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NOMENCLATURE 

channel height, Fig. 1; 
streamwise length, Fig. 1; 
width of spanwise measurement zone, Fig. 2; 
local rate of mass transfer per unit area; 
spanwise average mass-transfer rate, equation (1); 
inner radius of curved circular arc channel; 
outer radius of curved circular arc channel; 
Reynolds number, 2Hiilv; 
mean velocity; 
overall spanwise width, Fig. 2; 
streamwise coordinate; 
spanwise coordinate; 
wavelength of spanwise mass-transfer variation; 
kinematic viscosity. 

INTRODUCTION 

WHEN a flow is bounded by a surface having longitudinal 
curvature, secondary motions in the form of longitudinal 
vortices may occur. The onset of such secondary motions 
is due to the centrifugal instability of the main flow. The 
analysis of the instability process for laminar boundary- 
layer flow along a concave wall was first performed by 
Gortler, with subsequent significant contributions by 
Hammerlin and by Smith (see [l] and [2] for a summary). 
Experimental evidence of the existence of longitudinal 
vortices in curved boundary-layer flows has been provided 
by several investigators (for instance [3-6]), but the con- 
ditions marking the onset of the vortex motion have, 
apparently, not been identified experimentally. 

The occurrence of longitudinal vortices superposed on a 
laminar main flow has also been studied for curved channels 
whose bounding walls are concentric circular arcs. The initial 
analysis of the centrifugal instability which marks the onset 
of vortex motion was performed by Dean [7] for the case 
where the spacing between the walls is small compared with 
the radius of curvature. The narrow gap assumption was 
retained by several subsequent investigators [%12], but was 
lifted in [13] to accommodate channels having arbitrary 
spacing between the walls. Flow visualization techniques 
were employed by Brewster and co-workers [ll] to deter- 
mine the conditions at the onset of the vortex motion. 

Channel flows with non-planar bounding walls are en- 
countered frequently in advanced heat exchange devices (e.g. 
in compact heat exchangers). Furthermore, because of the 
small dimensions characteristic of such devices, the flow is 
often in the laminar regime. Typically, these channel con- 
figurations are highly complex and differ appreciably from 
the simple circular arc channels whose laminar instability 
characteristics have been investigated in the past. 

A class of channel configurations that frequently recurs 
in practice is characterized by walls that are wavy or 
corrugated in the main flow direction. Owing to the stream- 
line curvature induced by the shape of the wall, centrifugal 
forces are activated. The direction of the centrifugal forces 
depends upon whether the streamline curvature is convex 
or concave. Since the walls of a wavy or corrugated 
channel impose periodic concave and convex curvature on 

the streamlines, the direction of the centrifugal force will 
vary along the length of the channel. 

The present research was undertaken to investigate exper- 
imentally the onset of secondary-flow vortex motions in a 
corrugated wall channel. The flow field behavior will be 
inferred from detailed local measurements of the surface 
mass transfer via the naphthalene sublimation technique. 
The absence or presence of a periodic spanwise variation 
of the local mass-transfer rates enabled detection of the 
conditions marking the onset of vortex motion. The detailed 
nature of the measurements also facilitated the determi- 
nation of the wavelength of the secondary flow. Whereas 
sublimation of naphthalene (or para-dichlorobenzene) has 
been used previously as a qualitative visualization tool to 
illustrate the presence of secondary-flow vortices [6, 141, it 
was not employed to obtain quantitative information on the 
onset and the character of the vortex motion. 

The work reported here is part of a study of the transfer 
characteristics of laminar, transitional, and Iow-Reynolds- 
number turbulent flows in a corrugated wall heat-transfer 
channel [ 15, 161. 

THE EXPERIMENTS 

The experimental apparatus, measurement technique, and 
data reduction procedures will be outlined here only in 
general terms, with more detailed information available in 
[15] and [16]. A schematic side view of the test section 
showing the corrugated wall naphthalene plates in place is 
presented in Fig. 1. Each of the corrugated walls consists 
of four facets, respectively sloped at an angle of about 21” 
relative to the horizontal. The selection of the facet slope 
as well as of the dimensions H and L, respectively equal 
to 1.65 and 18.5 mm, was guided by those of an actual heat 
exchange device. 

To suppress extraneous mass transfer, all surfaces of each 
naphthalene plate were covered with a pressure-sensitive 
tape, except for the corrugated surface that bounds the flow 
channel. During the data runs, air from the temperature- 
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FIG. 1. Schematic side view of the test section 
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controlled laboratory (- 20’C) was drawn through the test 
section and ultimately exhausted to the outdoors at the roof 
of the building. 

The naphthalene plates were cast in specially designed 
and fabricated molds. The surfaces produced by the casting 
process possessed a high degree of smoothness and flatness 
so that no subsequent machining was necessary. For each 
data run. a new pair of naphthalene plates, cast from never- 
used reagent-grade naphthalene, were employed. 

Surface contour measurements were made both im- 
mediately before and after a data run with the aid of a sensi- 
tive dial gage having a smallest scale di\ ision of 0.00005 in 

(-0.001 mm). For the contour measurements. a naphthalcne 
plate was positioned on a movable coordinate table which 
could be traversed in two directions in the horizontal plane. 
The measurement procedure is most conveniently described 
with the aid of Fig. 2. which is a plan view of the corrugated 
wall channel. At a fixed streamwise station .u, contour 
measurements were performed by traversing the stylus of 
the dial gage in the spanwise (i.e. cross stream) direction Z. 

t t t t 
FIG. 3. Schematic plan view of the 

corrugated wall channel. 

The spanwise width within which the measurements were 
made is denoted by 1. Readings were taken at every 0.2mm 
along the; direction. With I = I9 mm, each spanwise traverse 
encompassed 96 data points. The overall spanwise width W 
was 70.1 mm. 

The local differences between the before and after surface 
contour measurements were employed, in conjunction with 
the duration time of a data run, to determine the local mass- 
transfer rates. Corrections were applied to account for 
extraneous natural convection sublimation. which occurred 
during the period of surface contour measurement and 
during the assembly of the test section, and for uncertainties 
in positioning on the coordinate table [I 51. 

At any given streamwise location, the measurements and 
subsequent data reduction yielded the spanwise distribution 
of the local rate of mass transfer per unit area m(z). For 
each m(i) distribution. a spanwise average value was deter- 
mined from 

m(z) d: 

and this, in turn, enabled evaluation of a normalized span- 
wise distribution m(z);m(:). 

KEWLTS AND DlSCtiSSlOh 

Preliminary qualitative experiments were performed to 
determine whether and at what Reynolds numbers 
secondary-flow vortices existed. These experiments revealed 
that such motions did exist at certain Reynolds numbers 
and, furthermore, that the presence of the vortices was much 
more strongly manifested on certain facets of the corrugated 
wall. These findings served to guide the final quantitative 
experiments, both with respect to the Reynolds number 
range and to the streamwise locations at which mass-transfer 
measurements were made. 

The second and fourth facets of the lower wall of the 
channel (both of which are windward facets) were generally 
most strongly influenced by the secondary motions. There- 
fore, to establish the Reynolds number marking the onset 
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3. Spanwise mass-transfer distributions showing 
the evolution ofsecondary-Row vortices with increabing 

Reynolds number. 

of secondary flow, attention will be focused on a stream- 
wise location on one of these facets. and a station on the 
fourth facet (identified by the arrow in Fig. I) has been 
chosen for this purpose. At that station, the spanwise mass- 
transfer distributions will be examined as a function of the 
Reynolds number. The presence or absence of spanwise 
variations will be used to discriminate as to the presence 
or absence of secondary-flow vortices. Graphs showing the 
evolution of spanwise mass transfer distributions at several 
other streamwise locations arc available in [I 51. 

The stability characteristics will be deduced with the aid 
of Fig. 3. In the figure, normalized spanwise mass-transfer 
distributions m(z)/m(z) are plotted as a function of 2 for 
each of several Reynolds numbers in the range from 200 
to 500. The motivation for employing normalized distribu- 
tions is to give the results for all Reynolds numbers a 
common baseline (i.e. a mean value of unity) and thereby 
facilitate identification of departures from the baseline due 
to secondary flow. 

The Reynolds number Rr is defined using the equivalent 
diameter for a parallel plate channel D,, = 214. so that 

Re = ZHw\, (21 

where or is the mean velocity of the main Itow. Each of the 
curves has its own ordinate scale, which is centered about 
1.0. As noted earlier, each curve represents 96 discrete data 
points. 

Inspection of the figure clearly indicates an evolution of 
secondary-flow vortices with increasing Reynolds number. 
In therangc between 200 and 350, the spanwise distributions 
are effectively flat, as witnessed by the curves of Fig. 3 as 
well as those of the preliminary experiments. The rlight 
departures from complete flatness are indicative of the 
resolving power of the instrumentation, which is about 
0.00005in. The spanwise distribution for Re = 382 contains 
the first indications of a patterned variation. .Therefore. the 
onset of the secondary flow, as manifested by its effect on 
surface transfer processes, occurs in the range between 
Re = 355 and 382. With increasing Reynolds number, the 
strength of the secondary flow increases, and the periodic 
nature of the spanwise variation becomes more clear. The 
wavelength of the periodic variation is about 2 mm. 

It is of interest to compare the foregoing findings with 
the predictions of stability theory. Such an undertaking is 
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handicapped because the stability of the flow in a corrugated 
wall channel has not yet been analyzed. Although there are 
distinct differences, the nearest flow configuration for which 
stability predictions exist appears to be the curved channel 
whose bounding walls are concentric circles (inner and outer 
radii RI and Rz, respectively). Those predictions will be 
compared with the present results for the corrugated wall 
channel, but with the recognition that such a comparison 
cannot be strictly quantitative. 

For the wavelength I., narrow-gap stability theory gives 
the result 

i = (2Ef3.96)H. (3) 

The accounting of a finite gap size [13] brings about a 
slight increase in the constant so that, for instance, when 
R,/Rz = 0.5, the constant is 4.32 instead of 3.96. If the 
channel height H = 1.65 mm of the experiment is introduced, 
equation (3) gives A: = 2.62 mm, whereas if the constant 4.32 
is used in the denominator, then d = 2.40cm. From their 
experiments on circular arc channels, Brewster and co- 
workers [l l] found a correlation of their wavelength results 
using a constant of 4.9. With this constant and H = 1.65 mm, 
equation (3) yields A = 2.11 cm. 

The wavelength i z 2 mm observed in the present exper- 
iments is not significantly different from the i, values dis- 
cussed in the last paragraph. In view of the fact that the 
corrugated wall channel and the circular arc channel are 
characterized by significantly different main flows, the just- 
cited comparison suggests that the wavelength may not be 
very sensitive to the details of the channel main flow. 

For the Reynolds number marking the onset of instability 
in a circular arc channel, the narrow-gap theory gives 

Re = 71.9J(RIJH) (4) 

where RI is the radius of the inner bounding wail. The 
instability Reynolds number predicted by the finite-gap 
analysis can be substantially larger than that of equation (4), 
depending on the radius ratio RJR*. 

If consideration is given to using equation (4)for predicting 
an instability Reynolds number for comparison with the 
present results, a fundamental difficulty is encountered in 
identifying a numerical value for RI. The walls of a plane- 
faceted corrugated channel do not have a radius of curvature. 
In the absence of a better approach, the authors have deter- 
mined a value of RI as that of a circle which is tangent to 
the mid-points of two adjacent facets. This procedure gives 
R 1 = 6.4 mm. Upon introduction of this value into equation 
(4) along with H = 1.65mm and with a multiplying factor 
of 1.18 to account for the finite-gap correction [ 131 corre- 
sponding to H/R, = (1.651116.4). there is obtained Re = 167. 
As noted earlier, the present’experiments yielded an in- 
stability Reynolds number of about 370. No definite sig- 
nificance can be attached to the difference between these 
Reynolds number values because equation (4) is not directly 
applicable to corrugated wail channels. Perhaps the most 
interesting outcome of the comparison is that the application 
of equation (4), in conjunction with an estimate of RI, can 
yield reasonable predictions of the instability Reynolds 
numbers for other than circular arc channels. 

As a final remark, it may be noted that the evolution of 
a strong and regularly patterned spanwise variation, which 
is evidenced by Fig. 3, was not observed on the leeward 
facets. This is believed due to the influence of flow 
separation [ 15,161. 
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