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Abstract

Three-dimensional forced unsteady flow
separation about & 30° forward swept wing was
visualized for a constant pitch rate motion from O
to 67°. The development of both wing tip and
inboard leading edge vortices were observed with
characteristics similar to those found in straight
wing tests. The off-axis pitch geowmetry appeared
to delay the initiation of the wing tip vortex to
large sngles of attack, indicative of a delayed
l1ft response. The results are contrasted with
previous straight wing findings using similar pitch
motions and swept wing results obtained using
sinusoidal motion histories.

Nomenclature

c wing chord

R nondimensional rotational radius R/c

t time

T nondimensional time tv_/c

V: nondimensional rotational velocity v /v,
v freestream velocity

a angle of attack

a pitch rate

o* nondimensional pitch rate

Introduction

Porced unsteady flov separation is currently
being investigated as 8 potential method to
increase serodynamic performance. The large
transient lift and moment coefficients associated
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vith rapid excursions of an nirffi} Bezogd6n:ntic
stall have been well documented. *<17*727» Hence,
the potential exploitation of these fc-cze as well
a8 the potential adverse effects of envisioned
"super-maneuversble'" flight regimes continue to
direct investigations into unstesdy separation
phenomena.

Previous research efforts have focused
primarily on two-dimensional test configurations.
Yet, the ultimate utility of these transient flows
vill depend upon the extent thst two-dimeasional
flow field structures are found when
three-dimensional geometries are used. In
ted-dimensional flows, the underlying physics which
determine unsteady separation are not well
understood. With three-dimensional test
geometries, achieving a physical understanding is
even wore difficult due to the more complicated
leading edge vortex structure and the interaction
of the wing tip vortex.

Recent experimentsl investigations have
provided some ineight into dynamic stall vortex
development created by forced flow separation about

three-dimensional test models. Adler and Luttges7
found that three distinct flow regions existed
above a sinusoidally pitched straight wing: a
two-dimensional dynamic stall vortex dominated the
flow inboard of 1.0 chords (1.0c) from the tip, &
wing tip vortex dominated the flow over the tip,
and a distinct region of strong vortex-vortex
interactions existed over the airfoil between the
ving tip and dynamic stall vortices. Robinson, et
al, found the same behavior when a straight wing
wvas pitched to high angles of attack at high
constent pitch rates. The interaction region,
hovever, extended further inboard with
tvo-dimensional flow beginning at a position
approximately 1.4 chords from the tip. On the
other hand, vortex development over dynamically
pitched delta wings is fundamentally different from
thatlablerved for straight wings. Gad-el-Hak and
Ho™? found that for sinusoidally pitched deltas
vings, stationary vortices aligned with the leading
edge resided over the wing upper surface. The
diameter of the vortices increased and decreased
with correnpondiyg changes in angle of attack.
Gillism, et ll,l investigated delta wings
undergoing large amplitude constant pitch rate
motions and found a strong interdependence between
wing planfors geometry and the flow structure.
Additionally, three-dimensional influences were




present everywhere on the wing from the onset of
the pitch motion; no two-dimensional region
existed.

Recent advances in composite structures and
computer based flight control systems have made
forvard swept wings a viable design option for high
performance aircraft. Forward sweep provides much
of the same aerodynamic advantage ss conventional
sweep 8t high speed, and low speed characteristics
are potentil};y better than those of conventionally
swept wings. Previous investigations of pitching
forward swept vwings have considered iow lmr&i:ude
sinusoidal oscillations. Ashworth, et gl, found
that three distiact flow rggions, similar to those
found by-Adler and Luttges', also existed on
forward swept wings. But, more importantly from a
performance perspective, the rapid separation and
accompanying "cataclysmic stall" fouond in airfoil
snd straight wing tests was not observed with the
forward swept wing. .

The present investigation considers the flow
field about a forward swept wing pitching to
extremely high angles of attack (60°) at high
constant rates. Smoke flow visuslization was used
to examine the initiation and development of both
the leading edge and the wing tip vortices as
fuanctions of motion history and spanwise locatiea.
Coxmparisons of the resulting flow field development
were made with previously tested wing geometries
and motioan histories.

Method

The flow visualization experiments wvere
conducted at U.S. Air Force Academy in the Frank J.
Seiler Research Laboratory 3' X 3' low speed wind
tunnel, The forward swept wing was constructed
from hollow NACA 0015 aluminum. The 6-inch chord
airfoil stock was cut on both ends to form a 30
degree forward swept wing. The resulting model had
an effective chord length of 6.93 inches. To
enhance flow visualization, the wing vas painted
black with white reference msrks at the leading and
trailing edges placed at 0.2c increments along the
span. The semi-span of the model was 1] inches.
All tests were conducted with the pitch axis normal
to the freestream flow direction and located 0.25
chords behind the leading edge of the root chord.

A splitter plate along the wing root isolated the
wing from tunnel wall effects.

A Locam 11 16mm high speed movie camera
operating st 200 frames per second recorded the
pitching event and the ensuing flow field
developwent. Illumination wss provided by 3
Strobrite stroboscopic lights (7 us flash duration)
synchronized with the csmers. A smoke-vire located
12" upstream of the model produced the smoke used
to visualize the unsteady flow development. An
18-inch tungsten wire (.005 inch diameter)
suspended betveen two 0.25 inch copper rods could
be positioned at any desired opan location
perpendicular to the wing axis. When costed with a
commercial swoke producing fluid, small beads of
fluid formed along the length of the wire.
Application of a voltage across the wire, vaporized
the fluid and produced & dense, planar sheet of
smoke.

A programmable d.c. stepping motor connected
to the wing via a 4 to ] reduction gesr controlled

the ving motion. Constant pitch rate motions were
loaded into the stepper motor control card using a
Masscomp 5500 dats scquisition system. Actual
aongular displacements were measured during each run
to ensure the prescribed pitch rate was achieved
snd that the pitching motion was smooth. Three
nondimensional pitch rates were investigated: 0.2,
0.6, and 1.0 (actual pitch rates of 198, 594, and
991 deg/sec nondimensionalized by freestream
velocity and the chord length). All tests were

.conducted at & free stream velocity of 10 ft/sec,

with a corresponding chord Reynolds Number of
approximately 27000.

Results

¥low visuslization dats provided both a
qualitative and quantitative assessment of the flow
field. Qualitative observations included trends in
general flow structuring, identificstion of obvious
interactioo regions, circulation patteras, and
characteristics of vortex development. With the
use of a digitizing pad and the Masscomp data
scquisition system, quantitative aata, including
leading edge vortex initiation angle, size, and
location were also collected. An inertial
reference frame was used to locate spatially
dependent structures. The frame origin was located
at the leading edge of the wing tip when the wing
vas at 0° angle of attack. The x-axis extended
along the wing tip in the flow direction and the
t-axis, denoting span locsation, extended inboard
from the tip. All distances were
nondimensionalized by the wing chord.

Overall View of the Pitching Event

Many of the same veortical structures observed
in previous experiments with straight wings were
found with the forward swept wing geometry. The
chronology of vortex development can ~* seen in
Figures 1 and 2 for the highest nondi- .asional
pitch rate, o = 1.0, 1In Figure 1 tne smoke sheet
was introduced st & span location of 0.2c and the
development of the wing tip vortex is clearly
shown. Inboard leading edge or dynamic stall
vortex development is documented in Figure 2 with
smoke being introduced at 1.0c inboard of the tip.
All photographs are temporally referenced to the
initiation of the pitching motion with time being
noadimensionalized by freestream velocity and the
wing chord. A camera rate of 200 frames per second
provides a nondimensional time of 0.087 between
successive frames. Every other frame was printed
in Figures ] and 2 corresponding to a At between
plates of 0.173.

As the wing began to pitch, flow on the bottoc
of the ving near the tip was directed out of plane

and around the wing tip. The beginning of a flow
discontinuity, or kink, in the swoke lines became
visible on the underside of the wing (Figure 1, Col
1, Row 3). The kink in the smoke lines appeared to
be a prelude to the formation of the wing tip
vortex. At 40 to 45 degrees angle of attack
(Figure 1, Col 1, Row 4-5) the flow discontinuity
became the most prominent feature beneath the wing
tip. Even at this large sngle, bo wing tip vortex
is evident. As the ving reached maximum angle of
attack (Figure 1, Col 2, Row 1-3), the flow
discontinuity convected around the tip and was
immediately swept up into the wing tip vortex.




Figure 1. Vortex Development Near the Wing Tip,

a =1.0, SL = 0.2¢, At = 0.173.

Vc-tex development further inboard of the wing
zip was reminiscent of the structures observed in
both two-dimensional and straight wing tests. Very
littlzs evidence of vortex development was observed
uatil the wing approached maximum angle cf attack.
Then, a small separation region emerged near the
leading edge (Figure 2, Col 2 , Row 3) and
daveloped into the leading edge vortex. Two other
shear layer vortices were also present over the
=midchord and trailing edge.

Although Figures 1 and 2 show the flow
duvalopmant at one pitch coadition ( a% = 1.0), the
same general trends existed across test conditions.
Chinges in pitch rate, however, did alter specific
attributes of the dynamic stall vortex development
process.,

Effects of Pitch Rate

A3 in previous investigations, noandimensional
pitch rate had a direct influence on vortex
davelopment, Figures 3, 4, and 5 show the vortex
development at span locations of 0.0c, 0.6c and
1.0c respectively. In each figure, columns 1, 2,
and 3 correspund to nondimensional pitch rates of
3.2, 0.6, and 1.0, Photographs in each column are
at 25, 35, 45, 55, and 60° from top to bottom.
Hence the effects of pitch rate and span location
@iy be compared directly across these three
figures.

Figure 2.

Leaglng Edge Vortex Development

= 1.0, SL = 1.0c, = 0.173.

In the tip region (Figure 3), the flow was
dominated by the wing tip vortex. The small kink
in the smoke lines below the lower surface appeared
at nondimensional pitch rates of 0.6 and 1.0. This
flow discontinuity was visible until the wing began
to deczi.iate at the maximum angle of attack of 60
degrees. The kink moved around the wing tip aad
wrapped into the forming helical tip vortex. As
the tip vortex formed, the remnants of the kink
were drawn down and into the vortex (Figure 3, Col
2-3). The largest discontiauity under the wing was
found at the highest pitch rate, o = 1.0. Also,
the merger of the discontinuity into the wing tip
vortex was delayed at the highest pitch rate.

A most striking observation of the inboard
flow development was the attached flow that existed
to extremely high angles of attack (Figure 4). It
was not uncommon to observe, particularly for the
highest pitch rate, flow remaining attached for
several picture frames after the wing reached 60
degrees. Even for the lowest pitch rate (a* =
0.2), flow attachment was still evident at angles
of attack near 35 to 40 degrees.

In conjunction with prolonged flow attachment,
vortex initiation and growth were also delayed with
increasing pitch rate. In Figures 3 and 4, vortex
initiation, or at any given angle of attack vortex
development, were delayed with increasing a«*. The
most dramatic effects occurred between a = 0.2




Wing Tip Vortex Development for Three
Pitch Rates, .
SL = 0.0c, a

Figure 3.

= 0.2, 0.6, 1.0.

and 0.6 (Cols. 1 and 2). For an a' of 1.0, vortex
initiation was delayed until the airfoil reached
the maximum angle of 60°,

Following initiation, the subsequent growth and
development of the leading edge vortex on the
ward swapt wing did not appear as cohesive as
ticaes observed in previous straight wing tests.
the lowast pitch rate tested ( &' = 0.2),
miltiple vortices initially appeared over the upper
1irfoil surface (Fig 4, Col 1, Row l). These
araanized vertical strdctuzes rapidly broke down
1azo what appeared as a "thickened" boundary layer
over the upper surface of the wing. The first
orzanized vortex to appear at the leading edge did
not evolve into a dominant dynamic stall structure.
Instead, the first vortex convected downstream and
lost its cohesive structure ia the "thickened"
boundary layer. After the first vortex began to
convect, a second vortex emerged behind the first.
It was the second vortex which remained at the
leating edge and experienced the growth, coavection
and shedding cycle indicative of dynamic stall.
However, this dynamic stall vortex failed to
produce the same energetic recirculation observed
in straight wing experiments.

1o

At faster pitch rates ( a® = 0.6, 1.0) vortex
d2valopment also appeared somewhat tempered.
Previous straight wing results have indicated very
zohesive gtructuring of the inboard leading edge

Figure 4. Mid-span Vortex Vevelopment for Three
Pitch Rates,
SL = D.6¢, oY =0.2, 0.6, 1.0.
vortex. Strong pressure gradients associated with

these organized vortices were indicated in the
large curvature of smoke lines down and around the
vortex core. Vortex development over the forward
swept wing fell short of the very energetic
behavior seen in straight wing tests at equivalent
test conditions.

Effect of Span Location

In Figures 4 and 5, span location influenced
the devclopment of the leading edge vortex. The
most dramatic comparison can be made by contrasting
the first column in the two figures. Span
locations near the wingtip delayed vortex
initiation and development. Equivalent angles of
attack show much larger vortices inboard, away from
the tip (Fig 5, Col 1). At an o’ of 0.2
initiation of the leading edge vortex was delayed
from 35 to 45° at span locations near the tip.

Note the similarity in flow development between Col
1, rows 2 and 3 in Fig 4 and Col 1, rows | and 2 in
Fig 5. After initiarion (rows 3 and 2 in Figures 4
and 5 respectively) convection of the leading edge
vortex was also delayed near the tip.

The spanwise flow development over the forward
swept wing, when viewed from the rear, was
generally similar to that of a straight wing
geometry. Figures 6 sad 7 document flow behavior
at the wingtip (0.0c) and 0.6c inboard from the




Figure 5.

Inboard Vortex Development for Three
Pitch Rates,
SL = 1.0c, a* =0.2, 0.6, 1.0.

tip. Again the three columns correspond to at

values of 0.2, 0.6, and 1.0 while the rows show
increasing angles of attack: 25, 35, 45, 55 and
559,

Flow development about the wingtip was similar
to that obgeryed in previous large amplitude pitch
£t 7°8°1y : . .
zlIlons, The tip region was dominated by the
forzation of a wing tip vortex over the upper
surface. This vortex emerged as a conical
structure (Fig 6) from the leading edge and
xtz2nded inboard from the tip to approximately

- As noted in the previous side view figures,
“2lopuent of the wing tip vortex was delayed to
cg2 angles of attacks (approximately 45-55°) at
tigh pitch rates ( a* = 0.6, 1.0).

Y

O

,_
W .

Leaging edge vortex initiation inboard (Fig 7)
had very different characteristics than on
cectangular wings. A quasi two-dimensional flow
field inboard, away from tip effects, was found in
nrevious straight wing tests but did not exist for
the forward swept wing case. In general, the
leading edge vortex initiated in a uniform line
along the 30° swept forward edge. Soon after
initiation, flow over the upper surface developed a
span-wise flow component toward the wing root. On
the lower gurface, flow was pulled toward the tip.
Inboard of a 0.4c span location, planar
visualization cuts with the smoke sheet showed very
little difference in development between span

positions. In fact, pr. to vortex growth, span
locations could not be distinguished from smoke
patterns alone. Only at extremely high angles of
attack, after the wing tip and leading edge vortex
developed, could a span location be identified from
smoke flow patterns. In straight wing
visualizations, a clear demarcation line separated
the two regions of wing tip and leading edge vortex
development. This demarcation was nominally
located along a line extending from the leading
edge of the wing tip to a span location 0.8¢
inboard at the trailing edge. This distinct zoning
of the flow field was not evident in the forward
swept wing results.

Leading Edge Vortex Development

From the flow visualization sequences above,
select points were digitized to help characterize
the flow development. Figures 8, 9 and 10 plot the
vortex diameter growth for different span locations
at nondimensional pitch rates of 0.2, 0.6 and 1.0
respectively. Although the vortex diameter was
based upon a qualitative '"visual' assessment, only
the trends in vortex behavior were considerad
important. Obtaining actual quantitative measures
of vortex diameter were beyond the scope of this
investigation.

In general, the leading edge vortex initiated
first near the wing root and progressed toward the
wing tip. This effect was most prominent at a
nondimensional pitch rate of 0.2 (Fig 8).
Initiation occurred first inboard (span location =
1.0c) at a non-dimensional time of T = 2.0,
relative to the onset of pitch motion. Near the
tip, initiation was delayed to t = 3.0. With
increasing pitch rate (Figs 9 and 10) vortex
initation occurred earlier in the pitch motion (T =
1.5) and the span dependeace was not as great. At
an o' of 1.0, initiation occurred along the
leading edge within one camera frame.

The growth rate and vortex residence time over
the wing behaved in a manner similar to straight
wing and two-dimensional airfoil results., Leadiag
edge vortices generated at o* = 0.2 (Fig. 8) grew
at a slower rate and resided over the airfoil for
the greatest periods ( 4t = 3.0). At high pitch
rates ( a¥ = 1.0, Fig 10) the initial growth rate
was quite rapid inboard with an average duration of

At = 1.5,

Because of the diverse convection behavior of
the leading edge vortex over the forward swept wing
it was difficult to derive an average convection
rate. At the tip, vortex convection was
coastrained while inboard coavection proceeded in a
uniform manner. Averaged convection rates at a
span location of l.2c were calculated at 35 and 505
of the freestream velocity for a' values of 0.2
and 1.0 respectively. Both the magnitudes of
convective velocities and the dependence upon pitch
rate were consistent with previous straight wing
results at similar span locations.

Discussion

Forced unsteady separated flow about a forward
swept wing possesaed many of the same flow
characteristics observed in previous experiments
using different wing geometries and motion
histories. 1In general, both a wing tip and a




Rear View of Wing Tip Vortex
Developaent,
SL = 0.0c, o' =0.2, 0.6, 1.0.

dsnamiz stall vortex were formad as the wing
pizched beyoand the static stall amgle. The
resulting flow field was affected by changes in the
pitch rate and was dependent upon span location.
The unique forward swept geometry also introduced
somz flow anomalies not previously observed.

Flow Atrachment

Dyaamic flow attachment observed in the
cirrent study was in many ways simil?E to the
r2sults reported by Ashworth, et al,’”. Their
tiz tests of a similar forward swept wing
undargoing sinusoidal pitch oscillations indicated
thi: saparation occurred first inboard at 9° (at
1.0:) and prozressed toward the tip as angle of
attack increassd (152 at 0.6c). With a sinusoidal
motion of 15° 10°, no evidence of total flow
s?paration was observed, but a dynmamic stall vortex
414 1nitiate along the leading edge. This
initiation was dependent on span location with
e3cliar vortex development occurring inboard toward
the root and delayed initiation at the tip.

1
=
ihe

These similarities are interesting given the
difference in wing motion histories between the
expariments. Ashworth, et al, used a pitch axis
which paralleled the 30° forward swept wing at a
distaance of 0.22¢ from the leading edge. Also, the
micimim angle attained (25°) with sinusoidal

Rear View of Mid-Chord Vortex
Developament,
SL = 0.6c, o =0.2, 0.6, 1.0.

Figure 7.

oscillations were substantially lower than the
maximum angle used in the current tests (60°).

Differences in the degree of separation are
more a function of the motion profile than maximum
angle. Harmoaic motions at modest rates
continually force flow development through the
oscillation angle. 1In contrast, single pitch tests
at constant pitch rates permit the flow to separate
during the relaxation period after motion ceases at
the maximum angle of attack. Although flow
development should be similar between harmonic and
constant pitch motions at low rates (approaching
quasi-steady), rapid harmonic motions produce
extremely complicated multiple vortex environments
from multiple oscillation cycles. In contrast, a
rapid single pitch motion allows the dynamics of a
single vortex event to be analyzed as a function of
forcing rate.

Tip Flow

As observed in previous tesca,7'8’13'14
formation of the wing tip vortex was derived from
the vorticity accumulation on the lower wing
surface. Digplacement of the lower surface flow
out and around the tip into the wing tip vortex has
been documented independent of the wing geoyeiﬁy
and gotion history. Previous investigators’’
have used the crossover angle between the wing tip
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Figures B, 9, 10. Vortex lnitiation and Growth
c* = 0.2, 0,6, 1.0

INDUCED ANGLE OF ATTACK

Vr

Veff vr

Figure 11. 1Iladuced Leading Edge Velocity

and the helical wing tip vortex ( 8 angle) as an
indication of relative vortex strength. With
sinusoidal motions, large variations in g were
observed through the oscillation cycle for both
straight and swept wing geometries. Constant pitch
motions with a straight wing® produced a constant
angle of 90° (maximum angle possible) throughout
the pitch motion. The same results were observed
in these tests indicating, qualitatively, that a
stronger wing tip vortex is generated with constant
pitch rate motions to high angles of attack.

One snomaly not previously reported was the
generation of the "kink™ or flow discontinuity
under the wing tip at high pitch rates ( o = 0.6,
1.0). During the pitching motion, & wing tip
vortex failed to develop until the forward swept
ving vas nearly ot the maximum angle of attack.
Concurrently, the flow discontinuity tracked
beneath the wing tip until the sswe angle of attack
was resched, coavected around the wing tip and
merged into the wing tip vorgex. Io contrast,
previous straight wing tests with the same motion
history at the same pitch rates had reported
immediate formation of the wing tip vortex at the
onset of the pitching wotion independent of pitch
rate.

The flow discontinuity may possibly be
explained by the locstion of the pitch axis
relative to the wing lesding edge. Figure 1l shows
a schematic of the induced leading edge velocity
created by an angular rotation of the wing about
the pitch axis. A simple relationship for the
nondimensional induced leading edge velocity in
terms of the nondimensional pitch rate snd radius
from the pitch axis can be expressed as:

T- ﬂ.T

T

where R is a linear function of span locstion.
Rotational velocities near the wing tip become very
large vith increasing o', Table 1 shows that the
rotational leading edge velocity exceeds the
freestream value of velocity st a% e 1,0, At the
onset of pitch (t = 0+) instantaneous values of the
induced angle of attack are large in negative
values as seen in Table 2.




Table 1. Rotational Velocity, V:} at the Wing Tip
LE Midchord TE
a* R=1.043 R=0.543  ®=0.043
0.2 0.209 0.109 0.0085
0.6 0.626 0.326 0.0255
1.0 1.043 0.543 0.043
Table 2. 1Induced angle of attack, o, (deg)
ot LE Midchord TE
0.2 -11.8 -6,2 -0.5
0.6 -32.1 -18.1 -1.5
1.0 -46.2 -28.5 -2.5

From these test conditions relatively low
static pressures could have beeo created beneath
the wing. The impulsive rotation of the wing could
s0 dominate the flow field that a positive pressure
diffe.ence was temporarily created on the upper
wing surface despite the growing positive angle
relative to the freesteam velocity. And, because
of the counterbalancing influences on the effective
angle of attack, unsteady separation failed to
develop near the wing tip duriog the esrly stages
of the pitch motion. The "kink" suggests that a
lov pressure region beneath the tip did exist
temporarily. This hypothesis is reinforced by the
increasing clarity and strength of the disturbance
as pitch rate increased. Also, the absence of a
discernible wing tip vortex suggests that the
pitched forward swept wing was not producing lift
in the tip region until very large angles were
achieved. 1In fact, negative lift may bave been
produced early in the pitch cycle, with the "kink"
indicating s negative wing tip vortex development.
Rapid translation of the flow discontinuity around
the wing tip may have signalled the change from
negative to positive lift generation.

Vortex Initistion and Growth

Leading edge vortex initiation and subsequent
development appeared more capricious than previous
straight ving investigations. A greater
sensitivity to noodimensional pitch rate and span
location influences produced vortices with unique
characteristice. At low pitch rates initiation of
the dynamic stall vortex was preceeded by two
different events. First, the formation and
breskdown of multiple vortices over the wing
followed by the initistion of a small vortex over
the leading edge which preceeded the dynamic stall
vortex. Similar multiple vortex Tsructuring had
been reported by Ashworth, et al, io their
sinusoidal investigations of forward swept wing
phenomens. At these lower pitch rates, vortex
initiation was sensitive to span location with
separation and subsequent vortex initiation
occurring first near the wing root and progressing
toward the wing tip.

In contrast, high pitch rates tended to focus
the vorticity distribution over the wing into a
single separation event. The dynamic stall vortex
initiated almost simultaneously along the l1rading
edge in a single well definea structure. The
vortex diameter growth as a function of
nondimensional time for high pitch rates (Figure
10) indicated an interesting behavior. Vortex
icitiation and early growth occurred in & nearly
uniform manner along the ¢pan. After the initial
rapid growth, s decrease in diaaeter was observed
firat near the tip and sucessively toward the root.

This behavior can be correlated with a visual
change in the leading edge vortex. The rapid
grovth period exhibited a nearly two-dimensional
structuring in vortex development. The diameter
decreasc occurred when the vortex structure
deteriorated with three-dimensional cross flow
toward the wing root. This same behavior had been
observed in straight wing experiments under
duplicate test conditions. Even though s
significantly different test geometry was used in
this experiment, almost duplicate initiation and
tvo-dimensionel duration times were recorded for
equivalent pitch rates and span locations.
Qualitatively, however, the strong pressure
gradient influeaces indicated by the substantial
potential flow entrainment sround the vortex core
in the straight ving tests were not as prooounced
in these results.

Conclusions

Forced unsteady flow separation sbout a
forvard swept wing produced many of th: same flow
structures observed in previous straight wing and
oscillating forwvard swept wing investigations. Two
dominant vortices were generated, around the wing
tip and inboard over the wing leading edge.
Initation and development of the leading edge
vortex was dependent upon both span location and
nondimensional pitch rate. The most dramatic
effect was found at large pitch rates where span
influences collapsed to uniform initiation and
growth. Ultimately, three-dimensional breakdown of
the leading edge vortex occurred, analogous to the
behavior observed in straight wing tests.

The off-axis pitch geometry did provide one
flow anomaly not previously reported. 1lnitistion
of the wing tip vortex was delayed to significantly
higher angles of sttack. A flow discontinuity
benesth the wing appeared ss a prelude to to ving
tip vortex initiation. It is wmot clear whether the
flow "kink" was in response to a low pressure
region beneath the wing tip, or resulted froe some
other respouse to the dynamic pitching wotion.
Future investigations using an instrumented
pressure airfoil will examine the magnitude of the
vortex induced pressure fields about the wing and
resolve the issues of overall lift versus wing tip
vortex development.

The relative importance of this geometry in
current aircraft design makes the swept forward
wing & prime candidate for investigation of
"supermaneuverable' flight responses to forced
unsteady flows. These preliminary findings suggest
that the unsteady response for this wing planform
snd motion history may not be as advantageous as
some other combinations thst have been tested.




»

However, further quante-ive measures should provide
additional iosight into both 2pplication and
utility of this design in forced unsteady
envirooments.
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