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Nonsimilar l~ar incompressible boundary layer flow 
over a rotating sphere 

Notatloas 

M. KUMARI and G. NATH (BANGALORE) 

THE HEAT and mass transfer problem for the steady laminar incompressible boundary layers 
for a rotating sphere under forced flow has been studied. The results indicate that the rotation 
has a strong effect on the skin friction but its effect on the heat transfer is comparatively small. 
When the temperature of the wall is greater than the temperatw:e of the free stream, then beyond 
a certain critical value of the dissipation parameter, the hot wall ceases to be cooled by the 
stream of cooler air because the "heat cushion" provided by the frictional heat prevents cooling. 
The results have been compared with those obtained by other prediction methods. 

Rozwa.Zono problem przeplywu ciepla i masy w nie8cisliwych laminarnych warstwach przy-
8ciennych dla kuli wiruj~cej w przeplywie wymuszonym. Wyniki wskazuj~, Ze ruch wirowy ma 
duzy wplyw na tarcie powierzchniowe lecz niewielki wplyw na przewodnictwo ciepla. Gdy tem­
peratura Scianki jest wy7sza od temperatury strugi swobodnej, to powyiej pewnej krytycznej 
warto§ci parametru dysypacji go~ca Scianka przestaje bye chlodzona przez strug~ chlodniej­
szego powietrza w wyniku dzialania ,poduszki cieplnej" wytworzonej przez cieplo tarcia. Wy­
niki por6wnano z wynikami uzyskanymi za pom001 innych metod. 

PaCCMo-rpeHa npo6JieMa nepeuoca TeiiJI8 H MaCCbl B HeC>KHMaeMhiX JiaMHHapm.IX norp811Hl1Hb1X 
CJIO.RX wm sp~~eroCH mapa B B~eHHOM TelleHHH. Peay.m.TaTLI noKa3hiB810T, qro 
Bmq>esoe ,J:tBH>I<eHHe HMeeT 6om.woe BJIHJIBHe Ha nosepmOCTHoe -rpeHHe, HO ue6o.m.moe 
BJIWIHHe Ha TeiiJIOnpoBO,llHOCTL. Kor~ TeMnepazypa CTeHKH Bhiiiie t~eM TeMnepa-rypa cso-
6o.z:tHoro noroi<B, ror~ CBbiWe HeJ<OTOporo KpHTHtlea<oro SHalleHWI napaMe-rpa ~c~ 
ropRtUU~ CTeHI<a nepecrae-r o~TLCH noroKoM 6oJiee xono,lllloro BOs,~zyX&, B peay.m.T&Te 
~e:HCTBWI ,rennoBoii no~", o6pasoBaHHoii rennoM -rpeHWI. Pesym.TaTLI cpaBHeHbi 
c pesym.TaTaMH nonyqeHHbiMH npH noMount: ~yrHX Mero~oB . 

A dimensionless constant characterizing the surface mass transfer, 
Br Brinkman number, 

c constant having a dimension (time)-•, 
C1 , Cr skin-friction coefficients in the x and y directions, respectively, 

Cp specific heat at a constant pressure, 
I dimensionless stream function, 
fw dimensionless mass transfer parameter, 

F, s dimensionless velocity components in the x and y directions, respectively~ 
F', s' shear stress functions in the x and y directions, respectively, 

g dimensionless temperature, 
g' heat-transfer function, 
L characteristic length, 

Nu Nusselt number, 
Pr Prandtl number, 
qw heat-transfer rate at the wall, 

r distance from the axis of the body of revolution, 
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Superscript 

Subscripts 

1. Introduction 

R radius of the body, 
Re.t Reynolds number, 
Re" local Reynolds number, 

T temperature, 

M. KUMARI AND G. NATH 

u, v, w velocity components in the x, y and z directions, respectively, 
x, y, z longitudinal, tangential and normal directions, respectively, 

x dimensionless longitudinal distance, 
oc, A. dimensionless rotation parameters, 

oc 1 dimensionless parameter, 
P pressure gradient parameter, 

1J, E transformed coordinates, 
" kinematic viscosity, 
e density, 

T", T, shear stresses along the x and y directions, respectively, 
'I' dimensional stream function, 
ro angular velocity of the body. 

' prime denotes differentiation with respect to 1J· 

e denotes conditions at the edge of the boundary layer, 
· w denotes conditions at the wall, 
oo denotes conditions in the free stream, 
E denotes derivatives with respect to E. 

THE STUDY of the flow and heat transfer over a rotating body of revolution in forced 
flow is of considerable importance in the design of missiles, projectiles and rotodynamic 
machines. The flow field for the steady laminar incompressible boundary layer on a rota­
ting sphere has been studied by HosKIN [I] and the temperature field by SmKMANN [2]. 
Both authors used four-term Blasius series to solve the governing boundary-layer equa­
tions. As pointed out by GoRTLER [3], the Blasius series method does not give accurate 
results. Recently, CHAo and GREIF [4] re-studied the temperature field using an improv­
ed method where the velocity field is assumed to be quadratic and the temperature field 
is expressed as a universal function. These authors observed that for large values of the 
rotation parameter and for small values of the Prandtl numer, the quadratic velocity is 
inadequate in determining the temperature field. Subsequently, CHAO [5] improved the 
above method by taking more terms of the velocity profiles and applied the method for 
the case of a rotating disc. More recently, LEE et. al [6] re-studied both the flow and tem­
perature fields using Mark's three-term series [7] as refined by CHAO and FAGHENLE [8]. 
Since accurate results for the skin friction and heat transfer are required, it is essential 
to assess the accuracy of these methods by comparing their results with those of an 
exact method such as a finite-difference scheme. 

The purpose of the present work is twofold. First, the solution of the foregoing prob­
lem using an implicit finite-difference scheme [9-10] has been presented. Second, the 
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NoNSIMILAR LAMINAR INCOMPRESSIBLE BOUNDARY LAYER FLOW 149 

effects of mass transfer and viscous dissipation which were neglected by previous investi­
gators have been included in the analysis. The results (both for rotating and stationary 
bodies, but without mass transfer and viscous dissipation) have been compared with the 
previous theoretical results obtained by using various other methods [1-2, 4-6, 11-15]. 
We have also presented the skin-friction and heat-transfer results for a rotating disc which 
is only a special case of our results and they are also compared with the previous theore­
tical and experimental results [4-6, 16-19]. 

l. Governing equations 

We consider the steady laminar dissipative constant property incompressible bound­
ary-layer tlow over a rotating porous body of revolution placed in a uniform stream with 
its axis of rotation parallel to the free-stream velocity. The fluid at the edge of the bound­
ary layer is maintained at a constant temperature Too and the body has a uniform tem­
perature Tw. It has been assumed that the surface mass transfer normal to the body is 
uniform. Under the above conditions, the boundary-layer equations governing the tlow 
can be expressed in dimensionless form as [6] 

F"+fF'+P(E) (1-F2)+!X(E)s2 = 2E(FF1 -feF'), 

(2.1) s"+fs'-!Xt(E)Fs = 2E(Fs,-fls'), 

Pr-1g" +fg' +Br(u./u00)
2 [F'2 + (rw/u.)2s'2] = 2E(Fg,-fl g'). 

The boundary conditions are 

(2.2) 

where 

F(E, 0) = g(E, 0) = 0, s(g, 0) = 1, 

FU,oo)=gU,oo)=1, sU,oo)=O, 

X 

E = J (u./uoo) (r/L) 2L-1dx, 
0 

(2.3) '1/ = [ReL/(2E)]1
'
2 (u./uoo) (r/L) (z/L), 

1p(x,z) = UooL(2E/ReJ112 f(E, 1}); 

u = (L/r) (o'Pfoz), " = -(L/r) (o1p/ox), 

(2.3') w = -(r/L) [u./(2EReL)112] [f+2Efe+(/J+!X1 /2-1)1JF], 

ufu. = F = /', fJ/rw = s, g = (T- Tw)/(Too- Tw); 

P(E) = (2E/u.) (due/dE), !X(E) = (2E/r) (dr/dE) (rw/ue)2
, 

!Xt(E) = (4E/r) (drfdE), Br = u!,/[Cp(Too- Tw)]; 
(2.3'') 

fl 

f = J FdrJ+fw, ReL = UooL/v, 
0 

(2.3"') 
X 

fw = -(E)-112 (ReL/2)112 J (ww/Uoo) (r/L) d(x/L). 
0 

3 Areh. Mech. Stos. 2/82 
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150 M. KUMARI AND G. NATH 

The skin-friction coefficients in the x and y directions are given by 

C1 = 2T;;Jteu!) = 2(ue/uoo)2 (r/L) (2EReJ-1 '2F~, 

C1 = 2T7/(eu!) = 2(r/L)2 (2EReJ-1
'
2 (Lro/uoo) (ue/Uoo)s~, 

(2.4) 

where 

(2.4') 

The heat-transfer coefficient in the form of the Nusselt number can be written as 

(2.4") Nu = L(aTfaz)w/(Too- Tw) = [ReL/(2E)]112 (ue/uoo) (r/L)g~. 

It may be noted that for a stationary body IX = 0 and Eq. (2.1)2 becomes inessential 
since s is not interesting in this case. Consequently, Eqs. · (2.1)1 and (2.1h represent the 
classical nonsimilar flow over a stationary body of revolution which has been studied in 
the past. 

The computations have been carried out for the case of a sphere. For a sphere the ve­
locity at the edge of the boundary layer, curvature of the body, and surface mass trans­
fer all being functions of x give rise to nonsimilarity. The velocity at the edge of the 
boundary layer and the distance from the axis of the body are given by 

(2.5) ue/Uoo = (3/2)sinx, r/R = sinx, x = xfR. 

In this case we use the radius of the sphere R as a characteristic length instead of L. 
Using the above relations, the expressions for E, f3(E), tX(E), tX1(E), C" C1 , Nu, etc. given 
by Eqs. (2.3) and (2.4) can be expressed as 

E = (1-cosX)2 (2+cosX)/2, 

(2.6) {3 = (2/3) [cosx(2+cosX)/(1 +cosx)2], 

IX= J.{3, CX1 = 2{3, A= (4/9)(Rro/u00)
2; 

(2.6') (rwfue)2 = J., ReL = UooRfv; 

(2.6") 

(2.6"') 

(2.6"") 

C1(ReL)112 = (9/2) sinx(l +cosX) (2+cosX)-lf2F~, 

Ct<ReL)1
'
2 = (9/2)J.112sinx(l +cosX) (2+cos:X)- 1 '2s~, 

Nu(ReL)-1
'
2 = t3/2) (l+cosX) (2+cosx)- 11 2g~; 

fw = A[2/(2+cosX)]112, A= -(w.,,,/u00) (ReL)112; 

E(afaE) = 3-1tan{X/2) (2+cosX) (I +cosx)-1(afaX). 

Here we have taken the surface mass transfer (ww/uoo) to be constant. Hence A is a con­
stant (A ~ 0 according to whether there is suction or injection) and the mass transfer 
parameter fw will vary according to Eq. (2.6"'). 

It may be noted that the flow and heat transfer characteristics of forced flow for an 
isothermal rotating disc can be obtained from those of a rotating sphere. For a disc [6] 

(2.7) r =X, Ue/Uoo = 2xfnR, A= nRwf2u 00 , {3 = 0.5. 

The local skin-friction coefficient in the radial direction is given by [16] 

(2.8) CJ(Re.x)l/2 = 2{Tw/[e(c2+w2)x2]} [(c2+w2)tf2x2fv]lf2 = 23f2(l+J.)-3/4(F~)x=o· 
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NONSIMILAR LAMINAR JNCOMPRESSmLE BOUNDARY LAYER FLOW 151 

Similarly, the beat-transfer coefficient in terms of the Nusselt number can be expressed 
as [17] 

(2.8') Nu = qwp1/.2f[K(Tw- Too) (c2 +w2)1f4] = 21'2(1 + A.)-1/4(g~)i=o, 

where 

(2.8") 

We find that Eq. (2.8') is similar to (17) of Ref. [17] except the factor 2112 (1 + 
+ J.)-1/4. 

3. Results and discussion 

We have used an implicit finite-difference scheme for the solution of the governing 
equations (2.1) under the boundary conditions (2.2) using the relations (2.6) or (2.7). 
Since the method is fully described in [9-10], its description is not repeated here. To ensure 
the convergence of the finite-difference scheme to the true solution, several values of the 
stepsize L1'Y) and L1x were employed. The results presented here are independent of the 
step size within at least three significant digits. 

... ~ 
u.. 

A= OJBr=O 
--- Finite difference 

local similarity } . 
local nonsimilarity 

X•O 
A Smith & Clutter 

• Kao & Elrod 

~ ~=:}lee et al. 
0 ~-10 

:::}Hoskin 
X =10 

0 

FIG. 1. Effect of rotation on the skin-friction parameter in the x direction for the sphere and compa­
rison with that of other methods. 

3* 
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The skin-friction and heat-transfer results (F~, g~) for the stationary body (A= ex= 0) 
in the absence of mass transfer (A = 0) and viscous dissipation (Br = 0) have been com­
pared with those obtained by the local similarity and local nonsimilarity methods [11, 12], 
asymptotic method [13, 14] and difference-differential method [15] (see Figs. 1 and 2). 

0.6 

0.4 

0.2 

Pr-o.n,A-O,Br-0 
-- Finite difference 

local similarity 

locaL nonsimilarity 

10 

4 

i" 
Fto. 2. Effect of rotation on the heat-transfer parameter for tho sphere and comparison with that of 

other methods (Pr = 0.72). 

The finite-difference (present) results are almost the same as those of the difference-differ­
ential method [15]. They are also found to be in very good agreement with those of the 
local nonsimilarity method [11, 12] and asymptotic method [13, 14] except when x is 
large. However, the asymptotic method gives better results than the local nonsimilarity 
method for large x. For small x, all the methods predict nearly the same results. But the 
finite-difference results are found to differ significantly from the local similarity results 
and this difference increases as x increases. 

The skin-friction and heat-transfer results (F~, -s~, g~) corresponding to rotating 
bodies (A> 0) for Br =A = 0 have also been compared with those of HosKIN [1], SIEK· 

MANN [2], CHAO and 0REIF [4], CHAO [5], and LEE et al. [6] (see Figs. 1, 3-5]. From Figs. 
1 and 3, it is clear that the skin-friction results (F~, -s~) are in good agreement with 
those of HosKIN [1] and LEE et al. [6]. The heat-transfer results (g~) are also in good 
agreement with those of CHAo [5] and LEE et al. [6] for small values of x (Figs. 4-5). How­
ever, for large x the results differ and this difference becomes more pronounced as A 
or Pr increases. It is also observed that the heat-transfer results (g~) obtained by CHAO 

and GREIF [4] differ considerably from the finite-difference (present) results even for small 
x and this difference increases as A or x increases or Pr decreases. Also the results (g~) 
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FIG. 3. Effect of rotation on the skin-friction parameter in they direction for the sphere ano compar-
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FIG. 4. Effect of rotation on the heat-transfer parameter for the sphere and comparison with that of 
other methods (Pr = 1.0). 
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Finite difference 
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0 

• 0 
8 

FIG. 5. Effect of rotation on the heat-transfer parameter for the sphere and comparison with that of 
other methods (Pr = 10.0). 

obtained by SIEKMANN [2] differ from those of the finite-difference method. How­
ever, they are more accurate than those of CHAo and GREIF [4]. Furthermore the results 
(g~) obtained by LEE et al. [6] are found to be comparatively more accurate than 
those of SIEKMANN [2], CHAo and GREIF [4], and CHAo [5]. The results of CHAo [5] 
who used 3-term velocity profiles in the energy equation are more accurate than those 
of CHAO and GREIF [4] who used 2-term velocity profiles. Hence it can be concluded 
that for the accurate prediction of heat transfer, an exact method such as a finite-difference 
method has to be employed, because all approximate methods are found to give inaccurate 
results especially for large A. and x. 

As mentioned earlier, the rotating disc problem is a special case of rotating sphere 

Table 1. Comparison of the sldn·frk:don coeftident C .r(Re~)1 
'
2 

for disc. 

0 

4 

Present 
analysis 

2.6252 
1.8712 
1.3726 

LEE et a/. [6) 

2.6239 
1.8717 
1.3934 

TIFFORD and 
CHu [16] 

2.61 
1.83 
1.38 
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NONSIMILAR LAMINAR INCOMPRESSIBLE BOUNDARY LAYER FLOW 155 

problem. The skin-friction results (c1 Re!) for the rotating disc without mass transfer 
(A = 0) and viscous dissipation (Br = 0) are given in Table 1 along with the results ob­
tained by LEE et al. [6] and TIFFORD and Cmr [16]. Similarly, the heat-transfer results 
(Nu) are presented in Table 2 which also contains results obtained by CHAo and GREIF [4], 
CHAo [5], LEE et al. [6], and TIEN and Tsuzi [17]. The skin-friction results are found 

Table 2. Comparfaoa of heat-transfer coeftldent Nu for disc. 

Pr ). 

1 
1 4 

10 1 
10 4 

Present LEE et al. TIEN and CHAo and 
analysis [6] Tsun [17] GllEIF [4] 

0.6578 0.6583 0.658 0.6113 
0.5572 0.5577 0.557 0.432 
1.5335 1.5354 1.535 1.518 
1.3405 1.3410 1.340 1.297 

1000~------------------------------------~ 

800 

600 

::::J 100 
z 

11 80 

~~.X 60 

Pr-2.4, A•0 1 Br-0 
Theoretical results (19) 
Present analysis 

• Lee et al. ( 6) 
Experimental data of Koong & Blackshear (18) 

• U00- 6.1 m/sec . 
0 4.88 m/sec. 
0 3.05 m/sec. 
6. 1. 77 m/sec. 
X 0.00 m I sec . 

10~------._------~--~--~~~------._--~ 
Oj 0~ ~4 3 

QR2 
1) 

CHAo 
[5] 

0.659 
0.548 

FIG. 6. Comparison of heat-transfer for the rotating disC with the experimental and theoretical results. 
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to be in good agreement. The heat-transfer results are also in good agreement except 
with those of CHAo and GREIF (4] (who used the quadratic velocity profiles in the anal­
ysis of the energy equation) for large A and small Pr. A significant improvement was 
observed when the three-term velocity results were used [5]. This implies that as for the 
rotating sphere, the accurate prediction of heat transfer (Nu) especially for large ;. and 
small Pr requires more accurate velocity results in the energy equation. We have also com­
pared the heat-transfer results (Nu) with the experimental results given by KOONG and 
BLACKSHEAR [18]. The comparison is shown in Fig. 6 which also contains theoretical re­
sults of SCHUCHTING and TRUCKENBRODT (19) and LEE et a/. (6]. It can be observed 
from the figure that the numerical results generally differ by about 10 per cent from the 
experimental results except at some points. The results (Nu) of LEE et al. [6] have been 
found to be in good agreement with our results. On comparing the results of SCHLICH­

TING and TRUCKENBR.ODT [19] with our results, we find that the results differ signifi­
cantly especially for large values of the rotational Reynolds number. 

The effect of the rotation parameter (A) on the skin friction in the x-direction (F~) is 
shown in Fig. 1. It is evident from the results that the point of separation (i.e. the point 
of zero shearing stress) moves forward towards the equator (X = n/2) due to the centri­
fugal acceleration on the boundary layer which tends to push fluid towards the equator. 

10.0r--------------------------. 

~ 
-"...J 

5 
..... 

u 

5.0 

0 

-5.0 

A·07Br·O 112 -- c, (ReJ ~-10 

---- c, <Relr 

-.!!.--_.., 

X 

/ 
/ 

/ 

/ 
/ 

/ 

FIG. 7. Variation of the skin-friction coefficients in the x and y directions with :X for the sphere. 
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This results in the increase of the adverse pressure gradient on the down-stream side of 
the equator [20]. An empirical relation to determine of the point of separation for the 
rotating sphere can be expressed as [20] (1) 

(3.1) X1ep = 1.853 -0.22 log1 o A, A > 1. 

We find that the point of separation predicted by the present method is in very good agree­
ment with that given by the relation (3.1). It is observed from Figs. 1-5 that in the 
range 0 ~ x ~ x0 , F~, -s~, and g~ increase as A increases. In general, g~ increases as Pr 
increases. It is also observed that g~ is strongly influenced by Pr (see Figs. 2,4-5). 

The skin-friction coefficients in the x and y directions (C1(Re~112, -:- Cj(Re£)112) and 
heat transfer coefficient (Nu(ReL)-112) for various values of A are given in Figs. 7-& 

A•01 Br:O 
Pr-0.72 

---- Pr-10.0 

------------ ~-10 ----- ................... -- ............... 
---- -- 4 ........ ------- -- ' 

----- 1' ' -~- ................ \. 
<t-- ....... ' \ -.............. , 

'"' \ 
\~~ \~ 
~,~\ 

\ 

x 
FIG. 8. Variation of the heat-transfer coefficient with x for the sphere. 

and in the range 0 ~ x ~ x0 they increase as A increases. For a given A, C1(ReL)112 

and - G;-(Re£)112 are zero at x = 0 and they increase as x increases till a certain value 
X1 beyond which they decrease as x increases. On the other hand, Nu(ReL)- 112 has a finite 
value at x = 0 and it continuously decreases as x increases. 

The effect of mass transfer (A) on the skin friction and heat transfer (F;, -s~, g~} 
is shown in Figs. 9-11. The results indicate that suction (A > 0) or injection (A < 0) 
exerts a strong influence on the skin friction and heat transfer whatever the values of A. 
may be. However, the effect is comparatively less pronounced when A is large. Further,. 
we find that for a given A, F~, -s~, and g~ increase as suction (A > 0) increases,. 

(
1
) In [20] .A is defined as ,t112 • 
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FIG. 9. Effect of mass transfer on the skin-friction parameter in the x direction for the sphere. 
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FIG. 10. Effect of mass transfer on the skin-friction parameter in they direction for the sphere. 
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Pr-o. 72,Br-O 
~-10 

o.a r-----------~-_0 ----.:.A..:.:-....:o::..::.s~~ 

0.6 

-0.5 

-0.5 --------------
0.2 

-­...... , 
' ' \ 

\ 
\ 
\ 

\ 
\ 
\ 
\ 
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\ 

FIG. 11. Effect of mass transfer on the heat-transfer parameter for the sphere. 

159 

but the effect of injection (A < 0) is just the reverse. Furthermore, for a given ,l, injec­
tion (A < 0) moves the point of separation towards the equator (:X = n/2) whereas 
suction (A > 0) does the reverse. 

N 
t--
o 
~ 

a.. 

0.8 

- 0 .4 
-~ 

Cl 

A=0,~-0 
Pr-.0.72 

---- Pr= 10.0 

Br-1 
4.0 

2.0~ 
ii 

0 

L. 
a.. 

FIG. 12. Effect of viscous dissipation and Prandtl number on the heat-transfer parameter for the sphere 
(J. = 0). 
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FIG. 13. Effect of viscous dissipation and Prandtl number on the heat-transfer parameter for the sphere 
(A== 4). 
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x .. O 
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FIG. 14. x-velocity component distributions for the sphere. 
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The effect of the viscous dissipation (Br -=F 0) on the heat-transfer parameter g~ is 
shown in Figs. 12-13 which also contain the effect of the Prandtl number, Pr. The results 
show that the parameters Br (Brinkmann number) and Pr strongly influence g~. When 
Br ~ 0 (i.e. T w ~ T 00), g~ continuously decreases as x increases, but when Br > 0 (i.e. 
Tw < Too), g: first increases as x increases and then begins to decrease with x. At a given 
location x, g~ increases as Br increases. 

A•O,er-o 
i'-0 

---- i'-1.6 

3.0 4.0 

Fxo. 15. y-velocity component distributions for the sphere. 

Pra0.721 A-01 Br.O 

i' -1.6 

1.0 2.0 3.0 4.0 

FIG. 16. Temperature distributions for the sphere (Br = 0; x = 0. 1.6). 
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FIG. 17. Temperature distributions for the sphere (Br = -1, 0, 1; .X= 1). 

The velocity and temperature profiles are shown in Figs. 14-17. For a given x (0 ~ 
~ x ~ x0), the velocity and temperature profiles (F, - s, g) become steeper when A increas­
es (Figs. 14-16). When x > x0 , the effect of A on the profiles is just the opposite. This 
behaviour is due to the fact that F~ or - s~ or g~ decreases as A increases when x > x0 • 

Similarly, for a given A, the velocity and temperature profiles (F, -s, g) become less 
steep as x increases. When Br < 0 and A > 0, the temperature profile g first decreases 
to negative values and then tends to 1 asymptotically (see Fig. 17). This implies that 
the temperature of the fluid near the wall is greater than that at the wall. Therefore, the 
wall instead of being cooled will get heated. This effect becomes more pronounced as 
the rotation parameter A increases. We also see from Fig. 14 that for A = 10, x = 1, 
A = 0 and Br = 1 the profile g does not tend to 1 monotonically, but exceeds 1 at cer­
tain 'YJ and then decreases as 'YJ increases and finally tends to 1. This implies that the com­
bined effect of rotation and viscous dissipation tends to heat the fluid within the bound­
ary layer to such an extent that the temperature of the fluid within the boundary layer 
is greater than the free-stream temperature. It may be remarked that no such effect is 
observed when any one of the two parameters A or Br is equal to zero whatever the 
values of other parameters may be. 

4. Conclusions 

The results indicate that the rotation and injection tend to move the point of separa­
tion of the flow towards the equator while suction does the reverse. Further, the rota-
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tion exerts a strong influence on the skin friction, but its effect on the heat transfer is 
comparatively weak. On the other hand, the heat transfer is strongly dependent on the 
viscous dissipation parameter and also on the Prandtl number. When the temperature 
of the wall is greater than the temperature of the free stream, then beyond a certain 
critical value of the dissipation parameter, the hot wall ceases to be cooled by the stream 
of cooler air because the "heat cushion"· provided by the friction heat prevents cooling. 
The skin-friction results are found to be in good agreement with the existing results, 
but the heat-transfer results are found to differ conside~bly from those of other pre­
diction methods for large values of the longitudinal distance. This implies that for the 
accurate prediction of heat-transfer results, an exact method such as a finite-difference 
method must be used. The results for the rotating disc case are found to be a particular 
case of the sphere results and they are also in good agreement with the existing theoret­
ical and experimental results except those of Chao and Greif, especially for large val­
ues of the rotation parameter. 

References 

1. N. E. HosKIN, The laminar boundary layer on a rotating sphere, In: H. Gortler and W. Tollmien, 50 
Jahre Grenzschichtforchung (Fredr. Vieweg u. Sohn Braunschweig), 127-131, 1955. 

2. I. SmKMANN, The calculation of the thermallaminar boundary layer on rotating sphere, ZAMP, 13, 
468-482, 1962. 

3. H. GoRTLER, A new series for the calculation of steady laminar boundary layer flows, ZAMM, 16, 1-66, 
1957. 

4. B. T. CHAo and R. GREIF, Laminar forced convection over rotating bodies, Trans. ASME J. Heat Trans­
fer, 96, 463-466. 1974. 

5. B. T. CHAo, An analysis of forced convection over nonisothermal surface via universal functions, Recent 
Advances in Engineering Science, Proc. 14th Annual Meeting of the Society of Engineering Science, 
Lehigh Univ., 471-483, 1977. 

6. M. H. LEE, D. R. JENG, and K. T. DB WITI', Laminar boundary layer transfer over rotating bodies 
in forced flow, Trans. ASME J. Heat Transfer, 100, 496-502, 1978. 

7. H. J. MERK, Rapid calculations for boundary layer transfer using wedge solutions and asymptotic ex­
pansions, J. Fluid Mech., 5, 460-480, 1959. 

8. B. T. CHAo and R. 0. FAGHENLE, On Merk's method of calculating boundary layer transfer, Int. 
J. Heat Mass Transfer, 17, 223-240, 1974. 

9. J. G. MARVIN and Y. S. SHEAFFER, A method for solving /aminar boundary layer equations including 
foreign gas injection, NASA TND-5516, 1969. 

10. C. S. VIMALA and G. NATH, Unsteady /aminar boundary layers in a compressible stagnation flow, 
J. Fluid Mech., 70, 561-572, 1975. 

11. E. M. SPARROW, H. QuACK, and C. J. BoERNER, Local nonsimilarity boundary-layer solutions, AIAA J., 
8, 1936-1942, 1970. 

12. E. M. SPARROW and H. S. Yu, Local nonsimilarity thermal boundary-layer solutions, Trans. ASME J. 
Heat Transfer, 93, 328-334, 1971. 

13. T. KAo and H. G. ELROD, Laminar shear stress pattern in nonsimilar boundary layers, AIAA J., 12, 
1404-1408, 1974. 

14. T. K.Ao and H. G. ELROD, Rapid calculation of heat transfer in nonsimilar laminar incompressible bound­
ary layers, AIAA J., 14, 1746-1751, 1976. 

15. A. M. 0. SMITH and D. W. CLUTIER, Solution of incompressible laminar boundary-layer equations, 
AIAA J., 1, 2062-2071, 1963. 

http://rcin.org.pl



164 M. KUMARI AND G. NATH 

16. A. N. TIFFoRD and S. T. Cau, On the flow around a rotating disc in a uniform stream, J. Acronaut. 
Sci., 19, 284-285, 1952. 

17. C. L. TmN and 1.1. TsuJI, Heat transfer in /aminar forced/low against a non-isothermal rotating disc, 
Int. 1. Heat Mass Transfer, 7, 247-252, 1964. 

18. S. S. KooNG and P. L. BLACICSBBAR., Experimental mea.~urements of ma.~s transfer from a rotating disc 
in a uniform stream, Trans. ASME 1. Heat Transfer, r/, 422-423, 1965. 

19. H. ScHuCHTINo and B. TRUCDNBR.ODT, 11ae flow around a rotating disc in a uniform stream, J. Acronaut. 
Sci •• 18, 639-640, 1951. 

20. F. KRErm, Convective heart transfer in rotating systems, In: Advances in Heat Transfer, Vol. 5 (Eds. 
T. F. IRVINB and 1. P. IIARTNETI') Academic Press, New York, 129-251, 1968. 

DEPAilTMENT OF APPLIED MATHEMATICS 
INDIAN INSTITUTE OF' SCIENCE, BANGALOU, INDIA. 

Received May 25, 1981. 

http://rcin.org.pl




