
164 Technical Notes 

variation of p and transport properties with temperature 
through the boundary layer. 

The authors suggest, on the basis of experimental data, the 
following turbulent boundary-layer relations for air in the 
range 0.6 i T,/7;, < 1.3: 

Nu = Nu~(T,/~&)-“~=~. (8) 

Outside this range, or for other gases, a numerical solution of 
the turbulent boundary-layer equations as described in this 
paper will give a good indication of the dependence of the 
Nusselt number on wall-to-gas temperature ratios. 
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INTRODUCTION 

INVESTIGATIONS on rotating systems have attained immense 
technological importance and, in that context, heat transfer 
systems from various types of axisymmetric bodies are 
presented in the literature Cl]. Kreith [2] investigated the 
problem of cones and disks in turbulent and mixed flow. 
Sparrow and Gregg [3] analysed theoretically the problem of 
laminar heat transfer from a rotating disk with suction applied 
to the wall. Their analysis was restricted purely to the forced 
convective conditions and buoyancy effects were not 
considered. Hartnett and Deland [4] solved the problem of 
forced convection from rotating non-isothermal disks and 
cones with the intention of studying the Prandtl number effects 
on heat transfer rates. Herring and Grosh [S] studied heat 
transfer rates from a cone to air with the inclusion of buoyancy 
forces. Bergles 16, 71 classified rotation of the heat transfer 
surface as an active augmentation technique. The present 
investigation deals with a compound technique, namely 
rotation with simultaneous application of suction at the 
surface of a right vertical inverted cone, to assess the degree of 
augmentation achieved by treating the problem in its general 
form from which the special cases [l, 4,5] can be arrived at. 

FORMULATION OF THE PROBLEM 

The configuration and disposition of the rotating cone with 
the coordinate system is the same as that given in ref. [S] save 
for application of suction of a constant value at the surface of 
the cone. The dimensionless boundary-layer equations for a 
steady, non-dissipative, constant property, axisymmetric flow 

are as follows : 

Law of continuity : 

2F+H’=o. 

Conservation of momentum : 
x-direction (meridional) 

(1) 

F"-(H-~,)F'-P+G~+ 2 e = 0 ( > (2) 

y-direction (tangential) 

G”-(H-/!?JG’-2FG = 0. (3) 

Energy equation : 

8” - Pr[(H - fi,)e’ + Fe] = 0. (4) 

The following velocity, temperature and dimensionless 
spatial functions are employed to arrive at the similarity 
transformations, i.e. equations (l)-(4) : 

u = x0 sin aF(q) (5) 

v = xw sin czG(q) (6) 

w = (vo sin ~)“~[H(fl) - I,] (7) 

(T- T,) = (T,- T,)e(q) (8) 

fj = (0 sin c+)‘~~z (9) 

Gr = g cos a(T, - T,)Bx3/vz (10) 

Re = w cos ax2/v. (11) 

When /I, = 0, equations (lH4) would be identical to those 
solved by Herring and Grosh [S]. The above equations are to 
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NOMENCLATURE 

friction coefficient, T&W/~) v, cone surface velocity at the base 
moment coeffiaent, M/(pV$$/2) u, v, w velocity components along x, y, 2, respectively 
specific heat of the fluid &Y,Z coordinate directions. 

H variables as defined in equations (5H7) 
local Grashof number, gbcos a( T, - T,,)x3/u2 
gravitational acceleration 
local heat transfer coefficient, q/(7’,‘, - T,) 
thermal conductivity 
cone slant height 
torque for rotation 
lo&l Nusselt number, hx/k 
Prandtl number, LcC,/k 

.’ F heat flux 
local Reynolds number, Vx/u 
cone radius 
cone radius at the base 

symbols 
cone apex half-angle 
coefficient of thermal expansion 
suction parameter 
dimensionless coordinate, (o sin a/v)% 
dimensionless temperature, (T- T,)/(T, - 
dynamic viscosity 
kinematic viscosity 
densitv of the fluid 
circumferential shear stress 
angular veloxity. 

T temperature of the fluid 
T, ambient temperature Superscripts 
T, surface temperature of the cone ‘, “, “’ first, second and third derivatives with 
V local cone surface velocity, x0 sin a respect to rl. 

be solved subject to the following boundary conditions: 

at z=O, u = w =(T-T,)=(u-xcosao)=O (12a) 

as z+co, l4 = 0, YJ = 0, T= T,. (W 

In terms of the variables defined by equations (5+-o-(), these 
conditions become : 

q=O, F=H=O and G=B=l (13a) 

q=oo, F=O, G=O, f3=0. (13b) 

The local heat transfer rates are calculated from the Fourier 
equation : 

q,-k!z 
az z=o 

= h(T,- T,) 

or in dimensionless form 

Nu 
- = -8(O). 
Re”’ 

(14) 

The local friction factor 0.5 C,, = 7,/p(xw cos a)* is given by 

OX,, Re”2 = G’(0). (15) 

The dimensionless moment coefficient is obtained by 

c, = O.SM/p(Lo cos a)?; (16) 

where M is the shaft torque required to overcome the shear of 
the rotating cone and is given by 

s I. 

M=- rr,2nr dx 
0 

(17) 

and r,is theconeradiusat the basewherex = L. Equation(l6) 
in terms of the non-dimensional variable becomes 

C, Rel’* sin a/n = -G’(O). 

NUMERICAL SCHEME 

(18) 

Equations (l)-(4) along with the boundary conditions (13a) 
and(l3b)aresolved byafinite-difference techniqueemploying 
the Gauss-Siedel method [lo]. The convergence criterion 
used for attaining the final converged solution is of the form 
IG;+‘-G;l,, < E where the superscript refers to the number 
of iterations and the subscript refers to the grid location. The 
value of E was varied to ensure a negligible dependence of the 
solutionobtainedofitsvalueandwasfinallyspecifiedas 1Oe4. 

A comparison of the results obtained for Pr = 0.7 with 
suction parameter equal to zero with those of Herring and 

Grosh [S], showed an excellent agreement confirming the 
validity of the scheme employed. Numerical computations 
were performed on an IBM-1 130 computer and solutions are 
obtained for a wide range of controlling parameters. Some of 
the typical results obtained are discussed below. 

RESULTS AND DISCUSSION 

From the results it is observed that the suction parameter p, 
has a profound influence on the tangential, circumferential 
and normal velocities. 

As one would expect, the hydrodynamic boundary-layer 
thickness decreases with increase of the suction value at the 
permeable wall of the rotating cone. Furthermore, it is 
observed that the maximum tangential velocity gets reduced 
steeply with the increase in the value of &. Variation of 
circumferential velocity for Gr -+ 0 in relation to &establishes 
that the effect of rotation is essentially confined to the very 
proximity of the wall for higher values of suction. The 
component of velocity normal to the rotating surface reveals 
that for values of & > 2 the velocity field is independent of 
spatial coordinate and equals - 8,. The temperature field near 
the cone surface for different values of suction indicates that 
the thermal boundary-layer thickness is affected profoundly 
by the magnitude of the suction applied at the wall and as p, 
increases, the thickness of the thermal boundary layer 
decreases resulting in steep thermal gradients. To conserve 
space the temperature and velocity fields are briefly described 
without depicting them in the figures. 

The heat transfer results are shown in Figs. 1 and 2 for Pr 
= 0.7 and 6.7, respectively, and for different flow situations, 
namely : 

(i) pure forced convection, i.e. Gr/Re* = 0.0 
(ii) mixed convection, i.e. Gr/Re’ N 1.0 

(iii) free convection, i.e. Gr/Re’ >> 1. 

From Fig. 1, it is evident that for Pr = 0.7 and Gr/ReZ = 0 
and 1, [-0’(O)] has identical variation with respect top, except 
for small values of/i,. However, for Gr/Re’ > 10, it is observed 
that [-0’(O)] increases with the increase in Gr/Re’ for a given 
value of j3,. The heat transfer rates from the rotating cone to 
water (i.e. Pr = 6.7) are shown in Fig. 2. In comparison with 
Fig. 1, the trends observed for this case are markedly different 
with regard to the influence of the parameter Gr/Re’ on 
thermal gradient. For all values of Gr/Re’ < 1, [-0’(O)] is 
independent of Gr/Re’ which implies that the influence of 
buoyancy forces on the velocity and temperature fields is 
negligible and the mechanism of heat transfer is dictated by 
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the pure forced convective conditions. Furthermore, for Gr/ 
Re’ > 10 and rSB > 3, [0’(O)] is again an independent func- 
tion of Gr/Re’ and varies monotonically with the value of j$. 

Entries in Table 1 indicate the salient derivatives of the 
velocities and temperature at the wall for different values of 
the suction parameter. G’(0) physically signifies a scale of the 
friction coefficient defined by equation (15). The results 
indicate that G’(0) is essentially independent of Gr/Re’ for 
@, > 6. For values of 1. < 6, the friction factor is found to be 
dependent on thecharacteristic dimensionless ratio Gr/Re’. In 
the case of air, for all values of /I,, the friction coefficient is found 
to be strongly dependent on Gr/Re2 especially when the 
buoyant forces play a significant role in comparison with the 
inertial forces. However, for the case of pure rotation and 
mixed flow conditions, the parameter Gr/ReZ does not have a 
marked influence on the friction coefficient. 

The results of [-G’(O)] vs /I, are of practical utility in 
estimating the power requirement to maintain rotation of the 
cone with simultaneous suction of constant value at the 
permeable surface. 

Thus the present note establishes the following salient 
points : 

(1) Figures 1 and 2 and Table 1 can be employed to evaluate 
the augmentation index defined as the ratio of the rate of heat 
transfer to the power required for given conditions of suction, 
i.e. /31 at the wall. 

(2) The theoretical investigation undertaken encompasses a 
variety of physical problems which can be considered as 
special cases of the more general problem tackled. Thus, the 
special cases that would emanate are as follows according to 
the value of (Gr/Re*) : 

(i) Gr/Re2 = 0,forced convection with or without suction 
(ii) Gr/Re’ N 1, mixed convection with or without suction 

(iii) Gr/Re’ >> 1, free convection from thecone surface with 
or without suction. 
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