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Spanwise Variation in the Unsteady Stalling Flowfields
of Two-Dimensional Airfoil Models

Andy P. Broeren* and Michael B. Bragg®
University of lllinois at Urbana—Champaign, Urbana, Illinois 61801

Recent investigations of two-dimensional airfoil stalling characteristics have revealed low-frequency and highly
unsteady flow in some cases and large-scale three-dimensional structures in other cases. The latter were referred to
as “stall cells” and can form on two-dimensional configurations where the ends of the airfoil model are flush with
tunnel side walls or end plates. This paper presents results of detailed investigations of the stalling characteristics of
several airfoils that exhibited both low-frequency unsteadiness and large-scale three-dimensional structures. The
airfoils were wind-tunnel tested in a two-dimensional configuration. The primary measurements were spanwise
wake velocity and mini-tuft flow visualization. The results showed that airfoils with trailing-edge separations at and
above maximum lift (static stall) exhibited stall-cell patterns. Conversely, airfoils that had leading-edge separation
bubbles that grew in size as the angle of attack was increased into stall developed the low-frequency, highly unsteady
flow. This unsteadiness was found to be essentially two dimensional. Therefore, the development of either of these
phenomenaappearsto be determined by the characteristics of the boundary-layerseparation leading up to the stall.

Nomenclature
b = model span
C, = mean lift coefficient, L /q.,cb
Cimax = maximum lift, coincident with oy
C|.n = 1msof the fluctuating lift coefficient
c = airfoil chord
E = mean hot-film wake-velocity voltage
E. ., = rmsof the fluctuating hot-film wake-velocity voltage
f = flow oscillation frequency
L = mean airfoil lift
1/ = freestream dynamic pressure
Re = Reynolds number based on chord, pU.,c/u
Sr = Strouhal number, f¢ sin o/ Uy
Uy = freestream velocity
x = distance in streamwise direction
y = distance in spanwise direction
o = angle of attack
aqa = stalling angle of attack, coincident with C; .,
I = absolute air viscosity
0 = air density
¢ = phase angle

Introduction

HE stalling of airfoils is a complex fluid dynamic phenomenon

involving strong viscous-inviscid interaction, boundary-layer
separation, and unsteady flow. There are various reports of un-
steadiness associated with airfoil stall in the technical literature.
One study in particular describes a low-frequency, large-scale un-
steady flow. Zaman etal.! performeda detailedinvestigationinto this
naturally occurring, quasi-periodic phenomenon. The flow oscilla-
tion frequencies measured in the airfoil wake were nondimension-
alized using the freestream velocity and the airfoil projected height
(c sin ). The resulting Strouhal numbers were on the order of 0.02,
approximately 10 times lower than those associated with bluff-body
shedding or a von Kdrmdn vortex street. This low-frequency oscil-
lation occurred in the range of static stall, or maximum lift, from
o~ 14.5 to 16.5 deg and involved a quasi-periodic switching of the
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flow betweenstalled and unstalled conditions. Thisresultedin large-
amplitude force fluctuations, up to 50% of the mean lift coefficient
at 15-deg angle of attack. Curiously, this low-frequency oscillation
completely diminished as the angle of attack was increased, with
bluff-body shedding frequencies (i.e., Sr =~ 0.2) being measured at
o =18 deg.

Research into this low-frequency oscillation on the LRN-1007
airfoil was subsequently performed by others,”~” and the features
of the unsteady phenomenon are well known. The study of Zaman
et al.! was conducted for Reynolds numbers less than 1 x 10°, and
Bragg et al.> extended this range up to 12.5 x 10° and measured the
oscillation frequency at 12 angles of attack from 14.4 to 16.6 deg.
The Strouhal number varied from 0.017 to 0.30 and had very little
dependence on Reynolds number but had a very strong dependence
on angle of attack. In the same paper Bragg et al.> also provided
surface oil-flow visualization results obtained for the LRN-1007
airfoil prior to the onset of the unsteady flow. There was a leading-
edge separation bubble that grew in size on the upper surface as the
angle of attack was increased. The data also showed that there was
significant boundary-layer separation from a point downstream of
the separation bubble reattachment. The photographs of this flow
visualization revealed that these features were uniform across the
spanofthe airfoilmodel.* However, the oil-flow visualizationresults
were essentially time-averaged. The separationbubble was found to
play akey role in the oscillation, as its elimination (with a boundary-
layer trip) caused the low-frequency oscillation to vanish.*3

Therole of the separationbubble and turbulentboundary-layer(or
trailing-edge) separation was investigatedin more detail by Broeren
and Bragg.” They performed LDV (laser Doppler velocimeter) mea-
surements on the LRN-1007 airfoil upper surface for o =15 deg
and Re =3 x 10°. The authors were able to conditionally average
the time-dependent velocity data using the wake velocity as the
synchronization source because the naturally occurring flow oscil-
lation was nearly periodic for this case. The result was a quanti-
tative description of the upper surface flowfield over an averaged
oscillation cycle. The data showed the development and growth
of a leading-edge separation bubble that merged with the turbulent
boundary-layerseparationcausing a completely separated or stalled
condition. Although this study revealed key information about the
low-frequency oscillation, the LDV measurements were only per-
formed for a single two-dimensional plane at the model midspan.
Therefore, no informationaboutthe spanwise, or three-dimensional,
character was obtained. This may be an important factor as other
studies have documented large-scale three-dimensional features in
the flowfields of stalled airfoils.

There has been a significant amount of research focused
on three-dimensional structures known as stall cells. These
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mushroom-shapedpatterns form from strong recirculating flows on
stalled airfoil models and wings. Winkelmann and Barlow® noted
thatthe stall cells formed on both two-dimensionalmodels where the
ends of the model are flush with tunnel side walls or splitter plates
and on plane rectangular wings of finite aspectratio. The stall cells
began to form as the angle of attack was increased into maximum
lift and existed on the surface several degrees above the stalling
angle of attack. The authors sketched a tentative flowfield model
showing the general features of a leading-edge separation bubble
and trailing-edge separation. These features are qualitatively sim-
ilar to that just described for the LRN-1007 airfoil operating near
stall. The authors pointed out that this flowfield was probably un-
steady in nature, but their oil-flow visualization method produced
only time-averaged results. Winkelmann® measured the fluctuating
velocity spectra in the wake of a rectangular wing model, and his
results did not show any evidence of low-frequency components.

The unsteady features of stall cells were later addressed by Yon
and Katz,'” who used fine-thread tuft-flow visualization and high-
frequency response pressure transducers for measurements on a
NACA 0015 airfoil model of variable aspect ratio. The variable
aspect ratio model was equipped with end plates that effectively
eliminated the tip flow resulting in essentially a two-dimensional
configuration. The authors discovered that certain aspect ratios re-
sulted in noninteger numbers of stall cells that were characteristi-
cally unsteady. The power spectra of their unsteady pressure mea-
surements showed evidence of low frequencies on the same order
as those measured for the LRN-1007 airfoil. However, the inten-
sity of this unsteadiness was apparently not as severe. In this case
maximum lift (or stall) occurred at approximately 16 deg, with the
stall-cell patterns being visible in the range of 17- to 19-deg angle
of attack.

The objective of the present paper is to show that there is a fun-
damental difference in the stalling character of airfoils exhibiting
three-dimensional flowfield variations vs airfoils exhibiting low-
frequency unsteady flow. That is, it will be shown that the low-
frequency oscillation as described for the LRN-1007 airfoil is es-
sentially two-dimensional. The role of the stall-cell structures in
steady-stall cases is also addressed. The unsteady flow described
for the LRN-1007 airfoil is not an anomaly and is shown to oc-
cur for other airfoils. Several experimental methods were employed
to accomplish these objectives. Spanwise velocity measurements
were carried out using a traversable probe in the airfoil wake. These
quantitative measurements were supplemented with mini-tuft sur-
face flow visualizationdata. A novel method of conditionally aver-
aging the mini-tuft data was developed to facilitate analysis of the
unsteady stall cases.

Experimental Methods

All experiments were carried out at the University of Illinois
Subsonic Aerodynamics Laboratory using the low-speed, low-
turbulence wind tunnel. The general experimental arrangement is
shown in Fig. 1. The 12-in. (30.48-cm) chord wind-tunnel models
spannedthe test sectionvertically,a distance of 33.63 in. (85.42 cm).
The width of the test section was 48 in. (122 cm) so that this model
orientation minimized the blockage and facilitated flow visualiza-
tion because photographs were taken from the side. All data were
acquiredat a Reynoldsnumberof3 x 10° becausethis corresponded
to previous measurements® A traversable hot-film probe was used
tomeasure the wake velocityat 15 spanwise stations: one at midspan
and seven stations above and below midspan. The probe location in
the wake also correspondedto the locationused for the conditionally
averaged LDV measurements >’ The use of the terms “above” and
“below” are convenient to use given the vertical orientation of the
model but should not be taken literally because this model orienta-
tion is arbitrary. Several pieces of information were gleaned from
the wake-velocity data. The power spectra were obtained using a
dynamic signal analyzer, and the Strouhal numbers were computed.
The mean and rms of the fluctuating velocity voltage were also
computed.

A rigorous uncertainty analysis was carried out using the meth-
ods of Kline and McClintock'' and Coleman and Steele'? for 20:1
odds. The wake hot-film probe was not calibrated to output velocity,
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Fig.1 Schematic drawing showing the experimental arrangement for
the wake-velocity measurements.

and so only the voltages are reported here. These voltages were ac-
quired using a 16-bit analog-to-digitalconversion board that had a
rated accuracy of +0.76 V. Because the wake voltages were on the
order of unity, the relative uncertainty was nearly 0%. The quantiza-
tion error was 0.153 mV; however, the mean and rms voltage were
sufficiently resolved through the acquisition of 30,000 samples.
The Strouhal number was computed from the frequency spectrum,
the angle of attack, the airfoil chord, and the freestream velocity.
The absolute uncertainty in angle of attack was £0.05 deg. This and
the uncertaintiesin the other quantities ( f, U, ) led to a relative un-
certainty in the Strouhal number of £2.5%. More details regarding
the uncertainty analysis can be found in Broeren.!?

In addition to the wake-velocity measurements, flow visualiza-
tion was performed using fluorescent mini-tufts.'* The mini-tufts
consisted of 0.002-in.(0.05-m)-diam monofilament nylon that were
dyed fluorescent. This caused the tufts to fluoresce under UV il-
lumination. The small size of the tufts limited their effect on the
boundary-layerflow and provided excellent frequency response for
the unsteady cases. The tufts were able to capture the key features
of the unsteady flowfields over stalled airfoils. Although detailed
boundary-layerinformation was not obtainable, general patterns of
separation and reattachment were recognizable. The tufts were ap-
plied to the entire model surface so that spanwise variationsin these
features could also be ascertained. The mini-tuft flow visualization
data were processed in a rather unique way to yield information
about the spanwise variation of the flowfield near the surface of the
airfoil. The hot-film sensor, positioned at midspan, was used as a
synchronizationsignal for the acquisition of mini-tuft photography.
That is, a computer algorithm sampled the wake-velocity voltage
signal and triggered the shutter of a camera at designated points
during each oscillation of the flow. This was not only possible, but
quite effective, because the unsteadiness was very nearly periodic.
The photographs were ordered and sorted into time slots (or bins)
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THICKNESS _ CAMBER
Uttra-Sport 18.6% 0.00%
NACA 2414 14.0% 2.00%
NACA 64A010 10.0% 0.00%
T~
LRN-1007 7.3% 5.90%
C>
E374 10.9% 2.24%

Fig.2 Airfoils tested.

based on their phase-locked relationship. The phase angle ¢ was
used to represent the time designation within each cycle. (Note that
the phase angle is perhaps best defined by the description of Fig. 14
in the Discussion section.) Each time slot (or bin) was approxi-
mately 15 to 20 deg of the 360-deg cycle. The actual width of each
slot depended upon the grouping of the photographs.

There were 15 chordwise rows of mini-tufts on the model, placed
at spanwise locations coincident with the wake-velocity measure-
ments just described. Each row in each photograph was analyzedto
determine the approximate locations of flowfield features such as
separation bubble reattachment or boundary-layer separation. The
estimateduncertaintyin determiningboundary-layerseparationfea-
tures in the mini-tuft patterns was +10% chord, or less, and £5%
chord for bubble reattachment locations. The chordwise locations
of these features were tabulated and then averaged with the data
from the other photographs in each of their respective time slots.
This method producedinformation about the unsteady flowfield av-
eraged over an oscillation cycle.

A total of five airfoils were tested in this study and are shown
in Fig. 2 along with their correspondingthickness and camber. The
airfoils encompassed a broad range of stall behavior and were se-
lected to illustrate the differences in the stalling behavior. More
details regarding the experimental methods, datareduction, and un-
certainty can be found in Broeren."

Results
Review of Time-Dependent Lift Data

Time-dependentlift data were acquired for several airfoils having
differentstalling characteristics,and these results are presented and
discussed by Broeren and Bragg.'>!'® Five of these airfoils were se-
lected for more detailed study and are consideredhere. The mean lift
coefficient C; and rms of the fluctuatinglift C; -~ dataare presented
in Fig. 3. Of particularinterest here is the stalling behavior of these
airfoils. The heavy vertical lines near stall in each plot indicate the
range for which the salient flowfield features were observed. For the
Ultra-Sportand NACA 2414 airfoils, stall-cell structures, similar to
those just described, were observed over the indicated range. For
the NACA 64A010, E374, and LRN-1007 airfoils, stall cells were
not observed; instead low-frequency unsteady flow characterized
the stall. The remainder of this paper presents the major differences
in these flowfields and intends to show that they exist exclusively,
that is, they do not appear to coexist.

Before presenting these arguments in detail, some discussion of
the airfoil data in Fig. 3 is warranted. These five airfoils represent
four differentstall types. Time-averaged stalling characteristicscan
be dividedinto three fundamental types based upon the flowfield de-
velopmentleading up to the stall. It is common for airfoils to exhibit
a combinationof these features, thus resultingin more than the three
basic types. McCullough and Gault'” performed systematic testing
and formulated the present definitions and understanding of airfoil
stall type. The Ultra-Sportairfoil (Fig. 3a) had a classic trailing-edge
stall type. That is, the boundary-layerseparationlocation gradually

movedforward on the airfoil as the angle of attack was increasedinto
stall. The NACA 2414 airfoil had characteristicsof the leading-edge
stall type. In this case the stall occurred as a result of abrupt flow
separationfrom the leading edge, without subsequentreattachment.
The result was a discontinuous loss of lift as illustrated in Fig. 3b.
For this stall type a small laminar separation bubble formed near
the leading edge, and the “abrupt” flow separation likely resulted
from the “bursting” of this bubble. This airfoil also exhibited aero-
dynamic hysteresis as the mean lift was not fully recovered until
the angle of attack was decreased below stall. This lift hysteresis is
fairly well known (e.g., see Ref. 18), and the present data reveal a
similar trend in the fluctuating lift C; . The third basic stall type is
thin-airfoil stall. This stall type is characterized by boundary-layer
separation from the leading edge with reattachment (a separation
bubble) at a point that moves progressively aft on the airfoil upper
surfaceas the angle of attackis increasedinto stall. The effect of this
large bubbleis shownin Fig. 3c forthe NACA 64A010 airfoil. There
was a distinctreductionin the lift curve slope near o = 4 deg associ-
ated with the growth of the leading-edge bubble. The gradual stall,
at fairly low lift coefficients, is also a hallmark of the thin-airfoil
stall type. The remaining two airfoils, the LRN-1007 and the E374,
represent a combination of both the thin-airfoil and trailing-edge
stall types. That is, both airfoil flowfields exhibited a leading-edge
separationbubblethatincreasedin size with angle of attack (charac-
teristic of thin-airfoil stall) and trailing-edge separation that moved
forward with increasing angle of attack (characteristic of trailing-
edge stall). The relative magnitudes of flow unsteadiness is also
revealed in the rms lift variation. The C; , levels at maximum lift
for the Ultra-Sport and NACA 2414 (increasing o) are very low and
increase as the angle of attack increases. In contrast, the C; - for
the other airfoils reaches a peak nearly coincident with maximum
mean lift, then decreases as the angle of attack increases. Although
low-frequency unsteady flow was observed for both the thin-airfoil
and combination thin-airfoil and trailing-edge stall types, it was
much more pronouncedand periodic for the latter combinationstall

type.

Spanwise Flowfield Data

As just described, the Ultra-Sport airfoil exhibited characteristics
of trailing-edge stall, where the turbulent boundary-layer separa-
tion point moved forward on the airfoil as the angle of attack was
increased into stall. The extent of boundary-layer separation is il-
lustrated in Fig. 4 at o =10 deg, the stalling angle of attack. The
orientation of the tufts in the photograph revealed that there was
more boundary-layer separation above the midspan location as in-
dicated by the tufts that failed to align themselvesin the streamwise
direction. In contrast, there were several rows below midspan that
indicated separation locations much closer to the trailing edge. The
last few tuft rows, near the bottom of the model, showed increased
separation. The flow directionis opposite of the standard convention
as aresultof the orientation of the wind-tunnelfacility. Photographs
taken atw = 13 and 16 deg revealed that the extent of separated flow
progressed toward the leading edge. Any flow unsteadiness in this
angle-of-attackregion was weak and broadband.

A quantitativeanalysis of the information from the mini-tuft visu-
alizationswas performed by determiningthe boundary-layersepara-
tion location for each of the 15 tuft rows. This could be estimated to
withinx /c = £0.10 or better because the tufts were appliedin incre-
ments of 10% chord. The resultof this processis alsoshownin Fig.4.
The vertical axis of the plot represents the model span; with the
midspan locationat y /b = 0.0, the top of the model is at y /b =0.5,
and the bottom of the model is at y /b= —0.5 so that the vertical
coordinate of each data point represents the spanwise location of
the tuft rows. The horizontal axis is the chordwise location of the
boundary-layerfeature of interest, which is the boundary-layersep-
aration locationin this case. The x axis is reversed from that shown
in the photographas the leadingedge at x /c = 0.0 is now in its usual
position on the left. This means that the flow direction implied on
the plot is from left to right, opposite that shown in the photograph.
The vertical or spanwise directionremains the same. The decisionto
reverse the x axis was not a deliberate attempt to confuse the reader,
but to standardize the plots. The aspect ratio of the plot is identical
to the wind-tunnel models, where b/c =33.63/12.00 =2.8.
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Fig.3 Mean and fluctuating lift coefficient variation with angle of attack for airfoils with different stall types, after Broeren and Bragg.
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Fig. 4 Photograph at left shows mini-tuft flow visualization patterns
on the Ultra-Sport airfoil at oo =10 deg. The plot (at right) shows the
corresponding boundary-layer separation locations determined from
the flow visualization.

The boundary-layer separation locations shown in the plot pre-
served the spanwise variation observedin the corresponding photo-
graph. The separationlocations were close to x /c =0.45 on the up-
per half of the model for 0.10 < y/b < 0.30. This is contrasted with
the lower half of the model on the interval —0.18 < y/b < —0.30,
where the separation location was at or downstream of x /¢ = 0.80.

The wake-velocity measurements provided more quantitativere-
sults to confirm the spanwise flowfield variations observed in the
mini-tuft data. The mean and rms wake-velocity voltages for the
Ultra-Sport airfoil are plotted in Fig. 5 for « =10, 13, and 16 deg.
Considering the data for « =10 deg, the mean velocity showed a
defect centered at approximately y /b = 0.20, which coincided with
the region of largest boundary-layer separation (cf. Fig. 4). Con-
versely, the mean wake velocity was larger and more uniform for
the region of least boundary-layer separation in the general range
of —0.10 < y/b < —0.30. These results were complementary be-
cause increased boundary-layer separation would lead to a larger
wake and hence a larger velocity defect. The rms velocities were
also consistent, as there was a minimum at the spanwise location
corresponding to the region of the least boundary-layerseparation.
The mean velocity data for o« =13 and 16 deg indicated increased
spanwise variation in the flowfield. The large velocity defects for
these two cases suggested that the wake became larger as the angle
of attack was increased, consistent with boundary-layerseparation
moving forward on the airfoil. These large spanwise variations in-
dicated that stall-cell structures likely existed on the surface. This
is revisited again in the Discussion.

The leading-edge stall-type airfoils were represented by the
NACA 2414 as this airfoil clearly exhibited the chief characteristics
of this stall type. The mini-tuft flow visualizationdata, summarized
in Fig. 6, were similar to the Ultra-Sport data. There was a larger
extent of separated flow above midspan than below, for @ =15 and
16 deg. For o = 17 deg the boundarylayer was completely separated
from near the leading edge, and this involved a rapid transition from
an unstalled condition. Recall that the key characteristicof this stall
type was the leading-edgeseparationbubble that was thoughtto have
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Fig. 5 Spanwise variation in the mean and fluctuating wake-velocity
voltage for the Ultra-Sport airfoil.
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Fig. 6 Spanwise variation in the boundary-layer separation location
determined from the mini-tuft flow visualization for the NACA 2414
airfoil.
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“burst,” thus leading to the discontinuous loss of lift (cf. Fig. 3b).
The separation bubble was observed in previous surface oil-flow
visualizations' but could not be observed in the mini-tufts because
the reattachment location was upstream of the first row of tufts
at x/c =0.10. This abrupt stall was observed while recording the
presentdata. The freestream velocity was set to achieve a Reynolds
number of 3 x 10°, and the angle of attack was slowly increased
from O to 17 deg. The flow on the upper surface remained unstalled
at o =17 deg for approximately 30 s, then became instantly sep-
arated and fully stalled. The lift curve for the NACA 2414 airfoil
exhibits aerodynamic hysteresis about C; .4, and it is important to
distinguish between increasing angles of attack and decreasing an-
gles of attack. For the purposes of this paper, any angle of attack
mentioned in connection with the NACA 2414 airfoil should be
taken as one increased from a lesser value, unless stated otherwise.

The wake-velocity data showed spanwise variations correspond-
ing to those shown in the mini-tuftdata. Although the data presented
forthe NACA 2414 and Ultra-Sportairfoils are complementary, they
deeply contrast the following results for the remaining airfoils.

The thin-airfoil stall-type category is represented by the NACA
64A010 airfoil. The data presentedin this case are slightly different
from the data already presented in that the mini-tuft and spanwise
velocity results are not shown foranalogousangles of attack because
thisairfoil exhibitedlow-frequencyunsteady flow fluctuationsin the
range of 8.7 <o < 10.2 deg, with maximum lift occurring at about
10.1deg. The mini-tuftimages were difficultto interpretin thisrange
owing to the unsteady flow; therefore, these data are for angles of
attack leading up the onset of the unsteadiness. On the other hand,
the wake-velocity data were acquired for angles of attack beginning
at C; max and continuing up to the onset of bluff-body shedding.

The key flowfield feature precedingthe stall of the NACA 64A010
was the leading-edge separation bubble that grew in size on the air-
foil upper surface with increasing angle of attack. The separation
bubble reattachment locations determined from the mini-tuft data
are shown in Fig. 7. The datareveal how rapidly the separationbub-
ble grew in size from a reattachment at x /c = 0.15 for « = 7.4 deg
to reattachmentat x /c ~ 0.50 for o = 8.4 deg. There was significant
variationin the reattachmentlocation across the span at = 8.4 deg.
Unsteady flow in the reattachmentregion impeded interpretation of
the tuft orientations. The poor chordwise resolution of the tufts also
added to this difficulty. In spite of this, the reattachment locations,
when averaged across the span, compared very well to previous
surface-oil flow visualization results.!* Finally, the mini-tuft data
confirmed previous surface-oil flow results that showed very lit-
tle turbulent boundary-layer separation downstream of the bubble
reattachment.

Spanwise wake-velocity data were collected for angles of attack
beginning near C; .« at @ =10 deg and continued into the onset
of bluff-body shedding at & =15 deg. The mean and rms velocity
voltages for these cases are shown in Fig. 8. Unlike some of the
preceding results, these data exhibited more spanwise uniformity.
The mean velocities for « =12 and 13 deg showed some retarded
flow above the midspan (that was not presentlater), but the variation
was much less than that already observed for the Ultra-Sport and
NACA 2414 airfoils. The bluff-body shedding case at o« = 15 deg,
was very uniform in both the mean and rms velocity, consistent
with previous data.!* The mini-tuft images for & = 10-13 deg (not
shown here) indicated separated flow from the leading edge, which
was expected since the airfoil was stalled at these angles of attack.

A key objective of this study was to determine whether the low-
frequency flow oscillation occurring on the LRN-1007 airfoil was
essentially a two-dimensional phenomenon, or whether there was
large spanwise variation in the unsteady flowfield. Spanwise wake-
velocity data indicated good uniformity in terms of integratedquan-
tities. For example, Fig. 9 shows the variation in the Strouhal num-
ber and power spectra amplitude across the wake for three angles
of attack in the low-frequency oscillationrange. The Strouhal num-
ber was based upon the frequency at the midpoint of the —3 dB
bandwidth of the fundamental spectral peak, and the peak ampli-
tude corresponds to the —3 dB level. The Strouhal number was
essentially constant across the span, indicating that the fundamen-
tal frequency of the oscillation did not vary in this direction. The
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Fig. 7 Spanwise variation in the leading-edge bubble reattachment
location determined from the mini-tuft flow visualization for the NACA
64A010 airfoil.
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voltage for the NACA 64A010 airfoil.
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Fig.10 Spanwise variation in the mean and fluctuating wake-velocity
voltage for the LRN-1007 airfoil.

increasing Strouhal number with angle-of-attack trend was identi-
fied in earlier studies (e.g., Ref. 5) and are in agreement with the
presentdata. The peak amplitude decreased significantly toward the
ends of the model. The unsteady flow at each end of the model was
likely attenuated by the presence of the tunnel walls. However, the
reduction in amplitude across the span was essentially symmetric
from midspan.

Similar trends were observed in the wake-velocity voltage and its
rms value (see Fig. 10). The mean velocity voltage near the ends of
the model was slightly higher than values near the model midspan,
likely indicating that the wake was slightly larger at this location
(midspan). As expected, the rms values behaved analogously to the
peak amplitude variation from Fig. 9. Because the rms voltage was
related to the integrated power spectrum amplitude, the similar vari-
ation indicated the large contribution of the low-frequency oscilla-
tion to the total rms. These trends in the wake-velocity data contrast
with the spanwise variation observed for the previous Ultra-Sport
and NACA 2414 airfoils.

The conditionally averaged mini-tuft flow visualization results
were consistent with the wake-velocity measurements. Figure 11
shows the boundary-layer separation location at various times (or
phaseangles, ¢) in the conditionallyaveraged oscillationcycle. The
data shown are for @ = 15 deg because it had the largest amplitude
(cf. Fig. 9) and confirmed that the low-frequency oscillation was
most intense near this angle of attack. For each point in the cy-
cle, the boundary-layerseparation location was essentially uniform
across the span. Furthermore, the separation location moved down-
stream from an average location at x /c ~ 0.35 for ¢ =40.8 deg to
x/c~0.80 for ¢ =229.2 deg. During the cycle, a separationbubble
formed on the upper surface, and the reattachmentlocation was vis-
ible in the mini-tuft patterns. These data are summarized in Fig. 12.
The earliest time in the averaged cycle when a definite reattach-
ment pattern became visible was ¢ = 149.0 deg, with the location at
x/c~0.05. It was assumed that the bubble separation location was
very near the leading edge, which was fairly sharp for the LRN-1007
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Fig. 11 Spanwise variation in the boundary-layer separation location
determined from the conditionally averaged mini-tuft flow visualization
for the LRN-1007 airfoil.
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Fig. 12 Spanwise variation in the leading-edge bubble reattachment
location determined from the conditionally averaged mini-tuft flow vi-
sualization for the LRN-1007 airfoil.

airfoil. The data in Fig. 12 show that the bubble reattachment lo-
cation progressed downstream with time during the cycle, reaching
x/c~0.35 for ¢ =229.2 deg. This case also correspondsto the far-
thestdownstreamlocation of the boundary-layerseparationlocation
in Fig. 11. This complex time-dependent flowfield behavioris con-
sidered in more detailin the Discussion.For now, the key conclusion
is that the unsteady flow was two-dimensionalin the conditionally
averaged mean of the fundamental oscillation.

Discussion

Three-Dimensional Structures

The spanwise variation observed for the stalled flowfields on the
Ultra-Sportand NACA 2414 airfoils bore strong similarities to stall-
cell structures. The work of Winkelmann and Barlow® showed that
multiple stall cells can occur on three-dimensionalmodels and that
the number of stall cells is proportional to the model aspect ratio.
In a later study, Yon and Katz'? used fine-thread-tuft flow visual-
ization on models of variable aspect ratio to further investigate this
relationship as well as the unsteady characteristics on the stall-cell
patterns. Their model configuration was different in that the ends
of the model were fitted with end plates that effectively eliminated
the tip flow resulting in more of a two-dimensional configuration.
Again, the number of stall cells increased with aspect ratio. How-
ever, this trend was offset from the Winkelmann and Barlow® data.
Yon and Katz!'? attributed the offset to the difference in model end
conditions. The latter data are also noteworthy because they showed
non-integernumbers of stall cells. Foran aspectratio of 3.0, the num-
ber of stall cells was about 1.4. This aspectratio was very similar to
the value of 2.8 for the airfoil models used in the present study.

There were a number of other similarities between the present
experiments and those of Yon and Katz.!? First, for the latter case,
the airfoil was a NACA 0015 section and the Reynolds number
was 6.2 x 10°. The stall-cell patterns were observed over an an-
gle of attack range from 17 to 19 deg, with oy, = 16 deg. The
authors noted that boundary-layer (trailing-edge) separation was
evident approaching o, prior to the formation of the stall cells.

NACA 2414
o =16 deg

Ultra-Sport
a=11deg

————— Approximate boundary-
layer separation location

Fig. 13 Mini-tuft flow visualization photographs showing a compari-
son of boundary-layer separation patterns; flow direction is from right
to left.

The symmetric NACA 0015 airfoil is a 15% thick section and at a
Reynolds number of 6.2 x 10° it probably exhibited similar char-
acteristics similar to the 14% thick (cambered) NACA 2414 airfoil
and the 18% thick Ultra-Sport airfoil, tested at a Reynolds num-
ber of 3 x 10°. This means that the stall type was probably some
combination of trailing-edge and leading-edge stall. The lift data
presented in their paper generally confirm this assertion. Another
common feature was that all of these airfoils exhibited turbulent
boundary-layer (or trailing-edge) separation as the angle of attack
was increased to maximum lift.

Based on these comparisons, it is not surprising that the flowfields
containedsimilar characteristics.This is illustratedin Fig. 13, which
shows mini-tuft photographs of the Ultra-Sport airfoil at « =11
deg and the NACA 2414 airfoil at « =16 deg. These data were
for angles of attack that were about one degree higher than oy .
The separation lines sketched on the photos compared favorably
with the sketches shown in Yon'® for the NACA 0015 airfoil at
a=17deg (e.g.,Fig. 2.10 ). All of the frames showed this noninte-
ger number (approximately 1.4-1.5) of stall-cell patterns. The only
substantial difference between the present airfoils and the NACA
0015 is that the boundary-layer separation in the middle of the
main stall cell did not extend to the leading edge for the present
airfoils.

Yon!® and Yon and Katz!° found the noninteger number of stall
cells to be “inherently dynamic.” That is, the whole stall cell and
partial stall cell would intermittently switch places. However, no
such behavior was observedin the presenttests. The steady stall-cell
patterns observed in the present data were confirmed in the wake-
velocity data. As noted earlier, the mean velocity was a minimum
at the same spanwise location where the boundary-layerseparation
was a maximum. This was caused by the local enlargement of the
wake caused by the stall cell. The combined results of the present
data, Yon and Katz, Winkelmann and Barlow, etc., suggest that
the stall-cell phenomenon may be related to stall type. A common
trend through all of these studies is that they all involved airfoils
with trailing-edge or leading-edge stall types or some combination
of the two. The present data indicate that the stall behavior for the
thin-airfoiland combinationthin-airfoiltrailing-edgestall types was
fundamentally different.

Yon and Katz!° performed time-dependent pressure measure-
ments on the airfoil upper surface using a chordwise row of five
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high-frequency response pressure transducers. In some cases they
recorded frequency components in the fluctuating pressure spectra
that converted to Strouhal numbers on the order of 0.040-0.060.
These frequencies were only observed when the stall cells were
present—for angles of attack greater than o, Because of the low
values of the Strouhal number, the authors compared their measure-
ments to the low-frequency oscillation of Zaman et al.! However, it
is clear that these are two different phenomena. The low frequencies
measured by Yon and Katz!® were very low in amplitude, not readily
observable in the tuft movement and occurred for angles of attack
above maximum lift. In contrast, the low-frequency unsteadinessin
the present data was very large in amplitude, clearly observablein
the mini-tufts and occurred for angles of attack leading up to and
includingmaximum lift, but generally not above maximum lift. Fur-
ther, the phase-averagedmini-tuft data and spanwise wake-velocity
data showed that the low-frequency flowfield oscillation was pri-
marily two-dimensional in character, markedly different from the
stall-cell phenomenon.

Yon and Katz'® did not suggest that the unsteadiness observed in
their stall-cell patterns was identical to the low-frequency oscilla-
tiondocumented by Zaman et al.! and the presentdata. Instead, they
speculated that this frequency was associated with large-amplitude
motions of the separated shear layer, noted for other cases as shear-
layer flapping (e.g., see Driver et al.2). It is quite possible that their
speculation was indeed correct. Balow* suggested that shear-layer
flapping was related to the origin of the low-frequencyoscillationon
the LRN-1007 airfoil. Bragg et al.> further speculated that the low-
frequency oscillation was symptomatic of a resonance, completed
with a “feedback loop” that caused the low-frequency flapping to
“lock on” at the low frequency, thus resulting in the quasi-periodic,
large-amplitude, stalling, and unstalling behavior. Given these ob-
servations, it is possible that the low-frequency measurements of
Yon and Katz'® were related to a shear-layer flapping instability, but
the stall cell dominated the flowfield and provided no feedback loop
to complete or to lock on this low-frequency fluctuation. Thus, no
large-amplitude fluctuations were observed.

The combined results of these investigationssuggest that airfoils
with trailing-edgeseparationsat and above maximum lift contained
these stall-cell patterns, which did not result in the low-frequency
oscillation. The present data indicate that these airfoils were of the
trailing-edge, leading-edge, and their combination stall-type cate-
gories. The airfoils thathad leading-edge separationbubbles, which
grew in size on the upper surface as the angle of attack was in-
creased into stall, exhibited more two-dimensional flowfield char-
acteristics and low-frequency oscillations. In the combination thin-
airfoilArailing-edge stall case the low-frequency oscillations were
very well defined.

More on the Low-Frequency Oscillation

The low-frequency oscillation that occurs during the static stall
of the LRN-1007 has been partially illustrated in Figs. 11 and 12. A
more complete description of this complex flowfield is provided in
Refs. 6 and 7. However, a brief synopsis of these findingsis offered
here so thatthe significance of Figs. 11 and 12 can be fully exploited.
The LDV measurements from Refs. 6 and 7 provided a quantitative
distribution of the streamwise velocity on the LRN-1007 airfoil
upper surface conditionally averaged over one oscillation cycle. A
time-dependent surface flowfield map is depicted in Fig. 14. The
mapping shows the boundary-layer state over the duration of the
conditionally averaged cycle. The phase angle ¢ is used to repre-
sent the time during the cycle and is identical to the ¢ given in
Figs. 11 and 12. The chordwise separation and reattachment loca-
tions were obtained from the velocity profiles by extrapolatingthem
to the airfoil surface. Because the flow oscillation is essentially pe-
riodic, the starting point was arbitrary and chosento be ¢ =15 deg.
At this point in time, the upper-surface boundary layer separates
at x/c =0.10. As time increases through the cycle, the boundary-
layer separation point progresses toward the trailing edge to about
x/c=0.80 at ¢ =165 deg. At ¢ =165 deg a separation bubble is
observed,andits separationand reattachmentlocationsare indicated
in Fig. 14 (x /¢~ 0.05 and 0.12, respectively). The bubble grows in
size from ¢ = 165 to 255 deg as the bubble separation point moves
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—=&— Leading-Edge Bubble Separation Point
——— Leading-Edge Bubble Reattachment Point
[/} Attached Boundary Layer
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Fig. 14 Variation in the LRN-1007 airfoil upper surface flowfield as a
function of phase over the conditionally averaged cycle, after Broeren
and Bragg.”

slightly forward on the airfoil and the reattachment point moves
downstream. Meanwhile, the turbulent boundary-layer separation
pointcontinues to progress downstream until ¢ = 225 deg, where it
reverses direction, moving upstream, and ultimately merging with
the separation bubble reattachment. Whence this occurs, the entire
upper surface boundary layer is separated aft of x/c ~0.05. The
coalescence of the separation bubble reattachment and the trailing-
edge separation produces a large region of separated flow on the
upper surface from ¢ =255 to 360 deg. The boundary-layer sep-
aration point remains fixed at x/c ~0.05. As the boundary-layer
separation point begins to move downstream, the oscillation begins
again.

Although the previous LDV measurements provided excellent
detailsabout the unsteady flow, the velocity field was only measured
in a single plane at model midspan. The significance of Figs. 11 and
12 is that they show identical trends to the LDV results and further
reveal that the unsteady flow is essentially uniform over the entire
span of the model. Not only do the mini-tuft flow visualization
results indicate the proper trends, but the absolute values compare
favorablyas well. For the followingcomparisonsthe phase-averaged
bubble reattachment and boundary-layer separation locations were
averaged over the middle % of the span,i.e., —0.167 <y /b <0.167.
This interval included data from the midspan mini-tuft row and the
first two rows above and below midspan.

The average bubble reattachment and boundary-layerseparation
locations were plotted as a function of phase angle in Fig. 15.
This plot is similar to Fig. 14, without the shaded regions. For
o =15 deg these locations corresponded fairly well with the LDV
results taken from Fig. 14, further validating the phase-averaged
mini-tuft method. The plot also shows that the amount of boundary-
layer separation increased with increasing angle of attack, partic-
ularly between o = 14 and 15 deg. For o = 16 deg the boundary-
layer separation data were corrupted by the point at x/c =0.62
(¢ = 115 deg), which was obviously spurious and probably should
have been closer to x /c =0.50. The separation bubble was larger
for the o =15 deg case over o = 14 deg, but both formed at about
the same time at ¢ = 140 deg. The lack of meaningful mini-tuftdata
later than about ¢ =240 deg meant that the flow was completely
separated. As just described, this occurred at about ¢ =255 deg
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Fig. 15 Variation in the LRN-1007 airfoil upper surface flowfield as
a function of phase over the conditionally averaged cycle; present data
determined from mini-tuft flow visualization.

(for « = 15 deg), when the bubble reattachment point merged with
the boundary-layer separation point. A key to this scenario was
that the boundary-layerseparation location gradually moved down-
stream until ¢ =225 deg, then reversed direction and began moving
forward, ultimately merging with the downstream moving bubble
reattachment. Similar behavior is shown in Fig. 15 for « = 14 deg,
as the boundary-layer separation reached a maximum downstream
location of about x /c =0.88 at ¢ ~ 215 deg, then decreased as the
bubble continued to grow in size. The data for « = 16 deg shows
that the bubble was first observed earlier in the oscillation cycle at
about¢ =90 deg. However, the bubble did not grow to be as large as
in the other cases before the mini-tuft data became uninterpretable.
This suggests that the flowfield completely separated earlier in the
phase-averagedcycle than at the lower angles of attack.

The unsteady behavior of all of the combination thin-airfoil/
trailing-edge stall airfoils tested was found to be very similar. In
particular, the E374 airfoil was singled out as having nearly iden-
tical unsteady characteristics to the LRN-1007 airfoil. The com-
bined results of the phase-averaged mini-tuft data and the spanwise
wake-velocity measurements showed that the low-frequency oscil-
lation was essentially two-dimensional in character on the model
surface. Although not explicitly shown here, nearly the same level
of spanwise uniformity shown for the LRN-1007 airfoil (Figs. 9-12)
was also exhibited by the E374 airfoil, and these data are given by
Broeren.!

The complementary spanwise-average data for the E374 airfoil
(Fig. 16) also showed analogous trends. For this airfoil the separa-
tion bubbles were about the same size for both angles of attack. In
contrast,there was substantiallymore turbulentboundary-layersep-
arationato = 13deg vs @ = 12 deguntil¢ =225 deg. The lattercase
also showed that the maximum downstream boundary-layer sepa-
ration location occurred at x /¢ = 0.90 (¢ = 155 deg). This location
was observedto be coincidentwith the firstappearanceof the bubble.
This was different from the LRN-1007 airfoil at « = 14 deg, where
the maximum downstream boundary-layer separation location oc-
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Fig. 16 Variation in the E374 airfoil upper surface flowfield as a func-
tion of phase over the conditionally averaged cycle, determined from
mini-tuft flow visualization.

curred well after the first appearance of the bubble. The data in
Fig. 16 show that the separation bubble was visible on the surface
from ¢ =155 to 225 deg, which was about 28% of the 360-deg
cycle. These data provide even more conclusive evidence that the
unsteady flowfields for these two different airfoils were fundamen-
tally identical. This furtherimplies that this low-frequencyunsteadi-
ness may be a general phenomenon that occurs for airfoils classified
as having a combination thin-airfoilArailing-edge stall. Even more
importantly, it is key flowfield features preceding stall, such as the
growing leading-edge separation bubble in tandem with the turbu-
lent boundary-layerseparation, that apparently lead to the unsteady
flow. Therefore, it is likely that any airfoil exhibiting these features
will be characterized by the unsteady stall.

Summary

Several airfoilshaving differentstalling characteristicswere stud-
ied to better understand the unsteady and three-dimensional flow-
field variations governing the stall. The airfoils were tested in a two-
dimensional configuration where the ends of the models were flush
with the wind-tunnel side walls. Wake-velocity measurements and
surface mini-tuft flow visualization were carried out at a Reynolds
number of 3 x 10°. The results showed that the stall of airfoils hav-
ing trailing-edge separation leading up to the stall was character-
ized by large-scale spanwise structures similar to stall cells. The
stall cells were observed on the airfoil upper surface for angles of
attack at or above stall (maximum 1ift) and were generally steady.
Conversely, the stall of airfoils having a thin-airfoil or combination
thin-airfoil and trailing-edge stall type, where a leading-edge sep-
aration bubble grows in size leading up to the stall, was governed
by low-frequency unsteady flow. This unsteady flow generally oc-
curred prior to and including the mean maximum lift region. The
flowfield was found to be two-dimensionalin the conditionallyaver-
aged mean of the oscillation, with no evidenceof stall cell formation.
Therefore, these appear to be exclusive phenomena that are deter-
mined by the boundary-layer separation characteristics leading up
to the stall, which depend on the airfoil geometry (i.e., the pressure
distribution).
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