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chord of airfoil, m

reduced frequency, wc/2U,
characteristic length, m

vortex shedding frequency, Hz
Reynolds number, U _c/v
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free-stream velocity, m/sec
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WATER-TUNNEL EXPERIMENTS ON AN OSCILLATING
AIRFOIL AT Re = 21,000
Kenneth W. McAlister and Lawrence W. Carr

Ames Research Center
and
Aeromechanics Laboratory
U.S. Army Aviation R&D Command

SUMMARY

Flow visualization experiments were performed in a water tunnel on a
modified NACA 0012 airfoil undergoing large-amplitude harmonic oscillations
in pitch. The motion of the airfoil was governed by o = 10° + 10° sin wt at
k = 0.25. Hydrogen bubbles were used to (1) create a conveniently striated
and well-preserved set of inviscid flow markers; and (2) to expose the
succession of events occurring within the viscous domain during the onset of
dynamic stall.

Unsteady effects are shown to have an important influence on the
progression of flow reversal along the airfoil surface prior to stall. More
importantly, a region of reversed flow underlying a free-shear layer is found
to momentarily exist over the entire upper surface without any appreciable
disturbance of the viscous-inviscid boundary. A flow protuberance, which is
not the classical laminar separation bubble that occurs at higher Reynolds
numbers, is observed to develop near the leading edge, while minor vortices
evolve from an expanding instability of the free-shear layer over the rear
portion of the airfoil. The complete breakdown of this shear layer
culminates in the successive formation of two dominant vortices.

INTRODUCTION

It is now well known that a dynamic increase in airfoil incidence, that
carries it beyond the static-stall angle, can result in an increase in lift
without any detectable change in the lift-curve slope. However, the
boundary layer eventually breaks down, and if the overshoot of static stall
conditions is sufficiently large, at least one vortex develops along the
forward portion of the airfoil. As this vortex moves down the airfoil, the
accompanying shift in the center of pressure causes a significant change in
the pitching moment while the vortex induces a further increase in lift. The
lift reaches a maximum while the vortex is moving over the latter half of the
airfoil. Finally, a maximum in pitching moment occurs before the vortex
reaches the trailing edge of the airfoil, thus marking the end of the period
of stall onset and the beginning of deep stall. The precipitating mechanism
of this sequence of events has stimulated much interest, especially among




those concerned with the performance of lifting bodies that are required to
oscillate in pitch through the stall regime.

While certain details of the stall process may be dependent on the
airfoil geometry and the particular flow environment (e.g., pitch rate and
Reynolds number), the general characteristics of the stall vortex are
believed to be qualitatively invariant. An important step toward a better
understanding of dynamic stall would therefore be to examine the collapse of
the boundary layer and the initial development of this vortex under
conditions amenable to more definitive flow visualizations than are normally
possible in air. Although typically limited to lower Reynolds number ex-
periments, a particularly attractive alternative medium is water, since it
submits to the production of minute hydrogen bubbles for use as flow markers.
Provided the Reynolds number can be made sufficiently low so that a completely
laminar flow is produced around the oscillating airfoil, an additional benefit
to be realized from this experiment will be the opportunity to compare with
calculations (as they become available) based on the Navier-Stokes equations.

The purpose of this study, therefore, was to develop the application and
documentation of hydrogen bubble flow visualization for an airfoil undergoing
large-amplitude pitch oscillations and to examine the detailed events
comprising the onset of dynamic stall.

DESCRIPTION OF FACILITY

The following sections describe the Aeromechanics Laboratory (AVRADCOM)
water—tunnel facility and the various supportive apparatus used for producing
flow visualizations and for recording these results photographically.
Specific construction details are presented more completely in reference 1.

The Water Tunnel

The tunnel is a closed-circuit design. It contains approximately 4000
liters of water, and with the exception of the fiberglass contraction section
and the plexiglas test section windows, is constructed from type 304
stainless steel (fig. 1). The tunnel passages are predominantly circular,
except for the rectangular test section which measures 0.2 m (width) x 0.3 m
(height) x 1.0 m (length). The transition from circular to rectangular cross
section takes place in the contraction and diffuser sections adjoining the
test section.

The water is driven by a three-bladed impeller powered by a dc motor
using a silicon-controlled rectifier. The velocity which can be attained in
the test section is continuously variable from 0-6 m/sec. Prior to entering
the 10:1 contraction, the flow is straightened by two sets of honeycomb, and
the turbulence is reduced by four sections of screening. Two large storage
tanks (fig. 1) are used for dissolving fresh chemicals before filling the
tunnel and for holding that portion of the water withdrawn from the tunnel




- when making model changes. Whenever water is pumped back into the tunnel, it
must first pass through a filter system designed to remove contaminates down
to 5 um (continuous filtration is also possible while the tunnel is in
operation).

Model Oscillation Mechanism

The sinusoidal pitching motion of the airfoil is accomplished by a
flywheel, connecting rod, and rack and gear mechanism (fig. 2) which function
to transform the circular motion first to reciprocating, and then to airfoil
pitch oscillations. The mean angle of oscillation is controlled by the
length of the connecting rod while the amplitude is governed by the radial
station on the flywheel at which the rod is connected. This combination of
adjustments provides for pitching amplitudes up to 20° about a continuously
variable mean angle that also ranges from 0°-20°.

The flywheel is driven by a dc motor through a belt and pulley system,
and the speed is governed by a silicon-controlled rectifier. Continuously
variable oscillation frequencies from 0-10 Hz can be obtained.

Degassing

Under atmospheric conditions, the amount of air dissolved in water is
generally found to be about 27 by volume (ref. 2). This air remains in
solution until drawn out by cavitation to form a lingering air bubble of
detectable size. Typical low-pressure sources responsible for cavitation
include the impeller, turning vanes, points of tunnel-wall separation, and
the leading edge of a lifting airfoil. The presence of cavitation-induced
air bubbles represents a serious limitation on the maximum usable speed in a
test program since air bubbles can severely interfere with the viewing of
the smaller bubbles which are intentionally generated during flow
visualization studies.

The problem can be alleviated, however, by subjecting the water in the
tunnel to a vacuum and extracting a majority of the dissolved air. This was
accomplished with a series of three polypropylene venturi tubes used as
aspirators. An external source of water was passed through each venturi at a
rate that produced a 0.6-atm vacuum at each throat. The venturi throats were
joined by a common tube that was attached to the plexiglas air dome on top of
the tunnel (fig. 1). Degassing was normally only necessary with each initial
filling of the tunnel. Once the air had been removed, the water could later
be transferred to the holding tanks- (while making model changes) and returned
to the tunnel with negligible reingestion of air by maintaining a nominal
height of water above all transfer points.



Pressurization

The water tunnel was designed to withstand a differential pressure of
1 atm. The tunnel is pressurized using a regulated source of compressed air
that is connected by tubing to the air dome on top of the tunnel. This
increase of pressure in the water reduces the size of all the bubbles that
are formed during a test, whether they are due to cavitation or to the gases
which are produced during electrolysis.

Since it is not practical to degas the water completely, a small amount
of air will always remain in solution and can pose a problem during high
Reynolds number tests. When under pressure, however, the air which coalesces
at the points of cavitation to form detectable bubbles will be reduced in
volume and will therefore be less visible. The benefits of pressurization
are also significant in low Reynolds number tests. Since the density of the
gas bubbles that are produced during electrolysis is increased, buoyancy
forces are decreased. This is important since it improves the likelihood
that the path of an observed bubble will represent that of the fluid element
which it displaces.

The effect of increased pressure on bubble buoyancy was qualitatively
examined on the basis of flow visualization. This was accomplished by
orienting a symmetric airfoil at zero incidence in a field of bubbles repre-
senting the predominantly inviscid domain (fig. 3). Although the camera
angle slightly favored the upper surface of the airfoil, it is clearly
evident that the boundary layers on the upper and lower surfaces are more
nearly equal in the pressurized case. Without pressurization, the bubbles
moving over the upper surface falsely indicate a thicker viscous domain.
Notice that because these bubbles are also more distant from the surface,
fewer are entrained into the upper boundary layer and wake, thereby causing
the clockwise vortices to be under-supplied, and hence less visible.

Since the flow is more accurately represented by the bubbles when the
water is pressurized, the results presented in this study are those obtained
with the tunnel pressurized at 1 atm. It should be noted that while the
error due to buoyancy cannot be completely removed by increasing the density
of the bubbles, the error is considered to be of little significance during
visualizations of unsteady flows where dynamic forces are dominant.

Bubble Generation

By placing two electrodes in an electrolytic aqueous solution and
applying a dc voltage between them, gaseous bubbles are formed at each
electrode. This chemical process (electrolysis) is described by the
following reaction formulas:

2H,0+ 2 e >Hy+ 2 OH (cathode)

2H,0-2e>0,+4H +4e (anode)




Since the hydrogen bubbles formed at the cathode during this reaction are
smaller than the oxygen bubbles which are simultaneously formed at the anode,
the cathode was placed in the field of interest and its size carefully
tailored to yield the flow visualization required. While the cathode may
take the form of a narrow wire stretched across the flow field, it was found
more convenient to maximize the anode surface area since it must erode as
electrons are released. Hence, the wire identified as being the anode in
figure 4 was later removed, but the suspension bolts were retained as
electrodes by electrically connecting them outside of the test section.

The size of the bubbles produced depends on the polarity as well as the
width or diameter of the electrode. Bubble size also depends on the
electrolytic conductivity of the solution and the electrical potential that
is applied between the electrodes (ref. 3). Although common water supplies
generally contain enough impurities to provide a current path, the
conductivity of the water can be significantly improved with the addition of
sodium sulfate (normally less than 2.57% by weight is sufficient). Once a
current path is established, the electrical resistance of the participating
portion of this solution is reduced by several orders of magnitude
(reductions from 20,000 @ to 20 Q are not uncommon).

To expose the behavior of the inviscid flow field around the airfoil, a
wire (serving as the cathode) was stretched across the test section and
orientated normal to the direction of flow. Although both platinum and
stainless steel are good chemically-noncorroding materials, stainless steel
was selected because of its superior tensile strength. A 0.45-mm stainless
steel wire was used in the present experiment in order to obtain a particular
frequency of Kirmidn vortex shedding from the wire. Care must be taken here
since both an increase in wire diameter and a reduction in free-stream veloc-
ity will increase the error due to buoyancy. It is also recommended that the
wire be located at least 70 wire diameters ahead of the model in order that
the bubbles have sufficient time to reach free-stream velocity (ref. 3).

Model

An electrically nonconducting model was cast from 5309-MOS fiber resin
with a stainless steel spar passing through the quarter-chord axis. The
profile was that of the NACA 0012 airfoil with a modified leading edge.
This modification consisted of a 0.0l-c extension of the leading edge to
permit a reduction of the nose radius from 0.016 ¢ to 0.004 c (see insert,
fig. 5). The planform of the model measured 10 cm in chord and 21 cm in
span.

Electrodes were placed at nine chordwise locations along the upper
surface of the model (fig. 5). These electrodes consisted of 0.05-mm-thick
platinum sheets aligned with the span of the model and oriented normal to the
direction of flow. These sheets were embedded in the model so that a single
exposed edge (13 mm long) served as the active part of each electrode. Prior
to pouring the resin, a No. 30 insulated wire was soldered to each electrode



and the ensemble of wires passed out of the model through the center of the
spar. By using another electrode located downstream of the model as the
anode, the wiring arrangement described above allowed each model electrode to
function as a cathode and be independently activated at an external control
panel.

The model was supported on one end by a pin that was pressed into the
spar except for a short length which protruded into the front test-section
window and acted as a pivot. The opposite end of the model was supported by
a pivoting clamp that is attached to the short section of spar extending
beyond the model and into the rear test-section window.

Lighting

The bubbles were illuminated by a narrow sheet of light (approximately
13 mm wide and 30 cm long) directed through the upper test-section window
(fig. 6). Two baffles were used to control the width of the light as well
as to affect a degree of parallelism in the light beam passing into the test
section. The path of the light was canted 10° from the plane of the bubbles
in order to provide a component of back lighting without compromising the
required vertical spread of illumination above the model.

Both continuous and flash sources of light were produced over the needed
30 cm length. Continuous lighting was provided by two lamps totaling 1000 W.
These lamps were located outside the optical housing so that the infrared
content of the light spectrum could be conveniently removed by a row of 6 mm
thick heat-absorbing glass plates. This heat was in turn convected away by
a high-velocity stream of air directed at the absorbing glasses. Once inside
the optical housing, the light was turned 90° by a mirror which could be
retracted when this mode of lighting was no longer required. Continuous
lighting was used for general viewing, for high-speed movies and for long
exposures (normally 1/60 sec) with a single-frame camera.

When an instantaneous visualization of the flow field was needed at a
given phase angle of model oscillation, the mirror was retracted and a
30-cm-long xenon strobe tube was activated. Connected across the tube is a
2000 V (max.) supply, capable of delivering up to 8 kW. A flash is produced
each time a 20,000-V pulse is applied to the "tickler" wire that is coiled
around the tube. The pulse can either be executed manually or it can be
automatically synchronized at a preset phase angle.

Photography

Two types of camera systems were used to document the results of various
flow visualizations. They provided the capability of obtaining (1) single
exposures for both frozen element and path line studies; and (2) high-speed
movies for detailed motion analysis.




The first system consisted of an automatic 70-mm film magazine, a
bellows type focusing body, and a high light gathering 240-mm lens (f4.5
min.) coupled with an electronically controlled aperture and shutter (1/60
sec min.). This composite camera was mounted on a rigid 9-cm diameter pipe
so that the film plane was located a nominal distance of 152 cm from the
center of the test section (fig. 7). This combination of lens and film
plane-to-subject distance was found to offer the best compromise between
image size, depth of field and perspective distortion. The black and white
film used in this camera was a high-speed medium-grain roll film which yields
normal density exposures at f8 when processed in a high-contrast developer at
85° F and at a machine rate of 1.5 m/sec.

A photograph was taken with this camera of an equidistant grid that was
scribed on a plexiglass plate and placed in the test section where the sheet
of bubbles would be illuminated. Measurements of the grid spacing on the
resulting film showed that no significant distortion was present. A portion
of this grid has been reproduced in figure 5 where it can be seen to
intersect the midspan of the model as well as the trailing edge. Since the
grid spacing was based on the slightly shorter NACA 0012 profile, the left-
most grid line does not intersect the leading edge of the modified airfoil.
Note that a significant amount of perspective distortion does occur as the
plane of interest approaches the camera lens. This causes the near end of
the model to not only extend beyond the leading and trailing edges, but also
to overlay the critical region close to the upper surface. This visual
obstacle was overcome by simply elevating the camera slightly. Based on this
preliminary study, it was concluded that photographs of the flow field could
be analyzed directly without applying any correction for perspective
distortion.

The second system was a high-speed, precision motion picture camera
capable of indexing 16-mm film at 500 frames/sec (using positive pin
registration) with *1.57 speed stability. This camera was mounted on a
rotatable arm which allowed the lens axis to be coaxially positioned in front
of the lens of the first camera system. The resulting distance between the
film plane and the center of the test section was nominally 86 cm. At this
focusing range a 50-mm lens was found to cover approximately 21 cm, or 1.5
lengths using the present airfoil. Preliminary tests indicated that a
minimum setting of 64 frames/sec would be required for motion analysis of
various flow phenomena. Using a 160° shutter (equivalent to 1/140 sec at
64 frames/sec) and requiring that the aperture be opened no larger than f2.8,
to maintain a reasonable depth of field, meant that 400 ASA film would have
to be used because of its high sensitivity to light. A less sensitive color
film was also used, and found to require an aperture setting of fl.4 as well
as a one-stop push during development.

Instrumentation
The controls for selecting the tunnel dynamic pressure, the frequency of

model oscillation, the mode and level of bubble generation, and the voltage
level to be applied to the strobe are fundamental to the operation of the




facility. In addition to these, certain electronics have been provided for
synchronizing the cameras to the motion of the model. -

Two discs are geared to the flywheel axis and are used to close photocell
circuits at once/rev and 180/rev intervals. The once/rev closure either auto-
matically produces a pulse at this repetitive interval or is contingent on a
preset switch being depressed. In either case, the generated pulse serves to
energize the strobe or to release the camera shutter. The phase angle is con-
tinuously variable from 0°-360° of azimuth (hereinafter used to denote the
value of wt 1in degrees) and is selected by rotating a dial attached to the
synchronizing disc (fig. 7). The dial setting is transformed to a 3-digit
display (and projected through the rear test-section window, see fig. 4) using
a voltage divider and an analog-to-digital converter. The intensity of the
display is variable to be compatible with various film exposure requirements.

The 180/rev closure provides a pulse which can be sampled over a fixed
period of time to obtain the frequency at which the model is oscillating.
This signal was also used to generate a numerical display of the model phase
angle at an interval of 2° of azimuth. The image of this display was
redirected through a series of mirrors so that the cumulative distance to the
film plane of the high-speed movie camera placed it within the critical depth
of field.

DESCRIPTION OF EXPERIMENT

The purpose of this study was to demonstrate the flow visualization
potential of hydrogen bubbles in the water-tunnel facility at a sufficiently
low Reynolds number to produce laminar flow on an airfoil. In addition, the
detailed features of dynamic stall, as it develops on an airfoil undergoing
large amplitude oscillations in pitch, were to be analyzed using various flow
documentation techniques.

The minimum speed at which the tunnel can be operated is limited by the
increasing error in bubble trajectory caused by buoyancy forces. These
forces are directly related to bubble size, which are in turn dependent on
the size of the generating electrode. This trend suggested that the
smallest possible diameter wire be selected for the free-stream electrode;
however, a second factor needed to be considered. The frequency and clarity
of the natural vortex shedding from the wire are also dependent on wire size.
Under certain conditions, this shedding phenomenon was found to produce a
conveniently striated and well-preserved pattern in the sheet of bubbles
being generated at the wire. Guided by both considerations, a wire diameter
of 0.45 mm and a tunnel speed of 0.2 m/sec were chosen for this test,
resulting in a Reynolds number of 21,000 based on airfoil chord.

The airfoil was pitched about its quarter-chord axis at a frequency of
0.16 Hz (nondimensional frequency wc/2U, = 0.25, corresponding to the
environment existing during retreating-blade stall on helicopter rotors).
The choice of this frequency permits qualitative comparisons with recent




wind-tunnel results on a similar airfoil (ref. 4) as well as with related
water—-tunnel studies by Werlé (ref. 5) and theoretical calculations by Mehta
(ref. 6) for the NACA 0012 airfoil.

Since the static-stall angle for the airfoil under study was 10°, a
pitch schedule described by o = 10° + 10° sin wt was imposed. The large 10°
pitch amplitude was chosen because it assures the formation of a fully
developed stall vortex (one that occurs during the pitchup) rather than one
that is forced at the top of the cycle by a change in the direction of pitch.
This mean angle and amplitude schedule corresponds to the oscillatory values
attained in the impulsive start studies of Werlé and Mehta.

Two types of hydrogen bubble flow patterns have been produced in this
test: (1) bubbles generated at the electrodes on the model surface; these
are then transported downstream by fluid within the boundary layer and wake
(thus primarily exposing the viscous domain); and (2) bubbles generated as a
sheet from an upstream electrode; these then pass around the airfoil without
penetrating the boundary layer at the stagnation point and without any
appreciable entrainment until reaching the wake (thus primarily exposing the
inviscid domain). Photographs showing the viscous domain were taken with
continuous lighting and a shutter speed of 1/60 sec, while those showing the
inviscid flow field were taken with a strobe light and open shutter. The
camera lens was set at f8 for all exposures. The dc potential applied to the
free-stream electrode was 19 V. The potential applied to the model
electrodes was either 27 V, when all stations were activated, or 8 V when
activated separately. The resulting current in these three cases was 1.3
A, 0.2 A, and 0.04 A, respectively.

DISCUSSION OF RESULTS

Fixed Incidence

Even with the airfoil held at a fixed incidence, the flow field,
strictly speaking, was not observed to be completely steady. At zero
incidence, for example, the vorticity that was shed into the wake from the
upper and lower surfaces ordered itself into a periodic vortex pattern
(fig. 8). This pattern is strongly reminiscent of Kdrmdn vortex shedding,
thus suggesting that the boundary layer was laminar on the airfoil. The
vortices that are shed into the wake appear to move close to the free-stream
velocity and at a shedding frequency of 7 pairs/sec.

The progression of the point of separation was studied by observing the
bubbles that were produced at the individual chord locations. These bubbles
show that flow separation progresses smoothly forward as the airfoil
incidence is increased (fig. 9). The fact that the flow began to separate at
such low values of incidence is judged to be further evidence that the
boundary layer was laminar.




The reason for emphasizing that the entire boundary layer was laminar is
that it precludes, by definition, the possibility that a classical high
Reynolds number laminar separation bubble was present. This type of bubble
is said to exist when a laminar boundary layer separates (usually near the
leading edge), undergoes transition, and then reattaches to the surface as a
turbulent boundary layer. Since the flow behaved as though all of the
boundary layer were laminar, it was concluded that a separation bubble (one
that closes through turbulent reattachment) does not occur for this airfoil
under the conditions of this test. The absence of this type of bubble can
also be inferred from the work of Gault (ref. 7), where it is reported that
a necessary condition for the formation of such a bubble is a minimum
Reynolds number (based on the local displacement thickness) of 500. 1In the
present experiment, a conservative estimate built upon the appearance of the
boundary layer over the first 57 of the chord (fig. 8) gives a value that is
an order of magnitude smaller than this critical Reynolds number.

Dynamic Behavior

The laminar state of the boundary-layer flow field argued above for the
steady case can also be shown to persist in the dynamic case (a = 10° + 10°
sin wt and k = 0.25). By comparing the wake patterns in figure 10 that were
observed under both steady and dynamic conditions (shown during pitchup) at
three incidence angles (a = 3°, 4°, and 5°), it is readily clear that the
laminar vortex pattern which appears in the steady case also occurs in the
wake of an oscillating airfoil. In addition, it is important to note that
the steady and dynamic wakes are strikingly similar in that the distance
between consecutive vortices of the same sense appears to be unchanged
(A c = 0.28), yet dissimilar in that the counter-clockwise vortices in the
dynamic cases are predominant. This biased strengthening of the existing
vortex pattern shows that the dynamic increase in 1ift can be detected in the
wake structure prior to stall when the flow on the airfoil is laminar. A
qualitatively similar distortion of the vortex pattern found in the wake of
a laminar airfoil experiencing an impulsive increase in incidence has also
been reported by Brown (ref. 8).

As a final affirmation of the laminar state of the boundary layer, note
the bubbles generated at the various chord locations (figs. 10, electrodes
3-8). In the dynamic cases, these bubbles not only map out generally well-
behaved paths over the airfoil, but also continue to move in an organized
fashion well into the wake. In the steady cases, the bubbles are again
observed to be quite ordered, continuing beyond the point of separation and
into the formation of the first vortex. As the incidence increases, vortices
appear to be forming at progressively earlier stations on the airfoil, as
well as degenerating more rapidly. This decay in apparent vortex structure
(note especially fig. 10(c) downstream of 75% chord) is either caused by
turbulence or is due to the growing importance of three-dimensional effects
within the expanding region of separated flow.

In addition to these interesting overall features of the flow field, it
is perhaps most significant to note the influence of airfoil oscillation on
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the direction of boundary-layer flow near the surface. At each incidence,
the first electrode selected in the steady sequence (figs. 10) identifies
the location of incipient flow reversal, while the succeeding three
electrodes show the movement of fluid past those stations in a fully
separated region. In contrast to these flow patterns, the corresponding
sequence of dynamic scenes not only indicate a thinner boundary layer, but
also show that flow reversal at these stations has not yet taken place.

The most remarkable point about dynamic flow reversal (examined in
detail later) is that it occurs without any detectable change in boundary-
layer thickness. To ascertain the precise progression of flow reversal on
the oscillating airfoil, an analysis was made of a high-speed motion film.
This study revealed that flow reversal was delayed over the entire airfoil
(fig. 9), and that a maximum delay of 7° incidence occurred at 40% chord.
Similar to the steady case, flow reversal proceeds from the trailing edge
toward the leading edge; however, the dynamic progression of flow reversal
is even more nonlinear, exhibiting a relatively slow rate of advance over
the midsection of the airfoil.

Complete Cycle

Before discussing the details of dynamic stall, it is useful to examine
the predominant flow characteristics as they develop during a complete cycle
of airfoil oscillation. To accomplish this, the flow field was photographed
at 24 equidistant increments of azimuth using hydrogen bubbles generated at
both the free-~stream electrode and at electrodes located on the model
(figs. 11). The upper photograph (showing the predominantly inviscid flow
field) was recorded using a strobe light; the lower photograph was recorded
at 1/60 sec. Some caution is recommended when interpreting the relationship
between various photographs in this sequence. Due to small flow
irregularities entering the test section, the initiation of certain detailed
events was observed to vary from one cycle to another, especially once the
boundary-layer flow began to separate on the airfoil. Since each exposure
in the series was obtained during a different cycle of oscillation, only
the more dominant features, which were clearly invariant in their order of
succession, will be emphasized in this section.

The series begins with the airfoil passing through minimum incidence
wt = 270° (a = 0°). At this point, the boundary layer appears to be
generally smooth and the wake region fairly regular over the initial half-
chord length behind the airfoil. The flow field is not symmetrical because
of unsteady lag effects from the downstroke. As the incidence increases to
the static-stall angle wt = 0° (a = 10°), the boundary layer gradually
thickens, and the orderliness of the vorticity in the wake now extends well
beyond a chord length behind the airfoil.

By the time wt = 15° (a = 12.6°), a distinct flow protuberance appears
near the leading edge and the outer viscous boundary becomes sinuous over the
rear portion of the airfoil. The term protuberance is used to help the
reader distinguish between the bubblelike distortion observed in the present

11



experiment and the classical laminar separation bubble that is found at
higher Reynolds numbers. At wt = 30° (o = 15°), a major distortion in the
viscous-inviscid boundary occurs over most of the airfoil, strongly
suggesting that a conventional boundary layer is no longer present

(fig. 11(i)). It should be noted that the wake region is entirely organized,
and will remain so for another 30° of azimuth (one chord length of free-
stream travel). During this interval of time (between wt = 30° and 60°), at
least 2 vortexlike flow patterns develop; one near the midchord and the
second near the leading edge of the airfoil. The midchord vortex moves down
the airfoil at about 757 of the free-stream velocity; the leading-edge vortex,
however, initially progresses more slowly while appearing to build in
strength. By the time the midchord vortex has moved off the airfoil and into
the wake (wt = 60°, o = 18.7°), the leading-edge vortex has become clearly
recognizable and can be seen to have moved about 257 of the way down the
airfoil, leaving behind a significant accumulation of less active fluid.

In the time of its residence as the sole vortex over the airfoil for the next
30° of azimuth, it moves along the surface at about 407% of the free-stream
velocity. During this time, the bubble density in the vortex diminishes
significantly. To some extent, this decrease in bubble density may be due to
an increase in the size of the vortex along with a simultaneous decrease in
the entrainment of new bubbles along its perimeter. More importantly, there
is the possibility that three-dimensional effects have increased to the point
of causing many of the bubbles to be convected out of the plane of
illumination. 1In any case, the only statement that can be made with
confidence about the vortex at this time is that at wt = 105° (o = 19.7°,
downstroke), there is a strong upward movement away from the surface of the
airfoil at about the 70% chord location.

By extrapolating along the last known trajectory of the vortex, there is
evidence at wt = 165° (0. = 12.6°) that this vortex has induced a three-
dimensional character in the free stream just aft of the trailing edge and
less than a chord length above the airfoil (fig. 11(r)). At wt = 180°
(e = 10°), the nearly complete absence of bubbles in this region indicates
that a strong spanwise component of flow is present (fig. 11(s)). Although
the evidence contained in these photographs is admittedly limited, a careful
analysis of the high-speed movies as well as a direct observation of this
behavior during the experiment both reveal that a definite spanwise
component does exist and that it accompanies an intense distortion of the
shed vortex.

Since the aspect ratio of the model was small (less than 2), it is not
known to what extent this vortex has become contaminated by the side walls.
Regardless of its origin, the flow is known to be highly three-dimensional at
this point; therefore, it is not recommended that serious comparisons with
two-dimensional calculations be attempted during the period wt = 150°-210°.

The one remaining characteristic to be noted as the cycle of oscillation
is completed is that the flow begins to reattach itself to the front of the
airfoil upon returning to the static-stall angle (at wt = 180°). Re-
attachment then progresses quite rapidly toward the trailing edge as it
displaces fully separated, but weak, regions of fluid remaining on the
airfoil (wt = 195°-240°).
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This completes the general discussion of the various gross events
associated with large amplitude airfoil stall. It is interesting that at a
much higher Reynolds number (Re = 2.5x10%), a similar leading-edge vortex was
observed (ref. 4). It also was observed to move slowly at first, appearing
to be gathering strength, then increase in speed and finally move away from
the surface as it approached the trailing edge. However, a midchord vortex
was not observed for any airfoil configuration or reduced frequency during
that experiment. At a lower Reynolds number (Re = 10,000), a 75%-chord
vortex (in addition to the leading-edge vortex) was observed by Werlé as
well as calculated by Mehta. It can therefore be speculated that when the
midchord vortex (or one located farther aft) occurs, it is an outgrowth of
the dynamic breakdown of the free-shear layer, while the leading-edge vortex
(common to each case) is a universal symptom of dynamic stall.

With regard to the Kirmdn vortex street that is observed in many of the
photographs presented, it is interesting that the Strouhal number, nL/U,
calculated for this flow is 0.43 when the airfoil thickness is used as the
characteristic length (the corresponding value for a circular cylinder is
0.2). Following the notion of Roshko (ref. 9) that a more generally
formulated Strouhal number should reflect wake parameters, Paterson (ref. 10)
has suggested that the proper characteristic length for streamlined bodies
is the wake thickness at the trailing edge. Since (1) the vortex shedding
frequency and the vortex street geometry appear to be the same in both the
static (fig. 3) and dynamic (fig. 11(f)) cases; and (2) the width of the
wake at the trailing edge of the airfoil appears to be approximately
constant, the merit of this suggestion seems to be supported by the present
results. Therefore, based on trailing-edge wake thickness, the resulting
Strouhal number is approximately 0.46. While the usefulness of this
formulation should be regarded as tenuous, the high value calculated
(relative to that for the circular cylinder) is at least in keeping with the
trend that higher shedding frequencies result from less bluff geometries.

Stall Onset

Now that the complete cycle of stall-related events have been placed in
perspective, the detailed mechanisms comprising the onset of dynamic stall
can be examined more effectively. It is during this critical phase that
unsteady forces are known to cause a drastic and rapid adjustment of the
fluid in the boundary layer that is unlike any flow development occurring in
a steady environment.

This important period of the cycle, which includes the origin and
growth of the dynamic stall vortex, is presented in detail in figures 12 at
4° intervals of azimuth. The sequence begins as the airfoil pitches through
the static-stall angle (wt = 0°) and contains photographs taken of the flow
field using (1) the free-stream electrode, (2) all of the model electrodes
simultaneously; and (3) each of the 9 model electrodes individually
activated. As discussed earlier, each exposure was made during a separate
cycle of airfoil oscillation; therefore, some caution is advisable when
relating any two scenes, even ones at the same phase angle.
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When reviewing this sequence of photographs, it is interesting to
follow the development of the viscous-inviscid boundary as the point of flow
reversal moves toward the leading edge of the airfoil. It is remarkable
that at wt = 12°, a free-shear layer, having a narrow region of reversed
flow underneath, has occurred over the entire surface without any appreciable
change in the viscous-inviscid boundary. As the airfoil incidence continues
to increase during the next 50° of azimuth, the free-shear layer above the
surface becomes unstable and a series of complex events are observed to
unfold before the leading-edge vortex is fully developed.

As an aid to establishing the chronological order of these events, a
study was made of the high-speed movies of several cycles of oscillation,
during which each electrode was separately activated. Beginning at mean
incidence (wt = 0°), these results show (fig. 13) that by the time the
boundary-layer flow has reversed over the rear half of the airfoil, a portion
of the resulting free-shear layer has become unstable (resembling the wavy
character in fig. 12(a), electrode #3). These instabilities appear to mature
into discrete traveling vortices of apparently short duration and of no
obvious consequence. Once the flow has reversed up to the leading edge, a
protuberance emerges over the first 67 of the surface as if to accommodate
the sudden influx of fluid. The closure portion of the protuberance
boundary, at this stage, is conjectured to be the result of the local
unsteady pressure distribution which still supports an attached shear layer.

By wt = 16°, nearly the entire shear layer is either sinuous or broken
up into minor vortices. During the next 10° of azimuth, the majority of the
viscous region becomes discretized by the development of numerous clockwise
vortices (note especially fig. 12(h)). The distance between these vortices
appears to be half that between the clockwise vortices in the wake. An
important exception to this regimented behavior is in the area of the
protuberance. The flow in this region continues to have the same general
shape, except that the downstream boundary is intermittently disrupted by the
escape of small vortical bodies of fluid. As the larger, more identifiable
vortices continue to move over the downstream surface of the airfoil, the
upstream-most vortex appears to overtake and coalesce with the remaining
ones (e.g., see figs. 12(i,j)), thus creating the first major (enduring)
vortex to occur during the stall process. It was during the early part of
this coalescence that a vortex could be clearly distinguished at midchord
when all of the electrodes were active (upper part of fig. 12(h)); thus the
midchord vortex that was identified in the previous section (the first major
vortex to occur) actually originates near the quarter chord in an ensemble of
vortices resulting from the shear wave instability.

This flow pattern progresses for another 25° of azimuth (to wt = 50°)
with no detectable change in character. However, as the first major vortex
leaves the trailing edge of the airfoil, the somewhat random production and
shedding of small vortices from the leading-edge protuberance domain evolves
into a distinctly unified vortical pattern (note figs. 14). This becomes the
second major vortex to occur, and its movement along and away from the
airfoil surface completes the stall onset. During its residence on the
airfoil, fluid from the leading-edge region continuously supplies this
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vortex along the viscous-inviscid boundary (e.g., see figs. 14, electrode #1).
As can be seen from the locus of arrows indicating the local directions of
flow (fig. 13) that accompany the first and second major vortex boundaries, a
moving stagnation point exists on the surface between these two vortices. By
interpolation, the initial location of this stagnation point is between 10%
and 157 chord. Thus, most of the vorticity in the leading-edge vortex comes
from the forward portion of the airfoil, and it appears that only a minority
of the airfoil surface actually comes into contact with any of the fluid
contributing to the inception of the second major vortex. It is not until
later that the downstream locations are observed to be progressively
entrained by the vortex as it passes along the airfoil.

CONCLUSIONS

Based on flow visualization experiments performed on a modified NACA
0012 airfoil in a water tunnel at k = 0.25, Re, = 21,000, and a = 10° + 10°
sin wt, the following conclusions can be made.

1. Hydrogen bubbles can be successfully employed as flow tracers to
expose, independently, the predominantly viscous or inviscid domains.

2. The boundary layer on the airfoil is laminar through stall and there
is no evidence of the presence of the classical high Reynolds number laminar
separation bubble in either the steady or dynamic case. .

3. Starting as a gradual progression of reversed flow moving toward the
leading edge of the airfoil, a free-shear layer is found to momentarily
exist over the entire upper surface without any appreciable disturbance of
the viscous-inviscid boundary.

4. After the airfoil has exceeded the static-stall angle, a flow
protuberance appears near the leading edge and minor vortices begin to evolve
from an expanding instability of the free-shear layer over the rear portion
of the airfoil.

5. The complete breakdown of the shear layer culminates in the
successive formation of two major vortices: the first vortex originates
around 257 chord, becomes quite distinguishable at midchord, and then moves
off the airfoil; the second vortex, its origin nearer the leading edge,
becomes clearly identifiable around 257 chord. While the first vortex
appears to be the direct result of a shear wave instability, the second
vortex seems to accrue from the unification of numerous vortical movements
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already developing within the latter half of the leading-edge protuberance.
This second vortex is the one that is also observed at higher Reynolds
numbers.

Ames Research Center
National Aeronautics and Space Administration
and
Aeromechanics Laboratory
U. S. Army Aviation R & D Command
Moffett Field, Calif. 94035, Oct. 25, 1977
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Figure 2.- Rear view of test section.
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10° Cant
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! i
Model - '
70 mm camera
Upstream electrode ’E N Bubble sheet

Figure 6.- Orientation of apparatus (as viewed from upstream) required to
illuminate bubbles.
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Figure 9.- Onset of reversed flow.

25



. T £
SUOT31BIO0T7 uth_U_U SNOTIeA 1B MOTJ H@%m_ HN@C——OD
JO UoT309aTp Oﬂ.u Uuo UOoT]3BeTTTIOSO TOJaT ¥ J3 - I

[TO e O 3909 q ‘0 Q.H—Jw..nm

om =0 Amv

¥,

" 9
AT TR

TG .
B T R =~

%ﬁ:x&& 3
o R T Tik ey Lk
P ...:uvxx\ux\\xx.:r:;tsi "

S LRI o N R

s : . . | m m m
otelel e - / : . : . ; = v 1 . \ | L
- ® "~ - ¥ > - £y 3 B v

26




*penurjuo) -°QT 2andTg

*papnouc) (e)

ojweuiq

ojweuiq

/
4

Baaad SRR —

e e S L 2 A 104
=4 Tt il AR E AL,

R R S N X X WS

LR RE RS ERNVA R0 PR ACAE BT

YA, PV | Y S+ v

27



*ponurjuo) -°QT 2an3Tg

o7 = © (9)

ojweulq

g

...»....»t.'uboo;;o;zf‘i‘z‘nt . Vot b

L A
P ol At 7 g R S e R .

b el
R ——

28




*penurjuo) - °*QT 2an3T4g

*papnTduo) (q)

29



spenurjuo) -°QT 2In3T4g

oS = (9)

ojweulqg

— ‘ 4
PR I N Bt ol s 1 ks
R Mt e e e s
» e R S A )
RS RN AR ey B
phetsg
ST P X R
g " AL g K e . oo ole
) o (! v . a a
- e e ha ol
AN ; T
st ¢ - AR R
e ....“.HN S T TP w ey e AT ]
e v
3

Lt it @ AR, sgh&«%ﬁ
P‘J.ﬁ“ d - — 4 CRNES SR )
e ARV RS . : . - ;
e S e ——— - SSOERR )

ojweuiq

P

ey
y ST
.u...il g LR WL >

.

30




*papniouo) -°*(QT 2andtJg

*papniouo) (2)

sjweuiqg

g et

F v;~lsl.:11‘\-:li‘,..\s\. \v\t\\‘\‘:

ojweuiq

S g A
M e TR R

S — ‘ .
Ppe 2:.\7‘. Wi
g A 1P e s o8 prh gyl
guﬁ”‘{f%“mn\mmm‘\

. N eI D 3

-”\4‘!«.“0!.0 aZid

31



*UOTJBTTIOSO TTOJIATE 3O
saTqqn : Te 3O 924D B 3uran n
qng po3leIdua3-TopouWl pPuB -WEDIIS—-331JF EostwamemwosmmH f1209
Td =TT =2an314

(,0 = ©) ,0LT = 3" (®)

$apo1128je |je 03 paijdde abeijop

e e -

;..u»;u-..v.z.u,-aax;!t.:-tt*.u:u
anas

e

M AntHaR A s
2028 ‘.....!-.-\- LT ot Bl i ’
e P R R X —. o:: sy
oi..}i’isiii-:f :-

ot
e :{lﬁa/ ‘”-.1 ‘A - i oo* . .\.-\l.,.lli . lto.!in.»nn!f, Satasmaet 5{("“0..!1‘{
¢ ¢ e . s s Sops N {1l .lor.fff.ihse’f‘s.:ta. ‘C&P Q‘.&..\N\‘.\A\\\\.
: 32313.43, ééaé@
-Aﬂ‘ﬂﬂﬁwu

v AW

paadedt
Doy

NS AR
- Q!"&t&w”ﬁ.’fﬁ»!l
o YR W.M)ﬂ»ﬂ”»ﬂrin, R RS RAR e A AN AL
b:»ﬁ)gl- »»@NWH»H“A 4‘ :&Q_aw!?!.a{, AT L MRS AR TR AR Ay Y
e EVVE Ly M.m g & R&%txa%arégﬁ?;»&zﬁé».ﬁ»:.. A
. U
s e AU AR At AT OB NN .;AS AR LU LR
:,Asrn:r.».;»ll;ft»i;f:,;r A AN
- sw%rla.-»;,mn. vyt

32




(

‘ponurjuo) -° 1T mhswﬂm

o

€°0 = 0) ,68Z = Im (q)

$9p0.120}e ||& 03 peijdde ebeyjop

EP : - i " = 3 4
oo VR

o i 4 1 L AT Y

33



*penurjuo) -°TT 2an3ryg

(o€°T = ©) ,00€ = 3m (D)

$9p04120|@ |je 0} paijdde abejjop

.L...w.-r"...a.»A...z- . v - PELITIT hlun.\ .,h.A
_ i ,Xw,_u,_ w

4“ A
‘ Al
Aaizzzaazzzazzzzazzage,ng

R }z.iflif,iiﬁ’;ffr}»frﬁ}4751.54)9;55‘55&‘41

PR IR PRIV

v * B ) - : wes
g. - - 2 e e * . . %
ae N 3 AT ARt 0 18 ¢ D . .~ A P P P
B f & e e oL L h e R BRI YAy YA Y, 1T : &‘
CANANARRARAT AN SO L
e . S
PNTYRY: BARRA Y

0.90.!%:..,)0:‘?,:.,‘
A

P

34



*penuUTiuo) -°*TT 2an31g

(o6°C = 1) ,GI€ = Im (P)

$9p01129|@ ||@ 03 peijdde ebejjop

\ ) 3 Eﬁ.*\

L o4 o

AN v

PR~ o oty =

- 7
B P v S oy
3 . et AN G W T Ll
. . " v/ TR yon " » "
: !yl\tiv‘..(. o
—— .
. it W " v “
il o J,..‘w‘o\ P sl
4«.-:l;r..nlo.-l..-lxl,ltlv‘.‘,)i:
- e ! z

e S

. : SRR HRBL R 3 A g
,"T!t".'1“’("!4‘!!""%!;;“’%%7”a
,ﬂL&B-.-.‘.D (ot W0 .:t L8 ~ k- & AT T
AT DPREPRORIEAET REE PR PP DL

sar it AP R A L L L e i
P i S R A e S R R L D b

35



- penurjuo) -*T[ 2an3Tq

(,0°S = ©) ,0€€ = 3m (?)

$ap04129|e |je 0} peijdde abejjop

. y N X
u\ .
BT P ¢
v P "3

Ky y .
) ¥ - e,
2 o PPN e P g 3 PR P B e ;
’ o ot A s b ol 5
\J

y\.’\ Tv\v!~¥\o\¥¥2vl!§;‘ X \l‘

e el li‘!)&\
AR A PRI B

o i TN pund
SRR

B

i , : .;...
s s §., 5 ;s_é:

s xs:zsss‘$wvf"snst‘azsvzxésw4zazxatta \
‘f‘éf"ls“"l‘}c% - 4’
, . . i AN

A
At

36




"

R T T LA Lx Al

A, 4 At

*penurjuo) -°*TT 2an3T4g

(o¥°L = ©) oGHE = 30 (3)

$8poJ1deje ||e 03 paijdde abeyjop

37



‘penuTiuo) -°TT 2an81g

(,0°0T = ®) ,0 = 3™ (8)

$8p01129|8 ||e 03 paijdde abejjop

s feen ey
a sy e ’ ™
'R

-~ - -~ » l
oA, <k n\
P v ~.\u\..\‘\
Y e .«v-{v.

, WL
b (V\sf,.,v‘.v.

4§ 5y,
-..::.ui....,...
R b
v ‘.qu\»..q!«} o
553 - ) e 3 AN 4-.3
e L a4 {;&«»2&%}. " A B rgp rﬁé’

f/"- /";’7 AN fﬁﬂp’ e Aﬁ

‘6-‘" , , Ard 4‘.4%:-. 4-.3-.2:-
c qa‘n vov., .:1:5. S;..%Qvl!to;?..l , . :?/:/z.éf‘ Aﬁ. ; ﬁ:é
: e et g e TOL TR S e

A “i!.i.‘ii;%; " B A b ..1
S S BIRIY)

poneree
P ¢ il

ARSI ) > N
» ﬂ}azzrnxgiz ! "

A MRS "

9’_:3; Qw.i.wz‘ﬂﬁtr.:&ﬂ;.:54..):2, UM b ;
PR LE L RAR e Lot (LR E L EL AR SR LY .‘:. CCTRCCOLL T L

.....l yéllil‘v‘vr!lf ANARARARANERAN AR AR AR WA A NN
o A S Shet PRSI0 . . ’

A

38




*penurijuo) -°TT 2an3tg

39

(69721 = ©) ST = 3" (Y)

$8p0.328}e |j& 0} peijdde ebejjop

r M

! ta AT

Py T e PR
L L WAL,

'y s

NS 0%t 10

1)

.r....
b _w\\{ft‘\lt{{, o ,.4:...
o I B it it

A royF L .:.v».a, - .lriﬂ&#ﬁ‘.-)tltv!a.aﬂsmuﬁ

2 M 4 L A ree L :

0% { ..

.u\ . pAYI LY i P oo Chal S bl

A . ™
TR ESTRIET e é.ﬁx&iatmiiaghwv xﬂ ;
Wh ko s A oo Aol .:...A.!\..tl,i.\!“\h Ku " d
o PP O s e ; AN

AR iy 1o,

—“\1;“)‘ - Tl
: :nti.«gr.ttﬁ&d.i.s&%ﬂﬂ%? PRI R
) . SA SN o
B bt .

s Ao %’A vy .‘ar..an‘anna.n; e
A e

i PP

P yoes Y oo




*penurijuo) -1 2an81g

(,0°ST = ©) ,0€ = 3" (T)

$ap0o1123ja ||e 0} paijdde abejjop

LI 2 e Y
s 7

i i A e AN S 1
A P AA LA e
H w e

eklaaday

BOBEIY P gy

bt

&
P 20

Vo Al , o ! v : / YOk
ti]) oidh o b pbaaoniacich gl kel YA . LS T AT
ol g s J.ﬂ?q -~ ﬁw.,x.uv.ﬂ-ln., PSR oy l#!&\dﬁﬂ,. il HEEng iy &M“ " ,S‘E“s.

Y ..m

. t
oy L /5.4”“ YAty 4yl \.‘_:ﬂ
\ sl LGt s Gt ieranies GG

VRO Lo

Ivi_ j,. _ _. ;,. _ ,,‘,.4,,?343?225:322
:i%vtsv:fs..zltt:% ,.,,v,z?z,%f,;ézsé.,
B i : AELTAAATLU A ATANLOCR L R AT

5 pIPIIBIBBTTIPI R, e na a S SR U S ML R e ik bbb oo L T iy

e G S PP A T Y AL R e E A N LR P LT BRI DR e e e iy

e 21 POV

40




‘pPanNuUTIUO0) —°TT 2an31g

(oT°LT = ©) 5% = 30 (£)

$9p01129|e ||& 0) peijdde ebeijop

! -
\ Mg & e
, Ty TR
BT LN ST o ey o v 4
A AP AP . TSR

P N et e

¥,

o
. ey

, .
LAl T
it \
P w...?Cvl«lwll.l\cﬁi&vq t‘&i -
gy BIIPTY 4 y y ‘ . f«%f#ﬂ
A

-ln..aswau.oﬁgtﬁakw ’

i ST Y,

2 AF

i , PURI R

RhAREA L LTINS \
N

A g

e g NPT
B e X 9] T 0 P eY )

\.

iy s PN

;~7:».-.,=v=>
IR et

NN
. -

o AR A S, A\t A O, ISRV
AN A e oy o'n S W "’i“‘) SNNVRIM Ry W L
.:,:a.n‘%ﬁ.i‘q..222........2 tu.%.ti...e/oﬁuf ’3.5552.2 ..,.u,uu,.‘u,um,“w,,ﬁﬂmgmmmm

. rped
S FOTNE P i fubuduted aaal? s T S

41



oLV
y

. P S el
¥ and t)‘z?\v

L L
_ %

VEARKLERYS LT o1
BN e e e 3
WA B

*ponurjuO0) -°TT 2an8T4

(oL°8T = ) ,09 = 3™ ()

}lﬁgg e —— -l%llwm «

e e Wi e = 1% Kﬁ“n

Y'Y W 3 R g "‘4"3”"‘;’;‘ AT R e SN et

$apo01129}a |je 03 paijdde abeijop

T R s
RS L

¢

DR PRNRY

VT TS
L LA LA RO

42




iy i it T
»! oy .t./l.n\\l‘(l{l}n‘ g«
ad it AP PRy Py N L& -, - X
lt;c&i«.:{‘. f ¢
A Y

1.»“aL”~.dm ey ity YR .._.*ﬂlJﬁvf
€ . ;u 8% A A 4 -
RYTIRIE S {ib.h% s
oy A £ A

TR,

*panurjuo) -*1T 2an3dryg

= 3™ (1)

(oL76T = ©) L5/

—}ﬂ.y {

3/ Nl
4 A M A 5

od t e AT
WA e

yir e g

o d PP \\xli.\‘¢1\f.\t‘l<l;
»or

b M
TV PV prrion Wiser

PrT e

$8p0.131291@ ||@ 03 peydde abeijop

Ming B ! ,. o -

. vy W, ¢ . -

o ok S \ “ o

| el
> ~

anti

e e
= PR S onaigs

43



*penurjuo) -TT 2IAn3TJ

(,0°0Z = ©) 06 = 3" (W)

$8p01129|e |je 0} paijdde abejjop

Wiy * . o
4 i by : e & or i,

-

7 P AN, & ,,/at =
222AVDBIPNIIDIS. ~h
» SESSRS 55N
Ar30ay

e "
SO AN, Nlrhwd”zg& NN tgll

S &

?w&ﬂ.ﬁﬁ?;ﬁ WA \
,, T SRR

J//?-tlr
SURSLIRNELA
e

o )
v SRR Tttt
RN D R AL R AL AL L (TR AL
o woasdada it

44




e
Awyt JW Flt‘q

RO N WA

y

(

"panuTiuU0) -1 2aIn314g

ol"6T = ©) ,GOT = IM (u)

e TV !
ARG G
RS

W

$8p0.112a|a ||e 01 paijdde abeijop

N

RV

Ntwe

T T

45



.,_ et W% 33

5
>

.Fﬁolo ~ :A
1\4\:.

“ Lenonas® 1ois e

m “.,wﬁgéé %gr

divids -‘AA\L‘ ’

at .- .)Nn P

*penurjuo) -°IT 2an3tg

(o£°8T = ®) ,02T = 3™ (0)

" 3?.3 s 39 _..s.}

/rrrriaf,
Orerea Tt

,I. .'.'/'rl, l;r

$apoi}oa|e ||e 03 patjdde abejjop

- O

. s e

AR LR PR LR AL ALY

AvatRe

PR

¢nc-.:
Aa‘;,’

PEEtL el

e

snsiny

L

sl

).

46




e -\H\Jd.‘ ¥
SN g A

) N Me

SRR E PR

i

- e
B b

*penurjuo) -°T7 2an3T4g

(6T LT = D) LGET = 3m (d)

$9P0.1120|0 ||¢ 0} peljdde ebel oA

e AN AN .
e iesanegns T yve?
Lemanas OREP IR g

P

.223&

AR Srriniere
e rielr! PERUIAS R

47



*penurljuo) -°TT 2an3Tg

(,0°GT = ©) 06T = 3" (b)

$8p0o1329)@ |je 0} peijdde sbeijop

.. | AV s:ssj

b WAy b4 }..& "

Wilr e vt
il
..:\ -~ o.hu“t\’l‘oﬂ

48




.arqo,

$,ﬁ.*r

ALY

(

o

*penuijuo) -°TT 2andTg

9°CT = ®) ,G9T = 3™ (1)

$8po1o8|e j|e 0) perjdde abejjop

49



*PANUTIUO) -*TT 2an8Tj

(c0°0T = ®) ,08T = 3™ (s)

$3po.3d9|a ||e 03 paijdde abeyjop

50




‘penuriljuo) -

.

1T 2an314

(o%°L = P) L66T = 3™ (3)

s8poId9|e ||e 0} peljdde abejjoA

51



*penurjuo) -°TT 2an81yg

(,0°S = ©) ,L,0TZ = 3™ (n)

$8p011d8je |je 03 peijdde abeyjop

L ¢ ’
FTRI Ve r It r v ¥
e

T L e




‘p2nurjuo) -- T wujwﬂh

(.6

T = 0) .62 = 3IM (a)

$9p01IO9je |j@ 03 peijdde ebeljoA

s TR
e Trrarat P TAI RIS TY S O
s Lot

AR A e S

ety AL s (S
an

T v .
- » b Wy oof‘a-i..‘.,:i.o-l‘%

RN WA A A~ e

T i e A AR A aRail

-
At AW i
R ARt

- h-‘ - t,.' i(‘.“ix'ﬂ.
Rscwmemsrpeen TS e i
v e bl YN I4 i

« WS VU -
SR AR AR D L

53



*ponuUTIU0) -°TT 2an3t4g

AOM.H = dv OOQN = 30 ASV

$9po1120|@ ||& 0} pejdde ebejoA

}Mﬂ”m % . 2 ..tn‘m.rﬂ,.
?._..:!Ia !4-!-’53.:4
. swjf...{,.} .;X?ﬂ’ﬂcﬁ »ldﬂn!i'.oaei*u: mé‘-‘. ctt;., .39._2{.:52

< 5 g

N N AN

54




*papniouo) -°1T 2an31yg

(o€°0 = ©) ,66C M (%)

$9p01100}8 |je 0} peijdde ebeyjoA

pomat 4 PO

O

o @ Bov e ®

s s Ny ok
S

. Y
T s o A
T .

i

AR et T ..n..»l
:;;»4»;;»
. wsacs AN

55



wp—

*1Te3Ss OoTweudp jo poriad ay3 Suranp yinwize jo .4 Li9a9 suialjed mOT3F paTreI=d -'71 2an3t g

(o0°0T = ®) .0 = I (®B)

$ap0.329ja jje 03 paijdde abeijoA

ﬁ%«% S

ég?.#yfu,ﬂ/famﬁm#ﬂf p;/ﬁ«ﬁ

i

..l}lrf... 44237.45.» ST
AU LA
o .,aﬁ RN ‘ b 3 l‘.))/’dgzilﬂ ﬁftﬁlala

-~ ,*.a NIRRT el R
‘!} ot I“ v” s e X AN - . I)l., ol - “'IM/‘MM/MJ.MJ/IV Wq/\/A-f AA”MA@’&A/AA
-

A, i oy
Cerva w ts.l!-« - e o N oy e S SN w wrpwrrs l.t2‘.50;5’20‘52355202

T e, W A

b B e~ 1 L R AR B PV T et voy
: ¥ < SR NLICH .6.443, B Rt ettt et TR

rt'..t.cdtl ll.l'b-ittill ill.-;‘li

56




*penurjuo) --ZT 2an3Tjg

*pepniouo) (e)

57




*penurjuo) -°z1 2an3Tjg

(oL°0T = @) o% = 3™ (9)

sapo.329)a |je 03 peijdde abejjop

il

e g
- ; =

) S 2t ....q..-.wf \)Ml_ -

s B . iR, - gkl ¥

’ i . SR, N
T i

\
” .’Cl&\ .l 3‘ —‘Ait‘:
,. a & tSn %
e’ o AT w¥ +y - aﬁ; ;,
L TR ” o N - A~ X

JORSS= oy ol o Vtr.mv X

e A , Yy ; } - S

)§>\\2. ” , ,
‘.l-.: i! . J . a ,
AN R r&ﬁilﬁ%’ . , .43..4?51,,5 349z:z;ﬁ:nﬂ;«.h
ot R R e e \ R SN oAttt SR L i LRSS LB
s LR . T 3 zg N.:)ft’t’r /I’i.i;?‘“ﬁl““‘f ' " Al -
e }e itk <R oo Aot e b A n;AﬂurAvu1;2hﬁuﬂnmmmeﬁﬂﬁjz94za:&zasazxxﬁﬁ%=
» g e VRO AT v e e e S RN BRI e
L e Al . S Rt ~RAL LN 8 SR R SRR :/3%33’4»//5!’5!.14-.3.- ..;-o..-uwvwwwﬁwmﬂww-vuJ,wwﬂwww“.?2»

AN S Xy g




*panurjuo) -°zT 2an3Tjg

*papniouo) (9q)

59



*penurjuo) -°ZT 2an3Tjg

(o%°TT = ©) o8 = 3™ (9)

$s8po112a|a ||e 03 paijdde sbejjop

$oo A o

T e B

gt S35
- T SR e &».mu&.mmewgﬁ

B st UM - , , - A AT LTI L TR
A L v A : % \ . Rl 8 ¥ x G [T et
A Alasy ”...JA...A v K A, Aty S %ﬁhﬁnﬂ ] %M‘ﬂﬁﬁ %;ﬁf

y v . a v N N b e ALLAARA LA WL ST
B i it X . - LN -t SHAAR AT T

T Lk s . v - AR e .
A S TR A I L R as 4. Crah At 4 S SR oS et Aot . i T LA, LR R - R A LY
S S ) - . . el S
kPR & . . R S, AT A 0, AW AW Ui D SO e R R AT A G »
RTINS TR TR LRV G R TR e R gu?/,/l/,,/‘f)ﬂ’éo:o:. YIRS P YR  e b

60




*penuriuo) --z1 2an3ry

‘papniouo) (92)

61




7% S

.l\l‘:

ﬁvl "Q_ R.ﬂ‘lﬁr N
e A e v Y ?..;.i o s lx...ot.!f..’r:

1.. A l'q.!‘it

*panuriuo) --ZT 2and1yg

Aoﬂ.NH = dv oCT = 1™ AUV

P i\.l \.‘n TPQ.-

ot ..atnﬁﬂn.&wﬂﬂuu'da;%.

$8p01129)2 || 0} peljdde abejjop

»’IA’
sl 4”% if &.} X
SR RO

A
//’l.krlu P IR L O Q)

g

I,.;P)t LR

L T ) VB

R e o i .

R S I R -y

. AL 3:%:22
lll_xcx..iin;? ’f//f/u’/lf,//fﬁ .
s r/n:ﬂu’ - uﬂ.ﬁo—num‘.vﬁﬂ“unﬁﬂvﬁc n,. (e

LAY R GRS SR et D b

62




314
*penuriuo) -°ZT 2an

"papniouc) (p)

63




‘penurjuo) -'ZT 2an3dIjg

(,8°CT = P) 9T = 3" (9)

$9p01120}0 ||e 0} paijdde ebejjoA

S i \\%@
: Al:ﬂwm\ﬂufmaltltm,g%\u ‘Wﬁf. e
.fﬁm.nf,m. : et
Lw,wm.um.mnn« 00 R

cisnes WAL M‘..W&uﬂ\ltff'ﬂ

23%]

NPT AR e - :

NGO N Mok " -t A\ LR .
- RN . ORIty

. v o' PR 5 Sed il i N-d

A R R TV R PR oS M S L O T

RARPARTN NN v v e o e IR S S L TR o

B o o ) v TR T R e R e e

o .evtlll.tqu. B Credia R et ot > A A A T e R N Y

’ . T ¢ T ‘ v . AR & TTIN
A e Tf‘.ﬂ W‘HJW u.lf.m.,?/¢"‘.n.i.¢ -1#” R AN N X PR O A ey DO A\ f“ oWy
e . LS.

,rp:m/ﬁ;ﬁrnﬁf

R L I A ¥

5 o T L Gh DR ARt R TR T L LIS

PP = o\, van gt b 8 RN NV Ry Rt i1
o p y . . 3 nar. - . WAEARE VR VST AW :
y .. A i L WlB oy tmee ..? T RO R RN AR AT

[ s S b -

64



*panuriluo) -°7T 2andtjg

*papniouo) ()

65




*penurjuo) -°zT 2an3Tg

(o7°€T = ©) ,0Z = 21" (3)

$9p04310a|@ ||e 03 peijdde abeijop

-~ : » :.»r
P e ¥ ek o & P .
T Pt R Db AR A DD, mp
BN,
- A s -l R brr g - ~
=7 ach e R
l\\‘*‘ﬁ“

-,

o e AW ot S LS

o
AR

Loy
-~ PN ¢ ) g’ . o A o
e e A e A Al
I OF ahﬂ A S A - NN, v \ HﬁﬁrrFﬁc

ool MR o , At e
‘ i i A A S SRR . e R i e % et ede et
T A A . i e N TR R eyt ¢ et R
i . s T e NN /c[&l;t/l” -, A AR T /Ih/lfz, 1‘?}’;,yllﬁl.!rrrlfffridpr;lo-?’A-95_
: S ~ RN ARNE TR RN A W
" 23234,}‘3; PR s SO //;,JMJ“‘-’/{,. T T TR AT A ‘-5'.” o
BIPP S TN e ven RTINS v A v, e R fiﬂ sptean

o » &

s N e e BN R Yoy

66



*ponuriuo) -°g1 2an31g

*papniouo) (3)

67



R e

: - S e AR Ny - a
t&x“:;u?:’/j.lf/ttlclfhw’?l»

*ponurjuo) -°ZT 2an3t4g

(,T°HT = P) HZ = I (8)

DR ‘

SRR S UL AR VAN B VRN T N.“-n
.M.N‘M;'M‘ w“-l‘-.,o',".'o/lo-,:rr&

Wy

SN Ry

$3p01123|23 ||e 0} paijdde abejjop

S

Nypaws Wﬁ nﬁu&

R e A :
SR A &

B e R

+

Ll

e . IR
;(RII;I;).'/;‘ - B L e

T bl S S AR TN R

W - SNt SR Y
gﬁ%/}.f‘f P i e S S SRR Ll

AR ﬂ;//l/////)//ﬁ

68




*penurjuo) -°7T1 2an3Tjg

*pepniouo) (9)

69




*panurjuo) -°gT 2an3tg

(oL°%T = D) .87 = 3™ (U)

$8pos3o9ja ||e 03 peijdde abeijop

e

e 3 .MMP(  a f;l.run“w‘.» .w(.-.»i L

. o A

B T b o 4
e et ot £ ) A A b

.v .,1\1!.,- * N2V . £ ¥ % " N y . ¢ \ v - - . - )
N Mr%y o T ey : ‘ W e bt AL FEL A B X T
e R DT e e e o
> - Sty O « | i aun
R e Sy A R AR SR e e A
N . \ > A
‘I‘p.'la 2 Nt ...:’nzl,/:n,,oﬁ.r./hu“” :-:n-

" : e , . R S S AP
ey ngg o ) /l—l.,.l.”n... Y ‘..,.V.,MUJ/ o, €EREan €
Tl M skl BT X ARy U Sy - A L I [ENENTI-DAE - S SR L LN

70




*penurjuo) -z =2an31jg

*papniouo) (Y)

71



*panurjuo) -°Z1 2an81jg

(,€°GT = ©) ,2€ = 3™ (T)

$9p01123|a ||e 03 paijdde abejjop

A g .-

AL i T
Mook Bt QAT S0 Bt ol 1 S
e st — B S 3

LN S Axnavy B Tl
3 F o5

Wwe

P

N b o0y e SR LA wh : ARSI (N
4 “ g MR .)...‘0¢- ,'. c:. gy AR AR A s 4 t"!{..“lﬂft-f’lmlnl..lf/tﬂa/:.:, - n.’e T .yhﬂa.‘/

f.:-c..%r,...:t.._.. ———t L e

AL P R cd N S .

. ¢

SHAR N - ; -~ I wr ~
2 e B et e e N R e, TN rupe &6 Ry

e

72



*penurjuo) -°ZT 2an3ryg

*papniouo) (T)

73



sponurjuo) --gT 2an3T4g

(o6°ST = ©) ,9¢ = 3™ (D)

$apo0.3}29|a ||e 0} paijdde abejjoA

' \...a:\\w.m(,\uil‘ it
- TR R s

o el e 4l e S, -

e S S i,

- o R Pl R R Al O

T e e i s A e

. " v 3 f. vy B\ \
8 ¥ AN AT TLARAZL I R SR
AT e e T S e A A e 30 S

> 3 LIS Padad) e P R T
o i WQ wh}. Lo ) S
ey Sl .voh-\ ~ ﬂﬂf &.ﬂﬂ%ﬂﬂﬂﬁ%lﬁ »4,/1;3/44 ,.t,ﬁmi, "
BT Wi E P AT S B A ool g uf«ﬁ/ﬂudwﬁﬂqnﬂz RNy ARSI AW NS .
- - e A et A \ & M B - .4 ~ - v /
£ Sy ..,‘,Wr 14 3 i — f/u.,wt.mouwh; Mﬂ.n.w.r/foz RN ¢ LRt AR DL} ....nu.u..u.um-:i

X - eyl DN
PRl T - A Sy e AR AW L

74




"Pepniouo) -*771 mu:wﬂh

*papniouo) A_.,v

75




-~ 19
M2 Vortex moves away
% from surface
104 -
96 |~
20
88~
= Separated
80l flow
72
64 —19
wt, 7
deg Unified Fi
56 [~ vortical motion IEst
% clearly evident HHajor — 18
vortex
48 F Numerous
small
% vortices 17
40~ Intermittent
o downstream closure 4116
2p Second flow
reversal
24 F
16
Flow protuberance '
Flow turns F"St_ minor , 12
8 downstream vortices
Shear layer —11
First flow reversal instability Electrode location
0

*L'%'JL ,310

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Figure 13.- Chronology of events during stall onset.
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