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Unsteady Separation Processes and Leading Edge Vortex
Precursors: Pitch Rate and Reynolds Number In� uences
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A NACA 0015airfoil was pitched at constantrate throughstatic stall to elevated anglesof attack. Time-dependent
shear stress measurements were performed near the airfoil leading edge. Using these data, unsteady boundary
layer processes preceding leading edge vortex emergence were characterized for a broad range of nondimensional
pitch rate and Reynolds number. In addition, steady data were acquired and examined to furnish a baseline for
analysis and comparison. Overall, the analyses revealed a progression of events culminating in leading edge vortex
emergence. Analyses allowed the independent in� uences of nondimensionalpitch rate and Reynolds number upon
this progression to be ascertained and inferences to be drawn regarding the structure of the resulting local � ow� eld.

Nomenclature
c = airfoil chord, m
Rec = chord Reynolds number
s = distance from leading edge along airfoil surface, cm
t = time, s
tnd = nondimensional time, tU1=c
U1 = test section velocity, m/s
x = distance from leading edge along airfoil chordline, cm
® = instantaneousangle of attack, deg
®C = nondimensionalpitch rate, c P®=U1
P® = pitch rate, rad/s

Introduction

P OTENTIAL performance enhancements to wind energy ma-
chines, rotorcraft, and � xed wing aircraft continue to prompt

intense study of unsteady separated � ow� elds. When a lifting sur-
face pitches through static stall to elevated angles of attack, the
unsteady boundary layer separates and gives rise to an energetic
leading edge vortex. This vortex grows as it convects downstream
over the lifting surface and � nally sheds into the wake. Associated
with vortex development and demise are accompanied by brief but
substantial lift augmentation catastrophic stall.

Much effort has been directed toward characterizing and under-
standing unsteady separated � ows.1 However, only limited success
has been attained in predicting and mitigating the adverse effects
of unsteady � ow� elds dominated by large energetic vortices.Clari-
� ed comprehensionof leading edge vortex initiation and improved
modeling would accelerate progress toward controlling unsteady
� ow� elds and mitigating the associated adverse effects.2
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Previous experimental investigations have identi� ed signi� cant
aspects of unsteady boundary layer separation, especially unsteady
boundary layer reversal. Carr et al.3 experimentally isolated three
distinct types of unsteady boundary layer reversal on a pitching
airfoil, all of which led to classical dynamic stall. Koromilas and
Telionis4 found that a very thin layer of reversed � ow precedes a
more violent region, wherein substantial disturbances are likely to
take place. Schreck and Luttges5 observed that reverse � ows orig-
inating near the trailing edge of a pitching airfoil were incidental
to unsteady vortex initiation near the leading edge. Using unsteady
shear stress measurements, Schreck et al.6;7 documented the com-
binedin� uencesof ®C and Rec onunsteadyboundaryprocessesover
a limited parameter range. Subsequent experiments using constant
rate8;9 and sinusoidal10 pitching linked speci� c features in shear
stressrecordswith pertinentstructuresand processesin the unsteady
boundary layer.

Several computational efforts also have af� rmed the role of un-
steady boundary layer reversal. Visbal11 showed that, at low Rec ,
the leading edge vortex on a pitching airfoil is initiated by the roll
up of a strong shear layer created by a thin unsteady region of � ow
reversal. Gendrich et al.12 con� rmed the role of unsteady boundary
layer reversal in vortex initiation, and further noted that these re-
versals were con� ned to the airfoil leading edge region at elevated
®C. Ghia et al.13 linked size and strength of the leading edge sep-
aration bubble to vortex strength and formation time. Knight and
Choudhuri14 computed the topology of unsteady boundary layer
reversal on a pitching airfoil and correlated the appearance of criti-
cal points in the topology to reverse � ow regions and leading edge
vortex emergence. Reisenthel15 concluded that unsteady � ows over
airfoils remainedself-similar throughoutan extendedRec rangeand
identi� ed a topologicalcenterwithin the liftingvorticity layer as the
source of vortex formation.

Unsteady boundary layer transition and the role it plays in un-
steady separated � ow� eld development have been examined, as
well. The prominent in� uence of transition on unsteady � ow� elds
has been af� rmed by Ericsson16 for both attached and separated
unsteady � ows. Lorber and Carta17 have experimentally character-
ized unsteady boundary layer transition and relaminarization on a
pitching wing. Wilder et al.18 have experimentally demonstrated
that the dynamic stall process is quite sensitive to the boundary
layer turbulence state. Carr and Cebeci19 have shown numerically
that dynamic stall greatly alters transition location on a pitching
airfoil.
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However, no investigationhas been carried out to ascertain the in-
dependentin� uencesof Rec and ®C on unsteadyboundarylayerpro-
cesses through a parameter range extending from high ®C , through
quasi-steadyconditions,and reachingsteadystate.The currentwork
employs time-dependentshear stress measurements to characterize
unsteadyboundary layer processesculminatingin leadingedge vor-
tex inception on a pitchingairfoil over an extended®C range. Using
this information, physical mechanisms responsible for these events
were postulated.

Experimental Methods
Unsteadyshear stressmeasurementswere performed in the Frank

J. Seiler 0.91 m £ 0.91 m wind tunnel located at the U.S. Air Force
Academy. The model was an aluminum NACA 0015 airfoil, with
chord and span lengths of 15.24 and 76.84 cm. Each end of the
airfoil was capped with a circular splitter plate that was 0.32 cm
thick, 30.48 cm in diameter, and machined to a sharp edge around
the perimeter. The airfoil model was mounted vertically in the test
sectioncenter,with theupperand lowerends of the modelconnected
to steel shafts mounted in ball bearings. Airfoil pitching was driven
at the lower shaft by a 3.5 hp stepper motor through a 4:1 gear
linkage. Airfoil pitch axis was located at 0:25c throughout these
experiments.

A thin � lm, multiple element array of shear stress sensors was
applied to the airfoil surface, placing the sensor row parallel to
the chord line and 40.64 cm below the upper splitter plate. The
array was wrapped around the entire airfoil contour, and the array
edges were placed at the trailing edge. This prevented the array
from introducing surface irregularities in the leading edge region.
Individual nickel sensor elements on the array were 1.65 mm long
(spanwise),0.13 mm wide (chordwise),and 0.3 ¹m thick. Nominal
sensor cold resistancewas 6.0 Ä. The entire array contained a total
of 124 sensors spaced 2.54 mm apart. Constructionand use of these
thin � lm arrays previously have been described in detail.20;21

The 15 upper surface sensors nearest the leading edge were con-
nected to constant temperature hot wire anemometers. Figure 1
shows the leading 0:25c and the locations of the 15 sensors on
the airfoil section with sensor 1 at the leading edge. Anemometer
overheat resistance ratios were set at 1.10. Separate experiments
determined that sensor heat � uxes at this overheatwere low enough
to avoid tripping either the steady or unsteady boundary layers ex-
amined in the current investigation.Anemometer bandwidths were
set at 10 kHz using the square wave test.

To increase the dynamic range of the data, anemometer signals
were routed throughbias subtractionmodules prior to ampli� cation
and discretization.The bias subtractionmodules maximized signal-
to-noise ratio and reliability by minimizing active circuit compo-
nents. This was achieved at the minor expense of inverted output
signal. Tests con� rmed � at frequency response beyond 10 kHz.
After bias subtraction, signals were low-pass � ltered (1 and 10 kHz
cutoff) and ampli� ed by gains of 20–100. Gain was dictated by sig-
nal magnitudes and analog-to-digitalconverter input range. Signals
were then sampled and digitized at 2 kHz (for 1 kHz cutoff) and
20 kHz (for 10 kHz cutoff) by a 12-bit analog-to-digitalconverter.

Fig. 1 NACA 0015 leading edge region cross section showing shear
stress sensor locations.

Table 1 Experimental parameter range

Pitch rate, deg/sTest section
velocity, m/s 92.0 183.0 367.0 733.0

3.1 —— 0.16 0.32 0.64
6.1 0.04 0.08 0.16 0.32
12.2 —— 0.04 0.08 0.16
24.4 0.01 0.02 0.04 0.08

The currentwork includedU1 D 3:1, 6.1, 12.2, and 24.4 m/s, cor-
respondingto Rec D 2:4 £ 104 , 4:8 £ 104 , 9:6 £ 104, and1:92 £ 105.
All dynamic experiments employed constant rate pitching that be-
gan at ® D 0:0 deg and ended at ® D 60:0 deg, at 92, 183, 367, and
733 deg per second.Pitchingmotions were highly linear and largely
free from acceleration or deceleration transients.22;23 Further, the
events analyzed in the current work occurred in the intermediate ®
range, where transients were undetectable.

These parameter combinations yielded the ®C values in Table 1.
Data were acquired and analyzed at these 14 combinations of ®C

and Rec, allowing the independent effects of ®C and Rec to be as-
certained.For each parameter combination® and the 15 shear stress
signals were sampled at 2 kHz during 20 consecutive airfoil pitch
repetitionsandensembleaveraged.Ensembleaveraging,in conjunc-
tion with inherently high signal-to-noise ratio, ensured that signal
features identi� ed for characterizationand analysis representedper-
tinent � uid dynamic events instead of extraneousnoise. In addition,
for all ®C values except 0.01 and 0.02, ® and the 15 shear stress
signals were sampled at 20 kHz during a single pitch.

Static ® measurementsalso were performedat all four Rec values.
Starting at ® D 0:0 deg, ® was incremented in 0.9 deg steps to a
maximum of 22.5 deg. After each 0.9 deg step, 1.0 s was allowed to
elapse to stabilize the � ow� eld. Then, 100 samples were acquired
at a 2 kHz sample rate. This processwas repeated twice at each Rec ,
yielding two data sets to assess repeatability.

Prior to acquiring the data employed in the current study, system-
atic validation tests were carried out. Initial tests at a � xed airfoil
® and constant U1 demonstrated that the system just described
remained stable during extended periods of operation. Further,
ambient temperature was well controlled, and � uctuations were
negligible.

As just stated, the bias subtraction modules inverted the
anemometer output signal. As such, straightforward procedures
were employed to clearly establish the relationship between shear
stress variations and recorded signal level excursions. With the air-
foil held at ® D 0:0 deg, the anemometer output signal was recorded
during slow variations in U1. This con� rmed that, for the system
con� gured as described earlier, decreasing shear stress prompted
increasing anemometer output signal levels and vice versa.

Results and Discussion
Steady Boundary Layer Data and Analysis

Steady boundary layer characterizationswere undertaken in the
current study for two purposes. First, the well understood steady
boundary layer provided an environment for developing physically
pertinent interpretationsof unfamiliar and complex dynamic shear
stress records. Second, steady boundary layer kinematics furnished
a reference baseline that allowed isolation of unsteady boundary
layer structures and processes.

The shear stress sensors reliably detected steady boundary layer
separationand transition.Sensors near the separationpoint showed
de� nite pseudo-sinusoidalshear stress � uctuationswith time. With
the separationpoint between two adjacent sensors,shear stress � uc-
tuations at these two sensors exhibited a clear 180 deg phase re-
lationship. Boundary layer transition caused a marked increase in
shear stress mean and standard deviation. This performance is con-
sistent with that documentedby Stack et al.20 and Mangalam et al.21

in validation tests of this technique.
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Fig. 2 Static laminar separation, incipient transition, and reattach-
ment movement with ®.

To characterizesteady boundary layer kinematics, the airfoil was
incremented through 25 static angles of attack. At low ® this pro-
cedure revealed unambiguous180 deg phase relationshipsbetween
adjacent traces, indicating laminar boundary layer separation. Fur-
ther ® increases caused shear stress mean and standard deviation
to begin rising gradually, indicating incipient transition.Soon these
incipient rises were supplanted by abrupt growth in shear stress
mean and standard deviation,signaling peak boundary layer transi-
tion. This occurred at higher ® for sensors nearer the leading edge,
indicating forward progress with higher ®. Following transition,
180 deg phase relationshipsbetween spatially adjacent traces were
again evident, caused by laminar separation bubble closure via tur-
bulent shear layer reattachment.20;21

Representative steady boundary layer separation, transition, and
reattachment progressions are shown in Fig. 2, for Rec D 4:8 £ 104

and 1:92 £ 105 . In Fig. 2 laminar separation movement with ® is
shown by the lower set of curves, marked with square symbols.
For both Rec values separation was observed initially near sensor
15 and moved forward on the airfoil with increasing ®. Higher Rec

prompted separation to occur at lower ®. Transition consistently
remained downstream of separation and thus did not in� uence this
event.

Figure 2 also displays incipient boundary layer transition, shown
by the curves marked with triangular symbols. Incipient bound-
ary layer transition occurred downstream of separation, being � rst
observed at sensor 15 and progressing forward with increasing ®.
Higher Rec reduced the distance between separation and incipient
transition as a result of elevated boundary layer receptivity to dis-
turbance and propensity to undergo transition.

Boundary layer reattachment also is documented in Fig. 2, de� n-
ing the downstream boundary of the separation bubble. Reattach-
ment was � rst observed at sensor 15 and progressed forward with
increasing ®. The distance between separation and reattachment
shortened at higher Rec as a result of earlier transition. Static peak
boundary layer transition (not shown herein) was well correlated
with reattachment,consistentwith previouswork.20;21 Laminar sep-
aration bubble data herein agreewell with previousmeasurements24

in the same Rec range.

Unsteady Boundary Layer Data and Analysis

Unsteady shear stress data acquired in this experiment were de-
tailed and complex and were a challenge to analyze and interpret in
a physically pertinent manner. However, static data were found to
be valuable as a datum for isolating dynamic increments and as a
guide for identifyingspeci� c shear stress features.Additional clari-
� cationwas obtainedusingprior researchcarriedout in the dynamic
regime.6;7

Figure 3 contains ensemble averaged anemometer output signals
acquired during 20 consecutive airfoil pitch motions for ®C D 0:08
and Rec D 9:6 £ 104. Sensor locations are identi� ed by the num-
bers near the left end of each trace. Higher anemometer output

Fig. 3 Typical dynamic shear stress mean histories: Rec = 9.6 £ £ 104

and ®+ = 0.08.

signalsindicatelower shearstress,andabsolutereferenceshavebeen
omitted.

As airfoil pitchingbegan at tnd D 0:0, shear stressdecreasedgrad-
ually at sensors 4 through 15, culminating in de� nite shear stress
minima marked by circular symbols. At sensors 2 and 3 shear stress
� rst increased before decreasingand attaining minima, also marked
by circular symbols. At sensor 1 shear stress � rst increased and
then decreased, but reached no local minimum. Examination of ad-
jacent traces revealed that 180 deg phase relationships occurred in
conjunctionwith these shear stress minima. Simultaneous presence
of minimum shear stress levels and 180 deg phase relationships
indicated reverse � ow near the airfoil surface. Prior work has es-
tablished that a thin reverse � ow layer precedes more expansive
unsteady separation events, but precise experimental detection of
unsteady separation itself remains ambiguous.4

In Fig. 3, after attaining minima, shear stress began to increaseat
sensors 3 through 15. As unsteady shear stress increased, 180 deg
phase relationshipsoccurredbetween adjacentsignals, but were not
associated with shear stress extrema. These 180 deg phase rela-
tionships began at the times indicated by the vertical double-ended
arrows. After initial occurrence these 180 deg phase relationships
persisted for a time period not readily quanti� able because of the
ambiguity of cessation. Shortly thereafter, shear stress at sensors 8
through 15 increased sharply and remained at elevated levels for
approximately 1.0–2.0tnd units. After this, shear stress at sensors
9 through 15 reached clear maxima, marked in Fig. 3 by square
symbols. Correlation with unsteady surface pressure data6 linked
these shear stress maxima with leading edge vortex initiation and
passage.

In addition to mean shear stress levels, standard deviations also
were computed for the ensemble of 20 successive pitch motions.
Figure 4 containsa typical plot of shear stress standarddeviationfor
®C D 0:08 and Rec D 9:6 £ 104. Airfoil pitching began at tnd D 0:0,
and sensor locations correspond to the numbers on the traces. In
Fig. 4 no sensors show any signi� cant standard deviation rise until
well after airfoil pitching begins. Incipient standard deviation rise
(circularsymbols) is observed� rst at sensor15at tnd D 3:15and then
at sensors nearer the leading edge at later times. Following incipient
rise, standard deviation levels increase steadily at sensors 4 through
15, soon reaching clear maxima (square symbols). After reaching
peak levels, standard deviations decrease perceptibly, but do not
decline to levels present prior to incipient standard deviation rise.
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Fig. 4 Typical dynamic shear stress standard deviation histories.
Rec = 9.6 £ £ 104 and ®+ = 0.08.

The four processes just introduced (boundary layer reversal, ini-
tial phase reversal, standard deviation incipient rise, and standard
deviation peak) were characterizedat static conditions and at seven
values of ®C encompassing four levels of Rec . Pitch rate con-
straints prevented the full ®C range from being achieved at a sin-
gle Rec . However, this detracted little from the analyses herein, as
Rec exercised a secondary in� uence on unsteady boundary layer
processes.

Subsequent plots documenting boundary layer reversal, initial
phase reversal, standard deviation incipient rise, and standard devi-
ation peak employ® on the abscissa.For these plots uncertaintyin ®
increasedwith airfoil pitch rate, reaching a maximum of §0:18 deg
at the highest pitch rate of 733 deg per second.

Unsteady Boundary Layer Reversal

Unsteady boundary layer reversal, as described in conjunction
with Fig. 3, was observed for all 14 combinations of ®C and Rec.
For each of the 14, the set of ® when reversal � rst occurred at each
s=c was recordedand plotted.A representativeset of boundarylayer
reversal trajectories,for the experimental range of ®C and including
static data, appears in Fig. 5. In Fig. 5 steady separation (identi� ed
as STA) was � rst observed at sensor 14. Thereafter, it advanced
forwardat constantrate with increasing® untils=c D 0:100, where it
progressivelydeceleratedas separationcontinuedto advance,being
last observed at s=c D 0:017.

Forward movement of unsteady boundary layer reversal, for
®C D 0:01 through 0.08, was similar to that observed under static
conditions. Unsteady boundary layer reversal was � rst observed at
sensor 15 and propagated forward to s=c D 0:100 at approximately
constant rate. Subsequently, boundary layer reversal continued to
move forward toward the leading edge, but slowed as it moved.
The main effect of increasing ®C in this range was the delay of un-
steady boundary layer reversal to higher ®. These trends have been
observed in other experiments.8;9

At ®C D 0:16 unsteadyboundarylayer reversalwas � rst observed
at sensor 15, but no longer moved forward at constant rate. Instead,
unsteadyboundarylayer reversalbeganmovingforwardfromsensor
15 at high speed, but soon began to decelerate, continuing to do
so until reaching s=c D 0:167. Here, forward movement suddenly
accelerated,and continued at high speed until passing s=c D 0:100,
where deceleration began once again.

Fig. 5 Boundary layer reversal movement with ® for experimental
range of ®+.

At ®C D 0:32 and 0.64 a fundamentallydifferent trend in bound-
ary layer reversal movement was apparent. In this range boundary
layer reversal was � rst observed ahead of sensor 15, propagating
concurrently forward and aft with increasing ®. At ®C D 0:64 un-
steady boundary layer reversal was � rst seen at s=c D 0:100, and at
®C D 0:32 initial reversal occurred simultaneously at s=c D 0:183
and 0.117. From these initial points boundary layer reversal simul-
taneously advanced both forward and aft. As at lower values of ®C,
boundary layer reversal for 0:16 · ®C · 0:64 also was delayed to
higher ® by increasing ®C.

The foregoing data demonstrate that, for all Rec levels, unsteady
boundary layer reversal changed substantially with ®C . Increasing
®C consistently delayed this event to higher ®. At suf� ciently ele-
vated®C , reversalwas fundamentallyaltered,� rst occurringforward
of sensor 15 and then simultaneously moving forward and aft. In
all cases unsteady boundary layer reversal involved � eeting shear
stress minima and phase reversals, analogous to static separation.

Greater leading edge localization of unsteady boundary layer
reversal with higher ®C is consistent with prior experiments,5;6;7

computations,12 and vorticitymodels.25 Higher ®C also delayed un-
steady boundary layer reversal to higher ®, consistent with delays
imposed by diffusion timescales.22 That unsteady boundary layer
reversal trajectoriesat low ®C strongly resemble those for static sep-
aration suggests that these two events are highly similar at low ®C.

Initial Phase Reversal

As described in conjunctionwith Fig. 3, phase reversalsnot asso-
ciated with shear stress extrema occurred for all 14 combinationsof
®C and Rec . These phase reversals consistently followed boundary
layer reversal, and the two events remained clearly distinct. Surface
locations and ® corresponding to initial phase reversal occurrence
were recordedand plotted for the experimental range of ®C and Rec .
Phase reversal persisted for a � nite time after initial occurrence,but
phase reversal cessation was dif� cult to reliably detect. Thus, phase
reversal duration was thus not quanti� ed herein. Figure 6 shows a
typical set of initial phase reversal trajectories for the experimental
®C range and for static conditions.

In Fig. 6 static phase reversal (identi� ed as STA), corresponding
to boundary layer reattachment, is � rst observed at sensor 14, pro-
ceeds forward, and is last seen at s=c D 0:117 at ® D 12:2 deg. In
the range 0:01 · ®C · 0:04 initial phase reversal is � rst observed at
s=c D 0:200 and advances forward from there to s=c D 0:067. No-
tably, the three curves for ®C D 0:01, 0.02, and 0.04 cross the static
curve becauseof the slower rate of advance under static conditions.

The curve for ®C D 0:08 was slightlydifferentfrom the � rst three,
as it broke sharply at s=c D 0:133, indicatingabruptdeceleration.At
®C D 0:16 phase reversal movement changed dramatically.Here, it
was initially observed at s=c D 0:200, instead of at sensor 15, and
then simultaneously moved both upstream and downstream with
increasing ®. Similar trends were apparent for ®C D 0:32 and 0.64.
At these ®C values phase reversal was � rst observed at 0.117 and
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Fig. 6 Initial phase reversal movement with ® for experimental range
of ®+.

Fig. 7 Incipient standard deviation rise movement with ® for experi-
mental range of ®+.

0.100, respectively,concurrentlymoving both forward and aft with
increasing ®. As with dynamic boundary layer reversal, higher ®C

levels delayed initial phase reversal to higher ®.
Generally, the trends in initial phase reversal resembled those

for boundary layer reversal. At static conditions and low ®C both
were � rst observednear sensor15 and advancedforwardwith airfoil
pitching.At elevated®C bothoccurred� rst at intermediatesensorlo-
cationsand thensimultaneouslymovedforwardandaftwith increas-
ing ®. Greater®C delayedboth to substantiallyhigher®. At all times
boundary layer reversal and initial phase reversal remained clearly
distinct, with boundary layer reversal always preceding phase
reversal.

The correlation between boundary layer reversal and phase re-
versal suggests a relationship analogous to that seen for static con-
ditions. Under static conditions the upstream phase reversal signals
laminarseparation,whereasdownstreamphasereversalcorresponds
to turbulent reattachment. A similar relationship can exist in the
unsteady regime. However, although the trajectories for static sep-
aration and low ®C boundary layer reversal were similar, those for
static and low ®C phase reversal were conspicuouslydifferent.This
disparity implies that reattachment is mediated by different mecha-
nisms under static and dynamic conditions.

Standard Deviation Incipient Rise

Shear stress standarddeviation was virtuallyzero as airfoil pitch-
ing began and began to increase only at moderate ® levels. The ®
at which shear stress standard deviation began to rise from zero,
as introduced in Fig. 4, was recorded for each sensor across the
experimental range of ®C and Rec . A typical set of standard de-
viation incipient rise trajectories, for the experimental ®C range
and static data (identi� ed as STA), appears in Fig. 7. In Fig. 7, for
static conditions, standard deviation incipient rise is � rst observed

Fig. 8 Peak standard deviation movement with ® for experimental
range of ®+.

at sensor 15 and moves forward with increasing ® until reaching
s=c D 0:067.

For the dynamic range 0:01 · ®C · 0:08, incipient rise � rst ap-
pears at sensor 15 and then proceedsforward with airfoil pitching to
s=c D 0:050. At ®C D 0.16 and 0.32 standarddeviationincipientrise
curvesare fundamentallydifferentfrom thoseat lower®C values.At
these elevated ®C levels incipient rise � rst appears simultaneously
at s=c D 0:200 and 0.150. From these points, incipient rise then si-
multaneously propagates both forward and aft as ® increases. At
®C D 0.64 incipient rise occurs � rst at s=c D 0:117 and then moves
forward and aft concurrently with airfoil pitching. Overall, greater
®C delayedstandarddeviationincipientrise to higher® and con� ned
this process more to the leading edge vicinity. Under static condi-
tions standarddeviation incipientrise represents incipienttransition
in the separated shear layer.20;21

Standard Deviation Peak

Following standard deviation incipient rise, shear stress standard
deviation continued to increase and reached clear maxima at most
sensors, as described in conjunctionwith Fig. 4. For these sensors®
at which shear stress standarddeviationpeakedwas recordedacross
the experimental range of ®C and Rec . Typical standard deviation
peak trajectories, for the experimental range of ®C and static data
(identi� ed as STA), appear in Fig. 8.

In Fig. 8, at static conditions, peak standard deviation corre-
sponded to peak transition and turbulent reattachment of the sepa-
rated shear layer,closing the separationbubble.For static conditions
peak standard deviation was observed � rst at sensor 15 and ad-
vanced forward to s=c D 0:083. For dynamic conditionsin the range
0:01 · ®C · 0.08, movement of peak standard deviation with in-
creasing ® was quite similar to that for static conditions, moving
forwardwith airfoil pitchingand halting near s=c D 0:100.The prin-
cipal alteration caused by the onset of dynamic conditions and in-
creased ®C was delay of peak standard deviation to higher ®.

As with the preceding three processes, the fundamental charac-
ter of peak standard deviation movement changed at elevated ®C.
At ®C D 0.16 peak standard deviation � rst occurred at s=c D 0:217
and shortly thereafter at 0.167, advancingboth forward and aft with
increasing ®. At ®C D 0.32 initial peak standard deviation was si-
multaneously recorded at s=c D 0:150 and 0.100 and concurrently
moved both forward and aft with increasing®. Finally, at ®C D 0.64,
peak standard deviation was � rst observed at s=c D 0:083 and then
progressed both upstream and downstream with increasing ®. In
addition to altering the character of peak standard deviation move-
ment, higher ®C also delayed it to higher ®. Under static conditions
peak standard deviation indicates peak transition and shear layer
reattachment.20;21

Reynolds Number Dependence

As shown by Figs. 5–8, ®C exercised a strong, orderly in� uence
on unsteady boundary layer reversal and reattachment, as well as



SCHRECK, FALLER, AND ROBINSON 873

standard deviation incipient rise and standard deviation peak. Rec

in� uences on these processes were less pronounced, but still clear
and consistent.These Rec dependenciesare shown in Fig. 9, where
boundarylayer reversal, phase reversal, incipientstandarddeviation
rise, and peak standard deviation are plotted for three values of Rec

for ®C D 0.08. In Fig. 9 the four groups of plots havebeen displaced
arbitrarily in ® to facilitate viewing. However, relative ® positions
between the three curves in each group have been preservedand can
be quanti� ed using the scale in the upper right corner of the plot.

To clearly disclose these Rec dependenciesand display them in a
compact manner, all ® values in each curvewere averaged to yield a
single ®avg . Figure 9 shows that curves for the same ®C and process
(boundarylayer reversal, reattachment,standarddeviation incipient
rise, or standard deviation peak) were highly similar for all Rec

levels.Because the curves,and therefore the data distributions,were
strongly similar, averages of these distributionscan be compared in
a physically signi� cant manner.

Figure 10 contains a plot of ®avg vs ®C for unsteady boundary
layer reversal. At ®C D 0.04 unsteady boundary layer reversal oc-
curs at the lowest ®avg for Rec D 1:92 £ 105 and at higher ®avg for
lower values of Rec. This trend is repeated for ®C D 0.08, 0.16, and
0.32. That unsteady boundary layer reversal takes place earlier at
higher Rec values is consistent with trends observed in these ex-
periments for static boundary layer separation and consistent with
trends observed in the same Rec range in other experiments.9 This,
in turn, suggests that related mechanisms are responsible for static
and dynamic boundary layer reversal on a pitching airfoil.

Figure 11 contains a plot of ®avg vs ®C for initial phase reversal.
Generally,phase reversaloccurred later for higherRec . This trend in
phase reversalwith respect to ® is opposite that observedfor steady
boundary layer reattachment. This observation, coupled with the
pronounced discrepanciesbetween static reattachment progression
anddynamicphase reversalprogression,stronglysuggeststhat static

Fig. 9 Four unsteady boundary layer processes: ®+ = 0.08 and
Rec = 4.8 £ £ 104, 9.6 £ £ 104 , and 1.92 £ £ 105 .

Fig. 10 Average ® for boundary layer reversal.

Fig. 11 Average ® for initial phase reversal.

Fig. 12 Average ® for incipient standard deviation rise.

Fig. 13 Average ® for peak standard deviation.

and dynamic boundary layer reattachment are driven by fundamen-
tally different processes.

Figures12and 13 containplotsof®avg vs®C for incipientstandard
deviationrise and peak standarddeviation. In Figs. 12 and 13 higher
Rec levels drove incipient standard deviation rise and peak standard
deviation to lower ®avg. However, peak standard deviation (Fig. 13)
was somewhat more responsive to Rec than incipient standard de-
viation rise (Fig. 12). Hence, the ®avg differencebetween these two
processes exhibited a sensitivity to Rec, as well. At Rec D 2:4 £ 104

incipientriseandpeakeventswere separatedbyapproximately3 deg
in ®avg. This ®avg difference generally decreased as Rec increased,
implyingdilationof the � ow structuresor processesseparatingthese
two.
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Synthesis of Processes

Thus far, boundary layer reversal, phase reversal, incipient stan-
dard deviation rise, and peak standard deviation have been consid-
ered independently to allow thorough characterization. However,
these processes must be analyzed collectively to understand the
� ow physics that give rise to the leading edge vortex.

Figure 14, corresponding to ®C D 0.02 and Rec D 1:92 £ 105,
places all four processes on one plot. Also included on the plot
is initial leading edge vortex convection, determined as described
with Fig. 3. Processes at this ®C and Rec are representativeof those
seen in the low ®C range. Boundary layer reversal is the � rst event
to be observed and is initially recorded by sensor 15 at ® D 6.7 deg.
Boundary layer reversal then advances forward with airfoil pitch-
ing, reaching s=c D 0:167 when incipient standard deviation rise
occurs at sensor15 at ® D 7.5 deg. These two events then simultane-
ously propagate forward in response to increasing®. At ® D 8.0 deg
phase reversal is detected at s=c D 0:200 and begins to move for-
ward in close proximity to incipient standard deviation rise. Also at
® D 8.0 deg peak standard deviation is seen at sensor 15.

After ® D 8.0 deg all four processes were present on the airfoil,
advancingforward as the airfoil continuedto pitch up. As these four
progressed forward, initial boundary layer reversal moved closer to
both phase reversal and incipient standard deviation rise. At the
same time the distance between these two events and peak stan-
dard deviation remained nearly constant. Finally, near ® D 14 deg
phase reversal, incipient standard deviation rise, and peak standard
deviationceased to be observed.Shortly thereafter,the leading edge
vortex began convecting from s=c D 0:100.

Figure 15, for ®C D 0.32 and Rec D 4:8 £ 104 , shows a progres-
sion for the four processes,which is typical for the high ®C regime.
Here, boundary layer reversal was detected nearly simultaneously

Fig. 14 Four unsteady boundary layer processes for ®+ = 0.02 and
Rec = 1.92 £ £ 105 .

Fig. 15 Four unsteady boundary layer processes for ®+ = 0.32 and
Rec = 4.8 £ £ 104 .

at s=c D 0:233, 0.183, and 0.117, at ® D 17.7, 18.0, and 18.3 deg, re-
spectively.From thesepointsboundarylayer reversalmovedconcur-
rently forward and aft, advancing only forward after ® D 19.4 deg.
As at lower ®C levels phase reversal and incipient standard devi-
ation rise coincided closely. Incipient standard deviation rise was
observednearly simultaneouslyat s=c D 0:200, 0.167, and 0.117, at
® D 19.9, 20.5, and 20.6 deg, respectively,movingboth forwardand
aft from these locations with increasing ®. A short time later, when
phase reversal and incipient standard deviation rise had advanced
forward to s=c D 0:083, peak standard deviation was observed si-
multaneously at s=c D 0:100 and 0.167. Finally, at ® D 27.1 deg
the leading edge vortex began to convect downstream from
s=c D 0:100.

Over the experimental ®C range boundary layer reversal consis-
tently was the � rst event detected, followed by phase reversal and
incipientstandarddeviationrise and � nally peak standarddeviation.
At low ®C boundary layer reversal was observed nearest the lead-
ing edge, with phase reversal and incipient standard deviation rise
downstreamof boundary layer reversal and peak standarddeviation
occurring aft of these three events. At elevated ®C the relative spa-
tial relationshipsof these four events were not easily characterized
because each event could be present at two or more surface loca-
tions at any given time. Over the experimental parameter range, the
numbers of boundary layer reversal, phase reversal, incipient stan-
dard deviationrise, and peak standarddeviationevents presentwere
all equal for any set of conditions. This one-to-one correspondence
implies a set of consistentphysical relationshipsbetween these four
events.

Movement of these four processes with ® was strongly gov-
erned by ®C . At low and medium ®C all four initially were seen
in succession near the sensor array aft end and moved forward
with ®. Alternatively, at elevated ®C the four events � rst occurred
at one or more sites near the array center and then concurrently
moved both downstream and upstream. As these events moved
with airfoil pitching, the spatio-temporal order just described was
preserved.

That a one-to-one correspondence existed between boundary
layer reversal and both phase reversal and incipient standard de-
viation rise implies a topological consistency analogous to that un-
der static conditions.As such, phase reversal and incipient standard
deviationare likely to representreattachmentof the shear layer orig-
inating near boundary layer reversal.

The mechanism responsible for reattachment remains un-
clear, however. Movement of static reattachment with ® differed
signi� cantly from initial phase reversal movement under dynamic
conditions. The rise in standard deviation could be attributable to
shear layer transition and associated time variations in velocity and
shear stress.6;7 Alternatively, irregular shedding of vorticity from
the reattachment zone could cause the standard deviation rise.26 At
elevated ®C existence of multiple simultaneous boundary layer re-
versals, phase reversals, and incipient standarddeviationrise points
is consistentwith multiple discrete structures noted in prior work.15

Initial phase reversal and incipient standard deviation rise were
observed in close proximity to each other, coinciding more closely
for higher Rec . This is consistentwith shear layer thinning at higher
Rec, which would render reattachmentmore spatially compact. Be-
cause phase reversal persisted after initial occurrence and standard
deviation levels increased after the incipient event, standard devia-
tion increase to peak levels was accompanied by phase reversal.

Leading edge vortex convection began near locations experienc-
ing peak standard deviation levels, consistent with the presence of
substantial vorticity concentrations in combination with unsteady
vorticity accumulation and shedding. Leading edge vortex convec-
tion began with the near simultaneous cessation of initial phase
reversal, incipient standard deviation rise, and peak standard devia-
tion.This is consistentwith priorwork,27 wherein vortex convection
began with the demise of key leading edge � ow features.

Conclusions
A two-dimensional NACA 0015 airfoil was pitched at con-

stant rate through static stall to elevated ®. Nonintrusive unsteady
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shear stress measurements of high spatial and temporal resolution
were acquired near the leading edge. Unsteady boundary layer pro-
cesses culminating in leading edge vortex initiation were charac-
terized in detail across a broad ®C and Rec range. ®C extended
from elevated levels, down throughquasi-steadyand into the steady
regime. Rec values were in the low and transitionalrange. Unsteady
boundary layer events responded in consistent and orderly manner
to parameter variations, and � uid dynamic mechanisms underlying
these responseswere postulated.The followingspeci� c conclusions
can be stated.

The unsteady boundary layer evolves through four stages cul-
minating in leading edge vortex emergence: 1) boundary layer
reversal (shear stress minima accompanied by phase reversals);
2) incipient reattachment (rapid shear stress increases, phase rever-
sals, and incipient standard deviation rises); 3) concluded reattach-
ment (phase reversals and standard deviation maxima); and 4) lead-
ing edge vortex initiation and subsequent convection (shear stress
maxima).

As ®C increases, constant viscous timescales coupled with faster
pitching postpone boundary layer reversal and reattachment to
higher ®. Increasing ®C also condenses vorticity production and
enhances accumulation mechanisms, con� ning boundary layer re-
versal and reattachmentto a region which is shorter as well as nearer
the airfoil leading edge.

At suf� ciently high ®C boundary layer reversal and reattachment
take place simultaneously at multiple surface locations. Whether
these events occur at single or multiple locations, reversal and reat-
tachment sites maintain a one-to-one correspondence, pointing to
a topological consistency and causal relationships.

Quasi-steady boundary layer reversal movement and static
boundary layer separation progress in analogous fashion, but
quasi-steady and static reattachment differ signi� cantly. Although
unsteadinessdoes fundamentallychange the � ow physics of separa-
tion, it profoundlyalters the � uid dynamicsgoverningreattachment.
The precise mechanism for unsteady reattachment remains uncer-
tain, likely being mediated by interactionsdifferent from those gov-
erning steady reattachment.

Consistent with enhanced vorticity concentrations caused by
boundary layer and shear layer thinning, higher Rec prompts un-
steady boundary layer reversal and reattachment to occur sooner at
lower ®. However, changes in reversal and reattachment elicited by
Rec variations are much less pronounced than those driven by ®C.

These investigationshave characterizedunsteady boundary layer
processes that initiate and shape the development of unsteady vor-
tex dominated � ows on pitching liftingsurfaces.This knowledge,in
conjunction with similar information from other sources, provides
information useful for developing modeling strategies and control
methodologies applicable to the early stages of unsteady vortex
formation. This, in turn, will provide a basis for alleviating the ad-
verse effects of unsteady vortex dominated � ows in wind energy
machines, rotorcraft, and maneuvering � xed wing aircraft.
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