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SYMBOLS

D diameter of cylinder, meters Re Reynolds number, U0JJ/vjCd drag coefficient St Strouhal number, nD/U.

Cc lift coefficient U.,, firee-stream velocity, rn/secIn frequency of oscillation, Hz kinematic viscosity, M2 /sec
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WATER-TUNNEL STUDY OF TRANSITION FLOW AROUND CIRCULAR CYLINDERS

D. Almosnino* and K. W. McAlistert

Ames Research Center and Aeromechanics Laboratory, U.S. Army Research and Technology Laboratories - AVSCOM

SUMMARY

The recently reported phenomenon of asymmetric flow separation from a circular cylinder in the critical
Reynolds number regime has been confirmed in a water-tunnel experiment. For the first time, an attempt
was made to visualize the wake of the cylinder during the transition from subcTtical to critical flow and to
correlate the visualizations with lift and drag measurements. The occurrence of a dominant asymmetric-flow
state was quite repeatable, both when increasing and decreasing the Reynolds number, resuling in a mean lift
coefficient of CQ - 1.2 and a shift in the angle of the wake by about 12 °. A distinctive step change in the
drag and shedding frequency was also found to occur. A hysteresis was confirmed to exist in this region as
the Reynolds number was cycled over ',e transition range. Both boundaries of the asymmetry appear to be
supercritical bifurcations in the flow. The asymmetry was normally steady in the mean; however, there were
instances when the direction of the asymmetry reversed and remained so for the duration of the Reynolds-
number sweep through this transition region. A second asymmetry was observed at a higher Reynolds num-
ber; however, the mean lift coefficient was much lower, and the direction of the asymmetry was not
observed to reverse. Introducing a small local disturbance into the boundary layer was found to prevent the
critical asymmetry from developing along the entire span of the cylinder.

INTRODUCTION plates, surface roughness and cylinder aspect iatio, and
tunnel blockage. Although equally numerous and interesting,
analytical and numerical attempts to calculate the flow fields

The flow around circular cylinders has attracted the around circular cylinders will not be discussed here. As so
interests of scientists and engineers for many decades, not aptly stated in reference 1, the flow around a circular cylin-
only because of its fundamental nature, but because of the der offers "a kaleidoscope of challenging fluid phenomena";
succession of complex and varied wake structures that occur therefore, this introduction is intended to acknowledge only
as the Reynolds number is varied. An extensive survey of a few representative studies from among the many references
the literature dealing with flows around circular cylinders on this subject.
was made by Morkovin (ref. 1), covering experimental and Although the nature and origin of wake structures behind
analytical investigations through 1964. More recently, cylinders have not always been well understood, the resulting
numerous additional studies have appeared showing that a drag force has been thought to vary smoothly with speed
continuing variety of unanswered questions remains, and while the lift force, albeit oscillatory, has been thought to be
that new attempts to better understand and document the zero on the average. An intriguing exception to this behavior
behavior of the flow are in order. For example, Achenbach has recently been found to exist over the critical Reynolds
(ref. 2), Jones et al. (ref. 3), and James et al. (ref. 4) have number range for the cylinder, which extends approximately
performed experiments that focused on the measurement of between 2X 105 < Re < 106. Apparently sensitive to param-
surface pressure, vortex shedding frequency, and the result- eters such as surface roughness and tunnel turbulence level,
ing aerodynamic loads- Zdravkovich (ref. 5), Perry et al. this regime often has been characterized as having large
(ref. 6), and lmaichi and OhnJ (ref. 7) concentrated on flow amounts of scatter in the measured data for the aerodynamic
visualization. On the other hand, rather than emphasizing forces and the vortex shedding frequency. Kraemer (ref. 13)
measurements in specific flow regimes, Coutanceau and was the first to report on the existence of a stable asymmetry
Bouard (ref. 8) considered the topology of flow phenomena in the flow based on measurements of the pressure distribu-
arising during an impulsive start. Alternatively, Kiya et al. tion around a cylinder at a critical Reynolds number of
(ref. 9), Gerich and Eckelmann (ref. 10), Nakamura and Re = 3.6X 10s .
Tomonari (ref. 11), and West and Apelt (ref. 12) examined, This behavior was later corroborated by Bearman
respectively, the influence of free-stream turbulence, end (ref. 14), who attributed the asymmetry to the formation of

'NASA/NRC Research Associate from Israel. a laminar separation bubble on only one side of the cylinder.
tAcTomechanics Laboratory, U.S. Army Research and Technology As a result of this asymmetry in the flow, it was argued that

Laboratories - AVSCOM. the cylinder could indeed experience such a large, nonzero

i _ _ ___ _ _
* -



average lift force. A decade later, these findings were again was coated with a thin layer of lacquer so that the originally
confirmed by Kamiya et al. (refs. 15 and 16), using pressure smooth finish on the surface would be less susceptible to
measurements over a more detailed range of Reynolds num- erosion during the test. The 7.6-cm-diam cylinder did not
bers. The phenomenon was further investigated by Schewe receive a lacquer coating; instead it was waxed before it was
(ref. 17), who not only presented force and frequency data, installed.
but also noted that, in the process of increasing the Reynolds This experiment was conducted in the 4,000-liter, closed-
number from subcritical to critical values, a bifurcation type circuit, water-tunnel facility at the Aeromechanics Labora-
of jump occurs from one flow state to another. Schewe also tory, Ames Research Center (fig. 3). The test section is
observed, as did Kamiya, that a hysteresis behavior in the lift 21 cm wide, 31 cm high, and extends horizontally a distance
and drag forces occurs as the Reynolds number decreases of 86 cm. The tunnel was pressurized to about 15 psig in
from supercritical to subcritical values, order to postpone the development of cavitation bubbles

The purpose of the present study is to verify in a water that occur at the high tunnel speeds. The velocity of the
tunnel the flow behavior described in references 13-17, and water through the test section was deduced from the
to obtain for the first time some visualization pictures of the dynamic pressure that was obtained (approximately) from
structure of the flow behind the cylinder in this critical the difference between the static pressure in the settling
Reynolds number regime. Load data are confined to mea- chamber and the static pressure in the test section.
surements of the total lift and drag forces over a wide range The bubbles were illuminated during photographic ses-
of Reynolds numbers. Surface pressure measurements, a sions with two broad sheets of light (about 8 mm wide),
subject well covered in the references cited above, were not directed through the upper and lower test-section windows,
attempted in this investigation, and covering a distance of 30 cm in the free-stream direction.

Both continuous and flash sources of light were produced
over this length. The continuous source of light was provided

DESCRIPTION OF THE EXPERIMENT by a single 1,000-W halogen lamp and was used for general
viewing of the flow. The flash sources of light were obtained
from 10.000-W xenon lamps that could either be synchro-

It was a goal in this experiment to study the wake flow nized to the shutter of a high-speed camera or be operated in
behind a circular cylinder up to a Reynolds number of a single-flash mode with a view camera.
Re = 500,000. To attain this Reynolds number, given a All load-cell measurements were digitized, averaged, and
maximum clear-tunnel speed of about 6.7 m/sec, an esti- displayed in coefficient form using a minicomputer. In addi-
mated 7.3-cm-diam cylinder would be required. However, tion, the analog signals were channeled through a
because of the suspected operational limits of the facility in 0-20,000-Hz spectrum analyzer to determine the frequency
attempting to obtain this rate of flow over such a bluff body, content of the data. The lift and drag loads are considered
two cylinders were constructed. One cylinder was 6.4 cm to be accurate to within 0.01 N. The calculated Reynolds
(2.5 in.) in diameter and was expected to require a flow number is estimated to be accurate to within 2.000. The
velocity approaching the cavitation limits of the tunnel; the natural resonant frequency for the model-balance combina-
second cylinder was 7.6 cm (3.0 in.) in diameter and was tion was found to be 130 Hz (accurate to within 2 Hz). This
expected to create a blockage (25%) just short of the power frequency was judged to be an order-of-magnitude higher
limits of the drive system for the speed required. Both than the anticipated Strouhal frequencies for the cylinder
cylinders were 21.1 cm long and spanned the test section over the Reynolds number range planned for this
width to within 4 mm of either side. experiment.

The models were cast of an electrically nonconducting
fiber resin surrounding a stainless-steel spar. When installed,
the spar extended through the test-section walls and was DISCUSSION OF RESULTS
supported by a pair of lift- and drag-load cells on each side
(fig. 1). A narrow platinum electrode, about 0.25 mm wide,
was embedded in the surface of each cylinder and arranged Average Loads
circumferentially at the center-span location. The electrodes
were segmented (fig. 2) so that individual sections could be Most of the digitized load measurements were taken over
activated independently, thereby generating hydrogen a data-sampling interval of 60 sec, and at a rate of 360 data
bubbles for the visualization of selected portions of the flow points per second. These data records were taken while both
field. Another electrode, this one made of stainless steel, was ascending and descending through the critical Reynolds num-
placed upstream of the cylinder, and was oriented normal to her range, in order to identify the extent of the hysteresis
both the axis of the cylinder and to the oncoming flow so effect that had been reported to exist in the flow. A typical
that the predominately inviscid portion of the flow field behavior, in terms of the average lift and drag coefficients,
could be visualized. The surface of the 6.4-cm-diam cylinder over the range of Reynolds numbers considered in this
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investigation is shown in figure 4 for the 6.4-cm-diam cylin- both bifurcations are supercritical. It should be noted that
der. The average lift coefficient remains zero as long as the the bifurcations reported in reference 17 are of the subcriti-
cylinder is in the subcritical flow regime, shedding vortices cal class. Based on measurements from the present experi-
periodically up to Re - 250,000. At this point, the flow ment, the proposed bifurcations for the lift and drag coeffi-
around the cylinder undergoes a change that causes the shed- cients are shown in figure 6.
ding frequency and amplitude to be markedly altered (begin- In some cases, the flow was observed to choose, for the
ning of critical regime). Then, at Re = 290,000, the flow asymmetry, the opposite direction from that chosen when
begins to develop a small asymmetry, as evidenced by a the Reynolds number was increasing (see also refs. 15-17).
modest growth in the average lift coefficient. An examina- As discussed earlier, an occasional disturbance in the flow
tion of other characteristics of the lift curve, to be presented was apparently large enough to cause the flow to switch sides
below, will suggest that this behavior is consistent with a in the asymmetric flow regime (fig. 7). However, the positive
supercritical bifurcation. The drag coefficient, which has and negative CV peaks were essentially equal in magnitude
already been decreasing with increasing Reynolds number, and Reynolds number of occurrence. This kind of behavior
shows no obvious departure from this trend. However, as the has not been previously documented in the literature. The
Reynolds number is increased to Re = 310,000, the slopes of authors believe that this phenomenon can be attributed
the lift and drag curves begin to change more rapidly. When either to inadvertent flow disturbances in the free stream
the Reynolds number is increased further, but only by a (which are both intermittent and large scale) or to an ever-
small amount, there is an abrupt jump in the average lift changing condition in the quality of the surface on the
coefficient to a value of CQ - 1.2 at Re = 315,000. Simul- cylinder. It was found, for example, that a similar switch in
taneously, the average drag coefficient abruptly decreases to the asymmetry could be provoked by rotating the cylinder to
a value of Cd = 0.8. This jump is typical of a classical bifurca- a different angle. This is perhaps not too surprising when
tion that occurs between two equilibrium flow states considering the extreme sensitivity of separation to surface
(ref. 18). At this stage the flow is asymmetric in the mean roughness in the transition zone.
(critical asymmetric), its direction being initially determined
at random. The flow normally remains aligned in this direc-
tion, unless a sufficiently large disturbance in the flow is Oscillating Loads
encountered. Since the separation from the cylinder could
have been in either direction, the condition of asymmetry is The instantaneous loads were also examined using a fre-
considered to be bistable. quency analyzer. An example of the typical behavior of the

In the case of the 6.4-cm-diam cylinder, this region of loads at various Reynolds numbers in the subcritical, critical.
asymmetry continues up to Re - 345,000 (fig. 4). At this and supercritical flow regimes appears in figure 8- they were
point, the average lift coefficient returns to near zero and obtained using the 7.6-cm-diam cylinder. Attention should
the average drag coefficient rapidly decreases to a minimal be focused more on the different flow states shown for the
value (Cd - 0.44). The flow is again symmetric in the mean 7.6-cm-diam cylinder than on the actual Reynolds numbers
(supercritical symmetric). At Re - 400,000 there is a second, at which they occur. Otherwise, some discrepancy might be
although much smaller, rise of the average lift coefficient to suspected when comparing these results with those shown in
a value of CQ 0.3 (with some scatter in the repeatability), figure 4 for tile 6.4-cm-diam cylinder. An explanation for the
along with a small rise in the average drag coefficient (super- difference in Reynolds numbers between the two cylinders in
critical asymmetric). This phenomenon was also reported in each of the flow regimes will be presented in a later section.
references 15 and 16, but not in reference 17. In the present Furthermore, the traces appearing in figures 8(a)-8(f) are not
experiment, it was not possible to increase the Reynolds to be compared with each other on an absolute basis.
number beyond Re = 520,000 for this cylinder. However, Although the amplifications are the same throughout this set
the data from references 15 and 16 indicate that this second of figures, the reference levels were shifted as required
asymmetry decays gradually up to Re = 700,000, where the (especially during the asymmetric range) to keep the traces
average lift coefficient becomes zero again. Some possible within the limits of the display. It is interesting to note the
explanations for this asymmetry will be discussed later, change in the pattern of the lift trace when passing from the

When decreasing the Reynolds number through the asym- subcritical regime, where oscillations appear to have a fairly
metric region and into subcritical flow, it is clear from definite periodicity, to the critical regime, where the ampli-
figure 5 that a hysteresis exists in the curves for the average tude of the oscillations becomes much smaller and the fre-
lift and drag coefficients. The fact that both faces of the quency appears more random (similar to the critical-
asymmetry are shifted indicates that two bifurcations are fluctuation results of ref. 17). Another interestlng phenom-
present: one at the subcritical-critical interface; the other at enon is the long-wave "beat" which gives an undulating
the critical-supercritical interface. At both interfaces there is appearance to the envelope of the lift force oscillations
a growth in the curve in the direction of the asymmetry (fig. 8(b)). This phenomenon has been reported to exist on
(especially obvious in the lift coefficient) that suggests that finite-span cylinders in tunnel experiments (ref. 10). When
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the frequency analyzer was applied to the lift data (usin- the Before this point is discussed, however, a short digression
6.4-cm-diam cylinder), very definite frequencies could be is in order. As explained in reference 14, the asymmetry in
detected throughout the subcritical flow regime (fig. 9). The the flow is believed to be due to the formation of a single

corresponding Strouhal number was St = 0.20 at the lower laminar-separation bubble on one side of the cylinder. This
Reynolds numbers; it increased gradually to St - 0.26 bubble is described as a region where the laminar layer
toward the end of the subcritical region. detaches, undergoes transition to turbulence, and then

Beyond the subcritical flow regime, and especially when reattaches farther around the cylinder circumference. The

the flow was asymmetric, the frequency analysis did not flow then continues as a turbulent-boundary layer and even-

yield a very distinctive shedding frequency above the level of tually separates. At the same time, on the other side of the
broadband noise. It should be noted that this result is not in cylinder, the flow is still laminar before separation. Since
agreement with the analyses reported in references 14 laminar and turbulent boundary layers are known to separate
and 17, in which more distinct peaks were observed. One at different points around a cylinder, an asymmetry is
possible reason for this difference is the presence of higher formed in the flow.
(although not quantified) free-stream turbulence levels in the With this description in mind, we will continue the discus-
present study, compared with the very low turbulence levels sion of the electrode effects in the present experiment. First,
reported in references 14 ani 17. Another possible explana- it appears that the hydrogen bubbles may have acted much
tion is that the high broadband noise level in the present like a boundary-layer trip, therefore supporting the notion
experiment could have obscured the presence of any small that transition (on only one side) is responsible for the asym-
amplitude oscillations. A high level of noise, as explained in metry. It is not possible, however, to draw from this state-
reference 14, could also produce a sufficient amount of ment any definite conclusions about the existence of a single
scatter in the data to prevent the detection of weak oscilla- laminar-separation bubble, since it is sufficient that the
tions. A final point of disagreement with references 14 boundary layer merely be turbulent at separation to cause an
and 17 concerns the level of the Strouhal number and the asymmetry. In other words, the boundary layer on one side
shift in its variation with Reynolds number (fig. 9). These could have become turbulent because of a trip downstream
differences are believed to be due to differing blockage of the leading-stagnation point, therefore causing an asym-
effects in the tunnels. metric wake. Second, it appears that transition at any point

along the span causes a disruption of the flow along its entire
length, thereby preventing the formation of symmetric and

Flow Visualization asymmetric separation cells along the span of the cylinder.
This observation could be significant in that it would support

One of the main objectives in the present study was to the notion of a single laminar-separation bubble, if it can be
gain some understanding of the structure of the flow around shown that laminar-separation bubbles are less amenable to
a cylinder, particularly the asymmetric flow in the critical segmentation from locally forced transitions than are laminar
Reynolds number regime. Although references 13-17 provide boundary layers (which are known to readily permit turbu-
a great deal of quantitative load data within this regime, it is lent zones).
not possible to deduce the structure of the flow from this By activating only those electrodes over the leeward por-
body of data. A better understanding of the flow mecha- tion of the cylinder, bubbles could be released into the wake
nisms causing the asymmetry is clearly needed. Moreover, the without affecting the asymmetry. Although such a restricted
importance of this understanding may be even greater when release of bubbles did not seem to be necessary during the
considering the topologies of Reynolds-number-dependent symmetric flow cases, this limited selection of electrodes
events, and the analogies between transient flows around nevertheless was not changed over the complete Reynolds
cylinders and steady flows around bodies of revolution at number range in order to establish a measure of consistency.
high incidence. It may be significant to recall this fact when evaluating the

The necessity of adopting a segmented surface electrode structure of the flow in the photographs, since only the wake
became evident during preliminary tests in the critical region (as bounded by the separation streamlines) will be
regime. It was found that when an electrode that extended visible. Visualization of boundary-layer details, most
completely around the circumference of the cylinder was importantly those concerning the laminar separation bubble,
activated, it usually destroyed the asymmetry in the flow will not be possible in this experiment. Since the current
(results not shown). Furthermore, even though the width of explanation for the origin of the critical asymmetry is
the electrode was negligible compared with the span of the founded on the existence of a single laminar-separation
cylinder, an immediate and large change in the average lift bubble, subsequent visualization experiments must be care-
and drag measurements occurred when the electrode was fully designed to avoid provoking transition in the boundary
activated. Although it was necessary to modify the model layer. The use of hydrogen bubbles may still be considered as
before continuing the experiment, a significant lesson was a candidate technique; however, the bubbles should be gener-
provided by this experience. ated at a reduced rate and only at discrete locations along the
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surface where the separation bubble is believed to occur. Dye occurring. However, the time-history for the loads (fig. 8(d))
injection from the surface of the cylinder is an alternative and the results from the spectrum analysis show that the
technique that should provide a good definition of the lami- shedding frequency is not very steady. One possible explana.
nar portion of the boundary layer. In this case, shaping the tion for this shedding irregularity is that the conditions for
exit port and tailoring the dye pressure are important con- transition to turbulence in the free-shear layer are only inter-
siderations that must be addressed in order to prevent unin- mittently satisfied. Another reason for this unsteady
tentional disturbances to the flow. behavior may have been the tunnel noise level, which was

The electrode that was placed in the free stream ahead of apparently higher in the present experiment than it was for
the cylinder produced bubbles that did not become part of the wind-tunnel measurements reported in references 14-17.
the formation of the boundary layer and remained essentially The noise level seemed to increase as the velocity was
outside of the wake region near the cylinder. Although the increased, so that the last remark applies to all of the follow-
flow visualizations that were obtained with this electrode did ing data.
reveal the boundaries of the entire separated region behind

the cylinder during the asymmetric range, they did not con- Critical asymmetric- When the tunnel speed was
tribute much to an understanding of the wake structure, increased further, the flow abruptly changed to the asym-
Maintaining an electrode in the stream also proved to be metric mode, and generally persisted in that state between
inconvenient owing to frequent breaks in the wire resulting Re = 315,000 and Re = 350,000 (for the 6.4-cm cylinder).
from the large loads that occur at the higher tunnel speeds. The corresponding movie sequence appears in figure 14,

where the asymmetry is shown to be clearly present in the
mean. Although this asymmetry was found to be quite sensi-

Specific Flow Regimes tive to upstream disturbances in the boundary layer (recall
the influence of the bubbles from the surface electrode on

In many of the following visualization pictures, the flow the windward side of the cylinder), it is interesting to note
will appear as a collection of segmented path-lines rather the relative insensitivity of the separation points to the
than as point images. This streaking effect was intentionally unsteadiness in the wake just downstream of the cylinder.
created by protracting the light from the strobe over an Vortical shedding occurs in this regime as well, as can be seen
extended period of time (ref. 19) in order to capture the from both the movie sequence (fig. 14) and the path-line
vortical content of the flow. The sequence of pictures con- pictures (figs. 15(a)-1 5(")). This region is equivalent to stages
tained in tigures 10-19 was obtained with the 6.4-cm cylin- "c-e" in reference 17.
der and was derived from both the view camera and from The frequency measurements indicate that although the
sections of movie film taken at 64 frames/sec. When examin- shedding process in this asymmetric region is not very regu-
ing the figures containing a sequence from a movie film, it lar, a Strouhal number of St - 0.37 (for the 6.4-cm cylinder)
should be noted that the presentation is contiguous (all can be detected. This number is higher than the one reported
frames in the sequence included) and that the organization is in references 14 and 17 (St - 0.33) for the same flow regime,
from top-to-bottom and from left-to-right, and is believed to be due to the larger blockage and wall

effects in the present study. The flow in the wake of the
Subcritical symmetric- At a typical subcritical Reynolds cylinder was observed to be highly three-dimensional. This

number of Re = 144,000, the flow is shedding a well-known may have obscured to some extent the clarity of the vortical
von Karman vortex street, with a corresponding Strouhal structures in the path-line photographs, as well as have con-
number of St = 0.21 (fig. 10). If the first scene in this tributed to the irregular nature of the shedding in this range.
sequence is considered to coincide with the beginning of an A final comment on the character of the asymmetric region
oscillation cycle, the last scene appears to complete one concerns the direction of the asymmetry. The randomness
period of oscillation in the vortex-shedding process. The in the direction chosen by the flow was observed many times
corresponding path-line exposures for this flow are shown in during the experiment; an example of one such occurrence is
figure 11. presented in figures 15(b) and 15(c). As mentioned earlier,

the direction of the asymmetry appears to be random,
Critical onset- As the Reynolds number is increased, the depending on the momentary local surface conditions and

frequency of the shedding also increases until reaching disturbances in the flow. However, once a direction was
Re - 308,000. At this point, the shedding seems to become established, the flow would remain in this direction unless a
less regular (fig. 12), and the lift-force oscillations become sufficiently large disturbance was encountered to cause it to
greatly reduced (see also fig. 8(d) for behavior in core- shift.
sponding flow regimes on the larger cylinder). A typical
example of this flow is shown in figure 13; it is probably also Supercritical symmetric- Increasing the Reynolds number
representative of stages "a-b" described in reference 17. It is to Re % 360,00G presumably caused the laminar-separation
evident from figures 12 and 13 that vortical shedding is still side of the cylinder to develop instead a laminar-separation
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bubble (and hence a transition to turbulence) before separat- figure 20 that blockage may have a strong effect on the
ing (ref. 14). In other words, the flow over the surface of tile Reynolds number range over which the asymmetry occurs.
cylinder now has two laminar-separation bubbles, and is For reference, the range of the asymmetry and the maximum
therefore (once again) symmetric in the mean (stage "f'" in level of the lift coefficient reported in references 15 and 17
ref. 17). The wake region close to the cylinder is relatively are also indicated in figure 20. Note that an exact compari-
steady, but oscillations do exist farther downstream (fig. 16). son cannot be made between the present results and those
The path-line photographs (fig. 17) show the existence of a from references 15-17, since blockage is probably not the
pair of large vortices, and also the existence of shear-layer only controlling parameter. Other possible parameters may
fluctuations at the edges of the wake. Frequency spectra be the tunnel turbulence level, the cylinder-surface condi-
show a weak periodic shedding, corresponding to a Strouhal tion, and the rigidity of the system.
number of St - 0.52 (for the 6.4-cm cylinder) in the present
study (compared with St = 0.45 in refs. 14 and 17).

CONCLUSIONS
Supercritical asimmetric- Even at the much higher

Reynolds number of Re = 520,000, the two laminar separa-
tion bubbles are assumed to still be present. iHowever, the The previously reported phenomenon of asymmetric flow
separation points have moved up the shoulders of the cylin- separation on a circular cylinder in the critical Reynolds
der, and the wake has become wider (fig. 18). Load measure- number regime has been confirmed in a water-tunnel experi-
ments normally show a small asymmetry in the flow, the ment. Although many questions remain unanswered, some
cause of which is not obvious (see also refs. 15 and 16). The additional understanding of this interesting behavior has
path-line photographs (figs. 19(a)-19(d)) show this small been obtained in the present investigation.
asymmetry, particulariy in the wide-angle views (figs. 19(a) 1 . For the first time, an attempt was made to visualize
and 19(b)). One possible explanation for this asymmetry is the wake of the cylinder flow during the transition from sub-
that the two bubbles are almost always in different stages of critical to critical flow, and to correlate visualizations with
development; that is, one bubble develops at an earlier lift and drag measurements. That portion of the near-wakc
azimuthal position than the other. The phenomenon should region that is bounded by the separation streamlines was
be very sensitive to local surface conditions, and indeed there observed to progressively decrease in width as each higher
is more scatter in the average lift measurements in this critical-flow state was encountered. A minimum width was
regime. Although the periodic shedding is very weak, the attained at the supercritical-symmetric flow state, after
Strouhal number for this region is St - 0.52 (as in the lower- which the width of the wake increased slightly in the
Reynolds-number region), and this behavior is consistent supercritical-asymmetric regime.
with that reported in references 14 and 17 (although for a 2. The most significant event to occur during transition
lower Strouhal number, St = 0.45). An examination of was in the critical-asymmetric region. The wake was observed
figure 19 indicates the existence of vortices in the wake, and to shift in angle about 120. along with a sudden increase in
apparently a growth in shear-layer fluctuations at the wake the mean lift to C z 1.2. A distinctive step change in the
edges. It seems that these fluctuations play an important drag and shedding frequency was also found to occur. A
role in the shedding process within this flow regime, but the hysteresis was also confirmed to exist in this region as the
present data may be insufficient for a complete understand- Reynolds number was cycled over the transition range. It
ing of that role. appears that the subcritical-critical and the critical-

supercritical interfaces of the asymmetric region are super-
critical bifurcations.

Turbulence and Tunnel Wall Effects 3. Although the critical asymmetry was normally steady
in the mean, there were instances when the asymmetry

The cylinders used in the present study caused a relatively switched sides and-remained there for the duration of tle
large amount of blockage in the tunnel. The blockage for the Reynolds number sweep through the asymmetric zone. A
two cylinders was calculated to be 20.57 and 24.6%. This switching of sides was not observed in the supeicritical-
blockage effect is believed to be responsible for the shift in asymmetric region.
the critical Reynolds numbers, causing certain phenomena 4. Introduction of a small disturbance into the boundary
(like the asymmetric flow regime) to appear at lower layer on the windward side of the cylinder prevented the
Reynolds numbers than those reported in references 14-16 critical asymmetry from occurring. Even though this distur-
where the blockage was lower. It may also be responsible for bance was limited to a narrow spanwise band on the cylinder.
the relative increase in the Strouhal numbers observed in the load measurements indicated that the disturbance affected
present study in the critical Reynolds number range. In spite the asymmetry over the entire span.
of this effect, the load measurements indicate that the basic 5. The boundary layer was not visualized in this expert.
elements of the phenomena were not altered. It appears from ment. Since the current explanation for the origin of the
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STAINLESS-STEEL EPOXY RESIN
SPAR ELECTRODE CYLINDER

----------------------------------------------

INSULATED
WIRE - -

60' AND 300' ELECTRODE SEGMENTS 260 AND 180' ELECTRODE SEGMENTS

+0 Boo - TYPICAL FOR

SSMALL SEGMENTS

7.6-cm-diam CYLINDER 6.4-cm-diam CYLINDER

Figure 2.- Cylindrical models showing placement of electrodes.
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Figure 3.- Aeromechanics 21 -by 3 1 -cmi Water Tunnel.
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Figure 4.- Average lift and drag coefficients for the 6.4-cm-diam cylinder.
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1.2

.8
0 INCREASING Re
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1 2 3 45 6

Re, x 105

1.6

1.2

Cd
0 INCREASING Re

.8 A DECREASING Re

.4

01
12 3 4 5 6

Re, x 5

(a) Lift coefficient.

(b) Drag coefficient.

Figure 5. - Hysteresis in the load curves for the 6.4-cm-diam cylinder.
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I Cd
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-Ct (b)

(a)

(a) Lift coefficient. (b) Drag coefficient.

Figure 6.- Exaggerated supercritical bifurcations based on measured loads.

1.2

.8

0- - REGULAR CASE
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.4

-.4 I

-. 2
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Figure 7.- An example of the asymmetric flow changing sides on the 6.4-cm-diam cylinder.
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(b) Re 100000 suSiia ihpoone et

Figure 8.- Analog traces of the lift and drag loads at various Reynolds numbers on the 7.6-cm-diam cylinder.
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(c) Re 225,000; subcritica1.
(d) Re =250,000; critical onset.

Figure 8.- Continued.
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(e) Re 262,500; critical asymmetric.
(f~) Re =375,000; supercritical symmetric.

Figure 8.- Concluded.
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0 PRESENT (6.4-cm-diam CYLINDER) /

A BEARMAN (REF. 14).4 - I
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.2
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Re, x 105

Figure 9.- Variation of the Strouhal number with Reynolds number on the 6.4-cm-diam cylinder.
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Figure 10. Movie sequence for the 6.4-cm-diani cylinder at Re =144.000 (subcritical flow).
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(a) Normal lens.

(h) Wide-angle lens.

Figure 11. Path-line exposures taken at different times for the 6.4-cni-diam cylinder at Re =144.000 (subcritical flow).
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Figure 12.- Movie sequence for the 6.4-cm-diam cylinder at Re = 308,000 (critical onset flow).
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(a) Normal lens.

(h I Wide-angle lens.

Figure 13. Path-line exposureS for the 6.4-cm-diarn cylinder at Rc 308.000 (critical onset flow).
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Figure 14.- Movie sequence for the 6.4-cm-diamn cylinder at Re 342,000 (critical asymmetric flow).
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(c) Normal lens, Re 338.000.
(d) Same as above, except at different lime.

Figure IS. C'ontinued.
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4 (e) Asymmetry switched, Re =338..
(f) Same as above, except Re =342,000.

Figure 15. Concluded.
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Figure 16. Movie sequence for the 6.4-cni-diam cylinder at Re =390.000 (supercritical symmetric).
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(a) Normal lens.
(b) Same as above. except at different time.

Figure 1 7. Path-line exposures for the 6.4-cm-diani cylinder at Re = 374.000 (supercritical symmetric).
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Figure 18- Movie sequence for the 6.4-cm-diam cylinder at Re =540,000 (supercritical asymmetric).
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(a) Wide-angle tens.
(b) Same as above, except at different time.

I igure 19. Pathi-line exposures for the 6.4-cm-diani cylinder at Re = 540.000 (supercritical asymmetric).
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(c) Normal lens.
(d~ Same as above except at different time.

F~iguJre 19. Concluded.
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REF. 17, 10% BLOCKAGE,
WIND TUNNEL
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Ii WIND TUNNEL
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I I I 6.4-cm-diam CYLINDER,
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Figure 20.- Tunnel blockage effects on the asymmetric region.
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