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Surface Pressure Measurements on a Pitching Swept Wing
in a Water Channel
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Paul Rymarz1 and B. R. Ramaprian*

Washington State University, Pullman, Washington 99164-2920

This paper presents the results of surface pressure measurements on a swept wing of NACA 0015 profile and a
back sweep angle of 15 deg, 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 experi-
ments 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 aerody-
namic 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 The experimental data have been archived and are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
C[ = sectional lift coefficient
C* = reduced lift coefficient, C// cos2 A
Cm = moment coefficient
p = distance of the pitch axis from nose
Re = Reynolds number, U^c/ft
s = longitudinal surface coordinate
UQ = freestream velocity
Wx = flux of o)x
Wz = flux of coz
x = coordinate along the freestream
y = coordinate normal to chord
z = coordinate perpendicular to the freestream
a = angle of attack
a+ = nondimensional pitch rate, coc/ UQ
ft = kinematic viscosity
A = back sweep angle
p = density
a) = angular velocity of pitching
CL)X = axial vorticity
a)z = spanwise vorticity
' = coordinate system perpendicular to leading edge;

see Fig. 1

Introduction

T HE unsteady vortex dynamics of an airfoil pitched at a uni-
form angular velocity about its c/4 axis has been stud-

ied with interest in recent years. Most of these studies relate to
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two-dimensional flows. Studies reported on the unsteady aerody-
namics 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 ratio.1"10 These include flow vi-
sualization as well as pressure/force measurements.

The three-dimensional flows just mentioned represent extremely
complex situations. To understand some of the characteristics of
the unsteady, three-dimensional vortex dynamics and flow separa-
tion, 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 deg. Three dimensional-
ity, characterized by a small crossflow, is introduced into the un-
steady flow by pitching this wing about an axis perpendicular to the
freestream. This paper presents the results of the first phase of this
ongoing program of study. In this phase, phase-locked surface pres-
sure 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 differ-
ent nondimensional pitching rates in the range 0.037 < a+ < 0.21.
Previous studies11 on the two-dimensional airfoil (unswept wing)
have shown that under these 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 co-
efficients and the production of vorticity by pressure gradients in
the spanwise and chordwise directions.

Experimental Particulars
Experimental Setup

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 perpendic-
ular and parallel to the leading edge, respectively. A schematic of
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5cm

Fig. 1 Schematic of the wing model and experimental setup in the
water channel.

the model is shown in Fig. 1. It is constructed in 5-cm-wide air-
foil sections of aluminum machined on a numerically controlled
milling machine and anodized for corrosion protection. The wing is
assembled from these sections, one of which is instrumented with
pressure taps. The sections slide on two guide rods such that the
instrumented section can be repositioned to varying spanwise loca-
tions. This construction allows one to make pressure measurements
in several finely spaced spanwise locations without having to pro-
vide 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 diam arranged in five rows spaced approximately 1 cm
apart (see Fig. 1). The pressure taps are unequally spaced along xf

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 2! 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 diam. 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. 1. 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. 1) 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.11-12

Instrumentation
Pitching of the airfoil at constant angular velocity, about the ver-

tical 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
servocontrolled microstepping motor. A digital encoder on the mo-
tor 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.

The pressure measurement system utilizes a diaphragm-type pres-
sure transducer connected between a reference static tap and a sur-
face 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 im-
mersed 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 pres-
sure data were smoothed and corrected for any dynamic response lag
effects using a method developed earlier in Conger and Ramaprian.13

Results were phase averaged over four 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 of the measurements reported in this pa-

per 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 Cp vs 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 example,
Ref. 7), The details of calculation are described in Patterson.14 Pres-
sure 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 esti-
mated to be 6% for Cp and the aerodynamic coefficients and ±0.07
deg 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, neces-
sary in principle to use much larger aspect ratios for the swept wing
than for unswept wing, if end effects are to be kept small. Consid-
erations 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), however, dictated the use of a relatively small aspect
ratio and restriction of the study to a small (but significant) span-
wise region around the midspan plane. The steady-flow data were
used to assess the effect of the proximity to the end, on the unifor-
mity of the flow conditions over this region of study. It was found
from the Cp vs x' distributions measured at different z' 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 deg in the
region -0.33 < z'/c' < +0.33. The lift curves for three spanwise
locations shown in Fig. 2a 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 sur-
face. 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
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Fig. 2 Lift data for the stationary wing: a) results for different span-
wise locations and b) comparison with unswept-wing data from Ref. 8.
Normalized results in b) correspond to C*.

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 signifi-
cant 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' distri-
bution to represent the steady-state results. Since x/c = x'/c', this
average Cp vs x'/c' distribution, when transformed to the freestream
(x, y, z) coordinate system, yields an identical Cp vs x/c distribu-
tion. The lift curve obtained from the averaged Cp vs x/c distribution
is shown in Fig. 2b and compared with the results for an unswept
wing from Conger and Ramaprian.11 It can be seen that sweep re-
sults 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 example, Lorber et al.5) that a "reduced"
lift coefficient Cf defined by normalizing the lift by l/2p£/Q cos2 A
better collapses the lift curves for the swept and unswept wings.
The results of this normalization is also shown in Fig. 2b. 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
Ramaprian,11 early laminar-turbulent transition seems to have oc-
curred in the boundary layer over the leading-edge region of the
wing surface, even at the moderate experimental Reynolds number
of 1.3 x 105. 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 elimina-
tion 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 char-
acteristic 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 1.3 x 105 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.14 However, the introduction of un-
steadiness in to the flow changes the entire dynamics as will be
seen from the corresponding results for the pitching wing, which
are presented next.

Unsteady Flow
Phase-locked pressure data for the pitch-up maneuver will be pre-

sented 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 geom-
etry and not significantly due to end effects. A typical experimental
condition of a+ = 0.075 is used for a detailed presentation of re-
sults. Effects of nondimensional pitch rate are then explored with
oc+ = 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 offset 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

10 15 20 25
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40 45

Fig. 3 Typical pressure-angle traces at selected pressure tap locations:
z/c = 0 and a+ = 0.075.

Cp

angle (deg)
-0.6 -0.9

Fig. 4 Three-dimensional plots of pressure-angle history; z/c = 0, a+

= 0.075; lower plot, Cp contours; solid line in contour map indicates the
locus of amin in the s/c—a plane.
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a local pressure minimum at some incidence, beyond which it be-
gins to decrease. At the nose, C^min) has a magnitude of about 9
and occurs at an incidence of about 23 deg. The pressure minima
grow weaker and occur later during pitch up, at the more down-
stream 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 wings.11

The occurrence of Cp(min) has been usually associated with the for-
mation/arrival of the leading-edge vortex at the particular location.
The chordwise movement of C^mi,,) can, therefore, be related to the
convection of the leading-edge vortex, as has been done in Lorber6

and Green et al.16 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 amin with
s/c at the midspan plane, during the period from a « 22 deg (when
the vortex first appears on the wing) to a. ^ 28 deg (approximate
incidence for maximum lift) is shown by the solid 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{7(). A similar result was obtained
for all spanwise locations. This value can be compared with 0.25t/0
and 0.09[/o reported for the inboard and tip region, respectively, of
a rectangular wing in Ref. 4.
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Fig. 5 Lines of constant amin in the s-z plane, a+ = 0.075: broken lines,
location of the average Cp(min) front at different incidences; arrow, the
direction of front motion; and solid line, limit to the left of which pressure
minima can be identified.

From the amin vs s/c results obtained at different spanwise loca-
tions, it is possible to draw the contours of amin in the s-z plane, in
the range of 22-36 deg. These contours are shown in Fig. 5. The
contour for each amin in this figure represents the line on the wing
surface on which Cp(m-m) (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 appearance which is due to the uncertainty in the determi-
nation of amin from the pressure-angle traces. However, it is still
possible to observe two overriding trends. These are as follows.

1) Cp(min) 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(m[n) first occurs
at the lower spanwise positions (z/c < 0) and spreads upwards
(z/c > 0) during pitching.

2) 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
Lorber6 in his studies of unsteady flow near the tip of a rectan-
gular 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. Whereas 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 iden-
tified only up to a certain incidence, beyond which it gets blurred.
The solid 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 deg (and s/c ~ 0.1) at z/c — —0.3,
whereas they can be identified even up to 36 deg (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 prefs-
sure) 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 deg in this case, after which it collapses. A slight bulge
also appears just downstream 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 deg. The figure

i 22.24 degrees; -+--
I 26.31 degreed -B—

26.31 degrees j(unswept}: -x---

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 6 Typical phase-locked distributions at different incidences; z/c = 0, a+ = 0.075; unswept-wing data from Ref. 8.
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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/max and dynamic stall. The difference in the pres-
sure 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 lift

and pitching moment are shown in Figs. 7a and 7b by comparing the
present data with those at the same Reynolds number from Conger
and Ramaprian,11 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, swept-wing results at midspan (z/c — 0.000) where
the pitch axis is located at c/4, are used for comparison. Also pre-
sented 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 a & 8 deg and continues to increase nearly with the same
slope up to an incidence of about 25 deg. Beyond this incidence, the

Unsteady swept Wing z/e=0i000 --*—
Steady swept Wing z/c=0 000 -•<—

; Unsteady unswept ving -Q—

10 15 20 25 30 35 40
angle (deg)

a)

-0.8 . Unsteady swept Wing z/e=OiOOO - ~»—-f-
Steady swept wing z/c=OlOOO -n— \

\ Unsteady unswept Wing -G—\

10 15 20 25 30 35 40
angle (deg)

b)

Fig. 7 Lift and moment coefficient comparisons; a+ = 0.075; unswept
wing data are from Ref. 8.

lift curve flattens out and reaches a maximum value of about 3.5 at
an incidence of about 27 deg 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 deg 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 block-
age 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 deg)
in the present case. Once again, as in steady flow, the more gradual
decrease in lift at poststall 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 tur-
bulence is apparently adequate to trigger early transition over the
swept wing even in the presence of the spanwise flow. The elimi-
nation/attenuation of the separation bubble leads to "simulation" of
high-Reynolds number behavior and, hence, comparable lift char-
acteristics 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 7b 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 deg. 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 poststatic stall incidences. The swept wing experi-
ences 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 of these effects
on the aerodynamic coefficients can be explained as being due
to a less catastrophic modification in flow pattern accompany-
ing 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. 8a and 8b show the variations

in Cj and Cm with incidence and spanwise location. There is no
significant spanwise variation in C/ at incidences less than about
20 deg, as can be seen from contour lines which are nearly parallel
to the z axis (except for the blips seen at z/c « 0.1, which are
suspected to be due to experimental errors). After the appearance of
the stall vortex, however, spanwise variation becomes noticeable.
The trend that is most clearly seen is an increase in C/max and a
delay in the occurrence of C/max 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 (solid line) drawn on the contour map at
the bottom of Fig. 8a. A similar trend in spanwise variation, namely
larger values and delayed occurrence toward 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 toward
the bottom of the wing is evident in Fig. 8b, even at prestall angles.
Also the increase in the magnitude appears at earlier incidences
toward the bottom of the wing.
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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 noncatas-
trophic behavior of the aerodynamic coefficients (especially Cm) at
postdynamic stall incidences in the former case. It is, therefore, rea-
sonable to conclude that even a small sweep can produce significant
three-dimensional effects in the case of a pitching wing.

10
30 *° angle (deg)

Pitch Rate Effects
Data obtained at different pitch rates showed that the pressure

distributions are qualitatively similar to those obtained at a+ =
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 of 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

aeff = OL — a+(p/c) cos a (1)

Fig. 8 Variation of sectional lift and sectional pitching moment with
incidence and span wise location; a+ - 0.075.

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 C/ max 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
quasisteady (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 quasisteady or inviscid.

Figure 10 shows that pitching moment coefficients for different
pitch rates also overlap at incidences below the incidence corre-
sponding 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 C/max,
i.e., considerably earlier than the occurrence of dynamic stall. The
dynamic effect on Cm is, thus, more significant than on C/.

The results obtained at other spanwise locations at the aforemen-
tioned pitch rates were found to be qualitatively similar to those
observed at midspan. The spanwise variations of the aerodynamic
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Fig. 9 Effect of pitch rate on lift; z/c = 0.
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Fig. 10 Effect of pitch rate on pitching moment; z/c = 0.

coefficients at the different pitch rates were qualitatively similar to
those described for a+ = 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 oc-
curred 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.

Vorticity Fluxes
It can be shown (see Panton18) that at the wing surface the Navier-

Stokes equations reduce to the following form:
ac,

a (s/c)
and

(2)

(3)

Thus, the nondimensional pressure gradients in the spanwise and
chordwise directions represent the nondimensional surface fluxes
(-Wx) and Wz of the chordwise and spanwise vorticity components
a)x and a)z, respectively. These typical fluxes were evaluated and
are shown for the suction side of the wing in Figs, lla-llf, 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 a>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 la-1 Ic, 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. 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) typically seen 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 deg. The hump gets elongated with time and also appears to

break into 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-deg 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 whereas it occupies only about half the chord length
of the wing at the uppermost plane. Thus, one can 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 preceding statements refer to the average structure
of the stall vortex. However, Figs, lla-llc also show that there is
significant spanwise modulation of this structure and that this mod-
ulation is fairly periodic. Figures lld-llf show the distributions
of the flux — Wx, which essentially lead to the same conclusions,
both with respect to the propagation of the vortex with an oblique
wave front and with respect to the spanwise periodicity. Figures
lla-llf complement Fig. 5, which shows spanwise periodicity in
the contours of amin. Some evidence of this periodicity can also be
seen in the poststall 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, espe-
cially under poststall conditions. Unfortunately, poststall 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 gen-
eral 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 12a-12c 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 < s'/c' < 1.0 and
—0.33 < zf/cf < 0.33. The direction of the arrows indicate the di-
rection of the vorticity vector infused at the surface, and the length
of the arrow denotes the magnitude of its surface flux (or the pres-
sure gradient). The figures correspond to the same incidences as
in Fig. 11. Once again, the region s/c < 0.17 where the fluxes
are very large is excluded from the figure in order that the inter-
esting behavior of the flux vectors in the downstream region can
be scaled and presented more clearly. Note that the vorticity vector
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Fig. 11 Vorticity fluxes Wz and Wx at the wing surface caused by pres-
sure gradients in the x and z directions; a+ = 0.075: a) Wz, a = 20 deg,
b) WZ9 a = 24 deg, c) WZ9 a = 28 deg, d) Wx, a = 20 deg, e) Wx, a = 24
deg, and f)Wx,ot = 28 deg.

Fig. 12 Vorticity flux vectors at the wing surface corresponding to the
conditions in Fig. 11.

generated at the surface is perpendicular to the pressure gradient
vector.

At a low incidence of 20 deg, the flux vectors appear to be orga-
nized and, in fact, exhibit a spanwise periodicity. At 24 deg, 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 deg, the stall vortex has spread
over a substantial part (southwestern-half) of the wing, as seen from
Fig. 12c. 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 poststall incidences is also con-
sistent 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, ob-
served 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/liftoff of the stall vortex from the sur-
face but a rather gradual spreading of the vortex across the wing
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surface. This is believed to be due to the occurrence of more grad-
ual, open type, three-dimensional, flow separation in the presence
of the span wise velocity component. Consequently, sweep increases
unsteady C/max, 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 quasisteady behavior to poststatic 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 quasisteady behavior and shows a large increase
well before the occurrence of dynamic stall, whereas the lift and drag
coefficients continue to follow a quasisteady 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
toward 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 toward the top of the wing with a
longitudinal convection velocity of about 0.17UQ. All of 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 pro-
duction of vorticity at the wing surface, especially in the down-
stream 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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