturbed by either (i) a step change 
in the wall enthalpy, (ii ) a sudden change in the rotational velocity, and (iii ) a 
sudden change in mainstream speed. T he t ime-dependent development of the 
boundary layer is computed until a new steady state is reached. E xtensive numer-
ical resul ts are presented showing the temporal development of various bou ndary 
layer properties. 

2. Basic equations and boundary conditi ons 

To fix the problem mathematically, we consider an orthogonal curvilin ear coor-
dinate system (F ig. l ) in which :z.: measures the distance along a merid ian from the 
f01ward stagnatio n point, y represents the d istance in the direction of rotation, 
and ::: its d istance normal to the body. We assume the fl ow to be axisymmetri c 
and the external flow is homentrop ic, the dissipation terms and effect of surface 
curvature being negligible near the stagnation po int; T(.1: ), the normal d istance of 
a po int o n the body fro m the axis of rotation is equa l to x in the neighbourhood 
of the po le (or stagnation point in this case). A unifo rm magnetic fi eld of strength 
Bo is appli ed to the boundary layer in the ::: -directio n. The magnetic Reynolds 
number is considered to be small , hence the magnetic fi eld becomes independent 
of fl uid motion. At timet ｾ＠ 0, the total enthalpy at the wall is Hw, and at l > 0 it 
is impulsively changed to H,:. Alternatively, at t ime L ｾ＠ 0, the angular velocity of 
ro tation is (2, and at l > 0 it is impulsively changed to [!* . Simil arly at i ｾ＠ 0, the 
meridional component of free-stream velocity is He, and at time l > 0 it is sud-
denly changed to u;. T hese sudden changes cause unsteadiness in the flow fie ld. 
U nder the foregoing assumptions, the boundary layer equatio ns fo r the unsteady 
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F IG . 1. Flow model and coordinate system for a rotating body of revolution. 

compressible flow are given by [11, 12) 

(2.1) (gx )t + (gxu )x + (gxw)z = 0, 

g(u t + Ull:r + WU2 - v2jx ) 

= {! e [(ue)t + ll e(lte),J + ( f.lU z)z - BJ(!JU - 17eUe), 

(2.2) (! (Vt + 'LlVx + WVz + uvjx) = (f.lVz)z -!7BJv, 

e(Ht + uHx + wHz) = ( ;rHz) z, 

where u, u, w are the velocity components along the x , y, z axes, respectively . 
g, f.t, 17 and Pr are, respectively, the density, viscosity, electri cal conductivity and 
the Prandtl number; H is the total enthalpy and ue is the x -component of the 
flow velocity at the edge of the boundary layer. The subscripts denote the partial 
deri vatives with respect to the corresponding variables. 

The initial and boundary conditions are: 

at L = 0: 

(2.3) 
and for t > 0 : 

u(x 0, z ) = u;(x, z ), 

w(x, 0, z ) = wi(x, z), 

v (x, 0, z ) = v;(x , z ), 

H(x , 0, z ) = H;(x, z), 

u(x , t , 0) = 0, v (x , t , 0) = .J?*x , 

w (x, t, 0) = Ww, H(x, t , 0) = H:U , 
u(1·,t,oo) = 'tt ;(x, t ), v(x, t , oo) = 0, 

H(x , t , oo) = He , 

The subscripts i, w, e denote initial conditions, conditions at the wall and at the 
edge of the boundary layer, respectively. 
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3. Boundary layer tran sformati ons 

Now we introduce the transformations 

( 
2age) 1/2 Jz (! 

77 = -- -dz, 
f..l e f!e 

0 

t* = at, 

a is a constant having dimension (time)- 1, 

U = UeF (ry , t* ), F = f' , Ue = ax, 

'V = 'Vw S (TJ, t* ), 'Vw = nx, H = Heg(ry , t* ). 

We assume that the fluid has variable properties f! ex T-1, f..l ex yw, a ex yn, 
where T is the temperature, 0 < w ｾ＠ 1 is the index in the power-law variation of 
viscosity and n is the exponent in the power-law variation of electrical conductivity 
of the fluid. The set of Eqs. (2.2), with the help of continuity Eq. (2.1) and the 
above transformations, reduce, respectively, to 

(N F')' + fF' + (g - F2)12 + )..2s2 12 - lvfg(Fgn- 1)12 - Ft· 12 = 0, 

(3.1) (N s')' + f s' - Fs- M sgn+l 12 - St• 12 = 0, 

(Ng')' + Pr fg'- Pr gt·l 2 = 0, 

where F, s and g are non-dimensional meridional and azimuthal velocity and 
non-dimensional total enthalpy, respectively. The prime and the subscript t * de-
note the parti al differentiation with respect to the variables 77 and t * , respectively. 

Use is made of the foll owing relatio ns: 

(since hi he ｾ＠ HI He at the stagnation region, h being the specific enthalpy), 

N = f! f..tl f!ef..le = (T ｬ Ｑ ｾ ｲ Ｍ ｬ＠ = gw-l , 

.A = J2 I a is the rotation parameter, 

J\1[ = ponderomotive force = a eB'Jx 
inertia force f!e Ue 

The ini tial conditions are governed by the solution of the corresponding steady 
state equations obtained from Eqs. (3.1) by putting F1• = St· = 9t• = 0 in them. 
As stated earli er, there will be three different cases under the present study and 
the relevant boundaty conditi ons corresponding to each case are: 

CASE 1. At time t * ｾ＠ 0, let the wall enthalpy be Hw (constant), and at time 
tx > 0, there is a sudden change ｾ Ｑ＠ in the wall enthalpy and it is then maintained 
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for subsequent time (i.e., for C > 0, H:V = Hw(1 + Ll 1)), whereas free stream 
velocity in x -direction U e and the angular velocity of rotation [2 remain the same 
for all time. In such a case, the boundary conditions in non-dimensional form 
reduce to: 

for t* > 0, 
J = fw , .F = 0, s = 1, 

9 = 9w + Ll , (Ll = Ll19w) at 1] = 0, 

(3.2) .F = 1, s = 0, 
g = 1 as 1] __, oo, 

and at t* = 0, 
Ll = 0. 

CASE 2. In this case, instead of changing the wall enthalpy, a sudden change 
(J?* = r2 (1 +Ll) , b. = 0 for t* ::; 0 and Ll = const for t* > 0) in the angular velocity 
of rotation is considered, so that the boundary conditions in non-dimensional form 
become: 

for t* > 0, 
J = fw , F = 0, 

s = 1 + Ll , 9 = 9w at 1] = 0, 

(3.3) F = 1, s = 0, 
g = 1 as 1] __, oo, 

and a t t* = 0, 
b.= 0. 

CASE 3. An impulsive change in the free-stream velocity in meridional direc-
tion is considered in this case. Fo r time t* ::; 0, let the velocity be Ue and at time 
t* = 0, an impulsive change u; = u e(1 + Ll) to the free stream velocity is given 
and kept steady thereafter. So the boundary conditions in non-dimensional form 
reduce to: 

for t* > 0, 
J = fw , .F = 0, 

s = 1, 9 = 9w a t 1] = 0, 

(3.4) F = 1 +b., s = 0, 
g = 1 as 1] __, oo, 

and at t * = 0, 
b.= 0, 

where 
,., 

f = / .F d7] + ｪ ｾ＠ and ｦ ｾ＠ = - (ew)w(Re x/ 2)112 
/ fl eUe 

0 
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is constant under the assumption that (ew )w is constant. The parameter ｦ ｾ ｵ＠ is 
call ed the mass transfer parameter and it corresponds to suction or injection, 
according to whether f w > 0 or Ｎｦ ｾ＠ < 0 and Rex = tteX I v e is the local Reynolds 
number. 

4. Results and discussions 

The time-dependent boundary layer Eqs. (3.1) subject to the boundary con-
ditions (3.2) or (3.3) or (3.4) which correspond to the different types of flow 
situations considered and the initi al conditions have been solved numerically 
using Newton's linearization method and an implicit finite difference scheme 
of the Crank - Nico lson type. The grid sizes that we have used are as fo ll ows: 
/){" = 0.00025 fo r l " ｾ＠ 0.05, 8t" = 0.001 for 0.05 < t * ｾ＠ 0.1, ol * = 0.005 for 
0.1 < ,. ｾ＠ 0.5, ot• = 0.01 for l * > 0.5, and or; = 0.01 is kept fixed throughout 
the computation. The choice of grid lengths has been found to be optimum since 
further reduction does not affect the results at least up to the fourth decimal 
place. The selection of or; is made such that it does not affect the results, even 
when r; = O((L*) 112) and t * is small. The solutions were iterated until the con-
vergence criterion based on the wall shear and the heat transfer parameters F:U, 
s:V, g:V is satisfi ed, that is 

where o1 is a tolerance parameter which was set equal to I0- 4 in the calculations. 
The quantiti es of physical interest are the skin fr iction and heat transfer coef-

ficients, displacement and enthalpy thicknesses. Based on u-velocity, the equation 
defining the skin friction coefficient is · 

2 (!L au) 
C = oz 1)=0 = 23/2Re- l/2 N F' = 23/2Re- lf2C 

f x ( 2) 3' 'lU W X f x ' 
[! e u e t•=o 

where C fr = N u,F':_u. 
Displacement and enthalpy thicknesses based on u-velocity are defined as [11] 

00 

o; = J [1 - .qv I Qell e] d:: = 1:(2Rex)-112 J (g- F ) dr; = x (2Re:r.)- 1128;, 
0 0 

7* - C*(2R )1/21 .. ux - ux ex 1. , 

- 00 

OH:r = j _!!_!!___ [
1
h - 1] dz = x(2Rexr 112 j F (g - 1) d17 = x (2Rex)- 1

/
28H, , 

f!e f.L e 1.e 
0 0 

- 1/2 0 H.r = 0 Fi:J2Rex) /:t . 
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Analogously, we define the quantities based on v-profiles; 

00 

8* = j ｾ､ ＬＮ＠ = :r (2Re )- 112 j g sdn y - ' X W '/ l 

f! w V w 
0 0 

•X> 00 

[J f-fy = j ｾ＠ [-
1
h - 1] dz = x(2Rex)- 112 j sgw(g - 1) dTJ. 

f! wVw 1e 
0 0 

However, in the present study only 5; and 5Hx will be presented. 
The heat transfer coefficient in terms of the Stanton number is 

( 
fL a H) 

_ Pr oz 11 =0 _ - 1 I -1/ 2 , I _ I - 1/2-
St- (T-T _ H ) ( ) - Pr (Rex 2) Nwgw (1 - 9w) - (Rex 2) St, 

- e w f! e ll e t • =O 

where 
St = Pr- 1 ｎ ｷ ｧ ｾｬ ＨＱ Ｍ 9w)· 

F;u and ｳ ｾ ｵ＠ are called skin fr iction parameters in the respective directions and g'w 
is the heat transfer parameter. 

Table 1. Comparison of skin fri ction and heat transfer parameters Ｈｆ ｾＬ＠ ｧ ｾ Ｉ＠

wilh B ADE [13] for Pr = 2/ 3, f , = 0.0, ,\ = 0 and M = 0. 

w Yw F ' w 
I 

Yw 

Present study BADE [13] Present study B ADE (13) 

1.0 0.2 0.6304 0.6303 0.3437 0.3438 
1.0 0.8 0.8565 0.8566 0.0910 0.0909 
0.7 0.4 0.5838 0.5837 0.2125 0.2125 
0.7 0.8 0.8203 0.8202 0.0866 0.0865 
0.5 0.2 0.3445 0.3447 0.1797 0.1796 
0.5 0.4 0.5139 0.5137 0.1846 0.1845 

Computati ons have been carri ed out on a CYBER-992 computer for various 
values of ｽ ｾ＠ ( - 0.5 ::; fw ::; 0.5), A (2 ::; A ::; 10), J\1[ (5 ::; M ::; 10), w 
(0.5 ::; w ::; 1.0) and 9w (0.6 ::; gw ::; 2.2). For all the results which we present 
here we have assumed the Prandtl number Pr = 0.72 and n = 1 .5. In order to 
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accommodate the rapid thickening of boundary layer as the impulsive motion 
has started, we have taken the far field conditions at TJ = "' eo = 20. At this point 
we should mention that our steady equations for a stationary sphere and without 
magnetic field coincides with those of VrMALA and NATH [10], when we replace 
a by a/ 2 in the definition of ry . A table of comparison (Table 1) and Fig. 2 show 
encouraging agreement with previous theories [10, 13] for some special cases. 
Moreover, our steady results for uniform rotation show excellent agreement with 
Ref. [9], but the comparison is not shown here for the sake of brevity. 

ＬＮｯｲＭＭＭＭＭＭＭ ＭＭＭＭｾｾｾ ｾ］］］ＭＭＭ ＭＭＭＭ ＭＭｾ＠

o.s 
F 

0 2 

T) 

T) 

5 

3 4 5 

F IG. 2. Comparison of velocity (F) and enthalpy (g) profil es with the results of V IMALA and N ATH 

(10] fort' = 0, Pr = 0.72, w = 1, f w = 0, >. = 0, M = 0; o results due to Ref. (10]; 
--- present study. 

CASE 1. Unsteadiness caused by sudden change in wall enthalpy 

The sphere is assumed to be rotating with constant angular velocity in a uni-
form stream of conducting fluid . A forced convection thermal boundary layer 
is then produced by impulsive changing of the wall temperature ( enthalpy) of 
the sphere which was initially kept at a temperature ( enthalpy) higher than the 
surrounding fluid temperature ( enthalpy). 

Figure 3 shows the effects of rotation Ｈｾ｡ｮ､＠ magnetic parameter (M ) on the 
skin friction and beat transfer coefficients (C 1, , -C /y , St) and their variation with 
time when the wall enthalpy is changed im.E._ulsively. The results show that both 
meridional skin friction and heat transfer [C1,,St] increase (decrease) suddenly 
to a maximum (minimum) value from their initial steady state (depending on the 
impulsive increase or decrease in the wall enthalpy), as the impulse is given at 
time t* > 0. And then the quantities steadily decrease (increase) with time, finally 
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Ｕ ＮＭＭＭＭＭ ｾＭＭＭＭｾＭＭ ＭＭｾ ＭＭＭＭｾＭＭ ＭＮ＠

--.6.=0.8 

4.5 
- · - ·-, A=-0.8 

5, 5 

---·--·---
0 0.01 0.02 

5, 10 

2.5 L..._ ____ ..__ ____ ..__ ____ ..__ ____ ..__ __ __, 

0 0.2 0.4 0.15 o.e 

25 

20 
5, 5 

15 50 

- Ct. 
Y10 

0 '------'------' 
0 0.01 0.02 

5 ·-·---·---·--- ·---·--·--·-

S I 0 

--,A=0.8 

- ·-·-,4=- 0.8 
- 10 

0 0.2 0.4 0.6 0.8 

t" 

F IG . 3. Effects of rotation (..\), and magnetic parameter (M) on skin frictions and heat transfer 
(E fr, -Cf., St) for f w = 0, w = 0.5 and 9w = 1.4; (unsteadiness due to impulsive change 

in wall enthalpy). 

asymptoti call y approaching a clearly defin ed new steady state. From the inset of 
Fig. 3 (showing the behaviour of the physical quantities at time t* = 0+) we see 
that mostly heat transfer suffers sudden change immediately after the impulse, 
whereas azimuthal skin fr iction [ -C 1Y] shows its smooth transition. Moreover, 
it is observed that the skin frictions reach their steady state faster than the heat 
transfer. This is due to the fact that we have considered the case of impulsive 
wall heating (cooli ng), which also causes a rapid change in the heat transfer at 
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the wall near t * = 0. As rotation ( ,\) increases, both skin friction and heat trans-
fer increase (however, its effect on the heat transfer is not shown here for the 
sake of compactness), and the effect is more pronounced on the azimuthal skjn 
friction [C Jy ]. This is because the shear force between the sphere and the adja-
cent fluid layer increases for higher rotation and its component in the azimuthal 
direction dominates for the simple reason that the direction of rotation of the 
sphere coincides with the azimuthal direction. But the basic trend of the fl ow 
behaviour immediately after the impulse remains the same for higher rotation. 
Figure 3 also shows that an increase in magnetic field strength (M) causes skin 
frictions to increase, whereas its effect is observed to be negligible on the heat 
transfer. Another phenomenon may be observed that an impulsive increase and 
an impulsive decrease of wall enthalpy by the same amount does not reflect its 
effect on the physical quantities as mirror images. It can be seen more clearly in 
the subsequent figures that the impulsive decreasing processes take more time to 
reach a new steady state compared to the impulsive increasing processes. 

' · ' -0. s . ｾ＠ = s. ｾﾷ＠ ' s 

0.0. s' s 

o.o. s. 10 

3 

2 

FIG. 4. Effects of mass transfer (fw), rotation (>.), and magnetic parameter (M) on displacement 
and enthalpy thickness [5;, 5H,. ] for t:l = 0.8, w = 0.5 and 9w = 1.4; 

(unsteadiness due to impulsive increase in wall enthalpy). 

Figure 4 shows the effects of mass transfer ＨＯ ｾ＠ ), rotation (.\) and the magnetic 

parameter (NI) on displacement thickness (o:) and enthalpy thickness (SH:.) when 
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an impulsive increase in the wall enthalpy is considered. Both the displacement 
and enthalpy thickness are found to increase with time and they reach a steady 
state value for ! "' ｾ＠ 3, and do not show any singular behaviour. With injection 
Uw < 0), both displacement and entalphy thickness are found to increase but 
they show reverse effect with suction (f w > 0). This is due to the fact that the 
injected coolant pushes the boundary layer away from the surface and establishes 
a heat insulating layer, whereas suction works in the reverse way. As rotation(,\) 

increases, the displacement thickness Ｈ ｾ Ｉ＠ decreases but the enthalpy thickness 
(5 HT) increases. The reason behind this is that when we increase rotation of 
the sphere, the flow in the meridional direction gets reduced considerably in the 
boundary layer whereas it helps to increase the azimuthal flow . On the other 
hand, due to increase in rotation, the flow interaction in the boundary layer 
increases which helps in enhancing the enthalpy thickness (8H:J· An increase in 
the magnetic fi eld strength (M) causes reduction in enthalpy thickness whereas it 
increases the displacement thickness. The boundary layer displacement thickness 
(5;. ) becomes negative for cases of favourable pressure gradient with very low 
wall enthalpy (temperature). This occurs because the surface cooling produces 
an increase in density near the wall , so that there is more mass flow per unit 
now area within the boundary layer than in the external fl ow [14] . However, such 
results are not shown here. 

Figure 5 shows the effect of ro tation (,\) and time (t"') on the growth of ve-
locity and enthalpy distribution (F, 0 , g). The cause of unsteadiness is the same 
as that described in Fig. 3. It is observed that the meridional velocity (F) shows 
overshoot for high rotation (>. = 10) and with time, when an impulsive decrease 
in the wall enthalpy is considered, whereas impulsively increasing wall enthalpy 
process does not show any overshoot fort * > 0.1, but it shows oscillatory nature 
in the new steady state (L . = 2). The meridional velocity is especially affected 
by compressibility. When the wall is heated, the density within certain layers of 
the boundary layer is reduced signifi cantly, in spite of viscous retardation, the 
local flow is accelerated more than the external fl ow. Then velocity (F) in some 
portion of the boundary layer reaches a maximum value greater than 1.0 before 
returning to its final value 1.0. The phenomenon can occur even when the wall 
temperature is less than the recovery temperature [14]. Here an increase in rota-
tio n has the effect of increasing the excess of the local velociti es over the external 
velocity. Another interesting observation from Fig. 5 is that both meridional and 
azimuthal velocity (F &s) overshoot temporaril y the eventual steady state value 
when an impulsive increase in the wall enthalpy is considered, whereas in the im-
pulsive decreasing process they increase with time and finally reach a new steady 
state. The enthalpy profiles (g) show that a t each point inside the boundary layer, 
enthalpy increases or decreases with time whil e approaching a new steady state, 
depending on the situatio n whether an impulsive increase or decrease of wall en-
thalpy is considered. It may also be observed that the enthalpy thickness increases 
when an impulsive increase in wall enthalpy is considered. 
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FtG. 5. Effects of rotation (.X) and time (t • ) on the velocity and entbalpy (F, s, g) profiles for 
M = 5, f w = 0.0, 9w = 1.4 and w = 0.5; (unsteadiness due to impulsive change in wall enthalpy). 

[122] 
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CASE 2. In this case unsteadiness is caused by a sudden change in rotation of 
the sphere 

Here we describe the transient motion when an impulsive change is given to 
the angular rotation of the sphere placed in a uniform axial stream of electrically 
conducting fluid . 

. ｆ ｩ ｾｵｲ･＠ 6 shows the variation of skin f riction and heat transfer [C 1,, - C Jy, St) 
With t1me, and the effects of wall enthalpy (gw) and the viscosity index (w) on 
the above mentioned quantities when the angular rotation of the sphere is sud-
denly changed to a new constant value. As it can be observed from the inset 
of Fig. 6, showing the effect of impulse immediately after it is imparted, the az-
imuthal skin friction [ - C Jy] suffers much change in the beginning (t* = 0+ ). It 
increases or decreases to a maximum or minimum value from the init ial (t* = 0) 
steady state and then decreases or increases with time (depending on whether 
impulsive increase or decrease in rotation is considered) while approaching a 
new steady state in an asymptotic way. This is due to the fact that the rotation is 
considered along the azimuthal direction and an impulsive change in the rotation 
of the sphere causes an instantaneous steep change in the azimuthal shear at 
the surface of the sphere. The transition for meridional skin fr iction and heat 
transfer (C 1, &St) is observed to be smooth. It may also be observed that it is 
the azimuthal skin friction [ -C fv] which reaches the new steady state faster, 
whereas the heat transfer takes more time to settle down. Moreover, once again 
it is observed that the transition time for impulsive decay process is longer than 
the impulsive increasing process as observed in Case 1. Figure 6 also shows that 
as wall enthalpy (gw) increases, both meridional skin frict ion and heat transfer 
(C fx, St) decrease, whereas the azimuthal skin friction [ -C Jy ] shows the opposite 
effect. The effect of variation of the density-viscosity product across the boundary 
layer is characterized by the parameter w. Both skin friction and heat transfer are 
found to increase signifi cantly as the viscosity-index w increases, however resul ts 
are shown only for meridional skin friction for the sake of brevity. 

Figure 7 shows the distribution of velocity field [ F, s] with time and the effect 
of magnetic parameter J\1! on them. The meridional velocity (F ) shows overshoot 
when an impulsive increase in rotation is considered. An interesting observation 
is that the meridional velocity oscill ates within the boundary layer (for impul-
sive increase in rotation), but does not show any overshoot, when magnetic field 
strength (!\1) is increased, whereas the rest of the profiles approach their free 
stream value in a monotonic fashion. It may also be observed that the azimuthal 
velocity (s ) reaches its new steady state faster ( l" = 0.1) when the impulsive in-
crease in ro tation is considered, whereas it takes longer time to settl e down when 
the rotation of the sphere is reduced impulsively. In the case of impulsive de-
crease in rotation, both the velocities (F &s ) overshoot temporarily the eventual 
o r new steady state value. 
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f tG. 6. Effects of wall enthalpy (gw) and viscosity-index (w) on skin fr ictions and heat transfer 
(CJx. -C1., St) for f w = 0, M = 5 and .X = 6; (unsteadiness due to impulsive change 

in rotation). 
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f w = 0, _q" = 1.4, >. = 7 and w = 0.5; (unsteadiness due to impulsive change in rotation). 
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CASE 3. Unsteadiness caused by sudden change in the meridional free-stream 
velocity 

Figure 8 shows the distribution of meridional velocity ( F) when its free stream 
value is changed impulsively. The velocities overshoot inside the boundary layer 
before approaching their free stream value. The new steady W = 2) profile 
shows its oscill atory nature when the impulsive decrease in the free stream is 
considered. Moreover, it has been observed that at time t· = 0.1 its (F) value 
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at any. ｾｯｩｮｴ＠ inside ｴｾ･＠ ｢ｾｵｮｾ｡ｾ＠ layer is higher than the profile in its new steady 
state (t. = 2) . . The Situation IS JUSt reverse when an impulsive increase in the free 
stream IS considered. The unsteady profiles (t* > 0) show its monotonic nature 
at the edge of the boundary layer; this is probably because the impulse is given 
at the free stream. 

, .6 c--- --r- - --.--- --.-----, 
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F1c. 8. The velocity (F) profiles for f w = 0, M = 5, 9 w = 1.4, .X= 7 and w = 0.5; 
(unsteadiness due to impulsive change in the meridional free stream velocity). 

5. Conclusions 

The transient behaviour of fl ow and heat transfer over a rotating sphere has 
been investigated numericall y due to impulsive changes in the fl ow physics. A 
large change in the flow is observed at the early stage of transient motion. The 
rotation increases fri ction, heat transfer at the surface and the enthalpy thickness. 
The meridional velocity (F) shows overshoot for high rotation and fo r the im-
pulsive reduction of the wall enthalpy. It oscillates inside the boundary layer for 
higher magneti c fi eld strength when an impulsive increase in rotation is consid-
ered. The transition time is longer for impulsive reduction processes, compared 
to impulsive increasing processes. Heat transfer takes longer time to settle down 
than skin frictions. For both impulsive increase in wall enthalpy and impulsive 
decrease in rotation of the sphere, the velociti es overshoot temporari ly before 
getting settled to the eventual steady state value, whereas, for the impulsive de-
crease in wall enthalpy or fo r the impulsive increase in rotation, the velociti es 
increase with time whil e approaching a new steady state. 
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