
(h/ho), = ratio of heat transfer co- 
efficients for large Sc and Pr 

hD = mass transfer coefficient, h~ = 
D aw 

wm-ww,/ w 
(hD/hDo) , = ratio of mass transfer co- 

efficients for large Sc 
k = thermal conductivity 
I ( X) = { 3 0  8 8“‘ d ~ }  l’S/f”’’ 

mldiffusion = surface mass flux of com- 
ponent 1 by diffusion 

mi 

t = temperature 
t, = free stream temperature 
u = longitudinal velocity compo- 

U{x) = local free stream velocity 

= total surface mass flux of com- 
ponent 1 

nent 

II = transverse velocity component 
W = mass fraction of component 1 
W, = free stream mass fraction of 

component 1 
x = longitudinal coordinate 
y = transverse coordinate 

Greek Letters 
Q’ = thermal diffusivity, k/Cpp 
f l  
&or,. = T ~ / F  corrected for effects of 

= r W / p  for B = 0 

surface velocity 
T = y/l (x)  
p = dynamic viscosity 
v = kinematic viscosity, p/p  
p = density 
TW = surface shear stress 
h’Le = Lewis number, N P r / N s c  
N P r  = Prandtl number, pCp/k 
Nsc = Schmidt number, p/pD 

Subscripts 
0 
w 

= condition of B = 0 
= conditions at the wall 
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Equilibrium Flow of a General Fluid 
Through a Cylindrical Tube 

B. C. SAKIADIS 
E. 1. du Pont de Nemours and Company, Incorporated, Wilmington, Delaware 

In a recent communication to the 
editor (8) questions were raised about 
the results of work presented in a pre- 
viously published paper (6). These 
questions will be answered in the fol- 
lowing discussion. 

The majority of the questions raised 
in reference 8 may be dismissed if one 
accepts the proposition that equilib- 
rium or fully developed flow did exist 
in the tests reported in reference 6 for 
a tube with an L / D  ratio of about 48, 
within the range of velocity gradients 
reported in Figure 4 of the same refer- 
ence. 

In opposition to references 2 and 4, 
which suggest that the L / D  ratio neces- 
sary to attain equilibrium flow for vis- 
coelastic fluids must be well over 100, 
the results of work of several other in- 
vestigators (1, 3, 5, 7) indicate that 
equilibrium flow is attained at L / D  
tube ratios of much less than 48. Fur- 
thermore, the L / D  ratio required to at- 
tain equilibrium flow should be a prop- 
erty of the test material as well as of 
the existing flow conditions. 

accordance with this the material func- 
tion (TI should increase more rapidly 
with increasing velocity gradient than 
should the material function 7 .  Thus 
above some limiting velocity gradient, 
which will also depend on the specific 
test material, 01 would be expected to 
be greater in magnitude than T. 

With regard to the boundary condi- 
tion at the tube exit,  pro]^, since at z 

= L, and T = 0, [$I = 0, it fol- 

lows that d [ p r o l L  - = 0, although [ p ~ o ] ~  

da 
may not be zero. Equation (18) of 
reference 6 should be written as 

 pro]^ = - [ P ” ] ~ = o , L  = 

[ P ~ L ] ~ = o  3 h (18a) 

where h is a oarameter, which does not 
L 

depend on the velocity gradient 

In place of Equations (19) and (20) 
in reference 6 

1 
- aR 
2 

P R L = l  (-‘(Tl[T-’(()]d(-h 

(20a) 
The significance” of the parameter h 
can be seen by an evaluation of 
Equation ( 2 2 )  in reference 6 at r = R 
and z = L and a comparison with 
Equation (26) in reference 6 which 
reads 

~ 2 [  7 - 1 (  f u R )  ] = 

when one finds that 
1 
- aR 

The f a 2  that some experimenters 
It can also be shown that when the have found that vi is smaller than T p R L  = - cPrRlr. = JoR (-irrl 

does not necessarily contradict the re- 
sults shown in Figure 4 (6), since at 

- [ 1 1  < ,- 45 sec.-I, wi < - 7 .  In 

* The introduction of the parameter h does not 
affect any other equations of reference 6, with [ 7-l (t 4 ) ] d( - h (I!%) the exception of Equation (33), nor does it affect 
the experimental measurements, computations, and 
conclusions drawn from these measurements. 
Equation (33) is, of course, valid for h = 0. and 
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gravitational force is neglected and ] m  
N 0 is taken 

1 1 d In ki ki 
A 2 d l n a  2 

[ P z L ] R  =- 1 + -- f -Ul 

where 

Thus, if [ ~ L Z ] R  is a unique function of ~. - 

the velocity gradient 

that is, if it represents uniquely a mate- 
rial property, then one may conclude 
from Equations (20a) and (26) that 
h = 0. The reverse is also true. Also, 
the magnitude of the parameter h need 
not be known since PRL is a measured 
quantity. Since in the tests of reference 
6 PRL was found to be much larger 
than J /A ,  it follows that ki N 0 and 
h N 0. 

With regard to the assumption made 
in reference 6 that the fluid is com- 
pletely relaxed a t  the point where A = 
Am, if F ,  # 0, then the magnitude of 
the material parameter c2 is simply 
larger than computed since PRL is a 
measured quantity [see Equations 
(26) and (27) of reference 61. The ac- 
curacy with which the area ratio a = 
A d A  is known in the tests of reference 
6 is not important since the magnitude 
of the stress [ ~ Z L ] R  relative to PRL was 

determined as an upper limit; that is, 
for J m -  0 when a would be very large 
compared to unity. 

N O T A T I O N  

A 
a 

= cross-sectional area, sq. ft. 
= driving force per unit volume 

in the direction of flow, 1b.- 
force/(sq. ft.) (ft.) 

D = diameter, ft.  
F = total tensile force, 1b.-force 
J = momentum flux, 1b.-force 
L = specified tube length, ft .  
P = pressure measured by observer 

at tube wall, 1b.-force/sq. f t .  
p = stress component, 1b.-force/ 

p" = hydrostatic pressure, 1b.-force/ 

R = radius, ft. 
r = radial coordinate or radial dis- 

tance from tube or jet axis, ft. 
or = velocity component in z di- 

rection, ft./sec. 
z = axial coordinate or axial dis- 

tance, ft. 
(Y = Am/A, area ratio, dimension- 

less 
f = dummy variable, appropriate 

units 
ui = material function, 1b.-force/ 

c = material function, 1b.-force/ 

T 

sq. ft. 

sq. ft. 

sq. ft. 

sq. ft. 
= shear stress, 1b.-force/sq. ft. 

Subscripts 

L = at tube exit 
m = at position of maximum jet 

o = at tube or jet axis, or at origin 

R = at tube wall 
r = in the r direction, or at a 

z = in the z direction, or at an 

diameter 

of z coordinate 

radial distance, r 

axial distance, z 
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Catalytic Effectiveness in Multicomponent and Variable 

Diffusivity Systems 
JOHN B. BUTT 

Yale University, N e w  Haven, Connecticut 

A method of evaluating catalytic effectiveness in systems of variable diffusivity is proposed. 
These systems ore encountered when catalysts with bi-disperse pore-size distributions are 
employed or when multicomponent mixtures ore involved. The diffusivity is  token to be a linear 
function of length, and on effectiveness factor is  defined for this case. Application of the 
method is discussed and a numerical example is given. 

The problem of diffusional retarda- isothermal systems (2, 3, 4, 5 ,  6)  and carrying out a reaction depends on the 
tion of reaction kinetics in catalytic sys- of the effects of catalyst geometry and mechanism of diffusion which occurs, 
tems originally studied by Thiele (1) pore-size distribution (7, 8, 9, 10, 11) and that the structure of the catalyst is 
has been extended by numerous on the combined diffusion-reaction very important in determining this. In 
workers. Some of the more important process. many supported catalysts of commer- 
of these investigations have dealt with It has been shown in this prior work cia1 importance one of the predominant 
further study of isothermal and non- that the effectiveness of a catalyst in characteristics of the structure is a dual 
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