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Velocity Measurements over a Pitching Airfoil

H. Oshima¤ and B. R. Ramaprian²

Washington State University, Pullman, Washington 99164-2920

The results of instantaneous velocity measurements on the suction side of a two-dimensional NACA 0015 airfoil

pitching at constant angular velocity about its quarter-chord spanwise axis are presented. The experiments were
performed in an open-surface water channel at two Reynolds numbers (5.4 £ 104 and 1.5 £ 105) using the tech-

nique of particle image velocimetry for the measurement of the instantaneousvelocity ® eld. The velocity (and hence
vorticity) data obtained in these experiments supplement the surface pressure data obtained in earlier experiments

on the same model under the same conditions. The data have been used to obtain quantitative information on the
evolution of the ¯ ow structure over the pitching airfoil.They have also been compared with results obtained earlier

at a low Reynolds number (1.8 £ 104) to examine in some detail the Reynolds number effect on the ¯ ow structure.
The study has shown that the dynamic-stall vortex (DSV) still consists of the rolled-up shear layer along with

remnants of several vortices generated by the shear layer instability, as observed at low Reynolds numbers, and
that the increase of lift at post-static stall incidences is still due to the presence of vortical structures close to the

surface, till they are eventually ejected prior to the occurrence of dynamic stall. Also, the dominant topological
features of the ¯ ow in the leading-edge region prior to dynamic stall closely resemble the numerical predictions

recently reported in the literature for low Reynolds number ¯ ows. However, the DSV at high Reynolds numbers
is more compact, has fewer remnants of vortical structures, and is ejected abruptly from the airfoil surface in a

direction almost normal to the surface. The detailed quantitative experimental data have been archived and are
available to any interested user.

Nomenclature
Cl = coef® cient of lift, l/ [( q U 2

1 /2)c]
C p = coef® cient of surface pressure, ( p ¡ p 1 )/ ( q U 2

1 / 2)
c = airfoil chord
l = lift force per unit span
n = coordinate direction normal to the airfoil surface
p = pressure at any point on the model surface
p1 = freestream static pressure
Re = Reynolds number, U 1 c/v
Sn ,s = velocity gradient, @Vn / @s
Ss,n = velocity gradient, @Vs /@n
s = coordinate direction along the airfoil surface, measured

from the nose
sc = s coordinate of the center of the dynamic stall vortex
t = time
U 1 = freestream velocity
Vn = velocity component along the n direction
Vs = velocity component along the s direction
x = chordwise direction
a = angle of incidence
a + = nondimensionalpitch rate, x c/ U 1²s,n = shear strain rate in the s ¡ n plane, (@Vs/@n + @Vn/ @s)
m = kinematic viscosity
q = density
U = stream function
x = angular velocity of pitching
x z = spanwise vorticity, (@Vn /@s ¡ @Vs/ @n)

Introduction

T HE unsteady ¯ ow over a two-dimensionalairfoil pitching at a
constant angular velocity about a spanwise axis has been stud-

ied by a number of investigators in recent years. The interest in this

Received Dec. 27, 1995; revision received Aug. 17, 1996; accepted for
publication Aug. 19, 1996; also published in AIAA Journal on Disc, Volume
2, Number 1. Copyright c° 1996 by H. Oshima and B. R. Ramaprian. Pub-
lished by the American Institute of Aeronautics and Astronautics, Inc., with
permission.

¤ Graduate Student, School of Mechanical and Materials Engineering;
currently Design Engineer, M.S. FM5-43, Intel Corporation, 1900 Prairie
City Road, Folsom, CA 95630.

² Professor, School of Mechanical and Materials Engineering, P.O. Box
642920. Member AIAA.

¯ ow con® guration has primarily been driven by the desire to under-
stand unsteady vortex dynamics and the phenomenon of dynamic
stall. However, practically all experimental studies of these ¯ ows
have so far been limited to qualitative ¯ ow visualization, measure-
ment of surface pressure distribution, or a limited amount of near-
surface velocity measurements over the wing. A few exceptions to
these are the unsteadyvelocity ® eld measurements at low Reynolds
numbers around a NACA 0012 airfoil by Shih et al.1 and our own
recent experiments2 on a NACA 0015 airfoil. On the other hand, re-
cent computational studies such as those of Ghia et al.,3 Visbal and
Shang,4 and Choudhuriet al.5 have resultedin a detaileddescription
of the surface pressure as well as the ¯ ow® eld around the airfoil.
However, a complete set of experimental data is not available for
the veri® cation or further developmentof such numerical models.

The present work formed a part of an extensive research program
on the study of the unsteady aerodynamics and dynamic stall of a
pitching airfoil of NACA 0015 pro® le. The studies under this pro-
gram were performed in an open-surface water channel specially
designed and constructed for this purpose. The experiments were
conductedat several Reynolds numbers in the range from 1.8 £ 104

to 2.3 £ 105. In all of theexperiments,the airfoilwas pitchedabout its
spanwise c/4 axis at constant angular velocity.The nondimensional
pitching rate a + varied from 0.036 to 0.2 in these experiments.The
velocity measurementsat the lowest Reynolds number of 1.8 £ 104,
which were made using the techniqueof particle image velocimetry
(PIV) in the very early phase of the research program, have been
reported separately.2 The surface pressuredata for several Reynolds
numbers and pitch rates in the preceding range have also been re-
ported in an earlier publication.6 The present paper describes PIV
measurements of the evolution of the instantaneousvelocity ® eld at
two of the highest Reynolds numbers (5.4 £ 104 and 1.5 £ 105) in
the preceding range. These correspond to nominal test section ve-
locities of 10 and 30 cm/s, respectively.The value of a + was 0.072
in both experiments. Surface pressure data corresponding to these
¯ ow conditions are available from Ref. 6. It has therefore become
possible to study the ¯ ow evolution in these two cases by using the
PIV data in conjunction with the corresponding surface pressure
data. This is a distinguishing feature of the present work.

The earlierpressuremeasurementsin the presentwater channelat
Reynolds numbers larger than 3 £ 105 revealed interestinglythat the
boundarylayerover theairfoilmodelundergoesveryearly transition
from laminar to turbulent ¯ ow near the leading edge, presumably
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due to the combinationof the relativelyhigh level of freestreamtur-
bulencein the water channel (about1.5±2%) and externallyimposed
unsteadiness.6 The early transitionresultedin almostcompleteelim-
ination of the so-called leading-edgeseparation bubble. In fact, the
pressure distribution and lift data obtained under these conditions
in Ref. 6 closely resembled those obtained by other investigators
in experiments at much higher Reynolds numbers ( ¼ 2 £ 106). The
detailed informationon the instantaneousvelocity and vorticity dis-
tributionsobtained in this study at the two Reynolds numbers above
3 £ 105 , togetherwith suchdataobtainedin Ref.2 at a Reynoldsnum-
ber of 1.8 £ 104, would thereforebe particularlyuseful for studying
transition effects on the unsteady ¯ ow. A further important feature
of the present work is that PIV data have been obtained with spatial
and temporal resolution higher than has been achieved in the past.
This became possible because of the use of a large model of 35 cm
(1 ft) chord in a relativelylarge test section,namely, 1 £ 0.7 m (3 £ 2
ft) and the use of water as the working ¯ uid.

Experimental Details
Experimental Facility

The experiments were performed in a free-surfacewater channel
with a test section 4 m (12 ft) long and 1 £ 0.7 m (3 £ 2 ft) in cross
section. The test section velocity in this facility can be varied from
0±0.5 m/s (0±1.5 ft/s). The freestreamturbulencelevel is about1.2%
at a test section velocity of 30 cm/s (1 ft/s) and 2.5% at a velocity
of 5 cm/s (0.17 ft/s). For a complete description of the facility, see
Conger and Ramaprian.7 The entire channel is seeded with micron-
sized particles of controlled size to allow PIV measurements.

The airfoil studied is a NACA 0015pro® le of 35 cm (14 in.) chord
and 67 cm (27 in.) span. This is the same model on which pressure
measurementswere made in the earlier study reported in Ref. 6. It is
formed fromextrudedaluminumstockand painteddull black to pre-
vent glare and re¯ ection during ¯ ow visualization.Figure 1 shows a
schematicof theairfoilmountingand pitchingarrangement.The air-
foil is mounted with its span vertical in the test section.It is provided

Fig. 1 Schematic of the airfoil mounting and pitching arrangement.

Fig. 2 Schematic of the optical setup.

with a circular transparentend plate that just dips into the water. The
end plate prevents wave effects at the free surface and also provides
an unobstructedand distortion-freeview of the ¯ ow® eld around the
airfoil. The end plate is mounted in a circular bearing of 65-cm
(26-in.) diam carried by a rectangular aluminum plate. The bearing
allows the end plate to be rotated about its vertical axis clockwiseor
counterclockwise at any desired angular velocity over an angle of
90 deg, via a chain drive, by a computer-controlledstepper motor.
The chain drive arrangement leaves the top of the end plate optically
clear, for ¯ ow visualization from the top. An encoder mounted on
the shaft of the stepper motor measures the angle of incidence of
the airfoil. The airfoil is mounted with its quarter-chord (c/4) axis
passing through the center of the end plate. Hence the rotation of
the end plate about its center causes the airfoil to pitch about its c/4
axis. More details of the model assembly are provided in Ref. 7.

Instrumentation

Because phenomena of interest to this study occur primarily on
the suction side of the airfoil, PIV measurements were obtained
only on this side of the airfoil. However, surface pressure data are
available for both sides of the airfoil. The PIV data were obtained
at the midspan plane of the airfoil. This was achieved by illuminat-
ing this plane by a laser light sheet. Figure 2 shows a schematic of
the optical setup used. In the lower Reynolds number experiment,
¯ uorescent polystyreneparticles of 2-l (0.8 £ 10¡ 4 in.) diam were
used for seeding the ¯ ow and a 4-W argon ion laser was used as
the light source. Since a shorter exposure time was required in the
higher Reynolds number experiment, this source was replaced by a
more powerful 20-W copper-vapor laser in that experiment. Also,
the seed particleswere replacedby 30-l (1.2 £ 10¡ 3 in.) non¯ uores-
cent particles (supplied by Optimage Ltd. of Edinburgh, Scotland,
United Kingdom). These particles were found to be less expensive
and superior in performance. In both the experiments, a rotating
shutter was used in the path of the laser beam to obtain laser pulses
at the desired frequency. A Nikon F-3 35-mm camera equipped
with a motor drive was used for taking the multiple-exposurepar-
ticle image photographs. The motor drive allowed photographs to
be obtained at a rate of up to four frames per second. Kodak Tri-X
ASA 400 black and white ® lm was used for the photography. The
camera was mountedon top of the circularend plate, aiming directly
downward (see Fig. 1) and was moved with the airfoil. The velocity
data were thus obtained in a coordinate frame moving with the air-
foil. The movement of the airfoil was synchronizedwith the camera
control, and in both the experiments, a total of 36 photographswere
obtained at equal intervals over the pitching range of 0 to about
29 deg. The angular resolution was thus approximately 0.8 deg.
The rotating shutter was set to provide four exposures during each
opening of the camera shutter. For details on camera and shutter
settings and the experimental procedure, reference may be made to
Oshima.8

As in the ® rst PIV experiments reported in Oshima and
Ramaprian,2 to achieve good spatial resolution and reach points
closer to the airfoil surface, the ¯ ow® eld on the suction side of the
airfoil was subdividedinto three regions, namely, front, mid, and aft
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Table 1 Spatial and temporal resolution of the PIV system

Temporal Temporal
Reynolds Spatial averaging Spatial averaging averaging averaging
number (inner region) (outer region) (front region) (mid and aft regions)

5.4 £ 104 0.009c £ 0.007c 0.018c £ 0.014c 1/22.5 s 1/15 s
(0.053 deg) (0.080 deg)

1.5 £ 104 0.009c £ 0.007c 0.018c £ 0.014c 1/64 s 1/40 s
(0.056 deg) (0.090 deg)

regions, and each region was zoomed in and photographed during
three separate pitching realizations. The velocity ® elds computed
for the three regions from the three different realizationswere later
combined and treated as part of a single realization. Although this
procedure sometimes introduced some discontinuities in the mea-
sured velocity ® eld between two adjacent regions, it was a tradeoff
needed to achieve higher spatial resolution. The problem of mis-
match on the whole was, however, not severe because the larger
structures in the ¯ ow were found to be fairly repetitive from one re-
alization to another, at least prior to the occurrenceof dynamic stall.

The primary purpose of these experiments was to obtain the de-
tailed evolution of the instantaneous ¯ ow® eld during a typical re-
alization. The preceding procedure was found to be satisfactory in
achieving this. No attempt was made to average the results over
a number of realizations because this would have masked the be-
havior of the smaller-scale activities, such as shear layer instability,
etc., which do not repeat in a deterministic manner during differ-
ent realizations. Note that the present velocity data and the earlier
(phase-averaged)pressure data can be used together and for com-
parison with computational ¯ uid dynamics results, as long as the
interest is in the larger-scalemotions.

The multiple-exposed photographs were scanned and processed
using the PIV interrogationsystem developed in house at Washing-
ton State University. This system uses the well-known autocorre-
lation method to obtain the velocity vectors. Velocity vectors were
computed twice, once using a ® ne grid to obtain a total of 1600
velocity vectors from each photograph, and a second time using a
coarse grid to obtain 400 velocityvectors.The ® ne grid results were
used for the region adjacent to the wall where the velocities are
smaller. The coarse grid data were used for the outer region with
larger velocities. An interactive postprocessing program was used
to select and match these results from the two grids and to detect
and correct/replace any bad velocity vectors. Also, the PIV system
used was not inherently capable of detecting ¯ ow reversals. This
issue was resolved during postprocessingby the operator, with the
assistance of a video record of the ¯ ow that had been obtained si-
multaneously with the photographic record. Other postprocessing
programs were used to compute the velocity components Vs and Vn ,
spanwise vorticity x z , stream function U , the shear strain rate ²s, n ,
and other quantities of interest, from differentiating/integrating the
measured velocity ® eld. In all of these calculations, the coordinate
system has been assumed to be nearly Cartesian. This assumption
is adequate for the purpose of the discussion presented in this pa-
per. The reader can, of course, use the archived raw data and the
geometry of the airfoil to recalculateall of the kinematic quantities,
without making the preceding assumption. The PIV system and the
detailsof the entireprocedureused in the presentstudyaredescribed
brie¯ y in Ref. 2 and in more detail in Ref. 8.

Errors and Uncertainties

Issues concerning two-dimensionalityof the ¯ ow and errors due
to blockage in the present facility have been discussed in detail in
Ref. 6 and will not be repeated here. It will only be mentioned here
that the ¯ ow in the midregion of the airfoil has been shown to be
acceptably two-dimensional (a spanwise variation in peak suction
pressure of less than 4.3%) and that typical blockage effects on lift
are less than 15% at the maximum incidenceof interest to this paper.
As pointed out in Ref. 6, these conditions represent a compromise
between large model size (hence large Reynolds number and the
best possible spatial and temporal resolutionof measurements) and
good ¯ ow quality.

The details of spatial and temporal averagingused in the process-
ing of the PIV images for the two experiments are summarized in
Table 1.

Note furtherthat particlephotographswere obtainedat time inter-
vals of 0.7 s at the lower Reynolds number and 0.25 s at the higher
Reynolds number. These correspond to 0.84 and 0.9 deg, respec-
tively, in incidence interval. The overall uncertainty in the velocity
measurements is about 2% of the maximum velocity in the ¯ ow.
Based on the observed scatter in the velocity data, it is reasonable to
assume an uncertaintyof 10% in the vorticity calculations. It is also
important to state that velocity data could not be obtained closer
than 2.4 mm (0.1 in.) from the wall, though they can be estimated
approximately from extrapolation to the wall. The uncertainties in
velocity and vorticity estimates are higher in this region. The un-
certainty in the estimation of the stream function is not more than
10%.

PIV Results
Many similarities were found in the basic as well as the gross

features of the ¯ ow at the two Reynolds numbers studied. For this
reason and also in the interest of brevity, results will be presented
mostly for the higherReynolds number experiment.However, a few
typical results will be shown for the lower Reynolds number ¯ ow
also. It is also important to note that although the velocities were
measured in a noninertial coordinate system (spinning at a constant
angular velocity about the pitching axis of the airfoil), the effect of
rotation of the coordinateaxes has negligibleeffect on the results at
the very low pitching rate of a + = 0.072 studied.

Evolution of the Velocity and Vorticity Fields
Figure 3 displays a few typical instantaneous velocity and vor-

ticity ® elds on the suction side over the entire airfoil, obtained at
the Reynolds number of 1.5 £ 105. The examples cover the interval
from a = 20.9 to 27.8 deg. Figures 4a and 4b show the correspond-
ing pressure and lift data, taken from Conger and Ramaprian.6 At
incidences below 21 deg, the ¯ ow features evolve slowly and are
qualitatively similar to those at 20.9 deg. Thus, at these lower inci-
dences, the contours of very high negative vorticity are very narrow
and stretched out and are nearly parallel to the airfoil surface, espe-
cially over the front half of the airfoil. The peak vorticity decreases
in magnitudeand the vorticity contoursspread outward a little more
toward the trailing edge, but the vortical region is still essentially
adjacent to the airfoil surface. This results in continued lift genera-
tion with incidence. In fact, pressure distributionsand lift, shown in
Figs. 4a and 4b, behave essentially as in steady ¯ ow, except that the
peak suction pressureand lift continue increasingwith incidence.In
other words, they can be considered to exhibit almost an extension
of the steady-¯ ow behavior.

The thickening of the vortical region in the mid-to-aft region of
the airfoil is due to the presence of a small layer of reverse ¯ ow
near the airfoil surface. This can be seen from the velocity ® eld at
a = 20.9 deg. In fact, this region of reverse ¯ ow was ® rst observed
in the trailing-edge region at an incidence of about 18 deg. It was
found to spread subsequently in the upstream direction thickening
the shear layer in the mid-to-aft regions, as the incidence increased
from 18 to 20.9 deg.

Beyond a = 20.9 deg, vorticity contours at around x/ c = 0.1
start to bulge out, producing a locally closed set of negative (clock-
wise) vorticity contours, which is indicative of the inception of the
so-called leading-edge vortex (LEV), which is also often referred
to as the primary vortex. The LEV then continues to grow in size
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Fig. 3 Typical instantaneous velocity vectors and spanwise vorticity (!z) contours on the suction side of the airfoil; Re = 1.5£ 105 and ®+ = 0.072.
Vorticity contours: minimum magnitude level = 7 units and contour interval = 14 units. Full lines represent clockwise (negative) vorticity, and dotted
lines represent counterclockwise (positive) vorticity.
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a) Surface pressure distributions

b) Lift

Fig. 4 Phase-locked surface pressure and lift data for the pitching air-
foil at Re = 1.5 £ 105 and ®+ = 0.072 (Ref. 6).

as can be seen typically from Fig. 3 for a = 22.6 deg. The reverse
¯ ow from the trailing edge does not, however, seem to be the cause
of the LEV formation in the front region of the airfoil, because it is
physicallyseparatedfrom the LEV, as seen clearly from the vorticity
contours at this incidence.The shear layer in the front region starts
to bulge out because of the large adverse pressure gradient, which
infuses positive (counterclockwise) vorticity at the surface. This
causes the vorticity maximum to move away from the wall, caus-
ing the vorticity contours to form locally closed curves. A region
of ¯ ow reversal seems to develop between the airfoil surface and
the contours of negative vorticity convected from the leading edge,
causing the shear layer of negative vorticity to lift up. The clock-
wise vorticity associated with this reverse ¯ ow is still too small to
be visible in the vorticity contours shown for this incidence. Simul-
taneously, a plateau begins to appear in the pressure distributions
near the leading edge. This can be seen typically form the pressure
distributionfor a = 22.24 deg in Fig. 4a. However, the vorticitystill
remains concentrated close to the wall. The lift therefore continues
to increase with incidence, as seen from Fig. 4b. As the incidence
increases further beyond22 deg, the reverse ¯ ow carrying the coun-
terclockwisevorticity grows between the shear layer and the airfoil
surface causing the shear layer to roll up. Also, during this period
the shear layer appears to break down due to instability, forming
several smaller vortices. A conglomerationof such shear layer vor-
tices can typically be seen at a = 24.4 deg in Fig. 3. The contours
of counterclockwise vorticity now become visible underneath the
primary vortex and are shown as dotted lines. These correspond
to the so-called secondary vortex observed in the calculations of

Choudhuri et al.5 In fact, another vortex with clockwise vorticity,
referred to by these authors as the tertiary vortex, can also be dis-
tinguished near the nose. This can be seen more clearly from the
streamline patterns to be presented later.

The rolled-upshear layer and the conglomerationof the remnants
of shear layervorticescan togetherbe describedas the dynamic-stall
vortex (DSV). As the incidence increases, the DSV begins to grow
very rapidly and move slightly downstream. The downstream con-
vection of the DSV is, however, minimal and most of the vortex
stays in the front region (x/ c < 0.3). A second suction peak corre-
spondingto the signatureof theDSV begins to appearin the pressure
distributions in the region during this incidence range. This suction
peak increases in magnitude and moves downstream with the DSV,
as can be seen from Fig. 4a. Earlier ¯ ow visualization studies and
surface pressure measurements9 , 10 have also indicated that the lo-
cation of the DSV center coincides approximatelywith the location
of the secondarypeak in C p distribution.The lift curve appearsa lit-
tle erratic during this period. Further increase in the incidence angle
causes the DSV to enlargerapidly,as can be seen from the results for
a = 25.2 deg. The shear layer gets pinched off at this incidence, as
seen from the vorticity contours. However, the DSV is still located
adjacent to the wall. It is ejected into the cross-stream direction at
a slightly higher incidence of about 26 deg. The secondary vortical
structure with positive vorticity grows beneath it, as seen from the
vorticity contours for a = 25.2 and 26.1 deg. Both the secondary
suction peak and lift reach their maximum values slightly beyond
a = 26 deg. At the incidence of 27.8 deg, the DSV leaves our view
and only a thin shear layer with a pair of shear layer vortices em-
anating from the leading edge can be seen. The dynamic stall has
already occurred,and the suction peak and lift have dropped signif-
icantly from their maximum values. (Note that the second peak in
the lift curve is most probably due to blockage effects that become
signi® cant after the occurrence of dynamic stall.)

Meanwhile, in the mid-to-aft regions, the separated layer orig-
inating from the trailing edge starts to form a second vortex, the
so-called shear-layervortex (SLV). The experiments indicated that,
beyond an incidence of about 23 deg, the spacing between the two
vortical regions increasedand the two vorticesbecamemore distinct
from each other. This can be clearly seen from both the velocity and
vorticity results for a = 24.4, 25.2, and 26.1 deg. These ¯ ow struc-
tures observed in the present experiments are qualitatively similar
to the results of earlier ¯ ow visualization studies,9 , 11 as well as nu-
merical analyses,12 at low Reynolds number (on the order of 104).

Reynolds Number Effects on the Flow Structure

Figures5a and5b showhow theDSV is convecteddownstreamaf-
ter it is formed.The results are shown for the two Reynolds numbers

a)

b)

Fig. 5 Effect of Reynolds number on the convection of the DSV.
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studied in the presentexperimentsand comparedwith the resultsob-
tained at the low Reynolds number of 1.8 £ 104 in Ref. 2. Figure 5a
shows the streamwise coordinate sc of the center of the DSV as a
functionof the angle of incidence,whereasFig. 5b shows the trajec-
tory of the vortex center. The center of the DSV was determined by
assuming it to coincidewith the centroidof the vorticitydistribution
associated with the DSV. For this purpose, the domain of the DSV
was subjectively inferred from observing the streamline pattern of
the ¯ ow. Because of this reason, the results shown in Fig. 5 (espe-
cially the n/c values)should be used with some caution.However, it
is quite clear from Fig. 5a that, within an uncertaintyof about 1 deg
in incidence(approximatelyone frame interval of the photographs),
the LEV formation (in the sense of an identi® able vortex center)
occurs at an incidence of 20±21 deg at both the higher Reynolds
numbers. Likewise, the plots in both cases extend up to a maximum
angle of incidenceof about 26 deg. Beyond this incidence, the DSV
is rapidly ejected in a direction almost normal to the airfoil surface
into the freestream,which results in the vortex being either partially
or fully outside the ® eld of view. The location of the center of the
vortex cannot therefore be ascertained.It was seen from Figs. 3 and
4 that this situation corresponds to dynamic stall. Hence, we can
infer from Fig. 5a that the inception of the LEV and the onset of
dynamic stall occur at nearly the same angles at both these higher
Reynolds numbers. In contrastwith this, the vortex inceptionoccurs
at an incidence of about 17 deg at Re = 1.8 £ 104 . The vortex cen-
ter in this case could be tracked all of the way up to the maximum
angle of about 25 deg up to which the airfoil was pitched in that ex-
periment. This tracking became possible because the DSV did not
actually break away from the airfoil but remained instead within
the ® eld of view over the entire range of pitching, even though the
shear layer was pinched off at about 24 deg. In fact, because of this
and also becauseno lift measurements were made, it is not possible
to con® rm whether dynamic stall actually occurred or not in the
experiment.

Unlike the incidence angle of LEV inception, the actual loca-
tion of the vortex trajectory exhibited nonmonotonic behavior with
respect to Reynolds number. This can be seen from Fig. 5b. Obvi-
ously, the data for the two Reynolds numbers studied in the present
experiments do not collapse together, indicating that in this respect
the ¯ ow exhibits Reynolds number dependence.However, the data
do indicate that at all of the Reynolds numbers, the vortex center
is convected with about the same constant velocity. The convec-
tion velocity calculated from the average trajectory slope is about
0.6 U 1 .

The effect of Reynolds number on the detailed ¯ ow structure can
be further examined with reference to Figs. 6a±6c, which compare
the vorticity contours in the ¯ ow at the three Reynolds numbers. In
each case, the speci® c angle of incidence selected for comparison
corresponds to the instant after the shear layer detachment is com-
plete. In the present experiments at the higher Reynolds numbers,
this angle also correspondsto the instant just prior to the occurrence
of dynamic stall. It is interestingto note that certain features such as
the primary, secondary, and tertiary vortical structures are present
at all of the Reynolds numbers. Now, to study the differences, let us
® rst compare the results at the highest and lowest Reynolds num-
bers. The most striking differencebetween these two cases is in the
extent of the wing surface over which the DSV has spread. At the
lowest Reynolds number, the rolled-up shear layer contains a num-
ber of vortical structures that are remnants of vortices generated by
the shear layer instability.The vorticity contours indicate that these
remnants still carry a substantial amount of vorticity. Furthermore,
even though the shear layer has just been pinched off, the DSV
consisting of the conglomeration of the vortices is still within the
view of the camera. The release of the DSV from the surface can be
considered to be gradual and is in a direction approximately along
the airfoil surface. In other words, the DSV has not really been torn
away and ejected from the surface. In fact, such an ejection was not
observedeven at the incidenceof 28.5 deg, which was the largest in-
cidence measured in that experiment. In contrast to this, the release
of the DSV at the highest Reynolds number is more in the nature of
an abrupt ejection in a directionalmost normal to the airfoil surface.
The DSV in this case is also more compactand its severancefrom the
shear layer is sharper.One can still observe several remnant vortical

a) Re = 1.8 £ 104 (Ref. 2); ®= 24.2 deg

b) Re = 5.4 £ 104; ®= 25 deg

c) Re = 1.5 £ 105; ®= 26.1 deg

Fig. 6 Effect of Reynolds number on the vortical structure of the DSV;
®+ = 0.072. In each case, the incidence corresponds to the instant just
after shear layer detachment. Contour values same as in Fig. 3.

structures inside the DSV, but these are fewer in number, weaker,
and lesscoherent than at the lowestReynoldsnumber.Apparently,at
the highest Reynolds number, the breakdown of the shear layer due
to instability occurs more slowly relative to the roll-up and ejection
process. The latter is completed very rapidly even though it starts at
a larger incidencethan at the low Reynoldsnumber.Since the nondi-
mensional pitching rate was the same in all of these experiments,
this indicatesthat the shear layer breakdownand roll-up/ejectionare
two differentprocesses,each characterizedby a different time scale.
The rapidity with which the shear layer ejection occurs compared
with the rate of formation of the instability vortices suggests that at
high Reynolds numbers the process of dynamic stall is likely to be
less sensitive to any attempt to alter the stability characteristics of
the shear layer.Anothersigni® cant feature that can be seen fromFig.
6 is that, as the Reynoldsnumber increases,the DSV is more clearly
separated from the SLV occupying the aft region of the airfoil.

The ¯ ow structure at the intermediate Reynolds number is some-
what similar to that at the highest Reynolds number in terms of
the preceding details. Thus, there are only a small number of rem-
nant vortical structureswithin the DSV and the shear layer is ejected
nearlyabruptlyat a fairly large angle to the airfoil surface in both the
cases. This similarity results in nearly identical lift generationchar-
acteristicsat these two Reynolds numbers, as seen from Fig. 4b. The
differences in some of the kinematic features such as cross-stream
locations and trajectories at the two Reynolds numbers (observed
in Fig. 5b) thus do not seem to signi® cantly affect the gross ¯ ow
dynamics. Unfortunately, lift data could not be obtained in the ex-
periments of Ref. 2, and so a comparison cannot be made between
the extreme Reynolds numbers.

The similarity in the ¯ ow structure observed at the two higher
Reynolds numbers studied in the present experiments is believed to
be due to the triggeringof early transitionover the airfoil by the high
freestream turbulence (and consequent elimination of the laminar
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separation bubble) at these Reynolds numbers. The Reynolds num-
ber of 1.8 £ 104 studied in Ref. 2 was too small for such an early
triggering of transition to occur, even with the high freestream tur-
bulence. A very detailed discussion on the process of transition in
these experiments has been presented in Ref. 6. The present PIV
results from the experiments at Reynolds numbers of 5.4 £ 104 and
1.5 £ 105 , in fact, providefurthercon® rmationof theearly triggering
of transition.

Other Kinematic Features of the Flow
From the basic PIV data collected, it is possible to recover, in

addition to the velocity and vorticity information presented earlier,
other useful kinematic information such as the cross-stream distri-
butions of strain rates, streamlines, and topology of the ¯ ow. Some
typical results are presented next for the higher Reynolds number
experiment.More extensive results for all of the Reynolds numbers,
including detailed plots of the velocity and vorticity distributions
across the ¯ ow, are available from Oshima.8

Strain Rate and Velocity Gradients
Figure 7a shows the contours of shear strain rate ²s,n , whereas

Figs. 7b and 7c show contours of the individual velocity gradients
Ss,n and Sn, s , for an incidence of 25.2 deg (just prior to the occur-
renceof dynamic stall).Note that the sum of thesevelocitygradients
represents the shear strain rate and their difference represents the
vorticity,which is shown in Fig. 3. In all of the cases, the outermost
contourshave the same magnitude(of about7 units) and the contour
intervals are the same (about 14 units). It is seen that in the front re-
gion Sn ,s (showing1 to 2 contourlinesanda maximumvalueof about
21 units) is quite signi® cant (about60%) comparedwith Ss,n (show-
ing up to 3 contours and a maximum value of about 35 units). This

a) ²s,n

b) Ss,n

c) Sn,s

Fig. 7 Contours of the instantaneousshear strain rate and velocity gra-
dients at an incidence of 25.2 deg (just after shear layer detachment):
Re = 1.5 £ 105 and ®+ = 0.072. Contour values same as in Fig. 3.

results in the vorticity and shear strain rates differing signi® cantly
from each other, as can be seen from a comparison of the vorticity
contours in Fig. 3 with the shear strain contoursin Fig. 7a. The shear
strain rate contoursare stretched out longer along the airfoil. On the
other hand, in the rear part of the airfoil (occupiedby the SLV), Sn ,s

is less than 7 units in magnitudes(becauseits contoursare not seen in
Fig. 7c), whereas Ss, n has a maximum magnitudeof about 21 units.
Hence, the vorticity,shear strain rate, and Ss,n contoursare all nearly
identical to one another in this region. Note, however, that in all re-
gions of the ¯ ow the magnitudes of Sn ,s are still signi® cant enough
to invalidate boundary-layerapproximations at this incidence.

Streamline Pattern and Topology of the Flow® eld

Figures 8a±8d show some selected streamline patterns from the
experimentat Re = 1.5 £ 105 of the presentstudy.These streamline
patterns are as they appear to an observer moving with the airfoil.
Becauseof the integrationandsmoothinginvolvedin thecalculation
of the streamlines from the velocity data, only the strongest struc-
tures are seen. The details of the remnants of vorticity generated
by the shear layer instability are therefore not visible in these pat-
terns. Following the approach of Perry and Chong,13 we can study
from these ® gures the evolution of the topological features in the
¯ ow around the pitching airfoil in terms of the two types of critical
points,namely, centersand saddles. It is seen that at the incidenceof
20.9 deg the streamlinesnext to the surface in the front regionstart to
thicken. This stage corresponds to the formation of the primary re-
circulationcenter C1 associatedwith the LEV near the leading edge
within the thin layer next to the surface. Even though the PIV could
not capture the details of the region because of its limited spatial
resolution, the recirculation region can be identi® ed by the bulging
of the streamlines in the front region of the airfoil. Also, a distinc-
tive half-saddle point (S1 in Fig. 8a) can be observed between the
primary recirculation and the ¯ ow reversal from the trailing edge.
The reverse ¯ ow near the trailing edge that started much earlier has
already moved signi® cantly upstream by this time.

The pair of critical points (a center C1 and a saddle S1) associ-
ated with the formation of the clockwise primary recirculation (or
the LEV) can be more clearly observed at the incidenceof 21.8 deg.
During the incidence interval of 20.9±21.8 deg, the saddle point S1
moves downstream to the midregion, and a secondary recirculation
region with counterclockwise rotation can be observed upstream
of the LEV. The secondary recirculation has a center C2 (which is
very close to the surface and hence cannot be seen very well from
the PIV data) and a corresponding half-saddle point S2 upstream
of the center. At the incidence of 22.6 deg, a third pair of critical
points (C3 and S3) appears upstream of the other two recirculation
regions to form a tertiary recirculatingregion associatedwith clock-
wise rotation. The saddle S3 associated with the third recirculating
region is a full saddle located above the secondary recirculation.
This recirculationregion has been referred to as the tertiary vortex.
Streamlines emanating from the leading edge encompass the three
recirculating regions. Up to this incidence, streamline patterns in
the aft region are relatively complex and it is hard to describe them
using the critical point theory.

As the incidence increases, the primary recirculation region
rapidly increases in size to form the DSV, which eventually begins
to detach from the surface. Simultaneously, the coherent vortical
structure of the SLV begins to form. These features can be seen
from Fig. 8d, corresponding to an incidence of 25.2 deg. The three
vortical structures near the leading edge associatedwith the centers
C1, C2, and C3 are labeled in Figs. 8d and 6c for easy identi® cation.
The half-saddle point S1 associated with the primary recirculation
(DSV) has just detachedfrom the surface to forma full-saddlepoint.
In the aft region, the vortical structures seem to have settled into
two recirculating regions, exhibiting a pair of structures (C4, S4)
and (C5, S5), even though the saddle point S4 associated with the
SLV must be in the wake and is not seen in Fig. 8d.

Within the limitationsof the spatial resolutionof the PIV, the evo-
lution of the dominant topological features of the ¯ ow, namely, the
primary, secondary,and tertiaryvortices,observed in the presentex-
perimentsis in very goodagreementwith that computednumerically
in Choudhuri et al.5 for a pitching NACA 0012 airfoil at Re = 104

and a + = 0.2. The similarity in the results in spite of the difference
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a)

b)

c)

d)

Fig. 8 Typical instantaneous streamline patterns in the ¯ ow at Re = 1.5 £ 105 and ®+ = 0.072, showing the evolution of the pairs of centers C and
saddle points S; a) ®= 20.9 deg, b) ®= 21.8 deg, c) ®= 22.6 deg, and d) ®= 25.2 deg.

in airfoil geometries, Reynolds numbers, nature of ¯ ow (laminar vs
turbulent), and pitch rates suggests that the dominant topological
features are possibly a generic property of two-dimensional un-
steady separating ¯ ows.

Conclusions
1) The increase in lift of a pitching airfoil is due to the in¯ ux of

vorticity from the surface by the presence of strong favorable pres-
suregradientnear the leadingedge.Lift continuesto increaseso long
as vorticity is generated and remains close to the airfoil surface. In-
fusion of counterclockwisevorticity from the airfoil surface due to
local adverse pressure gradient forces the shear layer to lift up and
thus createstheLEV. Also, the continuedin¯ ux of counterclockwise
vorticity from the surface produces a secondary counterclockwise
vortical structure underneath the LEV, which causes the shear layer
to roll up. The rolled-upshear layer, along with the remnants of sev-
eral vorticesgeneratedby the shear layer instability, forms the DSV.
The DSV grows in size and is eventually ejected abruptly at a large
angle with respect to the airfoil surface leading to the dynamic stall.

2) Early transition to turbulenceat high Reynoldsnumberscauses
the LEV to form at larger incidences, but more abruptly than at low
Reynoldsnumbers.Also, theDSV at highReynoldsnumbersis more
compact and better de® ned and contains fewer remnant vortices
formed from the instability of the shear layer before it is ejected
from the surface at a steep angle. The DSV is clearly separated
from another dominant vortical structure, the so-called SLV, which
occupies the mid-to-aft region of the airfoil.

3) The dominant topological features observed in the leading-
edge region of the ¯ ow are similar to those predicted in Ref. 5. They
appear to be generic characteristicsof unsteady separation.

The PIV data, along with the surface pressure data, have been
archived and are available to any interested reader.
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