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Fig. 21 Schematic view of free surface topography 
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D I S C U S S I O N 
J. B. Jones 1 

The authors are concerned with various three-dimensional flow 
effects in a channel with an 8 : 1 aspect ratio, and they show that 
these effects are strong. T h e y thus provide another illustration 
that two-dimensional flow is difficult to obtain simply b y using 
channels of rectangular cross section with moderately high aspect 
ratios and, furthermore, that symmetry about "the channel mid-
plane cannot be taken as evidence that the flow in that plane is 
the same as flow in a two-dimensional channel. An investigation 
of the degree to which the flow approaches a two-dimensional flow 
in various high aspect ratio channels would be of considerable 
value. Since this matter has not been settled, experimenters 
should exercise considerable care in checking the assumption of 
two-dimensionality which is often too hastily made. 

A very great inlet length may be required for the complete 
development of the secondary flows near the corners of a rec-
tangular channel. Can the authors give anj ' additional as-
surances that the inlet flow to their curved channel was fully de-
veloped in all respects? Although the secondary velocity com-
ponents are quite small, they may have appreciable effects on the 
axial velocity distribution and the turbulence structure, both of 
which are pertinent to the curved channel flow under study. 

Authors' Closure 
The authors thank Professor Jones for his discussion. His 

point about unwarranted presumption of two dimensionality is 
well made. In earlier experiments [16], the writer (Marris) em-
ployed a channel of width 0.7S in., 12 in. high and of mean radius 
4.64 in. In this 16:1 aspect, ratio channel no secondary flow was 
discernible at distances greater than 3 in. from the end plates. 

Professor Jones has recently studied the secondary flows at the 
corners of a rect angular duct at an inlet section. This secondary 
flow slowly modifies the mean flow and the turbulence structure. 
This is a gradual effect, while the effect of the curvature in respect 
to both secondary flow and relative turbulence is violent and 
immediate. Symmetrical inlet distributions are shown in Figs. 
13 to 16. The curved section profiles were relative to these sym-
metrical distributions. 

In closure the writer (Marris) would like to enlarge slightly 
upon the statement made in the section "Discussion" to the effect 
that the observed backflows seem to be the consequence of a 
crossflow vorticity developed b y viscous action in the skewed 
laminar boundary layer at the inner wall. The experimental re-
sults of this paper motivated him to attempt to generalize the 
secondary flow analysis of Hawthorne to include the effects of 
viscosity and of the "perpetual constraints" such as the main-
tained steep radial gradient of peripheral velocity at. the inner 
wall.5 

A purely kinematic resolution gives, for the progressive flow-
wise generation of a flow-wise component of vorticity in incom-
pressible flow, the relation 

4 Professor, School of Mechanical Engineering, Purdue University, 
Lafayette, Ind. Mem. ASME. 

5 A. W. Marris, " T h e Generation of Secondary Vorticity in an In-
compressible Fluid," ASME Paper No. 63—APMW-9 presented at the 
West Coast Applied Mechanics Conference, Monterey, Calif., 
August, 1963. 
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Fig. 22 Dye trace on inner wall showing crossflow and backflow secondary flow 

5 ( ! ) 
2f l„ 

qr 
- curl ( V X £2) 
1-

(1) 

where V = r/t is the flow velocity, t being the flow-wise unit vector 
defining the tungent to the streamline, £2 is the resultant vorticitv 
with scalar components fi, and Q„ corresponding to the directions 
of the streamline and its principal normal, respectively, and r is 
t he streamline radius of curvature. 

Equation (1) seems to generalize earlier results through the pres-

ence of the term .curl ( V X £2). This term must of course be 
expressed in terms of the forces through the equations of motion. 
For steady viscous flow in the absence of solenoidal body forces 

t.curKV X £2) = - v V W , (2) 

v being the kinematic viscosity. Combining equations (1) and (2) 
in the form 

(!) 
2f l„ 

= - 2 V 2 " , + 
<12 

•>v.„ 

qr (3) 

one may see the term — - representing interaction between the 
qr 

streamline curvature and the nonuniform velocity gradient, as a 
" source" of flow-wise vorticitv S2„ while the effect of viscosity is 
to " conduct a w a y " or dissipate il,. 

While such considerations may partially explain the attenua-

tion of skewing in t he viscous sublayer regions of skewed boundary 
layers, one sees the physically apparent fact that viscosity, being 
dissipative, cannot of itself create additional skewing or back-
flows.6 

It would seem that the backflow effects in the end plate regions 
of the inner wall are only an indirect consequence of viscosity ill 
the sense that viscosity is in the end responsible for the steep 
radial gradient of peripheral velocity, and in the sense that the 
character of this region of the flow is such as to prohibit entrain-
ment. 

The writer believes that the inner wall effects are initiated b y 
the curvature of the secondary flow streamlines in the tangent 
plane of the inner wall as the secondary flow comes on to the inner 
wall from the end plates. This plane of curvature is perpendicu-
lar to the very intense radial gradient of mean peripheral velocity. 
Equation (3) then predicts additional twisting of the secondary 
flow streamlines in the tangent plane of the inner wall. Thus, in the 
absence of entraining mainflow turbulence the secondary flow 
streamlines immediately adjacent to the inner wall may twist 
into a direction perpendicular to the main flow and even turn 
back against the main flow, before the skewing is eliminated b y 
viscosity. The effect, apparent in the velocity profiles, appears 
in terms of dye injected at the inner wall as a backward pulsing 
smear on the inner wall. See Fig. 22. 

6 The writer thanks Prof. P . C. Dean for emphasizing this point 
in verbal discussion. 
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