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Abstract-The non-similar boundary-layer analysis of steady laminar mixed convection heat transfer from 
an axisymmetric body is extended and unified. Velocity profiles and temperature distributions in the 
attached boundary layers are studied for the entire range from pure forced convection to pure free 
convection. The validated computer simulation model is successfully applied to the case of mixed thermal 
convection of arbitrary Prandtl number fluids past a sphere with optional body rotation, fluid suction or 

injection, surface heating or cooling mode, and isothermal or constant-flux wall condition. 

1. INTRODUCTION 

NUMEROUS industrial applications involve both forced 
and natural convection along axisymmetric bodies 
where special effects such as body rotation, surface 
mass transfer, the heating/cooling mode, and the type 
of thermal wall condition are important. Examples 
include rotary machine design, transpiration cooling, 
projectile behavior, and wire or fiber coating. Spin 
motion enhances convection heat transfer when the 
centrifugal force pushes the near-surface fluid out- 
wards which is being replaced by cooler or warmer 
fluid depending upon the wall temperature. Momen- 
tum and heat transfer rates may also be affected by 
the buovancv force which assists the forced flow for ,----, ----- .._--_-- _L&-&.& 
heated surfaces and retards in the case of cooled sur- 
faces when the fluid is moving upwards against the 
gravitational force. For porous or perforated sub- 
merged bodies, mass transfer at the wall, in terms of 
fluid injection or withdrawal at a prescribed tem- 
perature, can alter the local skin friction coefficient 
and the local Nusselt number significantly. 

Previous studies concentrated on some or all of 
these special effects including the influence of power- 
law fluids on fluid mechanics and heat transfer par- 
ameters. However, these analyses are valid only for 
forced- or free-convection dominated regimes [l-5]. 
In contrast, mixed convection parameters which cover 
the entire range from pure forced to pure free con- 
vection heat transfer have only been very recently 
developed for thermal flow past vertical flat plates [6] 
and slender cylinders [7,8]. Tien and Tsuji [I] inves- 
tigated thermal flow over a rotating disk. Chao and 
Greif [2] assumed a quadratic velocity profile to study 
forced convection heat transfer along rotating bodies 
with arbitrary surface temperature. Lee et al. [3] 

t Author to whom all correspondence should be 
addressed. 

analyzed the momentum and heat transfer rates 
through laminar boundary layers over rotating iso- 
thermal bodies by employing Merk’s series expansion 
technique. Lien et al. [4] introduced two sets of trans- 
formation variables to simulate mixed convection and 
pure free convection around a sphere, separately. 
They assumed the potential flow solution as the outer 
velocity distribution. Reference [5] used an implicit 
finite difference method to solve the problem of mixed 
thermal convection of rotating porous bodies placed 
in power-law fluids. Lin and Chen [6] proposed a new 
mixed convection parameter for steady laminar flow 
past a vertical isothermal plate covering the entire 
range of convection heat transfer. Lee et al. [7j 
pla;!V~MJ dxf?? conve&on a!one a vertica! s!end_e_r 

cylinder with transformation parameters which also 
allow a simulation of the full transition from pure 
forced to pure free convection. Reference [8] advanced 
the previous contributions [6,7] and developed two 
uniquely transformed sets of axisymmetric boundary- 
layer equations for the constant wall heat flux case 
and the isothermal surface case. These equations have 
been solved, using Keller’s box method, without 
numerical problems (i.e. ‘stiff’ differential equations) 
or parametric restrictions (i.e. Pr < 100) as reported 
by Lee et al. [7]. 

The general analysis developed and discussed in 
this paper is an extension of the work of ref. [8] and 
contains the previous contributions [l-4] as distinct 
special cases. 

2. ANALYSIS 

Figure 1 depicts axisymmetric boundary-layer past 
a spinning permeable body placed in a uniform stream 
moving opposite to the gravitational force and par- 
allel to the axis of body rotation. Considering steady 
laminar flow, the describing equations, boundary con- 
ditions and suitable coordinate transformations are 
developed for two distinct thermal boundary con- 
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NOMENCLATURE 

BP rotation parameter, (L’St/(vi;‘))’ 
BP* rotation parameter, 4/9(RR/z8,)* 
BP** rotation parameter, (xRQ/(~u,~))~ 

CC local skin friction coefficient 

3 coordinate normal to the surface 
Z ~mensionless parameter ; I for heated 

and - 1 for cooled submerged body. 

F dimensionless stream function 
G dimensionless velocity 

Greek symbols 

Gr Grashof number (T, = const.) 
; 

thermal diffusivity 

G? Grashof number (qw = const.) 
thermal expansion coefficient 

9 gravitational acceleration P dimensionless parameter 

h local heat transfer coefficient i mixed convection parameter 

k thermal conductivity 
(T, = const.) 

“* 
L characteristic length of axisymmetric i mixed convection parameter 

body 
(qw = const.) 

MP mass transfer parameter pl dimensionless coordinate 

NU local Nusselt number 9 dimensionless coordinate, Re’!‘y/ R 

NU* local Nusselt number (rotating disk case) 
t? dimensionless temperature 

Pr Prandtl number 
d dimensionless buoyancy parameter 
V kinematic viscosity 

4 local heat transfer rate 
R radius of sphere 5 dimensionless coordinate 

Ra Rayleigh number (isothermal wall case) ’ 
density of fluid 

Ra* Rayleigh number (constant wall heat fh.tx F 
dimensionless parameter 

case) 
shear stress 

Re Reynolds number 4 angle between the gravitational 

Re.? Reynolds number (rotating disk case) 
acceleration vector and the outward 

distance from a point on the surface to 
normal to the body force 

r 
the axis of symmetry tt, stream function 

T 
R 

temperature 
angular velocity. 

u pseudo-velocity 
u velocity component in the x-direction Subscripts 
V velocity component in the y-direction e boundary iayer edge condition 
W transverse velocity component 4 constant wall heat flux case 
x streamwise coordinate along the body T constant wall temperature case 

surface measured from the forward W wall condition 
stagnation point Co ambient conditions. 

&inns i P constant wall heat flux and isothermal ______- _, _._. 
surface. In either case, the wall temperature may be 
higher than the ambient (heating mode; Z = I) or 
lower (cooling mode ; Z = - 1). The fluid properties 
are considered to be constant except for temperature- 
induced density variations in the body-force term. 

Wake effects on the attached boundary layer are 
neglected. The general analysis is then applied to the 
case of a rotating, permeable sphere. 

2.1. The governing equations and transformation 
parameters 

Non-rotating coordinates are chosen where x is the 
distance from the forward stagnation point along a 
meridian curve and y is measured normal to the body 
surface (Fig. 1). With the stated assumptions and the 
Boussinesq approximation, the governing equations 
are 

au au w2 dr du, *- +t,_ _ -.- - = U,_ 
a.~ ay r dx dx 

FIG. 1. System schematics and coordinates. 



aw aw uw dr Jzw 
U~+V-+T~=vdyZ 

ay 
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(3) 
The mixed convection parameters [ for T, = const. 
and c* for q,,. = const., covering the entire range from 
pure forced to pure free convection, are defined as 

(4) [ = (aR~)‘/~/[(yRe)‘/~+(uRa)“~] (13a) 

and 

aT aT a2T 
u~+v7gj=ady2. 

The associated boundary conditions are 

aty+a: u=u,(x), w=O and T=T, (5) 

aty=O: 

u = 0, v = +?I,, w=& and T=T,=const. 

or 

aty=O: 

IA = 0, v = +v,, w=rn 

c* = (~R~*)‘~~/[(yRe)‘~~+(uRa*)‘~~]. (13b) 

For large Prandtl number fluids, 5 reduces to Ru”~/ 
(Re’12 Pr’13) and {* simplifies to Ra* ‘1’1 
(Re”‘Pr”‘) while for small Prandtl number, c + 
(RaPr)‘/4/(RePr)‘iz and c* +(Ra*Pr)‘i5/(RePr)‘i2 

(64 as known from scale analysis. 
Using the stream function approach 

1 a* 1 a* 
UC__ ano’ v= ___ ‘*a 

r ay r ax (14a,bj 

the continuity equation is automatically satisfied and 
two sets of transformed equations in F( C, q), G( r, II) 
and 0 (r , q ) can be derived for the two thermal bound- 
ary conditions. and 

dT 
q = -k- = const. 

ay 
(6b) 

In order to facilitate the numerical solution: the x- 
dependence of certain terms in the governing equa- 
tions is reduced and the boundary conditions are sim- 
plified. This is accomplished with coordinate trans- 
formations for the isothermal wall and constant flux 
cases based on a proper choice of transformation par- 
ameters derived from scale analysis (cf. ref. [9]). The 
dimensionless parameters are 

5 = x/L; v = A~-1~2(~,/~m)‘~Zy/L (7a,b) 

(8aN = +‘$G$] (16) 

and T- T, 

T,-T, 
for T, = const. 

l?= 
T-T, 

(q,L/kl)r’/2(u,/u,)1/2 for qw = ‘Onst’ 

The dimensionless buoyancy parameter 1 is defined 
as 

~“+B(~)F0‘-A4PD(~)W = 5 F z B at; . (17) 
[ ,ae- *““I 

(90) The associated boundary conditions are 

F(t,O) = F’(&O) = 0; G(&O) = 1 

and 0(&O)= 1 (18) 

F’(~,ox) = (1+Pr)‘/3(l-Q2; G(&co)=O 

and ff(& 00) = 0. (19) 

The primes denote differentiation with respect to r]. 
The system parameters of special interest include 

(lOaN 

(yRe)“2+(aRu)“4 = (yRe)‘12/(1-[) 

A= 
= (a Ru)‘/~/~ for T, = const. 

(yRe)‘/‘+(uRa*)“‘= (YRe)‘12/(1-[*) 

= (C Ra*)“‘/[ for q,,, = const. 

where 

Re=u,Llv, Ra=g/?IT,-T,JL3/(av), 

Ra* = g81qwlL4/@W (lla-c) 

y = Pr/(l +Pr)“3 and u = Pr/(l+Pr). 

(120) 

2.2. The transformed equations for the isothermal wall 
case 

Substituting equations (7k(9a) into equations (2)- 
(6) yields 

PrG”+B(t)FG’-H(c)GF’-MPD(c)G’ 

(2Oa,b) 
The coefficients in equations (15)-( 17) are defined as 

A(5) = (r/u,)(duJd0 (21a) 

R(C) = (5/r)(drldO+(l +A(())/2 (21b) 
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C(t-,1) = (1 +m2’3(l -04&5) WC) 

ma = 5”*/wKJ l/2 (214 

E(S) = pr2Bp(y/r)(dr/d5)((riL)/o)2 (214 
,I, L\ .T, L !L\,C il r\ 10%~\ 

flt5) = Ltcxiwurlui) fL’II 

S(5,1) = 0 +Pr)i”t sin S/(u,/u,)*. (21g) 
The physical quantities of primary interest are the 

local skin friction coefficient cr and the local Nusselt 
number Nu. In order to deal with the whole region of 
mixed convection, we defined the local skin friction 
coefficient as 

Cf = hv/(l/W2) (22) 

where U is a pseudo or reference velocity defined here 
as 

ur= u,+~spIT,-T,lL]“2. (23) 

Hence a dimensionless skin friction parameter can be 
formed as 

SFP, = ;ql = F”(5,O) _ ,,I 
75 (%1~,)3’2 

x[(l -i)2/~-ti2/(aPr)“Z]~2 (24) 

whereas the traditional SFG, restricted to 0 < [ <: 1, 
is given as 

SFG = :cf Re”* 
= F”(r,o)5-“‘(u,/ucu)3’*~“*/(1 -[)‘. (25) 

Similarly, with the definition of the local Nusselt 
number 

Nu = hL/k (26) 

a dimensioniess heat transfer parameter for the 
isothermal wall case can be formed as 

HTP, = NM/A = -{-“‘(u,/u,)“~O’(~,O). 

(274 

This is in contrast to the traditional definition of the 
heat transfer group for a forced-flow dominated 
regime (0 < [ < 1) 

HTG, = Nul Re’l’ 

= -y”‘~-“2(u,/u,)“28’(~,0)/(1-~) (27b) 

and for the buoyancy-flow dominated regime 
(O<i<l) 

HTG, = Nu/Gr’14 

= -(Pra)“4<-“2(u,/u,)“2B’(~rO)/~. (27~) 

In order to solve a specific problem, the shape of 
the body r(x), its characteristic length L, and the outer 
flow distribution (u,(x)/u,) have to be known. 

2.3. The transformed equations for the constant wall 
heat jIux case 

The uniquely transformed temperature (equation 
(9b)) for the thermal boundary condition q\. = const. 

causes slight changes in the transformed equations 
and boundary conditions when compared with the 
isothermal wall case. Here, equations (2)-(4) are 
transformed to 

PrG”+B(t)FG’-H(c)GF’-MPD(;)G’ 

and 

@“+B(l)FW-N([)F’&MPD(t)H’ 

The corresponding boundary conditions are 

F(&O) = F’(t,O) = 0, G(t.0) = I 

and 6’(&0) = -1 (31) 

F’(l,co) = (1+Pr)“3(1-i*)2, G(t, 1%) = 0. 

and 0(<, cc) = 0. (32) 

The new coefficients in equations (28)-(30) are 

C*(t,[*) = (1+Pv)‘!3(1-_i*)4A(5) (33a) 

N(T) = l/2(1 --A(S)) (33b) 

and 

n*,r Y*\ 3. ~i,b., = (1 .+p+;*5< 3:: sin (/fju,lic,j5!‘, i3jc) 

The dimensionless heat transfer parameter. HTP,, is 
now defined as 

HTP, = NujA = Cm”‘(u,/u,)’ ‘/0(&O). (34a) 

Thus,forO<[*< 1 

UTIz - hlrri R0”2 “IVY - L.“, 1.c 

= y”2~-“2(u,/u,,)‘!2/((1 -<*)8(&O)) (34b) 

andforO<[*< 1 

HTG, = NulGr*‘l’ 

= (Pra)‘~5~-“2(u,/U,,)“2/(i*e(~,0)). (34c) 

Using a pseudo-velocity defined as 

U, = u,+IsB1q,(L3’3v”L/k]25 (35) 

a dimensionless skin friction parameter for the con- 
stant wall heat flux case can be formed as 

SFP, = ; cfA = 
F”(LO) _ F< “‘(u,/u,)3” 

~[(1-1*)~/y+1*~/(dPr)~‘~]-’ (36a) 
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where the traditional SFG, restricted to 0 < [* < 1, 
is given as 

SFG = ;cfRe’12 

= F”(~,0)~-“2(~,/~,)3’20”2/(1-~*)3. (36b) 

All other parameters are the same as given in 
Section 2.2. 

2.4 Applications to a rotating permeable sphere 
For a sphere, r(x) = R sin (x/R) and rj = x/R = 5, 

where R is the radius of the sphere which corresponds 
to the characteristic length L. Two different edge 
velocity distributions may be used to carry out the 
caicuiations. One is the potentiai how 

%I% = 312 sin (x/R), x > 0 (37) 

and the other one is based on measurements per- 
formed by Frossling as given in White [lo] 

&I% = 1.5~-0.4371~3+0.1481~5-0.0423~7, 

r\n , r V. (38) 

Equation (37) has been used for comparison purposes 
with previously published results. However, equation 
(38) is assumed here for all other computations since 
it describes the outer flow more realistically. The 
expression of Friissling is valid for x/R < 1.48. Thus, 
the results presented are terminated at 4 = 90”. 

3. NUMERICAL SOLUTION 

The transformation of the governing equations 
reduces the numerical work significantly. The result- 
ing system of coupled equations with the appropriate 
coefficients for the two thermal boundary conditions 
were solved with a two-point finite difference method 
outlined by Cebeci and Bradshaw [ Ill. 

The two-dimensional grid is nonuniform in order 
to accommodate the steep velocity and temperature 
gradients at the wall, particularly in the vicinity of the 
singular point at t = 0. The location of the boundary- 
layer edge, qrn, depends strongly on the fluid Prandtl 
number, Pr, and the magnitude of the mixed con- 
vection parameters, < and {*. For example, tlco 
(Pr = 0.001, [ = 0.0 and BP = 0.0) z 6 and qrn 
(Pr = 104, c = 1.0 and BP = 0.0) cz 800. The latter 
case almost violates the thin shear layer assumption. 
The independence of the results from the mesh density 
has been successfully tested. 

4. RESULTS AND DISCUSSION 

The numerical computations were carried out for 
the entire range of mixed thermal convection con- 
sidering both forced-flow assisting and forced-flow 
opposing modes for two different thermal wall con- 
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Table 2(a). Comparison of 1/2c,Re “* for forced convection past a rotating sphere ; c = 0, MP = 0, Z = 1 

BP* = 1 
Present Lien et al. 

5 method (1986) 

0.474 I .2499 1.2499 
0.95 1 1.8400 1.8400 
1.215 1.7184 1.7185 
1.374 1.4727 1.4732 
1.486 1.2171 1.2173 

Lee et al. Present 
(1978) method 

1.2496 1.8174 
1.8403 2.6356 
1.7207 2.3979 
1.4780 1.9769 
I .2269 1.5361 

BP*=4 
Lien et al. 

(1986) 

1.8182 
2.6360 
2.3990 
1.9786 
1.5373 

Lee et al. 
(1978) 

1.8170 
2.6362 
2.4032 
I .9892 
I .5644 

Table 2(b). Comparison of Nu Re- liz for forced convection past a rotating sphere; Pr = 1, c = 0, MP = 0, 
Z=l 

BP* = 1 BP* =4 
Present Lien et al. Lee et al. Present Lien et al. Lee et ul. 

s’ method (1986) (1978) method (1986) (1978) 

0.0 0.9587 0.9586 0.9588 1.0213 1.0213 1.0214 
0.951 0.7994 0.7993 0.7998 0.8480 0.8480 0.8484 
1.215 0.6965 0.6966 0.6961 0.7338 0.7339 0.7328 
1.374 0.6194 0.6195 0.6171 0.6455 0.6459 0.6414 
1.486 0.5556 0.5559 0.5510 0.5692 0.5698 0.5593 

ditions. Of special interest are the effects of fluid 
Prandtl nmnher RP well RQ hndv rntntion 3v-d ~a!! L l.h..-.. ~~..~~~“_~ II I.__. II V.,.-_. ---I----- 

mass transfer on the local skin friction coefficient and 
the local Nusselt number. Before the results of the 
parametric sensitivity analyses are shown, the 
accuracy of the present computer simulation model is 

examined. 

and Re_z= (M2+R2)“2~2/~ where M = 2u,/ 
xR. The relevant svntem narameters are &fimxl ____. -___ -, ------ JY------------ 
as cf = z,/[l/2p(M2+R2)x2] and Nu* = qwv’i2/ 
[k(T,- T,)(M2+Q2)‘14]. The average skin friction 
values and Nusselt numbers compare very well with 
previously published data sets for all rotation 
parameters and Prandtl number fluids considered 

(Table 1). 
4.1. Data comparisons for speciaI case studies The second case study deals with an isothermal 

The first case study is forced convection heat trans- rotating sphere considering pure forced convection 

fer of an isothermal rotating disk (Table 1). Here, (Tables 2(a) and (b)) and pure free convection (Table 

r = x, L = R, u,/u, = 2x/xR, BP** = (nRQ/2Q2, 3). Tables 2(a) and (b) show, respectively, a com- 

Table 3. Comparison of wall shear stress distribution and local Nusselt numbers for 
natural convection from an isothermal rotating sphere ; Pr = 0.7, [ = 1 .O, MP = 0. Z = 1 

BP* 

1 

4 

10 

dJ 

0 
10 
30 
60 
90 

0 
10 
30 
60 
90 

0 
I_ 

;;; 
60 
90 

~Wl@(vlR)2Gr3’4) 
Lien et al. Present 

(1986) method 

0.0 
0.1867 0.1867 
0.5304 0.5304 
0.8799 0.8799 
0.9472 0.9471 

0.0 
0.3246 0.3244 
0.8961 0.8955 
1.3201 1.3192 
1.0101 1.0089 

0.0 
o.::oo n <<<,I “.JJ_IT 
1.5141 1.5124 
2.0875 2.0848 
1.1302 1.1254 

NuGr-“4 
Lien et al. Present 

(1986) method 

0.4869 0.4869 
0.4854 

0.4732 0.4733 
0.4326 0.4327 
0.3649 0.3651 

0.5502 0.5501 
0.5478 

0.5294 0.5293 
0.4671 0.4670 
0.3575 0.3574 

0.6324 0.6319 
n h?RR “.____ 

0.6044 0.6040 
0.5190 0.5186 
0.3539 0.3529 

__..._ 
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FIG. 2. F’(q)-profiles at .$ = 60” on a heated isothermal FIG. 4. Streamwise velocity profiles at various locations 
sphere for entire free-forced convection range (2 = 1, for a cooled isothermal sphere (2 = - 1, Pr = 0.7, 5 = 0.5, 

Pr = 0.7, BP = 1, MP = 0). BP = 1, MP = 0). 

parison of local skin friction values and local Nusselt 
numbers with literature data for two angular velocities 
where BP* = 4/9(RCl/u,)*. In Table 3, a good agree- 
ment is documented for the wall shear stress dis- 
tribution and the local Nusselt numbers when 
BP* = 1,4 and 10. For BP = 0 and MP = 0, the local 
heat transfer parameter for a combined freeforced 
convection case has been compared with (A’u/Rel”) 
data obtained by Chen and Mucoglu [ 121 as shown in 
Fig. 10(b). 

4.2. Representative velocity and temperature pro$les 
around a sphere 

Depending upon the thermal wall condition, the 
dimensionless profile F(c,q) is related to the 

12 

II& 

0.0 
0.0 0.8 lo 16 20 

n” 

Pr - 10000 

as 

DA 

0.3 

a2 

o.? 

0.0 
0 2 4 a 

Fw;. 3. Streamwise velocity profiles at 4 = 60” for mixed 
convection past a heated rotating sphere (2 = 1, PP = 0.7, 

PIG. 5. Prandtl number effect on the velocity at 4 = 60” for 
natural convection from a heated isothermal sphere (2 = 1, 

MP = 0). BP=MP=0,5= 1). 

streamwise velocity u(x, y) as (cf. Section 2.1) 

WU,)T = F’(r,ul)lKl +W3(1 -021 

for T, = const. (39a) 

and 

Wu,)p = F(Lrl)lW +pr)113(1 -1V21 

for qw = const. Wb) 

for the forced-convection dominated case, i.e. 0 G [ 
or [ * < 1 and for the free-convection dominated case, 
i.e. 0 < [ or [* < 1 

nlKa/R)Ra”21 = e”‘F’(5,~)(1(,/%J/5~ 

for T, = const. Wa) 
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FIG. 6. Representative temperature protiles at 4 = 60” on a FIG. 7(b). Angular distributions of the skin friction par- 
heated sphere for entire free-forced convection range ameter (SFP,) for a constant heat flux sphere covering the 

(Pr = 0.7, BP = 1, IUP = 0). entire free-forced convection range (Pv = 0.7, BP = I, 
MP=O,Z=l). 

and 

u/[(a/R)Ra*2’5] = ~2”F’(5,a)(u,/u,)/i*’ 
for qw = const. (40b) 

Figure 2 shows the dimensionless profiles P’(q) on a 
sphere at C#J = 60” covering the entire range of free- 
forced convection heat transfer. The evolution from 

pure free convection (c = 1.0) to pure forced con- 
vection (c = 0) lis uniformly shown. An increase in 
body spin (i.e. BP > 1) leads to a decrease in momen- 
tum boundary-layer thickness and larger velocities. 
To illustrate how the buovancv force and the cen- -- _._-__.-__ .._. 
trifugal force affect the boundary-layer flow field, rep- 
resentative velocity profiles are shown in Fig. 3 for a 
heated isothermal sphere. It is noted that the tradi- 

tional coordinate q* = Re”‘y/R has been used. 
For aiding flow (i.e. Z = l), the velocity gradient 
at the wall increases as the buoyancy force or the 
centrifugal force is increased. This is accompanied by 
higher boundary-layer velocities which may exceed 
the local free-stream velocity. Figure 4 depicts velocity 
profiles at different locations along the sphere for 
opposing flow (i.e. Z = - 1). Forced convection sup- 
ported by body rotation (BP = 1 .O) is retarded by the 
buoyancy force (5 = 0.5) which acts like an adverse 
pressure gradient. It can be seen that for this particular 
set of system parameters, flow separation may occur 
for < > 1.368. The strong effect of the fluid Prandtl 

number on the magnitude of the dimensionless vel- 
ocity and the boundary-layer thickness is given in Fig. 
5 for the case of natural convection for a sphere. 

FIG. 7(a). Angular distributions of the skin friction par- FIG. 8(a). Angular distributions of the heat transfer par- 
ameter (SFP,) for an isothermal sphere covering the entire ameter (HTP,) for an isothermal sphere covering the entire 

freforced convection range (Pr = 0.7, BP = 1, MP = 0, freeforced convection range (Pr = 0.7. BP = 1. MP = 0. 
z = 1). z= 1). 



Mixed convection over rotating bodies with blowing and suction 1317 

od , , r 

0 30 60 m 00 

FIG. 8(b). Angular distributions of the heat transfer par- 
ameter (HTP,) for a constant heat flux sphere covering the 
entire free-forced convection range (Pr = 0.7, BP = 1, 

MP = 0, Z = 1). 

Representative temperature profiles within the ther- 
mal boundary layer at & = 60” are shown in Fig. 6 
for the entire range of free-forced convection heat 
transfer. It is evident that the dimensionless tem- 
I\PtltllrP orarlient It the wall rc)‘(y\i Ndl\ An.=. 
yvLu.“‘w pUY’““C .&I CLAW “US‘) L” \,,lW - ““\,,, uvvu 

not decrease monotonously with increasing buoyancy 
force. The reason is that 13’ decreases in the forced- 
convection dominated regime since q N (I- c)- ’ and 
then 0’ increases when the buoyancy force becomes 
dominant because q N [-’ in the free-convection 
dominated regime. It has to be noted that the tem- 
perature profiles cannot be plotted for the entire 
mixed convection range, 0 < [ < 1, when the con- 
ventional coordinate q* = Re’12y/R is being used. 
With higher body spin (BP > 1 .O), e’( q = 0) becomes 
steeper, i.e. rotation enhances heat transfer. 

FIG. 9(a). Effects of mass transfer parameter and Prandtl 
number on the skin friction parameter SFP, ([ = 0.6, 

BP = 1, Z = I). 

BP = 10 

0 3i ( so 

FIG. 9(b). Effects of mass transfer paramctcr and rotation 

parameter on the skin friction parameter SFP, (c = 0.6, 
Pr = 0.7, z = 1). 

4.3. Effects of system parameters on local skin friction 
and Nusselt number distributions 

Figures 7(a) and (b) show the angular distribution 
of the skin friction parameter (SFP) for a rotating 
EnhPte with T - rn\nn+ snA n - ennot ..aw..z.,4...%1.. 
"y".,xw ..‘.I1 1 w - VV‘IYC. Y‘lU yw - UVI‘UL., LrzyuA1"n)r. 

Proper selection of a reference velocity u (cf. equations 
(23) and (35)) allows the simulation of SFP(b) for 
the entire mixed convection parameter range. Clearly, 
the buoyancy force helps to delay flow separation. 
The trend of SFP( 4) is very similar cfqr both thermal 
boundary conditions. The same is ‘true for the local 
heat transfer parameter HTP(+) depicted in Figs. 
8(a) and (b). For a given mixed convection parameter 
value, the constant wall heat flux case generates higher 
SFG and HTP values than the isothermal wall case 
and the differences diminish for small angles as C 

- - - - Pr - 7.0 
_ PT * 0.7 

---._ 
MP = 1.0 ~~~....,~,, 

h 

0.0 .,.....,.... -, 

0 30 60 m 80 

FIG. 10(a). Effects of mass transfer parameter and Prandtl 

number on the local heat transfer parameter HTP, ([ = 0.6, 
BP = 1, Z = 1). 
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Fip - 0.0 
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FIG. 10(b). Effects of mass transfer parameter and rotation 
parameter on the local heat transfer parameter HTP, 

([ = 0.6, Pr = 0.7, Z = I). 

approaches zero. Another general observation is that 
with a stronger influence of the buoyancy force, the 

trends in SFP- and HTP-values are reversed for 
d, < 60”. For example, HTP( [) decreases on the front 
part of the sphere until [ z 0.6 and then. in the free- 
convection dominated regime, HTP(iJ increases. 

The effects of the mass transfer parameter, MP, the 

rotation parameter, BP, and the Prandtl number, Pr, 
on the local skin friction coefficient and the local Nus- 
selt number are &Hown in Figs. 9(a), (b) and IO(a), (b). 
Considering a fixed value, [ = 0.6, the influence of 
wall mass transfer on SFP is more noticeable at low 
Prandtl numbers. Actually, the Prandtl number may 
reverse the role of fluid injection and suction (cf. Fig. 

9(a)). At Pr = 0.7, fluid withdrawal increases and 
blowing decreases the skin friction coefficient while 
the effect of MP diminishes as BP increases (cf. Fig. 
9(b)). It is evident from Fig. 10(a) that suction 

increases the local Nusselt number, NU N 0’ (q = 0), 
because the temperature gradient at the wall is greater 
when cooler fluid is drawn towards the heated iso- 
thermal surface. Conversely, injection of warm fluid 
decreases the Nusselt number and this effect is more 
pronounced at higher Prandtl numbers. However. one 
has to keep in mind that /z = /I(Pr) so that, for example 
in this case, k(Pr = 7.0) z 2.44 A(Pr = 0.7). In 

general, the heat transfer parameter, HTPT, decreases 
with angular position. While HTP,( 4) is larger with 
high body rotation as discussed earlier, it also declines 
more rapidly along the sphere’s surface at higher cen- 
trifugal forces. This is shown in Fig. 10(b) together 
with the fluid suction/injection effect. 

5. CONCLUSIONS 

A generalized analysis of laminar mixed convection 
heat and surface mass transfer between Newtonian 
fluids and rotating permeable bodies of arbitrary 

axisymmetric shape has been presented. Two new 
mixed thermal convection parameters. < and 5 *, have 
been introduced to replace the conventional Rich- 
ardson numbers. Gr/Re’ and Gr/Re5j2, for the iso- 
thermal wall case and the constant wall heat flux case, 
respectively. Furthermore. appropriate coordinate 
transformations yielded computationally efficient 
numerical solutions which are uniformly valid over 
the entire range from pure forced convection to pure 
free convection, i.e. 0 < ; or [* < 1. The validated 

computer simulation model has been applied to the 
case of mixed thermal convection past a rotating 
sphere with optional fluid suction or injection, surface 
heating or cooling mode. and thermal boundary con- 
dition T,, = const. or y,, = const. Of particular inter- 
est are the effects of fluid Prandtl number, buoyancy 
force, body rotation, wall mass transfer and type of 
thermal wall condition on the local skin friction 
coefficient and on the local Nusselt number. 

The results of the parametric sensitivity analyses 
can be summarized as follows. 

(1) Aiding buoyancy force, wall suction, body 
rotation and high Prandtl number fluids enhance 
heat transfer. 

(2) The separation angle of a heated sphere 
increases with increasing [ or [* because the forced- 
flow assisting buoyancy force generates steep velocity 
gradients at the wall (r, - au/+) and helps to delay 
flow separation. 

(3) The impact of blowing/suction on SFP is more 
pronounced at low Prandtl numbers and low body 
rotation. 

(4) The effect of the fluid injection or withdrawal 
on heat transfer is very significant for high Prandtl 

number fluids. 
(5) Low body spin creates more uniform HTP dis- 

tributions than high rotation. 

(6) The constant wall heat flux case generates high 

SFP and HTP values than the isothermal surface case : 
however, the differences diminish for small to mod- 
erate angles as j and {* approach zero. 
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CONVECTION MIXTE SUR DES CORPS TOURNANTS AVEC SOUFFLAGE OU 
ASPIRATION 

RCur&-On elargit et on clarifie l’analyse de la couche limite non tine pour la convection thermique 
mixte laminaire sur un corps axisymetrique. On etudie les protils de vitesse et de temperature dans les couches 
limites attach&es pour le domaine complet depuis la convection forcee pure jusqu’a la convection naturelle 
pure. Le modele trait& sur ordinateur est applique avec suc&s au cas de la convection mixte pour des fluides 
a nombre de Prandtl quelconque, autour dune sphere avec optionnellement, rotation du solide, aspiration 
ou soutBage du fluide, chauffage ou refroidissement de la surface et une condition par&ale de temperature 

ou de flux uniforme. 

GEMISCHTE KONVEKTION UBER ROTIERENDE KGRPER MIT AUSBLASUNG UND 
ABSAUGUNG 

Zusammenfassung-Die Grenzschichtanalyse des stationiiren laminaren Warmeiibergangs mit gemischter 
Konvektion an axial-symmetrischen Kijrpern wird erweitert und vereinheitlicht. Uber den gesamten 
Bereich von reiner Zwangskonvektion bis zu vijllig freier Konvektion werden Geschwindigkeitsprof 
und Temperaturverteilung in den anliegenden Grenzschichten untersucht. Ein validiertes Computer- 
simulationsmodell wird erfolgreich angewandt auf den Fall gemischter therm&her Konvektion von 
Fluiden beliebiger Prandtl-Zahl hinter einer Kugel mit wahlweise Korperrotation, Absapgen oder 
b...i.lO.~.. .,A.. 01,.&i nl.~rRBnr.n..l.n;.,..,.” r.,&, I.;;l.l..“n :“,.*l.n-.% D”..~i.~rl: .._.^ . . ..a-.. i?..;“r^_,^_ r%UO”I~LJCII ““II 1 11l1+ ““n.lanl*,,llr,~u,Ig “UCl -nlullull& IJ”LII=IIIIcI Ra.IIu”~ull,gu”g “OC‘ n”113LLa,,~e:I 

Wlrmestromdichte. 

CMEIBAHHAI KOHBEKHHJI Hleg BPArqAIoIBMMHClI TEJIAMH HPH BAYBE M 
OTCOCE 

hTupeh2~HpeH H yHH@mpOBaH HeaBTOMOnWIbHhdi ~H~JIH~ B npu6nw~emm norpamir~oro 
CTIoa &sn CTaIt,H‘jE~l,H‘,rO TeIlJlOlT~~HOC~ OT ‘J@CHMMeTnHWHOrO T!2Ja B VCnOBHIlX _PaEEH~~EQii CMP- r---m .~_..____r ~~~_ _.. r------- , -------.- 
IIIWHOfi KOHBCK~H. ~pO@iJIIi CKOpOCTti U TWlIepaTypbI B IIO~aHWiHbIX CJIORX HCCJle~yIoTCK ,LUIll 

BCWO LlHalIa3OHa - OT ‘iHCT0 Bhmy;BcseHHOii LIO PBCTO CBO6OAHOfi KOIiBeKl@Si. 06OCHOBaHa MOll‘%Ib mll 

PHCJEHHOTO HCCJICBOBZIHESK, KOTOpan yCnem0 npEIMeHeHa ant, CJIyVaR CMeUIaHHOfi TeMOBOii KOHBeKmHH 

XCHLIKOCRti C II&tOA3BOJIbHbIM ‘iUCJIOM npaHnTJI$l 38 CJ#lt?pOfi “p&i B03MOXHOM BpZUUeHHH TWItI, OTCOCe 

HJIW BayBe XWlKOCTSi, Hal-pCBe HnH OXJIaWCHHH IlOBepXHOCTEi, B )WlOBHlIX H3OTt?&MSiWCKHX CTeHOK KIIU 

nocroamtororennouoronoroxanacremtax. 


