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VORTEX DYNAMICS AND SEPARATION OVER PITCHING WINGS 

B.R. Ramaprian 
Principal Investigator 

A.  ABSTRACT 

This project, aimed at an extensive study of the unsteady vortex dynamics and separation 
of pitching wings, started on January 15, 1992 and terminated on June 30, 1995. However, there 
was a reduction in the scope of the Project after January 1994 because of a cut in the budget. 
Even so, significant accomplishments were made in the project. These included extensive 
documentation of the 2-D velocity and vorticity field around a pitching NACA 0015 wing at a 
Reynolds number of 150,000, and extensive surface pressure and velocity data in the 3-D flow 
over a pitching swept wing of the same profile. The velocity data were obtained using the 
technique of Particle Image Velocimetry (PIV) developed during a prior AFOSR Grant. The 
data have been used to understand the physics of 2-D and 3-D vortex dynamics/separation in 
unsteady flows. The data have been archived carefully and will be made available to any 
interested user. This Final Technical Report gives a summary of the Project activities. More 
details can be found in several publications that have resulted from this project. 

B.  SUMMARY OF RESEARCH ACCOMPLISHMENTS 

L  Introduction 

This projected started on January 15, 1992, as a continuation of an earlier AFOSR- 
supported 2-year project during which the flow facility and PrV instrumentation were developed 
and a part of the pressure and velocity measurements were made over a 2-dimensional pitching 
airfoil. The main tasks of the present project were to first to complete the PIV measurements 
in the 2-D flow and later study, in detail, the unsteady 3-D flow produced by imparting a small 
backsweep of 15 degrees to the same airfoil. In all the experiments, the airfoil was pitched at 
constant angular velocity about an axis perpendicular to the freestream direction. The objective 
of the study was to understand the vorticity dynamics and the physics of separation and stall in 
unsteady flows. The flow over the mildly swept wing represents a small departure from two- 
dimensionality and hence, the experiments over the swept wing were expected to elucidate the 
effect of three-dimensionality on the dynamics of unsteady flows. 

n.  Experimental Facility and Instrumentation 

The Water Channel and Model 

The experiments were performed in a free-surface, water channel which has a test section 
4 m long and lm x 0.7 in cross-section. The channel is constructed from PVC and stainless steel 
to prevent rust formation.   The water quality is controlled by a combination of   softening, 
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filtering and pH management. The flow in the test section is uniform to within 1%. The 
freestream turbulence level is about 1.2 % at a test section velocity of 0.3 m/s and about 2% at 
0.1 m/s. For more details and a complete description of the water channel, reference may be 
made to the departmental report on this subject by Conger and Ramaprian (1992), cited in 
Section C. 

The test model used in the 2-D experiments was a NACA 0015 airfoil of 0.3 m chord (c) 
and 0.6m span (s) cut from an extruded aluminum stock. The details of construction of this model 
has been described in earlier reports. In the 3-D experiments, the wing model used was of the 
same NACA 0015 profile, but had a backsweep angle of 15 degrees, with c- 0.305 m and s- 
0.61 m (measured perpendicular and parallel to the leading edge respectively). A schematic of 
this model is shown in Fig.l. It is constructed in 5-cm wide airfoil sections of aluminum 
machined on a numerically controlled milling machine and anodized for corrosion protection. The 
wing is assembled from these sections of which one is instrumented with pressure taps. The 
sections slide on two guide rods such that the instrumented section can be repositioned to varying 
spanwise locations. This construction allows one to make pressure measurements in several 
finely spaced spanwise locations without having to provide an impractically large number of 
pressure taps. The assembled wing has a chord (c) of 32 cm and a span (s) of 59 cm. Each end 
of the wing is fitted with a 1.2-cm thick Plexiglas end plate of 64 cm diameter. Surface pressure 
measurements were made over the central 19 cm of the span, which was found to be free from 
significant end effects.   PIV data were obtained over the central 10 cm of span. 

Both in the 2-D and 3-D experiments, the wing assembly is suspended in the 0.9 m 
(width) x 0.62 m (water depth) test section of the water channel, as shown schematically (for the 
3-D case) in Fig.2. When mounted in place, the centers of the end plate are located on a vertical 
axis passing through the c/4 point at midspan of the wing. The upper Plexiglas end plate is 
bolted into the recess of a PVC pipe which rides on a 64 cm bearing. The bearing is positioned 
at the center of a rectangular aluminum plate located above the water level. This plate is 
supported by a large frame (not shown in Fig.2) independent of the water channel and designed 
to damp out vibrations generated by the pumps. 

Pitching of the airfoil at constant angular velocity, about the vertical axis through the center 
of the end plate, is accomplished by a chain attached to the outside of the PVC pipe and driven 
by a servo-controlled microstepping motor. A digital encoder on the motor shaft provides 
information on the angular position of the airfoil. The encoder and controller communicate with 
an IBM-compatible personal computer, which also acquires the pressure data. 

Instrumentation for pressure measurement 

The pressure measurement system used in both the 2-D and 3-D experiments utilizes a 
diaphragm-type pressure transducer connected between a reference static tap and a surface 
pressure port via a scanning valve capable of switching among 48 channels. The transducer and 
scanning valve are carried on an aluminum bar which is mounted on the end plate (see Fig.2). 
A Pitot tube immersed in the flow upstream of the wing provides the reference static pressure 
and stagnation pressure for all experiments. A swivel ball joint mounted above the center of the 
rotating aluminum bar provides leak-proof communication between the stationary pressure tubing 
from the Pitot tube and the transducer moving with the end plate. 



PIV instrumentation 

The entire water channel was seeded with polystyrene particles of 20 jim diameter and 
specific gravity of 1.04. These were used as the tracer particles for the PIV measurements. They 
were illuminated by a horizontal laser light sheet of approximately 1-2 mm thickness. The light 
source used was a pulsed copper vapor laser pulsing at a uniform rate of 6 kHz and operating 
at an average power of approximately 10 watts. The optical arrangement for the light sheet is 
shown in Fig.3. A Nikon F3 35-mm camera was mounted directly above the 65 cm bearing and 
was focused through the top Plexiglas end plate onto the illuminated spanwise plane of interest. 
The camera moved with the rotating end plate, so that photographs were obtained in a frame 
moving with the wing. Multiple exposures of the tracer particles were produced by the use of 
a rotating slotted disk operating at 254 Hz and placed in the optical path of the laser (see Fig.l). 
The width of the slot was such as to provide an exposure period of about 1/2000 s. As an 
example, in the experiments at a test section velocity of 30 cm/s, the camera shutter was set to 
remain open for 1/30 sec, thus making it possible to capture eight exposures of the particles in 
each picture. The above settings correspond to a maximum particle travel of about 4 mm in the 
streamwise direction between exposures, and an effective averaging time of 1/30 s. These can 
be compared with the chord length of 300 mm and the total pitching time of about 9s. The 
camera shutter itself was triggered by the computer to open at the rate of one frame per degree 
in the incidence interval of 0 to 33 degrees, so that 34 pictures could be obtained during one 
pitching realization. The camera settings were proportionately adjusted for other test section 
velocities. 

It should be noted that the PIV system used can measure only two components of the 
velocity, in this case the streamwise (vx) and cross-stream (vy ) components. Thus, the spanwise 
component of the velocity could not be measured in the case of the swept-wing experiments. 
Also, the two-dimensional PIV system can, in principle, be used only in a two-dimensional flow. 
However, the mild spanwise flow present in the 3-D experiments did not introduce any major 
difficulties in the measurement of the flow field using the two-dimensional PIV system. 

Each photographic negative was digitized using a microscope objective, a CCD camera, 
and a digital image processor. A rectangular area 2.4 cm long and 1.85 cm high was analyzed 
on each negative. This represents an area of approximately 17 cm by 13 cm in the actual flow. 
This rectangular area was divided into a checkerboard pattern with 40 divisions per side, for a 
total of 1600 square segments to be analyzed. The velocity vector was computed at the center 
of each segment by evaluating the two-dimensional autocorrelation function of the digitized 
image of the particles, using a high-speed array processor installed inside the PC. The entire 
process was automated, and a computer controlled two-axis traverse moved the film from one 
position to another. 

After the velocity vectors were obtained in the above manner, the results were examined 
for missing and spurious values, which were then either corrected (where possible), or 
interpolated from reliable neighboring values (where not possible). Such corrections/interpolations 
were usually limited to about 10% of the total number of vectors. The details of this procedure 
are reported in the Ph.D. thesis of Oshima (1994). Also, after determining the velocity vectors, 
corresponding vorticity and stream function values were obtained using a series of post- 
processing programs described in the theses of Oshima (1994) and Rymarz (1995). 
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DL  Experimental Procedure 

Pressure Measurements in 3-D Flow 

All the measurements were made at a Reynolds number of 130,000. Phase-locked 
pressure data were obtained at four different nondimensional pitching rates, a+ (=c-/U0O)= 0.037, 
0.075, 0.104 and 0.207. Measurements were made at 22 z'-locations extending over about 22 cm. 
These data were subsequently interpolated to obtain pressure distributions Cp vs x/c at 19 
spanwise locations (i.e., z-direction) extending over a distance of 19 cm. These pressure data 
were integrated to obtain the lift, pressure-drag and moment about the pitching axis, following 
standard procedure. The details of calculation are described in the M.S. thesis of Patterson 
(1994). Pressure gradients along the x' and z' directions were computed from the original 22 sets 
of data. These results were subsequently used to evaluate the pressure gradients (or, equivalently 
the vorticity fluxes) in the x- and z- directions. The experimental uncertainties are estimated to 
be 6% for Cp and the aerodynamic coefficients, and ± 0.07 degree for a. The surface vorticity 
fluxes (or equivalently, the surface pressure gradients) obtained from smoothed, phase-locked 
surface pressure distributions are estimated to be accurate to within 12% . 

PIV Measurements 

In the 2-D experiments, PIV data were obtained at two Reynolds numbers, namely 54,000 
and 150,000 and a single pitch rate, a+ =0.075 . This was in addition to the data obtained at a 
Reynolds number of 18,000 in the earlier Project. The PIV data in the 3-D experiments were 
obtained at a single freestream velocity of about 32 cm/s (corresponding to a Reynolds number 
Re= 135,000) and a pitch rate ot+ of 0.075. It was insured that between the present and the earlier 
projects, surface pressure and velocity data for the 2-D airfoil were available for this combination 
of Reynolds number and pitch rate. In order to achieve a higher spatial resolution of the velocity 
field, only 1/3 of the chord (forward, middle, or aft) was photographed during a pitching 
realization. The results thus obtained for the three regions from three separate pitching 
realizations were then combined to obtain the composite flow field over the entire wing. 

Each realization consisted of a pitching maneuver from 0 to 33 degrees, with photographs 
being taken in one degree increments. In the swept-wing experiments, PIV data were obtained 
in the midspan plane, as well as at two off-midspan planes, 5 cm above and 5 cm below the 
midspan plane. Although the somewhat small aspect ratio of the swept wing model does not 
allow it to truly represent an "infinite" wing, this region around the mid-span plane was judged 
to be nearly free from end effects (based on the results from the pressure measurements reported 
in the thesis of Patterson 1994, and also in the paper by Patterson, Rymarz and Ramaprian cited 
in Section C), and hence was considered to be satisfactory for studying the three-dimensional 
effects introduced by sweep and pitch axis location. 

A detailed discussion of the estimation of uncertainties associated with the present PIV 
measurements is provided in the thesis of Rymarz (1995). These estimates indicate that, vx and 
v have an uncertainty of 4% over all the regions of the flow except in the immediate vicinity 
of the wall where the uncertainty is about 8%, and the vorticity and stream function values 
estimated from the velocity data have an uncertainty of 8% (16% immediately next to the wall) 



and 4% respectively. 

HI. Conclusions 

The important conclusions arrived at, from the experiments mentioned above are listed 
below. The three key papers that led to these conclusions are attached as appendices I, II and 
in to this report. Detailed discussions of the experimental results can be found in these papers, 
as well as, various other publications and student theses that have resulted from this Project. The 
publication details of these are listed in Section C of this Report. 

2-D Unsteady Flow over a Pitching Airfoil 

A comprehensive set of velocity data have been obtained on a pitching airfoil. These data 
complement the surface pressure data obtained earlier on the same airfoil in the same facility. 
A detailed study of these data has led to the following important conclusions (See Appendix 1). 

(1) The increase in lift of a pitching airfoil is due to the influx of vorticity from the surface 
by the presence of strong favorable pressure gradient near the leading edge. Lift continues to 
increase so long as vorticity is generated and remains close to the airfoil surface. Infusion of 
counter-clockwise vorticity from the airfoil surface due to local adverse pressure gradient forces 
the shear layer to lift up and thus creates the Leading Edge Vortex (LEV). Also, the continued 
influx of counter-clockwise vorticity from the surface produces a secondary counter-clockwise 
vortical structure underneath the LEV, which causes the shear layer to roll up. The rolled up 
shear layer along with several vortices generated by the shear-layer instability forms the so called 
Dynamic Stall Vortex (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 turbulence at high Reynolds numbers causes the LEV to form at larger 
incidences, but more abruptly than at low Reynolds numbers. Also, the DSV at high Reynolds 
numbers is more compact, better defined and contains fewer vortices formed from the instability 
of the shear layer before it is ejected from the surface. The DSV is clearly separated from an 
other dominant vortical structure, the so-called shear-layer vortex (SLV), which occupies the mid- 
to-aft region of the airfoil. 
(3) Several pairs of topological critical points have been identified in the flow pattern 
obtained from the PIV data. However, all these critical points are characterized by non-zero 
shear strain rate and hence do not represent unsteady separation points in the MRS sense. 
Computation of particle trajectories may help to understand the mechanism underlying the 
unsteady separation from the Lagrangian point of view. This requires additional work and may 
require improvement in the temporal resolution of the PIV. 

3-D Unsteady Flow over the Pitching Swept Wing 

Even though the geometry studied represented a small departure from two-dimensionality, 
significant three-dimensional and pitch-axis location effects were observed in the present 
experiments.     The  conclusions  based  on  the  pressure  (See  Appendix  2)  and  velocity 
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measurements (See Appendix 3) are separately listed below. 

Conclusions from pressure measurements 

1. The onset of the dynamic stall vortex in three-dimensional flow over the swept wing is 
associated with a long pressure plateau (or very mild second suction peak) in the surface pressure 
distribution, which replaces the strong second suction peak observed over an unswept wing. Thus, 
there does not appear to be a rapid ejection/lift-off of the DSV from the surface, but a rather 
gradual spreading of the vortex across the wing surface. This is believed to be due to the 
occurrence of more gradual, open-type, three-dimensional, flow separation in the presence of the 
spanwise velocity component. Consequently, sweep increases unsteady Ctaax, as well as the 
incidence at which it occurs. It causes Cm about the pitching axis to increase at an earlier 
incidence but less drastically than in two-dimensional flow. 
2. The aerodynamic coefficients follow a trend that is an extension of the quasi-steady 
behavior to post-static stall incidences. This is true at all spanwise locations and at all except 
the highest pitch rate studied. Of these, the pitching moment coefficient departs the earliest 
from the quasi-steady behavior and shows a large increase well before the occurrence of 
dynamic stall, whereas the lift and drag coefficients continue to follow quasi-steady trend 
almost up to the occurrence of dynamic stall. These characteristics are qualitatively similar 
to those observed in two-dimensional flows. 
3. Lift curve slope and maximum lift increase from the bottom towards the top part of the 
wing. Pitching moment increases in a similar manner, except that the increase begins to 
appear earlier during the pitching maneuver. The pressure-minimum wave front (usually 
associated with the stall vortex) convects obliquely along the wing surface from the bottom 
towards the top of the wing with a longitudinal convection velocity of about 0.17U0. All these 
effects can be related to the pitch-axis geometry studied in the present experiments. 
4. There is strong evidence of spanwise modulation in the production of vorticity at the wing 
surface, especially in the downstream regions of the wing. In fact, some spanwise modulation 
can be observed even in the lift distribution. The precise cause of this periodicity is unknown. 
This aspect requires further study. 

Conclusions from the PIV measurements 

1. The vortex structures remained close to the surface of the swept airfoil. In fact, the 
DSV was never actually washed away from the swept wing even at the highest post-stall 
incidence of 34 degrees studied in the present experiments. Hence, post-stall loss of 
circulation and lift was gradual rather than catastrophic. 
2. The DSV at the larger incidences over the swept wing is really a conglomeration of 
a number of smaller vortex structures that spread out over the entire wing surface. The swept 
wing stalls as the vortical structures begin to move away one by one from the surface. The 
unswept wing, in contrast, stalls after the DSV is abruptly swept away as a single structure. 
The distributed vortex structure, as well as the noncatastrophic nature of stall are believed to 
be the general characteristics of all three dimensional flows. 
3. The trailing edge flow of the swept wing does not seem to influence the lift-off of the 



leading-edge vortex structure. Rather, the LEV seems to be pushed away from the surface of 
the wing by a localized build-up of low energy fluid. While this feature can be observed over 
the unswept wing also, it is more clearly observed over the swept wing. 
4. A strong spatial periodicity was observed in the rate of accumulation of vorticity along 
the swept wing. This periodicity is caused essentially by periodic convection of vorticity in 
both the chordwise and spanwise directions. The origin of this periodicity is unknown. It is 
also not clear whether this periodicity is peculiar to the specific mildly three-dimensional 
geometry studied in the present experiments, or whether it is a characteristic feature of all 
three-dimensional flows. 
5. There is strong evidence that aftward movement of the pitch axis delays the dynamic 
stall process, as well as slightly increasing the maximum lift produced by the wing. The 
present data trend (strong monotonic variation with z) suggest that this is primarily a pitch-axis 
location effect, and should be observable in two-dimensional flows also. 

Based on the detailed study reported in Conger and Ramaprian (1992), there is strong 
reason to believe that the present results (especially those obtained at the Reynolds number 
of 1.5xl05) are representative of flow behavior at "high" Reynolds numbers of practical 
interest. The PIV data, along with the surface pressure data, have been archived and are 
available to any interested reader. These data form a comprehensive database suitable for use 
in the development and verification of computational fluid dynamics codes for pitching 
airfoils. 
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APPENDIX I 
(Draft of paper being submitted shortly to the AIAA Journal for publication) 

VELOCITY MEASUREMENTS OVER A PITCHING AIRFOIL 

H.Oshima 
Graduate Student, School of Electrical Engineering and Computer Science, 

Washington State University, Pullman, WA 
and 

B.R. Ramaprian 
Professor, School of Mechanical and Materials Engineering,Washington State University, 

Pullman, WA 

Abstract 

This paper presents the results of velocity measurements on the suction side of a two- 
dimensional NACA 0015 airfoil pitching at constant angular velocity about its quarter-chord spanwise 
axis. The object of the study was to obtain quantitative information on vortex dynamics and stall in 
the unsteady flow over the pitching airfoil. The experiments were performed in an open-surface water 
channel using the technique of Particle Image Velocimetry (PIV) for the measurement of the 
instantaneous velocity field. Two features that distinguish the present work from earlier studies are 
(i) the flow conditions in the present experiments appear to simulate very high Reynolds number 
behavior, and (ii) the velocity (hence vorticity) data are accompanied by surface pressure data, 
obtained earlier on the same model in the same facility under the same flow conditions. The study 
has shown that the dynamic-stall vortex (DSV) still consists of the rolled-up shear layer along with 
several vortices generated by the shear layer instability, as observed in earlier studies 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. However, the DSV at high Reynolds numbers is more compact, has fewer discrete 
vortical structures and is ejected abruptly from the airfoil surface in a direction almost normal to the 
surface. It therefore appears that the flow at high Reynolds numbers would be less responsive to 
control techniques that attempt to alter the stability characteristics of the shear layer. The detailed 
quantitative experimental data have been archived and will be available to any interested user. 

Introduction 

The unsteady flow over a two-dimensional airfoil pitching at a constant angular velocity about 
a spanwise axis has been studied by a number of investigators in recent years. The interest in this 
flow configuration has primarily been driven by the desire to understand unsteady vortex dynamics 
and the phenomenon of dynamic stall. However, practically all experimental studies of these flows 
have so far been limited to qualitative flow visualization, measurement of surface pressure 
distribution or a limited amount of near-surface velocity measurements over the wing. A few 
exceptions to these is the unsteady velocity field measurements around a NACA 0012 airfoil by Shih 



et alx and our own recent experiments on a NACA 0015 airfoil2. On the other hand computational 
studies such as those of Oswald et aP, Visbal and Shang4 and Visbaf have resulted in a detailed 
description of the surface pressure as well as the flow field around the airfoil. However, a complete 
set of experimental data are not available for the verification or further development of 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 profile. The studies under this 
program were performed in an open-surface water channel specially designed and constructed for this 
purpose. The experiments were conducted at several Reynolds numbers Re (defined as U„c/u, where 
U„ is the freestream velocity, c the airfoil chord and u the kinematic viscosity of the fluid) in the range 
1.8 x 104 - 2.3 x 105. In all the experiments, the airfoil was pitched about its spanwise c/4-axis at 
constant nondimensional pitching rates of 0.036 < cc+< 0.2, where a+is defined as ac/U. The velocity 
measurements at the lowest Reynolds number of 1.8 xlO4, which were made using the technique of 
Particle Image Velocimetry (PIV) in the very early phase of the research program, have been reported 
separately2. The surface pressure data for several Reynolds numbers and pitch rates in the above 
range have also been reported in an earlier publication6. The present paper describes PIV 
measurements at two of the highest Reynolds numbers (5.4 x 104 and 1.5 x 105) in the above range. 
These correspond to nominal test section velocities of 10 cm/s and 30 cm/s respectively. The value 
of a+ was 0.072 in both these experiments. Surface pressure data corresponding to these flow 
conditions are available from Ref.6. It has therefore become possible to study the PIV data in these 
two cases in conjunction with the corresponding surface pressure data. This is a distinguishing feature 
of the present work. 

The earlier pressure measurements in the water channel (especially those obtained at Reynolds 
numbers larger than 300,000) revealed interestingly that the boundary layer over the airfoil model 
undergoes very early transition from laminar to turbulent flow near the leading edge. The early 
transition resulted in almost complete elimination of the so-called leading-edge separation bubble. The 
pressure distribution and lift data indicated that, under these conditions, the flow behavior closely 
resembled that at much higher Reynolds numbers (say, of the order of 2 x 106). There is a strong 
evidence (see Ref.6) that this accelerated transition is caused by the combination of the relatively high 
level of freestream turbulence (about 1.5-2%) and externally imposed unsteadiness. The fact that the 
flow field mimics closely the flow at significantly higher Reynolds numbers, combined with the fact 
that both velocity and pressure data have been obtained, makes the present study unique and 
particularly useful from a practical point of view. 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 relatively large size of the test section (1 m x 0.7 m) 
and the model (35 cm chord), and the use of water as the working fluid. 

Experimental Details 

Experimental facility 

The experiments were performed in a free-surface water channel with a test section 4 m long 



and 1 m x 0.7 m in cross-section. The test section velocity in this facility can be varied from 0-0.5 
m/s. The freestream turbulence level is about 1.5%, at a test section velocity of 30cm/s, and 2.5 % 
at a velocity of 5 cm/s. For a complete description of the facility, see Conger and Ramaprian7. The 
entire channel is seeded with micron size particles of controlled size to allow PIV measurements. 

The airfoil studied is aNACA 0015 profile of 35 cm chord and 67 cm span. This is the same 
model on which pressure measurements were made in the earlier study reported in Ref.6. It is formed 
from extruded aluminum stock and painted dull black to prevent glare and reflection during flow 
visualization. The airfoil is mounted with its span vertical in the test section. It is provided with a 
circular transparent end plate which just dips into the water. The end plate prevents wave effects at 
the free surface and also provides an unobstructed and distortion-free view of the flow field around 
the airfoil. The end plate is mounted in a circular bearing of 65cm diameter carried by a rectangular 
aluminum plate. The bearing allows the end plate to be rotated about its vertical axis clockwise or 
counterclockwise at any desired angular velocity over an angle of 90 degrees, via a chain drive, by 
a computer-controlled stepper motor. The chain drive arrangement leaves the top of the end plate 
optically clear, for flow 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. A schematic of the airfoil pitching mechanism is 
shown in Fig. 1(a). More details of the model assembly are provided in Ref.7. 

Instrumentation 

Since 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 illuminating this plane by a laser light sheet. Figure 1(b) shows the schematic 
of the optical set-up used. In the lower Reynolds number experiment, fluorescent polystyrene 
particles of 2 microns diameter were used for seeding the flow and a 4-watt 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-watt copper-vapor laser in that 
experiment. Also, the seed particles were replaced by 20 micron nonflourescent particles (supplied 
by Optimage Company of England). 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-exposure particle image photographs. The motor drive 
allowed photographs to be obtained at a rate of up to 4 frames per second. Kodak Tri-X ASA 400 
B/W film was used for the photography. The camera was mounted on top of the circular end plate, 
aiming directly downward (see Fig. la) and was moved with the airfoil. The velocity data were thus 
obtained in a coordinate frame moving with the airfoil. The movement of the airfoil was 
synchronized with the camera control and in both the experiments, a total of 36 photographs were 
obtained at equal intervals over the pitching range of 0 to about 35 degrees. The angular resolution 
was thus approximately 1 degree. 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 
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procedure, reference may be made to Oshima8. 
As in the first PIV experiments reported in Oshima and Ramaprian2, in order to achieve good 

spatial resolution and reach points closer to the airfoil surface, the flow field on the suction side of 
the airfoil was subdivided into three regions, namely - front, mid and aft regions, and each region was 
zoomed in and photographed during separate pitching realizations. This procedure provided a spatial 
resolution of approximately 0.5% of the chord. However, the measured flow fields in the three 
regions do not correspond to the same pitching realization. The velocity fields computed for the three 
regions were later combined to obtain the entire flow field. Although this may introduce some 
mismatch of the velocity fields between two adjacent regions, it was a trade-off needed to achieve 
higher spatial resolution. It was found that the flow structure becomes simpler and more organized 
as the Reynolds number increases. Therefore, the problem of the mismatch was less severe at the 
higher Reynolds number of 1.5 x 105. 

The multiple-exposed photographs were scanned and processed using the PIV interrogation 
system developed in-house at WSU. This system uses the well-known auto-correlation method to 
obtain the velocity vectors. Velocity vectors were obtained at 1600 points over the photograph to 
achieve a spatial resolution of 0.009c and 0.007c in the streamwise (x) and cross-stream (y) directions 
respectively. Separate post-processing programs were used later to remove/replace bad vectors, 
compute vorticity, stream function, strain rate and other quantities of interest. The PIV system and 
the details of the entire procedure are described briefly in Ref.2, and in more detail in the Ph.D. thesis 
of Oshima8. 

The overall uncertainty in the velocity measurements is about 2 percent of the 
maximum velocity in the flow. Based on the observed scatter in the velocity data, it is reasonable to 
assume an uncertainty of 10% in the vorticity calculations. It is also important to state that velocity 
data could not be obtained closer than 2.4 mm 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 uncertainty in the estimation of the stream function is not more than 
10%. 

PIV Results 

Because of the early triggering of transition at both the Reynolds numbers studied, the basic 
features of the flow were quite similar in the two experiments. For this reason and also in the interest 
of brevity, results will be presented mostly for the higher Reynolds number experiment. It is also 
important to note that while the velocities were measured in a non-inertial co-ordinate system 
(spinning at a constant angular velocity about the pitching axis of the airfoil), the effect of rotation 
of the co-ordinate axes has negligible effect on the results at the very low pitching rate of a+ =0.072 
studied. 

Velocity and vorticity fields 

Figure 2 displays a few typical velocity and vorticity fields on the suction side over the entire 
airfoil. The examples cover the interval from a= 20.9 degrees to 27.8 degrees. Figures 3(a)-3(c) 
show the corresponding pressure and lift data, taken from Conger and Ramaprian6.   At incidences 
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below 21 degrees, the flow features evolve slowly and are qualitatively similar to those at 20.9 
degrees. The contours of very high negative vorticity are very narrow, stretched out and are nearly 
parallel to the airfoil surface. Pressure distributions and the lift-slope curve behave essentially as in 
steady flow, except that the peak suction pressure and lift continue increasing with incidence. The 
vorticity contours spread out a little towards the trailing edge indicating a general decrease in the 
magnitude of vorticity. It can be seen from the velocity field at a =20.9 degrees that, in the mid to 
aft regions of the airfoil, the flow is lightly separated and a thin layer of reverse flow is present near 
the airfoil surface. In fact, this region of separation appears first at an incidence of about 18 degrees 
and begins to spread from the trailing edge in the upstream direction thickening the shear layer in the 
mid to aft regions as the airfoil pitches up from a =18 degrees to 20.9 degrees. The thickened 
boundary layer can be clearly seen at the incidence of 20.9 degrees. 

Beyond a = 20.9 degrees, vorticity contours at around x/c = 0.1 start to bulge out, producing 
a locally closed set of vorticity contours, which is indicative of the inception of the so-called Leading- 
Edge Vortex (LEV). The LEV then continues to grow in size as can be seen typically from Fig.2 for 
a = 22.6 degrees. The reverse flow from the trailing edge does not, however, seem to be the cause 
of the LEV formation in the front region of the airfoil, since it is physically separated from 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 (counter- 
clockwise) vorticity at the surface. This causes the vorticity maximum to move away from the wall 
causing the vorticity contours to form locally closed curves. A region of flow reversal seems to edge 
in between the negative vorticity contours convected from the leading edge and the airfoil surface, 
causing the shear layer of negative vorticity to lift up. Simultaneously, a plateau begins to appear in 
the pressure distributions near the leading edge. This can be seen typically form the pressure 
distribution for a = 22.24 degrees in Fig.3(a). However, the vorticity still remains concentrated 
close to the wall. The lift therefore continues to increase with incidence, as seen from Fig.3(b). As 
the incidence increases further beyond 22 degrees, the reverse flow carrying vorticity of opposite sign 
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 breakdown due to instability forming several smaller vortices. 
A conglomeration of such shear layer vortices can typically be seen at a = 24.4 degrees in Fig.2. The 
rolled up shear layer and the conglomeration of shear-layer vortices can together be described as the 
dynamic-stall vortex (DSV). As the incidence increases, the DSV begins to grow very rapidly and 
move slightly downstream. The downstream convection of the DSV is, however, minimal and most 
part of the vortex stays in the front region (x/c < 0.3). A second suction peak corresponding to the 
signature of the DSV begins to appear in the pressure distributions in the region during this incidence 
range. The location of the suction peak moves downstream with the DSV, as can be seen from Fig 
3(a). Earlier flow visualization studies and surface pressure measurements (Walker et a/9'10) have also 
indicated that the location of the DSV center coincides approximately with the location of the 
secondary peak in Cp distribution. The lift curve appears a little erratic during this period. Further 
increase in the incidence angle causes the dynamic-stall vortex to enlarge rapidly, as can be seen from 
the results for cc=25.2 degrees. The dynamic-stall vortex seems to be eventually ejected into the cross- 
stream direction at an incidence of about 26 degrees. A secondary vortical structure with positive 
vorticity grows beneath it as seen from the vorticity contours for a=26.1 degrees. The lift reaches 
a maximum value at about this incidence. At the incidence of 27.8 degrees, the DSV leaves our view 



and only a thin shear layer with a pair of shear layer vortices emanating from the leading edge can be 
seen. The dynamic stall has already occurred and the lift has dropped significantly from its maximum 
value. (Note the second peak in the lift curve is most probably due to blockage effects that becomes 
significant after the occurrence of dynamic stall.) 

Meanwhile, in the mid to aft regions, the separated layer originating from the trailing 
edge starts to form a second vortex, the so-called "Shear-Layer Vortex" (SLV). Beyond an incidence 
of about 23 degrees, the spacing between the two vortical regions increases and the two vortices 
become more distinct from each other. This can be clearly seen from both the velocity and vorticity 
results for a=24.4 to 26.1 degrees. These flow structures observed in the present experiments 
confirm the results of earlier flow visualization studies ( eg. Walker, Helin and Strickland9 and 
Lavato11, as well as numerical analyses (eg. Visbal5). 

Effects' of Reynolds Number 

As already mentioned, detailed PIV data were also obtained at a Reynolds number of 5.4 x 
104. These results were very similar to those at the higher Reynolds number, the LEV forming at 
only a fraction of a degree less than 20 degrees, and dynamic stall occurring slightly beyond 25 
degrees. However, these results differ considerably from the values of about 14 degrees for LEV 
formation and about 24 degrees for dynamic stall, observed in Ref.2 at a Reynolds number of 1.8 
xlO4. The detailed flow structure observed at the three Reynolds numbers also exhibit the same 
trend. This can be seen from Fig.4 which compares the vorticity contours just prior to the occurrence 
of dynamic stall for each of these three Reynolds numbers. The most striking difference is in the 
extent of the wing surface over which the DSV has spread before it leaves the surface. At the lowest 
Reynolds number, the rolled-up shear layer contains a number of vortices, generated by the shear- 
layer instability. The shear layer has been just pinched off in this figure but the DSV consisting of the 
conglomeration of the vortices is still within the view of the camera. In fact, 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 contrast to this, the release of the DSV at the highest Reynolds number is more in the 
nature of an abrupt "ejection" in a direction almost normal to the airfoil surface. The DSV in this case 
is also more compact and its severance from the shear layer is sharper. One can still observe several 
instability vortices inside the DSV but these are fewer in number than at the lowest Reynolds number. 
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 slightly larger incidence than at lower Reynods numbers. Since the 
nondimensional pitching rate was the same at all the Reynolds numbers, this indicates that the shear- 
layer breakdown and roll-up/ejection are two different processes each characterized by a different 
time scale. The rapidity with which the shear layer ejection occurs compared to 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. Another 
significant feature that can be seen from Fig.5 is that as the Reynolds number increases, the DSV is 
more clearly separated from the SLV occupying the aft region of the airfoil. 

Figure 4 shows that the flow structure at the intermediate Reynolds number is somewhat 
similar to that at the highest Reynolds number. Some similar features are that the there are only a 
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small number of strong discrete vortices in the shear layer and that the latter is ejected at a fairly large 
angle to the airfoil surface in both the cases. This similarity is consistent with the observed trends in 
surface pressure distribution and lift generation at these two Reynolds numbers and is due to the 
triggering of early transition over the airfoil by the high freestream turbulence (and consequent 
elimination of the laminar separation bubble) at these Reynolds numbers, as discussed in Ref.6. This 
early triggering of transition did not occur at the Re=l .8xl04. It is therefore reasonable to expect that 
the present PIV results (especially those obtained at the higher Reynolds number) are closely 
representative of the behavior that can be expected at very high Reynolds numbers. 

Discussion of the Detailed Flow Structure 

The detailed PIV data can be used to study the kinematic and dynamic aspects of the vortex 
structure over the pitching airfoil. For this purpose, these data have been further processed to obtain 
quantities such as vortex trajectory, velocity/vorticity distributions in the cross-stream direction, strain 
rates, streamfunctions and vorticity fluxes. These will be presented and discussed below. In view 
of the comments made earlier, results will be presented only for Re=1.5xl05. 

Velocity and vorticity profiles 

Figures 5 and 6 show typical cross-stream distributions of the velocity components us, u„ and 
the spanwise vorticity coz at a few instantaneous angles of incidence. The co-ordinates s and n 
measured along and normal to the airfoil surface and centered at the nose of the airfoil are used for 
this purpose. The jaggedness and the abrupt changes in slope of the velocity profiles are primarily 
due to the presence of a number of vortices in the flow. Multiple peaks and changes in sign in the 
vorticity distributions indicate the possible existence of several positive and negative vortices in the 
flow. No flow reversal was observed in the leading-edge region at incidences of less than 20 degrees. 
However, a very small reverse flow can be seen creeping upstream from the trailing edge region as 
the incidence increases. At incidence of 20.9 degrees, the distributions of us in the aft region of the 
airfoil resemble Moore's12 model of upstream-moving unsteady separation. Indeed the trailing-edge 
separation point has moved upstream into the mid region at an incidence of 21.8 degrees. In addition 
at this incidence, the shear strain rate (which, in this case, is nearly equal to vorticity) vanishes at the 
n-location of the maximum flow reversal, as seen from Fig.6. At a= 20.9 degrees vorticity profiles 
at around x/c = 0.1 indicate the presence of the LEV. Notice also that at several regions of the flow, 
the n-component of the velocity is quite significant in magnitude. Because of this reason and also 
because of the presence of flow reversal, boundary-layer models are not appropriate for describing 
this flow. 

The LEV rapidly grows during the incidence range 21.8 - 22.6 degrees. It can be seen that 
during this period, the streamwise component of velocity at the upstream edge of the LEV also 
exhibits a distribution similar to Moore's upstream-moving unsteady separation with flow reversal. 
Thus, both the reverse flow from the trailing-edge region and the reverse flow associated with the 
LEV fit in to the upstream-moving unsteady separation model. 

As the angle of attack increases further, one can observe rapid growth of the LEV into the 
dynamic-stall vortex in the front region and consolidation of the SLV in the aft region of the 
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airfoil. 

Strain Rate and Velocity Gradients 

Figure 7(a) shows the shear strain rate, while Figs.7(b) and 7(c) show the individual velocity 
gradients S^dV/dn) and $, (=dy /ds), for an incidence of 25.2 degrees (just prior to the 
occurrence of dynamic stall). Note that the sum of these velocity gradients represents the shear strain 
rate and their difference represents the vorticity which is shown in Fig. 3. In all the cases, the 
outermost contours have the same magnitude (of about 7 units) and the contour intervals are the 
same (about 14 units). It is seen that in the front region, S^ (showing 1 to 2 contour lines and a 
maximum value of about 21 units) is quite significant (about 60%) compared to S^ (showing up to 
3 contours and a maximum value of about 35 units). This results in the vorticity and shear strain rates 
to differ significantly from each other, as can be seen form a comparison of the vorticity contours in 
Fig.3 with the shear strain contours in Fig. 7(a). The shear strain rate contours are stretched out 
longer along the airfoil. On the other hand, in the rear part of the airfoil (occupied by the SLV), S^ 
is, at least, less than 7 units in magnitudes (since its contours are not seen in Fig. 7c), whereas SM has 
a maximum magnitude of about 21 units. In fact, Sv is substantially less than 7 units since, the 
vorticity, shear strain rate and S^ contours are all nearly identical to one another in this region. Note 
however, that in all regions of the flow, the values of S^ are still significant enough to invalidate 
boundary-layer approximations at his incidence. 

Vortex Trajectory 

Figure 8 shows the coordinates (xjc, yjc) of the center of the dynamic-stall vortex and the 
vortex trajectory. The center of the vortex was determined by assuming it to coincide with the 
centroid of the vorticity distribution associated with the DSV. For this purpose, the domain of the 
DSV was subjectively inferred from observing the streamline pattern of the flow. The dynamic-stall 
vortex first becomes clearly recognizable with its center located at (0.07c, 0.05c) at an incidence of 
about 21 degrees. Its trajectory subsequently seems to follow nearly a straight line as the angle of 
incidence increases, till the flow is close to dynamic stall (i.e., till about 26 degrees). The effective 
chordwise convection velocity of the vortex relative to the airfoil (obtained from the slope of this line) 
is about 0.24U„ during this period. Beyond the incidence of 26 degrees, the DSV is rapidly ejected 
in a direction almost normal to the airfoil surface into the free-stream. Since the vortex is either 
partially or fully outside the field of view at these incidences, its trajectory could not be calculated 
beyond the incidence of 26 degrees. 

Topology of the Flow Field 

The topology of the flow field computed numerically for a pitching NAC A 0012 airfoil at Re= 
104 and a+= 0.2, was studied by Visbaf3 in the light of the critical point theory. The critical point 
theory on flow patterns has been extensively reviewed by Perry and Chong14 (1987). In this section, 
the topological features of the streamline patterns obtained in the present study are studied in the 
light of the above. 
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As stated by Perry and Chong14, critical points are points in the flow field where the streamline 
slope is indeterminate and the velocity is zero relative to an appropriate observer. Normally the 
critical point theory is applied to the flow field with no-slip boundaries. In the case of a pitching 
airfoil, the flow field represented in the coordinate system moving with the airfoil represents such a 
situation. For incompressible flows, following Ref. 14, the critical points in the flow can be described 
in terms of the Jacobian J defined as 

T du dv   du dv 
J=  (1) 

The critical point is a saddle for / < 0 and a center for / > 0. J=0 represents pure shear. 
The detailed process of formation of a primary fecirculation (or the LEV) in the front region 

of the airfoil (x/c = 0.18) is revealed in Visbal's13 calculations by the appearance of a pair of critical 
points (a center and a saddle downstream of the center). This process occurs within a thin layer of 
0.0025c from the surface and is beyond the spatial resolution of the present PIV measurements, at 
small incidences. However, the subsequent development of the LEV can be observed from the PIV 
data at the higher angles. Figures 9(a) - 9(f) show some selected streamline patterns from the 
experiment at Re=1.5xl05 of the present study. At the incidence of 20.9 degrees (Fig.9a), it can be 
seen that a recirculation or reverse flow is crawling upstream from the trailing edge while the 
streamlines next to the surface in the front region also start to thicken. This stage corresponds to the 
formation of the primary recirculation (center) near the leading edge within the thin layer next to the 
surface, even though the PrV data could not capture the recirculation in detail, due to the limited 
spatial resolution. However, a distinctive "half-saddle" point (SI in the figure) can be observed 
between the primary recirculation (in this case bulged up streamlines in the front region, Cl in the 
figure) and the flow reversal from the trailing edge. The pair of critical points (a center Cl and a 
saddle SI) associated with the formation of the clockwise primary recirculation (or the LEV) can be 
clearly observed in Fig.9(b) at the incidence of 21.8 degrees. During the incidence interval of 20.9 
to 21.8 degrees, the saddle point moves downstream to the mid region and a secondary recirculation 
region with counter-clockwise rotation can be observed upstream of the LEV. The secondary 
recirculation has a center C2 (which is very close to the surface and hence can not be seen very well 
from the PIV data) and an another half-saddle point S2 upstream of the center. At the incidence of 
22.6 degrees (Fig.9c), a third pair of critical points (C3 and S3) appear upstream of the other two 
recirculation regions to form a tertiary recirculating region associated with clockwise rotation. The 
saddle S3 associated with the third recirculating region is a full saddle located above the secondary 
recirculation. 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. At the incidence of 24.4 degrees, the primary 
recirculation region rapidly increases in size to form the dynamic-stall vortex. Three pairs of critical 
points ((C4, S4), (C5, S5) and (C6, S6)) can also be seen in the aft region of Fig. 9(d) as the coherent 
vortical structure of the SLV begins to form. The saddle point S4 associated with the SLV must be 
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in the wake and is not seen in the figure. At 25.2 degrees (Fig.9e), the half-saddle point SI associated 
with the primary recirculation detaches from the surface and forms a full-saddle point. In the aft 
region, the vortical structures seem to settle into two recirculating regions. At the incidence of 26.1 
degrees (Fig.9f), the center of the primary recirculation Cl (the dynamic-stall vortex) is about to 
leave the view, approaching dynamic-stall. The full saddle point SI associated with the vortex can 
be clearly seen in the mid region. The secondary recirculating region (or the secondary vortex) with 
counter-clockwise rotation has also moved away from the surface. The flow fields are heavily 
influenced by interactions of these recirculating regions and the airfoil surface. 

Conclusions 

A comprehensive set of velocity data have been obtained on a pitching airfoil. These data 
complement the surface pressure data obtained earlier on the same airfoil in the same facility. A 
detailed study of these data has led to the following important conclusions. 
(1) The increase in lift of a pitching airfoil is due to the influx of vorticity from the surface by the 
presence of strong favorable pressure gradient near the leading edge. Lift continues to increase so 
long as vorticity is generated and remains close to the airfoil surface. Infusion of counter-clockwise 
vorticity from the airfoil surface due to local adverse pressure gradient forces the shear layer to lift 
up and thus creates the LEV. Also, the continued influx of counter-clockwise vorticity from the 
surface produces a secondary counter-clockwise vortical structure underneath the LEV, which causes 
the shear layer to roll up. The rolled up shear layer along with several vortices generated by 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 turbulence at high Reynolds numbers causes the LEV to form at larger 
incidences, but more abruptly than at low Reynolds numbers. Also, the DSV at high Reynolds 
numbers is more compact, better defined and contains fewer vortices formed from the instability of 
the shear layer before it is ejected from the surface. The DSV is clearly separated from an other 
dominant vortical structure, the so-called shear-layer vortex (SLV), which occupies the mid-to-aft 
region of the airfoil. 
(3) Several pairs of critical points have been identified in the flow pattern obtained from the PIV 
data. However, all these critical points are characterized by non-zero shear strain rate and hence do 
not represent unsteady separation points in the MRS sense. Computation of particle trajectories may 
help to understand the mechanism underlying the unsteady separation from the Lagrangian point of 
view16. This requires additional work and may require improvement in the temporal resolution of the 
PIV. 

There is strong reason to believe that the present results (especially those obtained at the 
Reynolds number of 1.5x105) are representative of flow behavior at "high" Reynolds numbers of 
practical interest. The PIV data, along with the surface pressure data, have been archived and are 
available to any interested reader. These data form a comprehensive database suitable for use in the 
development and verification of computational fluid dynamics codes for pitching airfoils. 
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Figure 1(a)   Schematic of the Airfoil Pitching Mechanism 
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Figure 1(b)   Schematic of the Optical Set-Up used for PIV 
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20.9 degrees 

Figure 2  Typical Velocity and Vorticity Fields over the Airfoil. Velocity vectors are shown 
on the lefthand side.  Vorticity contours are shown on the righthand side.  The numbers 
shown are the instantaneous incidences. 
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Figure 2 (Contd) 
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Figure 3  Phase-locked surface pressure distributions and lift,  (a) Cp distributions at different 
incidences.  Re=l 50,000 (b) Effect of Reynolds number on Lift in unsteady flow. a+=0.075. 
Steady flow results are for Re=l 50,000. 
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Figure 4 Effect of Reynolds number on the unsteady vorticity field.  a+-0.075. 
(a) Re=l 8,000  (b)  Re= 54,000  (c) Re=l 50,000 
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Figure 5  Typical cross-stream distributions of the velocity  components us (shown as full 
libes) and u„ (shown as dotted lines).  Re=l50,000, ct+= .075. 
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Figure 6  Typical cross-stream variations 
cc+=0.075. 

of the spanwise vorticity or  Re-150,000, 
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(a) 

25.2 degrees 

(b) 

25.2 degrees 

(c) 

Figure 7  Contours of the various velocity gradients at the incidence of 25.2 degrees (just 
prior to dynamic stall).  Re=l 50,000.  a+=0.075.  (a) shear strain rate  (b) S^ (c) Sn 'IM 
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Figure 8  Motion of the DSV.  (a)  Co-ordinates xjc and yjc of the center of the vortex at 
different incidences (b) Trajectory of the vortex center 
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Figure 9 Topological features of the unsteady flow at selected incidences. Re=l 50,000, 
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Abstract 

This paper presents the results of surface pressure measurements on a swept wing of 
NACA 0015 profile and a back sweep angle of 15 degrees, which was pitched at a uniform 
angular velocity. The pitching axis was perpendicular to the flow direction so that the 
experiment simulated the pitch-up maneuver of a fixed-wing aircraft. The experiments were 

performed in an open-surface water channel. The object of the study was to understand the 
mechanics of vorticity production and dynamic stall in three-dimensional unsteady flows. The 
phase-locked pressure data which were obtained at several closely spaced spanwise locations of 
the wing were used to obtain information on the fluxes of spanwise and chordwise vorticity 

components, in addition to the usual information on the aerodynamic coefficients. The study 
showed that the three-dimensional dynamic stall over the slightly swept wing is less catastrophic 
and more gradual than the two-dimensional process over an unswept wing. Other important 

effects observed were a spanwise variation of the aerodynamic coefficients and the presence of 

spanwise periodicity in the production of vorticity following the onset of dynamic stall. The 

experimental data have been archived and are available to any interested user. 

Nomenclature 

b span (measured along z) 
c chord length (measured along x) 

Cp pressure coefficient 
Q sectional lift coefficient 

Cm moment coefficient 
Q* reduced lift coefficient, defined as C, /cos2 A 

'Mechanical Engineer 

2Graduate Research Assistant 

Professor,  Member  AIAA 



p distance of the pitch axis from  nose 
Re Reynolds number, U0c/& 
s longitudinal surface coordinate 
U0 freestream velocity 
X co-ordinate along the free stream 
y co-ordinate normal to chord 
z co-ordinate perpendicular to the free stream 
a angle of attack 
a+ nondimensional pitch rate, coc/U0 

A back sweep angle 
ö angular velocity of pitching 

©x axial vorticity 

o« spanwise vorticity 
wx flux of cox 

wz flux of coz 

P density 
S kinematic viscosity 
t denotes coordinate system perpendicular to leading edge.   See Fig.l. 

Introduction 

The unsteady vortex dynamics of an airfoil pitched at a uniform angular velocity about 
its c/4-axis has been studied with interest in recent years. Most of these studies relate to two- 
dimensional flows. Studies reported on the unsteady aerodynamics of three-dimensional flows 
have, so far, largely pertained to the flow over Delta wings. Some studies have recently been 
reported on the three-dimensional flow associated with pitching/oscillating rectangular wings of 
finite aspect ratio1"10.  These include flow visualization as well as pressure/force measurements.. 

The three-dimensional flows mentioned above represent extremely complex situations. 
To understand some of the characteristics of the unsteady, three-dimensional vortex dynamics and 
flow separation, it will be useful to conduct experiments which represent small departures from 
two-dimensional flows. In fact, this has been the approach used successfully in the past, to 
understand steady three-dimensional flows. A very comprehensive study of the pressure and 
velocity field associated with a pitching two-dimensional NACA 0015 airfoil has been completed 
at Washington State University, using a water channel specially constructed for this purpose (see 
Conger and Ramaprian11,12). This study has now been extended to the investigation of the flow 
over a pitching wing of the same profile, but with a small back sweep angle of 15 degrees. 
Three-dimensionality, characterized by a small cross flow, is introduced into the unsteady flow 
by pitching this wing about an axis perpendicular to the free stream. This paper presents the 
results of the first phase of this ongoing program of study. In this phase, phase-locked surface 
pressure distributions were measured at different spanwise locations on the wing while it was 
pitched at constant angular velocity. Data have been obtained at a Reynolds number Re= 
130,000 and at four different non-dimensional pitching rates in the range 0.037 < a+ <0.21. 
Previous studies11 on the two-dimensional airfoil (unswept wing) have shown that under these 
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conditions existing in the water channel, the flow mimics very closely the behavior representative 
of much higher Reynolds numbers ( ~ 106). The pressure data from the swept wing have been 
used to obtain information on the aerodynamic coefficients, and the production of vorticity by 
pressure gradients in the spanwise and chordwise directions. 

Experimental Particulars 

Experimental Set-Up 

One of the distinguishing features of the present experiments is the unique design of the 
wing model. The wing is of NACA 0015 profile with c'= 0.305 m and s'= 0.61 m (measured 
perpendicular and parallel to the leading edge respectively). A schematic of the model is shown 
in Fig.l. It is constructed in 5-cm wide airfoil sections of aluminum machined on a numerically 
controlled milling machine and anodized for corrosion protection. The wing is assembled from 
these sections of which one is instrumented with pressure taps. The sections slide on two guide 
rods such that the instrumented section can be repositioned to varying spanwise locations. This 
construction allows one to make pressure measurements in several finely spaced spanwise 
locations without having to provide an impractically large number of pressure taps. The 
assembled wing has a chord (c) of 32 cm and a span (s) of 59 cm. Measurements are reported 
over the central 19 cm of the span which was found to be free from significant end effects. 

The instrumented wing section has a total of 85 pressure taps of 1.25 mm diameter 
arranged in five rows spaced approximately 1 cm apart (see Fig.l). The pressure taps are 
unequally spaced along x' and are provided only on one side of the airfoil surface. "Suction" and 
"pressure" side data are obtained by pitching the airfoil first in the clockwise and then in the 
counterclockwise direction. With the present design of the model, it is possible to obtain pressure 
distributions at 22 z'-locations at intervals of approximately 1 cm. These data can be used to 
obtain pressure gradients in the chordwise as well as spanwise directions with acceptable 
accuracy. 

Each end of the wing is fitted with a 1.2-cm thick Plexiglas end plate of 64 cm diameter. 
The wing assembly is suspended in the 0.9 m (width) x 0.62 m (water depth) test section of the 
water channel, as shown schematically in Fig.l. When mounted in place, the centers of the end 
plate are located on a vertical axis passing through the c/4 point at midspan of the wing. The 
upper Plexiglas end plate is bolted into the recess of a PVC pipe which rides on a 64 cm bearing. 
The bearing is positioned at the center of a rectangular aluminum plate located above the water 
level. This plate is supported by a large frame (not shown in Fig.l) independent of the water 
channel and designed to damp out vibrations generated by the pumps. For more details and a 
complete description of the water channel, reference may be made to Conger and Ramaprian ■  . 

Instrumentation 

Pitching of the airfoil at constant angular velocity, about the vertical axis through the center 
of the end plate, is accomplished by a chain attached to the outside of the PVC pipe and driven 
by a servo-controlled microstepping motor. A digital encoder on the motor shaft provides 
information on the angular position of the airfoil. The encoder and controller communicate with 
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an IBM-compatible personal computer, which also acquires the pressure data. 
The pressure measurement system utilizes a diaphragm-type pressure transducer connected 

between a reference static tap and a surface pressure port via a scanning valve capable of 
switching among 48 channels. The transducer and scanning valve are carried on an aluminum 
bar which is mounted on the end plate. A Pitot tube immersed in the flow upstream of the wing 
provides the reference static pressure and stagnation pressure for all experiments. A swivel ball 
joint mounted above the center of the rotating aluminum bar provides leak-proof communication 
between the stationary pressure tubing from the Pitot tube and the transducer moving with the 
end plate. 

Pressure vs. time records were obtained for each pressure tap, one at a time. Steady-flow 
data were time averaged. The unsteady pressure data were smoothed and corrected for any 
dynamic response lag effects using a method developed earlier in Conger and Ramaprian . 
Results were phase averaged over 4 pitching realizations (which have been shown in Ref. 11 to 
be repeatable, at prestall incidences, within ±4.3% in Cp) as a reasonable compromise between 
accuracy and experimental time. Phase-locked pressure distributions on the airfoil were later 
obtained from these individual pressure vs time (angle) records. 

Experimental Conditions 

As already mentioned, all the measurements reported in this paper were made at a 
Reynolds number of 130,000. Data were obtained at four different pitching rates, a+ = 0.037, 
0.075, 0.104 and 0.207. Measurements were made at 22 z'-locations extending over about 22 cm. 
These data were subsequently interpolated to obtain pressure distributions Cpvs x/c and Cp vs s/c 
at 19 spanwise locations (i.e., z-direction) extending over a distance of 19 cm. These pressure 
data were integrated to obtain the lift, pressure-drag and moment about the pitching axis, 
following standard procedure (see for e.g. Ref.7). The details of calculation are described in 
Patterson14. Pressure gradients along the x' and z' directions were computed from the original 22 
sets of data. These results were subsequently used to evaluate the pressure gradients (or, 
equivalently the vorticity fluxes) in the x- and z- directions. The experimental uncertainties are 
estimated to be 6% for Cp and the aerodynamic coefficients, and ± 0.07 degree for a. The 
surface vorticity fluxes (or equivalently, the surface pressure gradients) obtained from smoothed, 
phase-locked surface pressure distributions are estimated to be accurate to within 12% . 

Results and Discussion 

Steady Flow 

Generally, spanwise flow near the wing surface tends to convect end effects to the 
midspan region of the wing. It is therefore necessary in principle to use much larger aspect ratios 
for the swept wing than for unswept-wing, if end effects are to be kept small. However, 
considerations of the physical limitations of the flow facility and a desire to use a large chord 
(to obtain more favorable Reynolds number, angular velocity of pitching and spatial resolution 
of pressure and velocity data) dictated the use of a relatively small aspect ratio and restricting 
the study to a small (but significant) spanwise region around the midspan plane. The steady-flow 
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data were used to assess the effect of the proximity to the end, on the uniformity of the flow 
conditions over this region of study. It was found from the Cp vs x' distributions measured at 
different (z1) locations over the stationary wing, that typically, the overall variations in Cp along 
z' were on the order of ± 0.1 at an incidence of 14 degrees, in the region -0.33 < z'/c* < +0.33. 
The lift curves for three spanwise locations shown in Fig.2(a) also confirm that there is no 
significant spanwise variation in lift. This indicates that the spanwise region of interest can be 
regarded as being acceptably far away from the ends, at least so long as the flow is not 
significantly detached from the surface. Flow visualization studies conducted using dyes of 
different color (discussed in Rymarz15) also supported this observation. Since it is not easy to 
distinguish "end effects" from the imposed three-dimensional effects in the case of the pitching 
wing, we can only extrapolate from the steady-flow experiments and assume that, even over the 
pitching wing, the end effects are not significant over this spanwise region so long as the flow 
is not massively separated from the surface, i.e., almost close to the occurrence of dynamic stall. 
It should be noted, however, that end effects may become significant after separation both in 
steady and unsteady flow. The present results for the pitching wing at post-dynamic-stall 
incidences are therefore to be interpreted with some care. 

Also, in view of the small variation of pressure in the spanwise direction, it is reasonable 
to use the span-averaged Cp vs x'/c' distribution to represent the steady-state results. Since 
x/c=x'/c', this average Cp vs x'/c' distribution, when transformed to the free-stream (x,y,z) 
coordinate system, yields an identical Cp vs x/c distribution. The lift curve obtained from the 
averaged Cp vs x/c distribution is shown in Fig.2(b) and compared with the results for un unswept 
wing from Conger and Ramaprian11. It can be seen that sweep results in a reduction of the lift 
coefficient. Also, the swept wing does not exhibit a drastic drop in lift beyond stall. This latter 
result is due to the presence of a spanwise component of velocity which causes the onset of 
separation to be gradual rather than catastrophic. With regard to the lift data at prestall 
incidences for the swept wing, it has been shown (see for eg. Lorber and Carta2) that a "reduced' 
lift coefficient C* defined by normalizing the lift by 1/2 pU0

2 cos2A, better collapses the lift 
curves for the swept and unswept wings. The result of this normalization is also shown in Fig. 
2(b). It is seen that this normalization does not result in a complete collapse of the swept and 
unswept wing data, although the results are brought closer together. The residual discrepancy 
may be attributed to Reynolds number effects. In the two-dimensional experiments of Conger and 
Ramaprian11, early laminar-turbulent transition seems to have occurred in the boundary layer 
over the leading-edge region of the wing surface, even at the moderate experimental Reynolds 
number of 1.3xl05. The early triggering of transition was attributed in Ref. 11 to the high 
freestream turbulence of about 1% in the water channel. The early transition would result either 
in the total elimination of the so-called leading-edge separation bubble (characteristic of low 
Reynolds number flows over airfoils) or in the formation of a very small bubble, thereby 
producing larger lift coefficients characteristic of flows at much higher Reynolds numbers. 
Apparently, such early transition and consequent "simulation" of high-Reynolds number effects 
did not occur at the Reynolds number of 1.3x105 in the present steady-flow experiments over the 
swept wing, in spite of the high freestream turbulence. This is presumably because of the 
presence of the spanwise flow, which is known to delay transition. The resulting formation of 
a separation bubble would explain the observed reduction in lift relative to the unswept wing. 
The presence of a small separation bubble could, in fact, be inferred from a mild plateau 



observable in the pressure distribution curves for the steady swept wing, shown in Patterson . 
However, the introduction of unsteadiness in to the flow changes the entire dynamics as will be 
seen from the corresponding results for the pitching wing, which are presented later. 

Unsteady Flow 

Phase-locked pressure data for the pitch-up maneuver will be presented in the x - z 
coordinate plane. Note that the location of the pitch axis with respect to the leading edge varies 
with z thus introducing three dimensionality, and hence spanwise variation, in the unsteady flow. 
In fact, based on the observations in steady flow, we believe that all systematic spanwise 
variations of flow properties observed in the unsteady flow are almost entirely due to the pitch- 
axis geometry, and not significantly due to end effects. A typical experimental condition of a+= 
0.075 is used for a detailed presentation of results. Effects of nondimensional pitch rate are then 
explored with a+= 0.037, 0.104, and 0.207. 

Surface pressure: A typical set of suction side pressure-angle traces is presented in Fig.3. The 
traces for different s/c-locations are off-set vertically for the sake of clarity. A three-dimensional 
plot of the pressure-angle history for all s/c values is shown typically for the midspan plane 
z/c=0 in Fig.4. It is seen that over most of the pressure side (s/c <0) except near the nose, no 
significant changes occur in Cp during the pitching process. However, large variations occur on 
the suction side. Specifically, the suction pressure exhibits a steady increase in magnitude with 
incidence, leading to the appearance of a local pressure minimum at some incidence, beyond 
which it begins to decrease. At the nose, Cp(min) has a magnitude of about 9 and occurs at an 
incidence of about 23 degrees. The pressure minima grow weaker and occur later during pitch- 
up, at the more downstream locations, as is clearly seen from Fig.3. The behavior of these 
pressure-angle traces is qualitatively similar to that observed in the case of unswept wings11. 

The occurrence of Cp(min) has been usually associated with the formation/arrival of the 
leading-edge vortex at the particular location. The chordwise movement of Cp(min) can, therefore, 
be related to the convection of the leading-edge vortex, as has been done in Lorber and Carta , 
and Green, Galbraith, and Niven16. In the present studies, the angle amin at which the local 
pressure minimum occurs at each chordwise location (s/c) was obtained from the pressure-angle 
records. The variation of ct^ with s/c at the midspan plane, during the period a» 22 degrees 
(when the vortex first appears on the wing) to a« 28 degrees (approximate incidence for 
maximum lift) is shown by the full line drawn on the pressure contour map displayed at the 
bottom of Fig.4. It was found that this curve can be approximated by a straight line, the slope 
of which gives the convection velocity of the suction maximum point in the chordwise direction, 
as 0.17 U0. A similar result was obtained for all spanwise locations. This value can be 
compared with 0.25U0 and 0.09U0 reported for the inboard and tip region, respectively, of a 
rectangular wing in Ref.4. From the amin vs s/c results obtained at different spanwise locations, 
it is possible to draw the contours of amin in the s-z plane, in the range of 22 to 36 degrees. 
These contours are shown in Fig. 5. The contour for each a,^ in this figure represents the line 
on the wing surface on which Cp(min) (and hence the dynamic stall vortex) first appears at that 
incidence. Hence, each contour line can be regarded as the signature of the instantaneous axis 
(or a "wave front") of the stall vortex on the surface of the wing. The contour lines have a jagged 
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appearance which is due to the uncertainty in the determination of arain from the pressure-angle 
traces. However, it is still possible to observe two overriding trends. These are: 
(i) Cp(rain) moves along the wing surface, as indicated by the arrow in Fig.5, with a generally 
oblique wave front shown by the bold dashed line for each incidence. More specifically, Cp(niin) 

first occurs at the lower spanwise positions (z/c<0) and spreads upwards (z/c>0) during pitching, 
(ii) this average wave front is modulated by what appears to be spanwise periodicity which is 
evident over the background noise. 

These results bear qualitative resemblance to the observations of Lorber3 in his studies of 
unsteady flow near the tip of a rectangular wing. However, no spanwise waviness was apparent 
in his data. It should be noted though that the two flows are not similar, even though they are 
both three-dimensional. While the baseline steady flow near a wing tip is three-dimensional, 
three dimensional unsteadiness is imposed in the present case (via the geometry of the pitching 
axis) on what is essentially a quasi-two-dimensional steady baseline flow. 

The movement of the wave front in Fig.5 can however be identified only up to a certain 
incidence, beyond which it gets blurred. The full line drawn across Fig.5 approximately 
represents this limiting line in the s-z plane, to the left of which the contour lines can be 
distinguished. Thus, pressure minima can be identified only up to an incidence of about 22 
degrees (and s/c«0.1) at z/c=-0.3 whereas they can be identified even up to 36 degrees (and 
s/c«0.8) at z/c=+0.3. It will be seen later that these angles approximately represent the incidence 
for maximum sectional lift at each spanwise position. The issue of spanwise modulation will 
be discussed later. 

Figure 6 shows typical phase-locked pressure distributions in the midspan plane at three 
selected instantaneous angles of attack. The suction peak (the maximum magnitude of the phase- 
locked pressure) increases with increasing incidence and is located within 5% of the nose up to 
the stall angle. The suction peak reaches a maximum at 22.24 degrees in this case, after which 
it collapses. A slight bulge also appears just down stream of the suction peak at this incidence. 
It then develops to an approximate constant-pressure plateau and the suction side curve distorts 
to that seen at 26.31 degrees. The figure also shows corresponding results at the same angle of 
incidence for an unswept wing. The appearance of the long plateau (with a barely noticeable 
mild hump) in the pressure distribution for the unswept wing, is a contrast from a sharper second 
suction peak observed in the case of the unswept wing. However, like the second suction peak 
in the latter case, the appearance of the plateau indicates the presence of a stall vortex, which is 
eventually to be followed by the occurrence of C^ and dynamic stall. The difference in the 
pressure distributions observed prior to the onset of dynamic stall in the two cases is due to the 
difference in the nature of boundary-layer separation in the two cases. In the two-dimensional 
unsteady flow over the unswept wing, separation is catastrophic with the shear layer being ejected 
from the surface in the form of a compact and well-defined stall vortex. In the three- 
dimensional flow over the swept wing, separation occurs more gradually, resulting in a less well- 
defined, stretched-out dynamic stall vortex. 

Aerodynamic Coefficients: The effects of sweep and unsteadiness on the coefficients of lif| and 
pitching moment are shown in Figs. 7(a) and 7(b) by comparing the present data with those at 
the same Reynolds number from Conger and Ramaprian11, for the unswept wing pitched at nearly 
the same rate (a+ =0.072) about its c/4-axis.   To eliminate the effect of pitch axis location, 

vii 



swept-wing results at midspan (z/c= 0.000) where the pitch axis is located at c/4, are used for 
comparison. Also presented for comparison are the present steady-flow swept-wing data. Note 
that the data have not been corrected for blockage effects. The unsteady lift curve for the swept 
wing departs from the steady lift curve at oc«8 degrees and continues to increase nearly with the 
same slope up to an incidence of about 25 degrees. Beyond this incidence, the lift curve flattens 
out and reaches a maximum value of about 3.5 at an incidence of about 27 degrees after which 
the lift begins to decrease gradually due to the occurrence of dynamic stall. The lift data for the 
swept and unswept wings coincide up to an incidence of about 10 degrees, beyond which the 
swept wing seems to produce a slightly higher lift. This trend continues until dynamic stall 
occurs with the swept wing displaying maximum lift at a slightly larger incidence. Note that the 
larger maximum lift associated with the second peak in the unswept-wing data in Fig.7 is 
suspected to be caused by blockage effects (see Ref. 11 for a discussion on the blockage effects) 
and hence is likely to be spurious. The smaller size of the model and three-dimensional features 
of the flow resulted in smaller blockage effects ( estimated to be less than 18% at an incidence 
of 30 degrees) in the present case. Once again, as in steady flow, the more gradual decrease in 
lift at post-stall incidences, in the case of the swept wing, is a result of the less catastrophic 
nature of separation. 

The closer behavior of the swept and unswept wings in the prestall region of unsteady 
flow (which is in contrast to the relatively lower lift slope observed for the swept wing in steady 
flow in Fig.2b) is attributed to the occurrence of (similar) early transition (resulting in the 
elimination/attenuation of the separation bubble) in both cases. The combination of imposed 
unsteadiness and high freestream turbulence is apparently adequate to trigger early transition over 
the swept wing even in the presence of the spanwise flow. The elimination/attenuation of the 
separation bubble leads to "simulation" of high-Reynolds number behavior and hence comparable 
lift characteristics for the swept and unswept wings in unsteady flow. 

The results for drag coefficient, obtained from integration of the pressure distribution over 
the wing, showed little effect of sweep even up to the incidence of maximum lift. Beyond this, 
the swept-wing drag was found to increase more gradually and remained less than for the 
unswept wing even at large incidences. These results are not presented here for the sake of 
brevity.  They are described in detail in Ref. 14. 

Figure 7(b) shows results for the coefficient of pitching moment about the pitching axis. 
These results also show that there is very little effect of sweep on the pitching moment up to an 
incidence of about 10 degrees. Beyond that incidence, sweep slightly increases the magnitude 
of the negative pitching moment. Both swept and unswept wings exhibit an increase in pitching 
moment in unsteady flow at large post-static stall incidences. The swept wing experiences an 
earlier and larger increase in pitching moment but this increase beyond dynamic stall is not 
catastrophic. In fact, Cmmax is significantly smaller for the swept wing. All the above effects on 
the aerodynamic coefficients can be explained as being due to a less catastrophic modification 
in flow pattern accompanying a nonsingular, open-type of separation. Past studies of steady 
flows (e.g. Wang17) have identified this type of separation in three-dimensional flows. 

Spanwise Variations: The three-dimensional plots in Figs.8(a) and 8(b) show the variations in Q 
and Cra with incidence and spanwise location. There is no significant spanwise variation in C, 
at incidences less than about 20 degrees, as can be seen from contour lines which are nearly 
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parallel to the z-axis (except for the blips seen at z/c*0.1, which are suspected to be due to 
experimental errors). However, after the appearance of the stall vortex, spanwise variation 
becomes noticeable. The trend that is most clearly seen is an increase in Ctallx and a delay in the 
occurrence of Ctaax as z/c increases from the bottom (z/c=-0.322) to the top (z/c=+0.322) of the 
wing, as shown by the maximum-lift line (full line) drawn on the contour map at the bottom of 
Fig.8(a). A similar trend in spanwise variation, namely larger values and delayed occurrence 
towards the top of the wing, was seen in the drag data also (see Ref. 14 for details). 

The increasing moment arm lengths from bottom to top of the wing contribute to a larger 
and even more ordered spanwise variation in Cm about the pitch axis. An increase in the 
magnitude of the pitching moment accompanied by increasing negative slope towards the bottom 
of the wing is evident in Fig.8(b), even at pre-stall angles. Also the increase in the magnitude 
appears at earlier incidences toward the bottom of the wing. 

Figures 7 and 8 very clearly show that the dynamic stall process over the swept wing is 
significantly different from that over the unswept wing. Furthermore, this difference is not 
merely a quasi-two-dimensional pitch-axis effect, as can be seen from the noncatastrophic 
behavior of the aerodynamic coefficients (especially Cm) at post-dynamic stall incidences in the 
former case. It is therefore reasonable to conclude that even a small sweep can produce 
significant three-dimensional effects in the case of a pitching wing. 

Pitch Rate Effects: Data obtained at different pitch rates showed that the pressure distributions 
are qualitatively similar to those obtained at oc+=0.075. However, suction peaks were larger and 
occurred at higher angles of incidence as the pitch rate was increased. The detailed pressure 
distributions at all the pitch rates studied are presented in Ref. 14. Only the corresponding 
aerodynamic coefficients C, and Cm are shown here, typically for the midspan location, in Figs.9 
and 10. Note that these results are plotted in terms of an "effective angle of attack" aeff defined 
on the basis of the relative freestream velocity vector at the nose of the pitching wing. It can be 
easily shown that this effective angle is given by the equation 

aeJf=oc-a+(-)cosa (*) 

The use of aeff serves to minimize, even if not eliminate, the effect of the change in the relative 
orientation of the incident velocity vector with pitch rate. It can be seen from the figure that an 
increase in pitch rate, especially at the lower pitch rates, primarily results in higher Ctaax values 
at increasing incidence. This also means that the occurrence of dynamic stall is delayed at higher 
pitch rates. In fact, at the highest pitch rate studied (a+= 0.204), dynamic stall did not occur 
within the range of incidence studied. An important feature to note is that, except at the highest 
pitch rate studied, the lift slope is not significantly affected by pitch rate until the flow is close 
to dynamic stall. Some reduction in the slope is, however, observed at the highest pitch rate. 
The higher lifts realized at prestall incidences at moderate pitch rates (a<0.1) thus appear to be 
essentially a quasi-steady (and nearly inviscid) effect resulting from wall motion (which tends to 
keep the boundary layer attached to the wall up to larger incidences) rather than a direct unsteady 
effect. This is the same conclusion as was reached in Ref. 11 for the unswept wing. Once the 
stall vortex begins to form however, its growth, convection and shedding are no longer either 
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quasi-steady or inviscid. 
Figure 10 shows that pitching moment coefficients for different pitch rates also overlap 

at incidences below the incidence corresponding to the onset of the stall vortex (i.e. the 
appearance of the pressure plateau in Fig. 6) but increase in general with pitch rate at higher 
incidences. The drag coefficient (not shown here) was found to exhibit a similar trend. It may 
be noted that the large increase in the magnitude of Cm occurs earlier than the appearance of 
Ctoax, i.e, considerably earlier than the occurrence of dynamic stall. The dynamic effect on Cm 

is thus more significant than on Q. 
The results obtained at other spanwise locations at the above pitch rates were found to be 

qualitatively similar to those observed at midspan. The spanwise variations of the aerodynamic 
coefficients at the different pitch rates were qualitatively similar to those described for cc+=0.075 
and were found to be significant only beyond the incidence corresponding to the inception of the 
stall vortex, i.e., at progressively larger incidences at higher pitch rates. In fact, there was little 
spanwise variation in the lift coefficient at the highest pitch rate of a+=0.204, at which dynamic 
stall was not observed at all within the incidence range studied. On the other hand, spanwise 
variations in drag and pitching moment, which occurred earlier than the onset of the stall vortex, 
were observed at all pitch rates.   See Ref. 14 for details of the results at the higher pitch rates. 

Vorticitv Fluxes:        It can be shown (see Panton18) that at the wing surface, the Navier- Stokes 
equations reduce to the following form: 

dC„       vc d(0„ 
 £-=-——Z-=W7 (2) 
d(s/c)     u2 dy      z 

and 

3C„     vr do) 
—^=^—*=-Wx (3) 
diz/c)   u2 dy X 

Thus the nondimensional pressure gradients in the spanwise and chordwise directions represent 
respectively the nondimensional surface fluxes (-WJ and W2 of the chordwise and spanwise 
vorticity components ox and Qz. These fluxes were evaluated and are shown for the suction side 
of the wing typically in Figs. 11 (a)-11(f), for a+=0.075 and, in each case, for three angles of 
incidence. The three-dimensional plots are drawn at a view angle such that the aft region of the 
wing (where Wx is negative and Wz is positive) is brought into view. This is the region where 
interesting features of three dimensionality are observed. Note that negative values of Wz 

represent the infusement of negative (lift-producing) spanwise vorticity ©z from the surface in 
to the flow. Large negative values of Wz occur very near the leading edge. Some of this can 
be seen around s/c=0 in Figs. 1 l(a)-(c), even though the maximum negative value («- 180 units) 
which occurs at a slightly negative value of s/c is off the scale and hence not seen in the figures. 
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At the more downstream locations in these figures, humps can be observed. The most upstream 
hump in each case corresponds to the plateau (or a mild second suction maximum) seen typically 
in Fig.6. It represents the stall vortex still staying very close to the surface. It is seen that the 
hump appears first at the lowest spanwise location and is seen at upper spanwise planes as the 
angle of incidence increases from 24 to 28 degrees. The hump gets elongated with time and also 
appears to break in to longitudinal subhumps. The subhumps in the longitudinal direction most 
likely represent signatures of the vortices arising from the instability of the shear layer separating 
from the surface during the early stages of the dynamic stall vortex evolution. The interaction 
of these vortices with the surface results in the wavy pressure distribution along the flow 
direction. 

At 28-degree incidence, the stall vortex (identified by the modulated hump) is seen to be 
occupying the entire chord length of the wing at the lowest plane while it occupies only about 
half the chord length of the wing at the uppermost plane. One can thus conclude that the stall 
vortex structure propagates obliquely across the wing surface in a wavelike manner. The vortex 
is also oriented obliquely to the flow direction. The above statements refer to the average 
structure of the stall vortex. However, Figs. 11 (a)-(c) also show that there is significant spanwise 
modulation of this structure and that this modulation is fairly periodic. Figures 11(d)-11(f) show 
the distributions of the flux -Wx, which essentially lead to the same conclusions as above, both 
with respect to the propagation of the vortex with an oblique wave front, and with respect to the 
spanwise periodicity. Figures ll(a)-ll(f) complement Fig.5, which shows spanwise periodicity 
in the contours of a^. Some evidence of this periodicity can also be seen in the post-stall 
distributions in Fig.8. The precise cause of this periodicity is not known. One speculation is that 
this periodicity is the result of some Taylor-Gortler type instability produced by the concavity of 
the streamlines over the suction side of the wing, especially under post-stall conditions. 
Unfortunately, post-stall pressure data in this spanwise detail are available only for the pitching 
swept wing, and not for other cases, such as stationary/pitching unswept wing or stationary swept 
wing. It is not, therefore, clear whether this periodicity is peculiar to the pitching swept wing, or 
is a general feature of all separating boundary layers over wing surfaces. It is also not clear 
whether and how a change in the aspect ratio of the wing will affect this periodicity. Further 
studies are clearly needed to understand this aspect of the flow. 

Figures 12(a)-12(c) show a vector plot of the vorticity flux vector at the surface. The 
wing is shown in the swept-back position and the individual vectors shown correspond to data 
from the 22 rows of individual pressure taps in the region 0.17<s7c' <1.0 and -0.33<z7c'<0.33. 
The direction of the arrows indicate the direction of the vorticity vector infused at the surface and 
the length of the arrow denotes the magnitude of its surface flux (or the pressure gradient). The 
figures correspond to the same incidences as in Fig.ll. Once again, the region s/c<0.17 where 
the fluxes are very large is excluded from the figure in order that the interesting behavior of the 
flux vectors in the downstream region can be scaled and presented more clearly. Note that the 
vorticity vector generated at the surface is perpendicular to the pressure gradient vector. 

At a low incidence of 20 degrees, the flux vectors appear to be organized and, in fact, 
exhibit a spanwise periodicity. At 24 degrees, the stall vortex begins to appear near the bottom 
left corner. This results in the flux vectors (or the pressure field) getting disorganized slightly 
in that region of the wing. The structure over the rest of the wing is undisturbed indicating that 
there is no influence of the stall vortex on the global pressure field.   At 28 degrees, the stall 
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vortex has spread over a substantial part (southwestern half) of the wing as seen from Fig 12(c). 
However, flow structure in the remaining part of the wing still appears to be organized and 
periodic. This shows that the vortex has not lifted off the surface which would have resulted 
in massive stall. In fact, there was no evidence of such massive stall occurring in the flow even 
at higher incidences. This was also confirmed from flow visualization studies. The gradual, 
rather than a catastrophic drop in lift and pitching moment, at post-stall incidences is also 
consistent with this observation. The evolution and spreading of the stall vortex over the swept 
wing is thus very different from the evolution, quick growth, and rapid ejection from the surface, 
observed in the case of two-dimensional flow over an unswept wing. The difference is very 
striking even when the sweep angle is very small as in the present case. 

Conclusions 

1. The onset of the dynamic stall vortex in three-dimensional flow over the swept wing is 
associated with a long pressure plateau (or very mild second suction peak) which replaces the 
strong second suction peak observed over an unswept wing. Thus, there does not appear to be 
a rapid ejection/lift-off of the stall vortex from the surface, but a rather gradual spreading of the 
vortex across the wing surface. This is believed to be due to the occurrence of more gradual, 
open-type, three-dimensional, flow separation in the presence of the spanwise velocity component. 
Consequently, sweep increases unsteady C^.^, as well as the incidence at which it occurs. It 

causes Cm about the pitching axis to increase at an earlier incidence but less drastically than in 
two-dimensional flow. 
2. The aerodynamic coefficients follow a trend that is an extension of the quasi-steady 
behavior to post-static stall incidences. This is true at all spanwise locations and at all except 
the highest pitch rate studied. Of these, the pitching moment coefficient departs the earliest 
from the quasi-steady behavior and shows a large increase well before the occurrence of 
dynamic stall, whereas the lift and drag coefficients continue to follow quasi-steady trend 
almost up to the occurrence of dynamic stall. These characteristics are qualitatively similar 
to those observed in two-dimensional flows. 
3. Lift curve slope and maximum lift increase from the bottom towards the top part of the 
wing. Pitching moment increases in a similar manner, except that the increase begins to 
appear earlier during the pitching maneuver. The pressure-minimum wave front (usually 
associated with the stall vortex) convects obliquely along the wing surface from the bottom 
towards the top of the wing with a longitudinal convection velocity of about 0.17U0. All these 
effects can be related to the pitch-axis geometry studied in the present experiments. 
4. There is strong evidence of spanwise modulation in the production of vorticity at the wing 
surface, especially in the downstream regions of the wing. In fact, some spanwise modulation 
can be observed even in the lift distribution. The precise cause of this periodicity is unknown. 
This aspect requires further study. 
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Figure 1.  Schematic of the wing model and experimental set-up in the water channel 
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Figure 2. Lift data for the stationary wing,  (a) Results for different spanwise locations 
(b) Comparison with unswept-wing data from Ref.8. Normalized results correspond to 
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Figure 3. Typical pressure-angle traces at selected pressure tap locations.   z/c=0; a* 
=0.075 
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Figure 4. Three-dimensional plots of Pressure-angle history. z/c=0; a* =0.075. The 
lower plot shows Cp contours. The full line in this contour map indicates the locus of 
cc^ in the s/c- a plane. 
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Figure 5. Lines of constant a,,^ in the s-z plane. a+=0.075. The broken lines denote 
the location of the average Cp^) front at different incidences. The arrow indicates the 
direction of front motion. The full line represents the limit to the left of which pressure 
minima can be identified. 
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Figure 6.  Typical phase-locked distributions at different incidences.  z/c=0;  a+=0.075. 
Unswept-wing data are from Ref.8. 
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Figure 7. Lift and moment coefficient comparisons. Unswept wing data are from Ref.8. 
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Figure 8.  Variation of sectional lift and sectional pitching moment with incidence and 
spanwise location.    cc+=0.075 
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Figure 9.  Effect of pitch rate on lift.  z/c=0 
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Figure 11. Vorticity fluxes Wz and Wx at the wing surface caused by pressure gradients 
in the x and z directions. a+=0.075. (a) and (d) are for ct=20 degrees, (b) and (e) are 
for a=24 degrees, and (c) and (f) are for a=28 degrees. 
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Figure 12. Vorticity flux vectors at the wing surface corresponding to the conditions in 
Fig.ll. 
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MEASUREMENTS OF THE VELOCITY AND VORTICTTY FIELDS AROUND A PITCHING SWEPT WING 

P.B. Rymara1  and  B. R. Ramaprian1 

Department of Mechanical and Materials Engineering 
Washington State University, Pullman WA, 99164-2920 

Abstract 

This report presents measurements of the 
instantaneous velocity and vorticity fields around a 
pitching "infinite" swept wing of NACA 0015 profile 
and   back   sweep   angle   of   15   degrees.      The 
experiments were performed in a water channel. The 
wing was pitched at a constant angular velocity a 
about an  axis  perpendicular  to  the  free  stream 
velocity U„.     Velocity measurements were made 
using the technique of Particle Image Velocimetry 
(PIV).   All measurements were made at a Reynolds 
number of 130,000 (based on chord c) and a non- 
dimensional pitch rate a+ (= ac/UJ of 0.075. The 
objective   of   the   study   was   to   understand   the 
fundamental  aspects  of vortex dynamics  and lift 
production in three-dimensional flows, by studying a 
geometry which represents a small departure from 
two-dimensionality. The most significant observation 
is that even mild, three-dimensional geometry causes 
both the dynamic stall and the accompanying loss of 
lift    to be gradual rather than catastrophic.    The 
detailed PIV data have also been used to study the 
vorticity   transport   in   the   flow.       The   basic 
experimental data have     been archived and are 
available to any interested reader. 

Nomenclature 

c chord measured along x 
C, sectional lift coefficient, lift/(l/2 pU2J 
C Pressure coefficient, (p-p„)/(l/2 pU2J 
F convective flux of spanwise vorticity   per 

unit area along x 

Fz convective flux of spanwise vorticity per unit 
area along z 

G«XM rate of in°rease of accumulated vorticity per 
unit area 

n direction normal to the wing surface 
p local pressure 
pB freestream pressure 
Re Reynolds number UBc/u 
s direction along the wing surface 
t time 
U„ freestream velocity 
v, s-component of local velocity 
vx x-component of local velocity 
v y-component of local velocity 
vz z-component of local velocity 
W rate of vorticity generation 
x freestream direction 
y direction normal to the x-z  plane 
z spanwise direction (see Fig.2) 
a angular velocity of pitching 
z spanwise component of vorticity 
p density 
u kinematic viscosity 
(0z spanwise component of vorticity 
overbar denotes nondimensional quantity 

Introduction 

Numerous studies have been reported in recent years 
on the vortex dynamics and stall over pitching and 
oscillating airfoils. Most of these studies have been 
limited to two-dimensional flows. There have been 
some studies reported recently on three-dimensional 
unsteady vortex dynamics.  These relate typically to 
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flows near wing tips, wing-body junctions, and flows 
over delta wings. However, the flows in these cases 
are extremely complex. The authors feel that an 
efficient initial approach to understand three- 
dimensional effects is to consider flow configurations 
which represent small departures from two- 
dimensional flows. Such a flow situation is produced 
when an "infinite" wing of small sweep is pitched 
about an axis perpendicular to the freestream. This 
flow is "quasi-two-dimensional" when the wing is 
stationary, but would be three-dimensional when the 
wing is pitched. The true three-dimensionality of the 
unsteady flow is a consequence of the pitch axis 
geometry, which causes the relative chordwise 
location of the pitch axis to vary in the spanwise 
direction. The configuration selected in the present 
studies approximates this situation. 

Additionally, a swept wing with a pitch axis 
that varies in chordwise position along the spanwise 
direction, provides one a good opportunity to study 
the effect of pitch axis location. In their 
computational studies of two-dimensional flows, 
Visbal and Shang1 concluded that a downstream 
displacement of the pitch axis resulted in delayed 
formation of the stall vortex but a lower maximum 
lift. Experimental studies on a swept wing will 
provide an opportunity to verify some of these 
computational results and further examine the effect 
of pitch axis. 

Comprehensive studies of flows over 
pitching wings, both with and without sweep, have 
just been completed at Washington State University. 
In each case, the research effort was divided into 
three phases, namely, flow visualization, surface 
pressure measurements, and PIV measurements of the 
instantaneous flow field. Several of these studies 
have already been reported2"5. One of the 
distinguishing features of these studies is that both 
pressure and velocity/vorticity information has been 
obtained on the same model, in the same facility, and 
under the same flow conditions. The study reported 
in this paper represents the final phase of this overall 
research program. For a report on the surface 
pressure data of the swept wing, the reader is referred 
to Patterson, Rymarz, and Ramaprian5. 

Experimental Setup 

The experiments were conducted in an open- 
surface water channel constructed specifically for this 
series of studies. The facility is schematically 
illustrated in Fig.l. It is constructed entirely of rust- 

proof materials like PVC, glass and stainless steel. It 
holds 5000 gallons of softened, filtered water, which 
is continuously recirculated by two 30-hp centrifugal 
pumps at test section velocities that can be varied 
from 0 to 0.5 m/s. The water is periodically 
monitored for pH level and chlorinated if necessary. 
The glass test section is 3.68 m long, 0.9 m wide, 
and 0.7 m deep. Flow in the test section has been 
measured to be uniform to within 1% and has a 
freestream turbulence level of about 1.2% at a test 
section velocity of 30 cm/s. More details of the flow 
facility can be found in Conger and Ramaprian6. 

The wing model is the same as was used 
earlier for flow visualization and pressure 
measurements. It has a 30-cm chord, a 61-cm span, 
and a back sweep angle of 15 degrees. It is 
assembled from 5-cm wide airfoil sections of NACA 
0015 profile. These elements are machined from 
extruded aluminum stock on a numerically controlled 
milling machine. The wing is painted black to reduce 
reflection, and equipped with sacrificial anodes at the 
tip for corrosion protection. For more details of the 
model construction, see Patterson, Rymarz and 
Ramaprian5. 

The wing and mounting assembly form a 
single, removable unit as shown in Fig.2. The wing 
is sandwiched between two circular Plexiglas end 
plates, each of 1.2 cm thickness. The main support 
for the system is provided by a 1.2 meter square 
aluminum plate. The wing assembly is suspended 
vertically in the water channel such that the wing and 
the end plates can rotate about a vertical axis (the 
pitching axis), inside a 65-cm diameter ball bearing 
carried by the aluminum support plate. In order to 
keep vibration from the pumps to a minimum, the 
aluminum support plate is supported on a steel frame 
that is adjacent to but not in contact with the water 
channel. Placement of the wing assembly is such that 
the upper plexiglas plate just skims the free surface of 
the water. The presence of a constant water-plexiglas 
interface is needed to obtain distortion-free 
visualization of the flow field when viewed from the 

top. 
Wing movement is provided by a computer- 

controlled stepper motor mounted on the aluminum 
support plate, but not directly over the pitching axis. 
The motor instead rotates the wing about the pitching 
axis via a chain drive. This design allows an 
unobstructed view of the flow field from above. 



P.LV. Setup 

The entire water channel was seeded with 
polystyrene particles of 20 urn diameter and specific 
gravity of 1.04. These were used as the tracer 
particles for the PIV measurements. They were 
illuminated by a horizontal laser light sheet of 
approximately 1-2 mm thickness. The light source 
used was a pulsed copper vapor laser pulsing at a 
uniform rate of 6 kHz and operating at an average 
power of approximately 10 watts. The optical 
arrangement for the light sheet is shown in Fig.l. A 
Nikon F3 35-mm camera was mounted directly above 
the 65 cm bearing, as shown in Fig.2 and was 
focused through the top Plexiglas end plate onto the 
illuminated spanwise plane of interest. The camera 
moved with the rotating end plate, so that 
photographs were obtained in a frame moving with 
the wing. Multiple exposures of the tracer particles 
were produced by the use of a rotating slotted disk 
operating at 254 Hz and placed in the optical path of 
the laser (see Fig.l). The width of the slot was such 
as to provide an exposure period of about 1/2000 s. 
The camera shutter was set to remain open for 1/30 
sec, thus making it possible to capture eight 
exposures of the particles in each picture. The 
above settings correspond to a maximum particle 
travel of about 4 mm in the streamwise direction 
between exposures, and an effective averaging time 
of 1/30 s. These can be compared with the chord 
length of 300 mm and the total pitching time of about 
9s. The camera shutter itself was triggered by the 
computer to open at the rate of one frame per degree 
in the incidence interval of 0 to 33 degrees, so that 
34 pictures could be obtained during one pitching 
realization. 

It should be noted that the PIV system used 
can measure only two components of the velocity, in 
this case the streamwise (v,) and cross-stream (v,, ) 
components. The spanwise component of the 
velocity could not be measured. Also, the two- 
dimensional PIV system can, in principle, be used 
only in a two-dimensional flow. However, the mild 
spanwise flow present in the tests did not introduce 
any major difficulties in the measurement of the flow 
field using the two-dimensional PIV system. 

Each photographic negative was digitized 
using a microscope objective, a CCD camera, and a 
digital image processor. A rectangular area 2.4 cm 
long and 1.85 cm high was analyzed on each 
negative. This represents an area of approximately 
17 cm by 13 cm in the actual flow. This rectangular 

area was divided into a checkerboard pattern with 40 
divisions per side, for a total of 1600 square segments 
to be analyzed. The velocity vector was computed at 
the center of each segment by evaluating the two- 
dimensional autocorrelation function of the digitized 
image of the particles, using a high-speed array 
processor installed inside the PC. The entire process 
was automated, and a computer controlled two-axis 
traverse moved the film from one position to another. 

After the velocity vectors were obtained in 
the above manner, the results were examined for 
missing and spurious values, which were then either 
corrected (where possible), or interpolated from 
reliable neighboring values (where not possible). Such 
corrections/interpolations were usually limited to 
about 10% of the total number of vectors. The 
details of this procedure are reported in Oshima7. 
Also, after determining the velocity vectors, 
corresponding vorticity and stream function values 
were obtained using a series of post-processing 
programs developed and described in Oshima and 
Rymarz8. 

Experimental Procedure 

All the PIV data were obtained at a 
freestream velocity of about 32 cm/s (corresponding 
to a Reynolds number Re= 135,000) and a non- 
dimensional pitch rate a+=0.075. Surface pressure 
data are available for this combination of Reynolds 
number and pitch rate from Ref.5. In order to 
achieve a higher spatial resolution of the velocity 
field, only 1/3 of the chord (forward, middle, or aft) 
was photographed during a pitching realization. The 
results thus obtained for the three regions from three 
separate pitching realizations were then combined to 
obtain the composite flow field over the entire wing. 

Each realization consisted of a pitching 
maneuver from 0 to 33 degrees, with photographs 
being taken in one degree increments. Three 
spanwise planes of the wing were photographed in 
the midspan plane.as well as at two off-midspan 
planes, 5 cm above and 5 cm below the midspan 
plane. Although the somewhat small aspect ratio of 
the model does not allow it to truly represent an 
"infinite" airfoil, this region around the mid-span 
plane was judged to be nearly free from end effects, 
based on the results from the previous pressure 
measurements reported in Ref.9, and hence was 
considered to be satisfactory for studying the three- 



dimensional effects introduced by sweep and pitch 
axis location. 

A detailed discussion of the estimation of. 
uncertainties associated with the present PIV 
measurements is provided in Ref. 8. These estimates 
indicate that, vx and vy have an uncertainty of 4% 
over all the regions of the flow except in the 
immediate vicinity of the wall where the uncertainty 
is about 8%, and the vorticity and stream function 
values estimated from the velocity data have an 
uncertainty of 8% (16% immediately next to the wall) 
and 4% respectively. 

Results and Discussion 

The results for the mid plane of the wing 
will be presented first and compared with the 
corresponding results for an unswept wing under 
similar conditions of Reynolds number and pitch rate, 
the latter being taken from Oshima7. Note also that 
the location of the pitch axis for the mid plane of the 
swept wing is the same (c/4 from the leading edge) as 
for the unswept wing. The results will be shown for 
angles of incidence greater than 22 degrees, since no 
noteworthy changes occur at earlier incidences for 
both wings. It is however, important to note that in 
both cases, the flow would have stalled well before 
this incidence if the wing was stationary. 

Figures 3 and 4 show a comparison of the 
velocity vectors and contours of spanwise vorticity on 
the suction side of the two wings. The flow fields 
for the two wings were found to be nearly similar at 
early angles of incidence. At an incidence of 20 
degrees, both flows were found exhibit the presence 
of strong leading edge vorticity. These vortices were 
thin, stretched out, and stayed very close to the wing 
surface. Figure 3(a) and 4(a) show that as the angle 
of incidence increases to 22 degrees, the swept wing 
continues to exhibit nearly the same vorticity 
structure as described above. In the case of the 
unswept wing, however, a well-defined vortex has 
formed and has started to move away from the wall 
as the shear layer begins to separate. 

The contrast between the two wings becomes 
stronger as the incidence increases to approximately 
24 degrees. The shear layer over the unswept wing 
has definitely moved out and is about to leave the 
surface, while no major separation has occurred over 
the unswept wing. Finally, at the incidence of 26 
degrees, the dynamic stall vortex has detached from 
the surface of the unswept wing and has, in fact, 
partially left the field of view.    In comparison, the 

dynamic stall vortex structure of the swept wing 
(essentially a rolled up shear layer with a large 
number of vortices) is still contained and remains 
near the wall at 26 degrees. In fact, the interesting 
features of the flow field over the swept wing are still 
completely within the field of view even at 28 
degrees. Clearly, events at the leading edge seem to 
occur later in time for the case of the swept wing, 
particularly with regard to the shear layer detachment 
and the growth and lift-off of the dynamic stall 
vortex structure. These observations are consistent 
with the lift data for the two wings obtained in earlier 
studies, as seen in Fig.5 taken from Ref.5. It is seen 
that maximum lift occurs at 26 degrees in the case of 
the unswept wing, whereas, the lift continues to 
increase beyond 26 degrees in the case of the swept 
wing. 

The trailing edge regions of both wings seem 
to have much more comparable development. 
Perhaps this is because the vorticity and velocity 
fields are typically not undergoing such rapid changes 
in comparison to the nose region, and therefore any 
differences in flow field constraints are not as 
immediately apparent. 

The second major difference between the 
swept and unswept wing is the severity with which 
they seem to stall. Flow visualizations, pressure/lift 
measurements, and PIV measurements all strongly 
suggest that the stall process for the swept wing is 
much less abrupt. This is perhaps best supported by 
comparing the velocity and vorticity fields of the 
swept and unswept wings at approximately 26 
degrees (Figures 3c and 4c). After separation, the 
flow over the leading edge of the unswept wing 
continues in a direction nearly perpendicular to the 
chord. This causes the dynamic stall vortex to leave 
much more abruptly and results in the more drastic 
loss of lift after stall as seen in Fig.5. The vortex 
structures of the swept wing, however, turn to follow 
a direction more nearly parallel to the chord of the 
wing after separation. Even at post stall angles, the 
shear layer of the swept wing has broken up into a 
large number of vortices, but the vortex structures are 
still moderately close to the wing surface. The 
gradual nature of the stall process over the swept 
wing was also evident from the vortex trajectory, 
computed and presented in Ref.8. 

Streamline patterns at the midspan plane of 
the swept wing are shown in Figs.6(a)-(e) for cx=26- 
30 degrees. Regularly shaped closed streamlines can 
first be detected at 26 degrees, where the dynamic 
stall vortex structure is clearly identifiable, along with 
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a significantly large reversed flow region at the nose 
of the wing. The closed streamlines representing the 
vortex structure move further downstream at 27 
degrees, and the leading edge separation zone 
becomes larger, with less order to the streamlines. 
Two distinct and isolated vortical structures, one near 
the leading edge and the other nearer the trailing 
edgezare seen up to this incidence. At 28 degrees, 
the vortex structure seems much more spread out, and 
the more widely spaced streamlines indicate a less 
rapidly moving fluid in the leading edge separation 
zone, which now extends into the midchord region of 
the streamline plot. The isolation between trailing 
edge and leading edge flow structures gradually 
begins to blur beyond this incidence. Once the 
dynamic stall vortex structure gets large enough, it 
seems to draw in flow from the trailing edge. This 
feature was also apparent in the preliminary 
qualitative flow visualization studies. 

The growth in the. number of vortex 
structures and the break down of coherency continues 
in the post stall incidences of 29 and 30 degrees, but 
the structures still remain close to the surface. 
Therefore, the "washing away" of the dynamic stall 
vortex structures is quite slow. The difference 
between the vortex kinematics of the swept and 
unswept wingss can be further quantified by 
calculating the vortex trajectories in the two cases. 
These results are described in Ref.8. and will not be 
presented here for lack of space. 

The less catastrophic loss of lift of the swept 
wing can be attributed to the fact that the flow has an 
additional possible direction of travel, in contrast with 
the two-dimensional flow over the unswept wing. 
When the three-dimensional flow no longer has the 
energy required to continue travel in the chordwise 
direction, it has the option of veering along the 
spanwise direction before separating. In a purely 
two-dimensional flow, however, the fluid particles 
have no where to go but away from the surface once 
they lack the necessary energy for chordwise motion. 

Comparison Between Different Spanwise Planes 

The work of Patterson et a? showed that in 
the case of the pitching swept wing, there was a 
significant variation of lift in the spanwise direction. 
This is seen from the three-dimensional plot of the 
sectional lift coefficient shown in Fig,7 taken from 
Ref.5. This figure shows that maximum lift occurs 
later and is slightly larger as z/c changes from -0.333 
to +0.333. In order to supplement these lift data, PIV 

data were obtained in the present experiments, as 
already mentioned, at two other planes in addition to 
the midplane. The spanwise spacing between the 
three planes corresponds to a change in pitch axis 
location (i.e. distance of the pitch axis from the 
leading edge) from 0.208c at z=-5cm to 0.292c at 
z=+5cm. Although this is a fairly small variation in 
pitch axis location, it was found that the contrast 
between the flow development in the three planes was 

quite striking. 
Figures 8(a)-(c) show a comparison of the 

velocity vectors in the three different spanwise planes 
for three incidences. Within experimental error, the 
velocity fields at 24 degrees appear to be somewhat 
similar at all three planes, though the lowest plane 
z=-5cm exhibits a somewhat more advanced stage of 
evolution of the leading-edge vortex. The difference 
in the flow fields, was found to be more apparent at 
these early angles in the vorticity fields, which are 
not shown here for lack of space. Significant 
differences in flow development at the different 
planes become very apparent as the wing approaches 
stall. The velocity vector plots at 26 degrees indicate 
a more advanced vortex development as z goes from 
positive to negative values. The main vortex 
structure at the z>0 plane is completely contained 
within the leading edge region of the flow (i.e., 
within the first visualization frame), whereas the 
midplane vortex structure protrudes slightly into the 
midchord region, and the vortex structure at the z<0 
plane has spread out over the entire wing. The 
contrast in stall development is even more spectacular 
at 28 degrees. In the z>0 plane.vorticity is still 
largely contained fairly near the surface of the wing, 
while in the midspan midplane, the vortex structures 
have evolved significantly more. 

Although the flow evolution goes through 
essentially similar stages in all three planes, the 
leading-edge vortex appears first in the z<0 plane 
(with the pitch axis displaced most forward), slightly 
later in the z=0 plane, and last in the z>0 plane (with 
the pitch axis located most aftward). It appears that 
the wing stalls from negative z to positive z, or from 
planes with forward pitch axis location towards 
planes with aftward pitch axis location. 

Since the flow stays attached longer in the 
latter regions, more circulation will be associated with 
the leading-edge shear layer vortex structure, since it 
is 'fed' by the high vorticity from the nose region for 
a longer period of time. One can hence expect that 
maximum lift will be higher and will occur later as z 
increases, as is indeed seen from the lift data in Fig.7. 



This result, however, seems to be in contradiction 
with the numerical studies of unswept wings by 
Visbal and Shang1, who found that maximum lift 
actually decreases as pitch axis moves aftward 
(although the computed flow does stay attached 
longer as observed in the present experiments). 

Vorticity Balance 

Following earlier studies5,10 on unswept 
wings, the instantaneous conservation equation for 
vorticity in the unsteady flow over the pitching swept 
wing is examined in the light of the PIV data. 
Consider a control volume bounded by the side ds 
along the wing surface, faces a and * in the n-z 
plane, faces c and d in the s-n plane, and extending 
to oo in the n direction. For this control volume, we 
can write the integral equation for the conservation of 
the spanwise vorticity, on a unit area basis as 

in to the control volume.  From applying the Navier- 
Stokes equations at the wall (n=0), we can write 

3^lfil~o (3) 

Using   the  definition   of spanwise   vorticity   and 
introducing the pressure coefficient Cft we can 
finally write 

(4) 

Thus the last term on the right side of eq.(2) is also 
equal to the instantaneous nondimensional pressure 
gradient along the surface. Therefore, we have 

£h^-£h».<*-£h«-*>-^ i (i) 

„»f.+F+nr (5) 

In writing eq.(l), we have neglected the effect of 
streamline curvature. Nondimensionalizing the terms 
in eq.(l) by using U„, and c as the relevant velocity 
and length scales, we can write 

2^jüMdn-(^fv&,d^.--*s]vxüMdn\b) 

-<i&tt.--h!**^---ji%\*. (2) 

The arbitrary factor of 2 has been used to make the 
last term on the right hand side equal to the 
nondimensional pressure gradient, as will be seen 
later. The term on the left side of eq.(2) represents 
the time rate of increase of accumulated vorticity 
(G«*uJ within the control volume. On the right hand 
side of the equation, the first two terms in 
parentheses represent the net influx of spanwise 
vorticity into the control volume by convection in the 
chordwise direction (F„), and the second two terms in 
parentheses represent the net influx of spanwise 
vorticity into the control volume by convection in the 
spanwise direction (FJ. The last term represents the 
rate of production of spanwise vorticity at the wall 
(W). This term can also be regarded as influx of 
spanwise vorticity by viscous diffusion from the wall 

Two out of the four terms in eq.(5), namely, 
G„.cul. and Fx can be calculated from the PIV data. 
The third term W can be calculated from the pressure 
data obtained earlier under identical conditions in 
Ref.5. The fourth term Fz can then be estimated as 
the closing term in eq.(5). Since Fz represents the net 
convection of spanwise vorticity in the spanwise 
direction, through the plane of interest, it can provide 
some insight into the three-dimensional nature of the 
flow. It is important to note, however, that the terms 
in eq.(5) estimated from the PIV measurements have 
larger uncertainties than the velocity and vorticity 
data. Estimated uncertainties are: G,,^, 15%; F„, 
15%; and W;10%. The term F2 obtained as the 
closing term has an uncertainty of 25%. These 
accuracy limitations have to be kept in mind while 
attempting to interpret the results. 

Figures 9-11 show the distributions of GKClun, 
Fx and W at several angles of incidence in the range 
20-30 degrees. These results pertain to the midspan 
plane. First, referring to Gmxam (Fig.9), it is seen that 
at 20 and 22 degrees, the change in vorticity is fairly 
small everywhere over the wing. As the angle 
increases to 24 degrees however, negative vorticity 
begins to accumulate rapidly, especially near the 
leading edge. This leads to the inception and growth 
of the so-called leading-edge vortex with center 
around x/c»0.12 at an angle of incidence of about 24 



As the angle of incidence increases, the peak 
in G,^, moves downstream. This is consistent with 
the observed convection of the vortex center 
downstream. It is also significant that other peaks 
begin to appear along the wing. In fact, the 
distribution of GKcam along the wing becomes 
substantially periodic at higher angles of incidence. 
This periodic accumulation of vorticity along the 
wing can be attributed to one or both of two factors - 
(i) longitudinal periodicity in the rate of production 
of vorticity at the wall (W), (ii) longitudinal 
periodicity in the net influx of vorticity by convection 
in the x and/or z directions (i.e., periodicity in F, 
and/or F,). Figure 10 shows the flux through the wall 
(W), as calculated from the surface pressure data of 
Patterson*. Most of the negative vorticity flux 
through the wall seems to be originating very near 
the nose, with the region immediately downstream 
contributing to the generation (and infusion) of 
positive vorticity. This is a direct consequence of the 
nature of the pressure gradient along the wall. The 
wall vorticity flux, however, is clearly not periodic in 
the longitudinal direction and hence is not responsible 
for the periodic accumulation of vorticity seen in 
Fig.9. 

In contrast to the above result, the plots of F, 
shown in Fig.l 1 are clearly periodic along the wing. 
This periodic behavior is apparent as early as 20 
degrees, and continues up to post-stall angles. It 
therefore appears that the convection is primarily 
responsible for the wavy nature of the accumulation 
of vorticity. 

The convection of spanwise vorticity in the 
spanwise direction (F,), obtained as the closing term 
of eq.(5) is shown in Fig. 12. As was the case with 
F„ there is a significant periodic variation in the 
distribution of F,. In contrast with F„ however, F, is 
slightly less periodic at the lower angles of attack. 
At twenty degrees, the modulation in spanwise flux 
along the chord is quite small, and even approaches 
zero near the trailing edge. F, does not seem to 
display significant modulation until 24 degrees. As 
the angle of attack increases, this periodicity grows in 
magnitude and spreads more and more uniformly 
across the chord toward the trailing edge. It should 
be noted that negative peaks in these spanwise 
vorticity plots correspond to transport of vorticity 
from positive to negative z values (i.e., from the top 
towards the bottom of the wing model in the 
experimental set-up) and that non-zero values of F, 
are, in general, indicators of three dimensionality of 
the flow. 

Conclusions 

Even though the geometry studied 
represented a small departure from two- 
dimensionality, significant three-dimensional and 
pitch-axis location effects were observed in the 
present experiments.  These are summarized below. 
1) The vortex structures remained close to the 
surface of the swept airfoil. In fact, the dynamic stall 
vortex was never actually washed away from the 
swept wing even at the highest post-stall incidence of 
34 degrees studied in the present experiments. 
Hence, post-stall loss of circulation and lift was 
gradual rather than catastrophic. 
2) The dynamic stall "vortex" at the larger 
incidences over the swept wing is really a 
conglomeration of a number of smaller vortex 
structures that spread out over the entire wing 
surface. The swept wing stalls as the vortical 
structures begin to move away one by one from the 
surface. The unswept wing, in contrast, stalls after 
the dynamic stall vortex is abruptly swept away as a 
single structure. The distributed vortex structure, as 
well as the noncatastrophic nature of stall are 
believed to be the general characteristics of all three 
dimensional flows. 
3) The trailing edge flow of the swept wing 
does not seem to influence the lift-off of the leading- 
edge vortex structure. Rather, the leading-edge 
vortex seems to be pushed away from the surface of 
the wing by a localized build-up of low energy fluid. 
While this feature can be observed over the unswept 
wing also, it is more clearly observed over the swept 
wing. 
4) A strong spatial periodicity was observed in 
the rate of accumulation of vorticity along the swept 
wing. This periodicity is caused essentially by 
periodic convection of vorticity in both the chordwise 
and spanwise directions. The origin of this 
periodicity is unknown. It is also not clear whether 
this periodicity is peculiar to the specific mildly 
three-dimensional geometry studied in the present 
experiments, or whether it is a characteristic feature 
of all three-dimensional flows. 
5) There is strong evidence that aftward 
movement of the pitch axis delays the dynamic stall 
process, as well as slightly increasing the maximum 
lift produced by the wing. The present data trend 
(strong monotonic variation with z) suggest that this 
is primarily a pitch-axis location effect, and should be 
observable in two-dimensional flows also. 
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Fig.l.     Schematic of the experimental setup and 
optical arrangement for light sheet. 

Fig.2.    Details of wing mounting and flow 
visualization. 
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Fig.3.     Instantaneous Velocity vectors in the midspan plane (z=0) over the suction side of the swept wing. 
Comparison with unswept wing data from Ref.7. 

10 

WWWWJW*1 



I    ' • . •• 

22dcfnc> 
24<fcjra 

SWPT SWPT 

UNSWPT 

2IJ 

UNSWPT 

SWPT 

UNSWPT 

SWPT 

UNSWPT 

Fig.4.     Instantaneous contours of a>z in the midspan plane (z=0) over the suction side of the swept wing. 
Comparison with unswept wing data from Ref.7. 
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Fig.5.    Lift data for swept and unswept wings 
(from Ref.5). 

Fig.7.     Sectional lift coefficient for the swept wing 
(from Ref.5) 

Fig.6.     Instantaneous streamline pattern in the midspan plane (z=0) over the suction side of the swept wing. 
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Fig. 9.     Instantaneous distributions of G,«. along 
the wing surface 

Fig.l 1.   Instantaneous distributions of F, along the 
wing surface. 
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Fig. 10.   Instantaneous distributions of W along the 
wing surface, as calculated from eq.(4) 
using the pressure data of Ref.5. 

Fig. 12. Instantaneous distributions of F, along the 
wing surface.obtained as the closing term 
in eq.(2). 
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