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ciated flow reversal, takes place. The same results were increasing action of a component of the buoyancy force 

found for the other steady flow situations investigated. normal to it. Of course the flow must separate as two 

Wake formation was also observed above the upper part opposed buoyancy generated layers from opposite sides 

of the steam heated cylinder. The surface of the cylinder was of a surface meet at the top. But the impetus for this, the 

approximately isothermal, due to the condensation of steam pressure field which changes their direction, is generated in 

on the interior wall. The Grashof number based on the the flow layers and immediately adjacent to the surface, not 

cylinder diameter was 1 x 10”‘. The steady state flow in an external region. 

patterns were identical to those discussed above for the 

other geometry. ACKNOWLEDGEMENTS 
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NOMENCLATURE 

molecular mass diffusion coefficient of component 1 

into component 2, ti; = -D,pcfG [m’/s]; 

JQ,, 

i” 1, 

u> 
my, Pr,, 

P,~,V, - Z,) 
mass diffusion coefficient, 

[dimensionless] ; SC, 

Pr, 
s,-; 

turbulent Lewis number [dimensionless]; 

mass flux of component 1 into component 2 

Ikg/m*sl; 

5, turbulent Prandtl number [dimensionless]; 
%I 

L-, molecular Schmidt number, [dimensionless]; 
B, 
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*, turbulent Schmidt number, [dimensionless]: 
CD 
mean velocity in the main-stream direction [m/s]: 

mean vefocity perpendicular to the surface [m/s]; 

distance along the plate in the flow direction [m]: 

perpendicular distance from the surface {m]: 

mole fraction of helium: 

s, dimensronless concentration ratio; 
m UI 

dp, mass concentration 
thickness Em] ; 

eddy mass species diffusivity [mL/s]: 

eddy thermal diffusivity [m*/s]; 

eddy viscosity [m”/s]; 

boundary layer thickness7 .vwhere V/U, 20.99 cm]; 

kinematic viscosity [m’/s] ; 
density [kg/m3]. 

Subscripts 

t, denotes turbulent contribution; 

,Y, indicates wall condition; 

“II, denotes free-stream condition. 

fNTRODUCTION 

IN A RECENT issue of this journal, Simpson, Whitten and 

Moffat [l] presented experimental results for the distribution 

of tbe turbulent Prandtl number in an air boundary layer 

with injection and suction. No foreign gases were considered 

in that study. However, in the more general ease of foreign 

gas injection, the turbulent Schmidt number djstr~bution 

must be known in order to determine the mass transfer 

from the relation 

The purposes of this note are to provide some experimental 
reformation on the turbulent Schmidt number d~strjbution 

of an external boundary layer, since no ather direct work is 

known, and to point out the relationship between the 

turbulent Schmidt and Prandtl numbers, i.e. the turbulent 

Lewis number. 

COMPUTATTON OF THE TURBUtENT SCHMIDT 

NUMBER 

The mass-transfer coefficient and velocity and con- 

centration profile data of Kendall [2], and his reevaluated 

friction factor results [3], were used in the turbulent Prandtl 

number computing method described by Simpson, Whitten, 

and MoEat fl] to compute the turbulent Schmidt number 
distribution in a constant free-stream velocity boundary 

layer. KendalI’s data are for injection of small concentra- 

tians of helium (SC = 0.211) into a constant free-stream 

velocity turbulent flow af air through a flat porous wall. 

The concentration of helium at the wall varied from 0.12 

to 0,39 per cent. An uncertainty of ~0405 per cent was 

reported for the helium concentrations [2]. The free- 

stream velocity was nominally 50 fps, with the mass flux 

ratio (P,F~/P,U,) nominally OM)Oi, 0401,0GO3 and 0.005. 

Profiles with the smallest longitudinal wall concentration 

gradient (dZ,/dx) and free-stream velocity gradient were 

selected so that the non-dimensional concentration profile 

similarity could be used in the computing method. 

The method of Simpson et ai. [I] is valid for determining 

the turbufent Schmidt number from experimentat data if 

the non-dimensionalized mass concentration is substituted 

for the non-dimensional temperature, the mass transfer 

coefftcient for the Stanton number, and the mass concentra- 

tion thickness for the enthaIpy thickness. However. one 

addition to this scheme is required to determine SC,. The 

data of Simpson, Whitten, and M&at [I] were taken with a 

negligible waif temperature gradient in the x direction. 

Thus the dT,/d.u term in the integral energy equation could 

be neglected in [1] in determining Pr,. However. the varia- 

tion with respect to x in test wall helium concentration could 

not be neglected in the case of Kendall’s data. Therefore. to 

determine Sc, for the data of Kendall, the integral mass 

concentration equation must to be considered in the form [3] 

dF -l” d(Z, - z,) k __.“_ 
2; = (Z,. - z,z ) 

_- -dye_. + I-‘. + “& (3 
I i’r I:, 

The first term on the right ofequation (2)(term I)was between 

1 and 17 per cent (see Fig. i)ofdf,Jd.u in all cases studied. For 

a given concentration protile, the SC, results obtained with- 

out this term were about the same percentage higher than 

the results obtained considering this term. 

DISCUSSION AND CONCLUSIONS 

Figure I presents Scr vs. J;I% results obtained by consider- 

ing all the terms of equation (2). No systematic variation 

with x is observed. The shape of the band of data is similar 

to the Pr, distribution of [l] for an external turbulent 

boundary layer. Very close to the wall (r/b c: 0.1) the 

results are relatively uncertain and diverge into scatter 

as do the Pr, results of [I), due partly to uncertainties in 

locating the probes relative to the wail and partly to the 

small turbulent transpoti relative to the total contribution. 
In the outer region, Sc, i i like Pr-*;, although SC, + 0 as 

,v/S + 1 while Pr, results were divergent at the outer edge 

of the boundary layer. Unlike Pr,, Sr, in the outer region is 

slightly dependent on the blowing mass flux ratio, being on 

the average slightly higher with higher blowing rates. This 

small difference between the PI; results of [I] and these 

Sr, results is attribute4 to the fact that Kendall’s reevaluated 
C,/2 results were slightly Iower f43 tbarr the CJ;2 results 

used in [l] for the same flow conditions. 

The empirical curve af Rotta [S] for Pr,, shown on Fig. I. 
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FIG. 1. Experimental results from the data of Kendall [2], 
SC, vs. y/6. 

closely fits the data of [l] in the outer region and can be 

used as an approximation for Pr,. This distribution was 

used in computing the turbulent Lewis number (Pr,/Sc,) 
results shown on Fig. 2 for y/S > 0.2. For y/6 < 0.2, the 

experimental Pr, of [l] were used. Le, based on the results 

shown in Fig. 1 is smaller than when based on SC, results 

Without 
- term I 
--- With term1 
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FIG. 2. Le, vs. y/b, data scatter envelopes for experimental 1. R. L. SIMPSON, D. G. WHITTEN and R. J. MOFFAT, An 
results from the data of Simpson et al. [I] and Kendall [2]. experimental study of the turbulent Prandtl number of 

obtained without term 1. Even though the uncertainty in 

these results is rather large, it appears that the normal 

assumption that Le, = 1 in the outer region is supported 

by these results. 

Several conclusions can be made from these results. The 

SC, and Pr, distribution in the outer region of an external 

turbulent boundary layer are closely the same and therefore 

indicate Le, = 1 in the outer region of the boundary layer 

where turbulent processes dominate transport. Furthermore, 

SC, < 1 and Pr, < 1 in the outer region even though 

SC = 0.211 and Pr = 0.72, a trend indicating that even 

with SC = Pr = 1 the Pr, and SC, are not likely to be unity 

in this outer region. 

These experimentally derived conclusions support the 

outer region hypothesis of [l] and others [I]: that the 

diffusion of heat and other scalars such as mass species 

and turbulent energy is a combination of gradient and large 

eddy transport while the transport ofmainstream momentum, 

a vector quantity, is a velocity gradient process associated 

with small scale turbulence. Hence, effective cD or 6” values 

representing the same combined gradient and large eddy 

transport mechanisms would be the same and would be 

greater than the gradient transport alone, yielding Pr, = 
SC, < 1 and Le, = I, even if Sc = Pr = 1. 
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NOMENCLATURE 

pipe inside diameter (to base of rib); 

pipe equivalent diameter (D - e); 

defined by Hall [8] ; 
rib height; 

roughness Reynolds number, 

e+ = eu*Jv = (e/D)ReJ(j/2); 

rough tube friction factor, (AP/L) D/2pui; 

rough tube “b friction factor based on D,, ; 
[(f‘/ZSt - l)/,/(f/2) + ut]PF” ” (repeated-ribs): 
distance between repeated-ribs; 

Prandtl number; 

Reynolds number, Du,/v; 

Reynolds number based on D,, ; 
rough tube Stanton number; 

local fluid velocity; 

average fluid velocity; 

friction velocity, J(s,/p); 

4(2/f) + 2.5 In (2e/D) + 3.15; 

4(2/f) + 2.5 In [2e/(D - e)] + 3.75; 
coordinate distance normal to surface; 
apparent wall shear stress, (D/4) (dP/dx). 

INTRODUCTION 

IN A PREVIOUS publication [1] correlations are presented 
for the friction factor and Stanton number of “repeated-rib” 

roughness in turbulent pipe flow. Figure 1 shows a sketch of 

this geometry and defines the roughness parameters as p/e 

and e/D; two dimensionless parameters should be sufftcient, 

e/D relative roughness 

p/e relative rib spacing 

FIG. 1. Sketch of the roughness geometry. 


