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D I S C U S S I O N 

J. A. C. Humphrey1 

This is indeed an eye-opening flow visualization study, 
illustrating especially the importance of critically conducted 
experimentation for the development and testing of com
putational fluid mechanic models. The authors are to be 
complimented for their fine work in revealing several new and 
very interesting findings in a shear-driven, isothermal, en
closure flow. Since it is not mentioned in the paper, the reader 
should be aware that there is also a wealth of similar in
formation relating to the case of thermally stratified flow in 
the Ph.D. thesis of Koseff [32], the basis for the present 
study. 

With their results, the authors have dispelled conclusively 
the myth of "two-dimensional," shear-driven, cavity flow. 
While such a hypothetical flow will probably continue to serve 
as a useful test case for the evaluation of numerical 
calculation procedures, it is in the prediction of the transient 
and steady state three-dimensional structures discovered by 
the authors wherein the real challenge now lies. Thus, recent 
efforts [33] to predict the cross-stream vortices they observed 
were unsuccessful due, most likely, to insufficient grid 
refinement. In this regard, Han et al. [34] have demonstrated 
the importance of higher order finite difference schemes for 
resolving all three of the corner-eddies arising in two-
dimensional, shear-driven, turbulent, cavity flow. 

Taylor and Taylor-Gortler vortices are manifestations of 
the same type of physical instability, albeit in different flow 

1 Department of Mechanical Engineering, University of California, Berkeley, 
Calif. 94720. 

configurations. They are cross-stream secondary flows, 
driven by pressure gradient-centrifugal force imbalances 
acting upon fluid elements moving along curved paths in the 
vicinity of concave surfaces [35]. In spite of their com
monality, the authors appear to draw a distinction between 
the "Taylor" vortices observed at start-up and the "Taylor-
Gortler" vortices observed near the downstream secondary 
eddy at later times. Is there a sound basis for this distinction? 
Is it not possible that the authors have, in fact, visualized 
evolving structures; i.e., the same structures but at different 
points in the flow and at subsequent times? Of course, the 
appearance of the vortical structures begs the question of their 
origin. Working by analogy with Taylor's celebrated in
vestigation [36], the authors postulate that a "cylinder" of 
high vorticity fluid near the downstream lip of the cavity is the 
source of the vortices during start-up. A calculation of the 
possible range spanned by the Taylor number 

<*-"-? ( *T) 
of the flow contained in the gap between such a "cylinder" 
and the enclosure walls can be made using the experimental 
data given in Figs. 5.2.2, 5.2.3, and 5.5.3 in [32]. From the 
data, estimates of the cylinder radius, peripheral velocity and 
gap width in the region where the vortices initially appear are, 
respectively, given by R^B/8, [/,=0.8 V and d=*B/20. 
Using these values yields 76sTas250 for the range 
3000£ Res 10,000. On the basis of this result the Taylor 
instability is favored for this range of Reynolds number, but 
not the turbulent flow regime for which Taa400 is necessary. 
This contrasts with the observation reported by the authors, 
that "the flow first displays evidence of turbulence in the 
Reynolds number range of 6,000:2 Re:S 8,000", 
corresponding to 152 •& Ta <, 202. 

There is only a tenuous relation between the conditions of 
Taylor's experiment, for which the Taylor number is precisely 
defined, and the authors' postulated rotating cylinder. 
Therefore, the above numerical estimates should be viewed 
mainly as providing additional support for referring to the 
observed cross-stream structures as Taylor (or Taylor-
Gortler) vortices and not, necessarily, for supporting the 
correctness of a "rotating cylinder" model. Thus, in fact, in 
the downstream lip region of the cavity, where the shear-
driven flow impacts on the vertical side wall, the flow is also 
similar in some respects to that arising near the forward 
stagnation point of a bluff body in a stream. According to 
Schlichting [35], Gdrtler has noted that this type of flow is 
prone likewise to the cross-stream flow instability of interest 
here. 

Given the fragility of arguments based on imperfect 
analogies, like the one pursued here, it is clear that further in-
depth theoretical analysis of the authors' findings is still 
necessary. Here is a fresh and stimulating new opportunity for 
the fluid mechanics community! 
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A. Pollard2 

I would first like to congratulate the authors on con
structing such a well conceived and delightfully simple ex
perimental rig. Not only does it permit the illustration of the 
three-dimensional complexity of this flow, often taken by 
numerical analysts as two-dimensional, but the potential for 
detailed studies that include the structures of turbulence, heat 
transfer, and transients is considered by this discusser to be 
most exciting. 

The results presented in this paper I find most intriguing; 
particularly the formation of what the authors refer to as 
Taylor-Gortler-like vortices on the downstream wall. While it 
can be readily seen that such structures exist, I question their 
origins. The author's note that they are formed because the 
downstream eddy provides a concave surface. I wonder, 
however, if something upstream of this surface is providing a 
preferential mode of instability such that the curved surface 
downstream is just acting to amplify this basic instability. 

The basic instability seems to originate with the vortex as it 
is formed at the corner T(Fig. 4); for, in Fig. 7 it is clear that 
the vortex possesses a wave like surface structure. Although 
calculations have not been done, perhaps the driving belt, that 
is but 0.08 mm thick, is buckling and setting up a series of 
waves parallel to the belt's motion; or, possibly, the dye sheet, 
originally "on" the belt's under-surface, develops instabilities 
as it is forced into forming the vortex. This latter instability 
could be, I suppose, likened to Taylor-Gortler instabilities. 
Perhaps the authors could comment upon these speculations. 

However the wave-like structure is precipitated, there is 
developed a series of toroidal vortices. Can the authors 
discuss the correlation between the number of these vortices 
and the number of pairs of Taylor-Gortler-like vortices 
observed on the surface of the downstream eddy including the 
effect of Reynolds number? 

P. Orlandi3 

The Authors of this paper considered a flow-field which in 
the last twenty years has been the subject of study by many 
scholars using numerical methods to solve Navier-Stokes 
equations. This preliminary study, although limited to 
visualizing the flow-field, allows a good understanding of the 
complex behavior of this flow-field. To my knowledge this is 
the first study to show clearly that below Re = 5000 the flow 
is laminar. The experimental evidence is very useful in 
developing new numerical methods to solve Navier-Stokes 
equations. In my opinion a numerical method for recir
culating flows is worth being considered only if it can give 
accurate solutions at high Re numbers. From the com
putational point of view the case of Re = 5000 can be con
sidered a very high Re number case and can be taken as a good 
test case in checking the qualities of a numerical method. I 
hope that the authors will publish velocity profiles, in par
ticular vertical velocity profiles along the horizontal center 
line, as soon as possible. From my unpublished numerical 
experience in solving this flow-field, I feel the necessity to 
have experimental velocity data in the vertical boundary 
layers, becaue good numerical solutions in the central regions 
can be easily obtained in spite of a poor representation of the 
vertical boundary layers. 

Department of Mechanical Engineering, Queen's University at Kingston, 
Kingston, Ontario, Canada 
3 Universita Degli Studi Di Roma, Dipartimento de Meccanica E Aeronautica, 
Rome, Italy 

The authors emphasize the rapid penetration of the initial 
vorticity sheet into the core region. This aspect is very in
teresting to "computors" which prefer to use unsteady codes. 
It is difficult to have a clear image of the flow "start up," by 
reading the paper, but better description was given at the 
meeting where the authors showed a movie. The authors, 
from the movie, could draw the time evolution of the vortex 
center and plot it in a form which could be easily used for 
comparison with numerical results. 

The most important conclusion is that flow-field obtained 
by an experimental apparatus with a high aspect ratio still 
shows a three-dimensional character, due to the Taylor-
Gortler vortices formation on the concave surfaces of the two 
bottom secondary eddies. Since today's computers allow 
three-dimensional calculations, the observed periodicity of 
the Taylor-Gortler vortices suggests to the "computors" the 
use of periodical boundary conditions in the direction 
transverse to the driving motion. This visualization study does 
not give a description of the dimensions and spacing of the 
Taylor-Gortler vortices of benefit to the "computors." A 
more quantitative analysis would allow three-dimensional 
calculation by using a limited number of grid points in the 
"spanwise" direction and leaving at disposal a larger number 
of points in the other two directions, where more complex 
structures appear. The investigation of the Taylor-Gortler 
vortices formation allows a better knowledge of the formation 
of the small scale eddies which, in the full turbulent regime, 
will extract turbulent energy from the two-dimensional mean 
motion. An analysis similar to the one suggested by Hussain4 

( topological features of coherent structures) could be ap
propriate in giving a better understanding of the flow due to 
the interaction between the primary and secondary eddies. 

Authors' Closure 

We share the enthusiasm of all three discussers for the 
facility and our visualization study and appreciate their 
thoughtful questions regarding the formation and presence of 
the Taylor-Gortler-like (TGL) vortices and their relationship 
with the toroidal vortices formed near the downstream lip of 
the cavity. We treat the questions and comments in turn. 

First, the possibility exists (as Professor Pollard suggests) 
that an instability is generated upstream of the concave 
surface in the region of the downstream secondary eddy 
(DSE). During start-up, the toroidal vortices formed in the 
region of the downstream lip of the cavity (corner T; Fig. 4) 
are one possible source. However, these vortices are present 
only during the start-up (the initial transient) period. There is 
no vortex in corner T once the flow is established. Clearly, as 
Professor Humphrey suggests, we have visualized evolving 
structures; the transient toroidal vortices may contribute to 
the initial establishment of the TGL vortices, but are not a 
factor in the continued presence of the TGL vortices. It was 
for this reason that we choose to distinguish between the 
phenomena. 

Second, Professor Pollard notes that the vortex formed in 
the region of corner T at start-up "possesses a wave like 
surface structure." He asks if buckling of the belt may trigger 
an instability leading to the formation of the toroidal vortices 
and hence the TGL vortices. We think not for three reasons: 

(a) The very same toroidal structure was observed by 
Kirchner and Chen (23), among others, during their ex
periments with impulsively started cylinders. The wave like 
structure is the first phase of the boundary layer instability 

4Hussain, A. K. M. F., "Coherent Structures—Reality and Myth," The 
Physics of Fluids, Vol. 26, No. 10,1983, pp. 2816-2850. 
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leading to the formation of the toroidal vortices. They form in 
the corner Tat startup in an analogous fashion. 

(£>) Visual observations made during our experiments 
indicated no significant deformations of the belt. Great care 
was taken to ensure that the belt tracked smoothly. It is under 
tension as it passes over the cavity and so buckling is unlikely. 
Also, the belt is forced to move against the upper heat ex
changer plate which aids in keeping the belt smooth as it 
passes over the cavity. 

(c) The dye generated by the belt (once the flow is 
established) flows down the downstream side wall (out of 
corner T; see TM in Fig. 4) in a uniform sheet. There are no 
wavy structures present in this sheet or any indication of other 
instabilities (see Fig. 8). This strongly suggests that the belt is 
not generating instabilities. Also, the dye is neutrally buoyant 
and so plays no role in the flow dynamics. Additional flow 
visualization studies [see Rhee, et al. (37)] with rheoscopic 
liquid show the same flow features which are therefore 
unrelated to the flow visualization method. 

With regard to Professor Pollard's last point, we have not 
found a useful correlation between the number of pairs of 
TGL vortices and the number of toroidal vortices, although, 
as Professor Humphrey points out, the Taylor and Taylor-
Gortler vortices are manifestations of the same type of 
physical instability. The number of each type observed is a 
function of the Reynolds number (Re). At higher Re an in
creased number of smaller toroidal vortices form [a result 
consistent with that of Kirchner and Chen (23)] and the 
number of pairs of TGL vortices increases. In general, more 
toroidal vortices are observed for a given Re than TGL 
vortices. The former interact with each other after forming 
during start-up (due partially to the presence of the end-
walls). Thus, the number of toroidal vortices is a function of 
time and decreases to zero when the flow is fully established. 

We turn now to the thought-provoking calculations made 
by Professor Humphrey with regard to the Taylor number 
(Ta) of the flow. In spite of (as Humphrey puts it) the fragility 
of the relationship between our experiments and those of 
Taylor [26], it is satisfying to know that Humphrey's analysis 

shows that the formation of the toroidal vortices is favored 
for the Ta range calculated. However, he poses his analysis 
for the start-up conditions. Our observation that the flow first 
displays evidence of turbulence in the Re range of 6000 to 
8000 is related to the later conditions when the TGL vortices 
are fully formed. Thus, the Ta calculations are no longer 
relevant as a criterion for the onset of turbulence. Unlike the 
experiments of Taylor [26] in which solid cylinders were used, 
our concave surface (the DSE) varies not only with spanwise 
location but also with time. In addition, strong spanwise 
motions in this region are caused by the presence of the end-
walls. The criteria for the appearance of turbulence in each 
flow are therefore likely to be quite different. 

Professor Orlandi posed questions about the numerical 
aspects of this flow. With regard to his question concerning 
grid requirements for the adequate resolution of all the flow 
features it appears that in order to resolve the TGL vortices 
" . . . greater numbers of grid or node points, especially in the 
spanwise direction, will be required. . ." (33). Dr. John Kim 
of NASA-AMES recently performed a three-dimensional 
calculation (private communication) for a "slice" of the flow 
(of span equal to 1/6 that of our cavity) for Re = 1000, using 
periodic boundary conditions in the spanwise direction. He 
was able to resolve the TGL vortices with 31 node points in 
the spanwise direction. It is, however, most important to 
include the end-walls in future calculations as they are a very 
significant influence on the flow. 

Last, we have measured velocity profiles for the extant case 
at Reynolds numbers of 3200 and 10,000 (38). We hope to 
publish more detailed data on the TGL vortices in the near 
future. 
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