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Three=dimensional unsteady flow separation was

S visualized for a semi-infinite span wing plitched
) upward at a constant rate from 0 to 60* angles of
attack. inltially, many of the same complex flow
perturbations, Including the formation of leadling
and tralling edge vortices observed from two-
dimenslonal flow separation were evident. Usl!ng
the semi~Infinite wing, the flow field was further
comp!icated by a wing tip vortex that developed
.orthogonal to the separation induced leading and
tral)ing edge vortices. The tip flow distorted the
developement of the Inltlally two-dimensional
Inboard, leading edge vortex. The simple pitching
. motion history permltted resolution of the
development of individual vortices as a function of
. alrfoll motion parameters. Also, vortex-vortex
.’ Interactions were examined between separation-
< induced vortices and wingtip vortices. The
* Interactions were characterized for time periods

that extended wel |l beyond the actual pitching

motions.
‘
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Reynolds number oV c/u
* non-dimensional time t-V, /c
convecting veloclity of vortex center

vV, free stream veloclty

o  reduced pitch rate

d-c/ ¥V
& pitch rate rad/sec
8 tip vortex streakl ine deflection angle

u  kinematic viscosity

Introduction

The potentlal utiilzation of large scale
vortices to enhance |1ft has provided much of the
current research Interest in unsteady
aerodynamics'#4»”, Wakes created through torced
unsteady flow separation are dominated by the
presence of large scale leading and tralling edge
vortical formations orlglnaflqg grgm7fhe separated
boundary layer vorticlty®r- 227, In two-
dimenslonal flows, vortices induced through airfoll
pitching motions beyond static stall have been
observed to create transient |1ft and moment
coefficients four to five times {arger than the

maximu nventlional steady state
values.én'g'ﬁ&”"rb Changes in any of the
parameters affecting alrfoll motlon dynamics

produced rel lable alterations In vortex development
and strength. hus. many utl{ization schemes have
been envisioned!>+14s15 which employ large scale
vortices to enhance conventlional airfoll
performance. Yet, fundamental questions remain
concerning the basic physics of vortex development
and the valldity of two-dimenslional results In
three~dimensional applications.
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Filow flelds resulting from forced unsteady
flow separation are Inherently complex due to the
spacial and temporal Interdependence of f|ow
perturbations on alrfoll geometry and motion
history. In a two-dimensional test clrcumstance,
where the alrfoll motion Is drilven
harmonical |y,4:5:6,7:8:9 t1ow history effects from
vortex-vortex Interactions prevail. Vortex
stackling produced by muitiple airfoll oscillations
at high oscifiation rates (reduced frequencies
>1.5) complicate the wake dominated flow fleld.
Separating the effects of vortex-vortex
interactions from vortex-airfoll Influences and the
dependence on different aqu%ll motion historles
have only recently commenced.

When three-dimensional separation Is Involved,
the degree of complexity increases an order of
magnitude. In three-dimenslonal forced unsteady
separated flows, vortex stretching must be
considered as an additional vorticity source aiong
with three-dimensional vortex-vortex interactions
between orthogonaliy positioned vortical
structures. Such flow clrcumstances occur when a
semi-inflnite wing osclliates beyond static
stal 1.'7 The separated leading edge vortex
inltiates along the alrfoll span and Is Initially
aligned perpendicular to the shedding wing tIp
vortex. Use of a three-dimensional body geometry,
such as a delta wlng,18 or swept vlng,19 to produce
unsteady flow separation may further compl icate the
flow with vortex alignment dependent upon body
shape.

To help simplify present tests, a relatively
simple constant pitch rate motlion was selected as
the forclng function of the unsteady separation. A
single pitch motion between 0 and 60° permltted
documentation of vortex Inltlatlon and development
without the etfects of hysteresis from multiple
cycles. VYariation in non-dimensional plitch rate
between o ¥ = 0.2 and 1.0 under duplicate test
condltions showed the dependence of vortex
formation on the airfoil motion dynamics. Further,
the existence of &r?vlous flow visual lzation and
pressure measures!% 11,12 tor the two-dimensional
cases at the same test conditlions al lowed direct
comparison with these three~dimenslonal results.

The major complication In three-dimensional
unsteady flow flelds arises from the wing tip
vortex assocliated with the finite wing. In two
dimensions, vortex Inlitlation and development can
be treated as a scalar quantity with the addition
of boundary layer vortliclty enhancling the
development of the separated leading edge vortex.
in three-dimensional flows, the relatlionships
between vorticity produc#lﬁg and vortex generation
are much more complex”’I . Additional vorticity
accumulatlion and/or reductton through vortex
stretching must be taken Into account In addition
to normal boundary layer diffusion processes.
Development of orthogonal vortices from the leading
edge and airfoll wing tip ralse fundamental
questions regarding ¢tlow development in the wing
tip reglion. How the |eading edge vortex terminates
with the wing tip vortex, what allocation process
distributes boundary |ayer vortlicity between these
vortices, what Influence the dynamic forcing
parameters exerclse over vortex structure, and the
effects of orthogonal vortex-vortex Interactions on
alrfoll pressure distributlons are only some of the
Important Issues to be addressed. Only through a
thorough understanding of vortex initiation,

2
“

development and interaction processes can the
ultimate performance enhancement possiblllties be
realized.

The present experiments focus on the
phenomenology of three-dimensional forced unsteady
flow separation elicited from a semi-infinlte wing
under constant pitch. Flow visualizations from
high speed 16 mm movies documented the geneslis of
vortex Initiation and development. Comparison with
flow visual izations of two-dimensional airfoils
were possible since duplicate test conditions were
used.

Methods

Experiments were conducted in the 2% x 2! iow
turbulence (<0.03%) subsonic wind tunnel at the
University of Colorado. Free stream velocities
were set with a reference pitot tube located in the
test section. One side of the tunnel had been
refitted with a glass wall to permit flow
visual ization.

An extruded hollow case NACA 0015 with 6"
chord was used for the experiments. Two-
dimensional resul+ts were obtalned with an airfoll
section which spanned the entire 2 ft. test area.
Three-dimensional measures were made with a seml-
infinite wing section which extended 12" from the
tunnel wall. The low aspect ratlio (2.0) alrfoll
was constructed with a flat end tip and & circular
6" disk on the opposite end, next to the tunnel
wall. Both airfo!lls were pitched about the quarter
chord with the pitch axis aligned perpendicular to
the free stream fiow.

Fundamental to the visualization approach was
the dellvery of a dense smoke sheet along
selectable span locations‘¥. A smoke wire
constructed of 0.005 tungsten located 18" upstream
of the leading edge was used to heat a coating of
Roscoe fog fluid. An optimal voltage vs. tunnet
free stream veloclty was obtained through trial and
error to obtaln the greatest smoke density
possible. The smoke wire was stretched across an
18" span normal to the alrfoll pitch axls and
attached to two 0.25" copper rcds. Siiding the
copper rods Into and out of the test section
permitted dellivery of the smoke sheet at any
selectable location along the span.

High speed movlies documented the dynamics of
vortex development from two separate, orthogonal
vantage polnts. A 16 mm Locam || variable speed
movie camera was operated at a frame rate of 200
Hz. All experiments were performed wlth a tunnel
speed of 10 ft/sec which established a non-
dimensional time between subsequent movie frames of
0.1 (where time was nondlimensionalized on free
stream veloclty and airfoll chord). Eastman 4-X
negative 16 mm fllm was exposed with a 50 mm Nikon
camera lens set at an aperature of 2.8,
Il lumination was provided with two Strobrite
stroboscoplic flash units synchronlzed with the high
speed camera. The single polnt source bulbs
operated with a total duration of 7 usec and
provided virtual ly instantaneous visualizations
with each movlie frame,

A programable motion contro) system drove a
d.c. stepplng motor through a constant pitch
motion for both the two-dimensional and three-
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Fig. 1 Two-Dimensiona!l leading Edge Vortex
Develcpment From an Alrfoll Pitched at
Constant 3 : NACA 0015; % 0.6; 1
between photographs of 0.2; F, = 1.5 A-C
correspong to a's of 52.0, 4%.9, 59.3,
60.0 ... 60.0°,

c¢lmensional experiments. A 4 to ! gear reduction
between the stepper motor and alrfoll pltch shatt
provided a smooth ramp functlion through the pitch
angles of 60°. Torque ranges to 3200 oz-in.
permlitted airfol! rotation rates up to 1145 deg/sec
for the three-dimensional alrfoll. Three rotation
rates were used for this experiment; 229, 688, and
1145 deg/sec corresponding to non-dimenslionai pitch
rates of 0.2, 0.6 and 1.0. Ajil experiments were
conducted a8t a chord Reynolds number of 23,000.

Resulits

An irertial reference frame, fixed with
respect to the wind tunnel was used to describe the
three~dImensicnal flow field In the present
studies. The origin ot the orthogonal axes system
was located on the leading edge of the wing tip
with the wing at 0° angle of attack. The three
axes were or lented as tol lows: 1) x-axis along the
chord |ine parallel to the free stream tlow, 2) y-
axis perpendicuiar to the chord In the positive
pitch direction and 3) the z-axis passing ftrom the
wing tip along the leadling edge of the wing.
Though the wing position changed with time, the
coordinate system remained fixed relative to the
tunne! reference system and the Initial 0° angle of
attack position of the wing. All positions are
non-dimensional ized by the alrfol! chord and
represented as x/c, y/c and z/c, respectively.

Fig. 2 Trree-Dimensional Leading Edge Vortex
Development From : Wing Pitched at
Cunstant & ; NACA 0015; % 0.6; smoke wire
beccation z/c = 1.0; 51 between
phetographs 0.7, ta = 1.5; A-0 correspend
te a's o of 47,4, 54.2, 8.5, €0.0 ...
60.0°.

Leading Edge Yortex Inltlation ang Development

When an alrfcil is rotateg in pitch beyond the
static stali angle, & leading edye vortical complex
ls formed as the flow separates from the airfoll
surface, Fig. 1 cepicts the initiation anc
development of a feacing edge voitex from the
surface of &8 two—dimensiona! airfcil roteting et a
constant pitch rate (nun~cimensicnal gltch rate it
0.2) from 0 t¢ 60° angte ¢f attack, In Fig. 1, A,
a vortex is clearly Jdlscerniblie about the airfcil
leading edge at 52° angle of attack., The tlow
remalned dynamical ly attaches trrough angles of

attack In excess cf 40°, a fuil 30° beyond the
steady state stai | angle. Thus, separation was
delayed due te the dynamic pitch motion ot the
airtoil secticn, This resu.t agrovs with other

Investigations using rarmenic airfoit osciltatlons
beyond static stall angles wtere <talil was delayed
dur ing Yge upward pitct porticon of the onciliation
cyc]e.d' »©6

Subsequent photographs in Fig, 1 show the
evo’'ution ot the dynamic «tall vortex with

increasing Intervals of time. At a tree stream
velocity of 10 tt/sec, and camera trame rate ot 200
Hz, the non~¢irensicnal time (nun-dimarsiconal ized
on ¥, ang airtoil chord) petween movie trames was
equal to 0O.1. Thus, the ncen~¢ nensional time
interval (‘%) of (.. btetween (cnsecutive
photographs represents prirte ¢t every cther mov e
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frame taken through the upward airfoll pltching
sequence., By photograph D, the alrfoli| had reached
maximum angle of attack and was stationary during
the remainder of the visuajization sequence.

Two distinct flow separation regions emerged
on the airfoll upper surface during the vortex
Initiation phase of the motion. Immediately behind
the leading edge vortex, a second vortex also with
clockwise clrcuiation formed between mid-chord and
the trailling edge (Fig. 1, B-E). This vortex
formation_has been previously rep?sfed by McAl ister
and Carr ! and Ad | er and Luttges’’ using alrfolls
driven slinusolidally In pitch at elther |large
oscil lation angles (> 10°) or h&gh osclifation
rates (K > 2.5). Walker, et al..1 also noted the
|arge statlic pressure Influence generated on the
alrfoll surface by this secondary shear |ayer
vortex. After Initiatlon, the larger leading edge
vortex continued to convect over the airfoll chord
and enveloped the entire alrfoll surface. In the
process, the secondary shear [ayer vortex was
assimitatec Into the larger leading edge vortex and
lost Indlividual identlty (Fig. 1, G).

As the dynamic stall vortex shed from the
alrfoll surface into the wake, a8 second vortex of
counterclockwise clirculatlon evolved from the
tralling edge, underneath the leading edge vortex
(Fig. 1, D). This trailing edge vortex raplidly
grew in slze, displacing the path of the leading
edge vortex from a direction parallel to the free
stream velocity to a path normal to the airfoil
surface (Fig. 1, K-0).

Three separate and distinct perliods of vortex
development can be related to the single constant
pltch airfoll motion history: 1) The forcing period
where the airfol| experlences a rapid change In
angle of attack, 2) Initiation and development of
the leading edge vortex and 3) the relaxatlion
period where the Induced vortices are permitted to
develop and shed Into the wake wlthout additlonal
external forces applled to alter the flow. The
forcing perlod Is characterized by the dynamic
attachment of the flow during airfoll pltch and can
be altered by the rate of pltch and angle through
which the alrfoll is driven. This time perlod
would be visuallzed by a photographic serles
starting at zero angle of attack and ending Just
prior to vortex Initiation (prior to Flg. 1, A).
The Initiation and development period for the
leading edge vortex would subtend a perlod where
the boundary layer separates from the alrfoll
surface (just prior to Fig. 1, A) and evol ves Into
a dlscernibie vortex (Fig. 1, B). The relaxation
perlod encompasses the contlnuing development of
the leading edge vortex as well as the initiation
and development of the trallling edge vortex.
Eventual ly, both the leading and trallling edge
vortex complexes shed Into the wake and the alrfoll
shows & quasi-steady bluff body shedding. Usling
these descriptions for the airtoll motion history,
the three-dimensional unsteady separated fiow fleld
can be characterlzed and contrasted with the two-
dimensional resuits In Flg. 1.

Initiation and development of & leading edge
vortex from a semi-Infinite wing possessed many of
the same characteristics observed In the two-
dimensional test cases described above. Flg. 2
shows & span-end view of the |leading edge vortex
development visuallzed with a smoke sheet
Introduced one chord inboard of the wing tip (z/c =

1.0). These photographs were made uslng the same
test conditions as the two-dIimenslonal experiment
(Fig. 1) and are sequenced with the same time
Increments between plates (V, 10 f/sec; a* 0.6;
At 0.2). Thus, Flgs. t and 2 may be contrasted
directly, plate by plate, In order to ascertaln
differences In the resulitant flow fields.

For the three-dimenslonal test case, a leading
edge vortex was also formed during the Initlial
forcing period. Initlation occurred at a slightly
larger angle of attack (47°, three-dimensional;
41.5°, two-dimensional) corresponding to a longer
delay In time. Two shear vortices, rather than one
(Fig. 2, B) appeared behind the {[eading edge
vortex. The first vortex took residence between
mid-chord and the traliing edge (x/c = 0.75, Fig.
2, B) while the second shed Into the wake (Fig. 2,
A-E). The major dlfference between the two test
conditlons, however, Is the breakdown of the
leading edge vortex in the three-dimensiona! test
circumstance. Plates A-D (Fig. 2) show leading
edge vortex development matchling the two-
dimensional test case. As the vortex approaches
mid-chord (Fig. 2, F), the leading edge vortex no
longer malntalns simple two-dimenslional
characteristics. Smoke streaklines about the
vortex circumference are displaced out of the
original Introduction plane of z/c = 1.0 toward the
wing tip (toward the viewing camera In these
visual lzations). Turbulent flow behavior with
dlffuse smoke patterns (Fig. 2, G-0) replace the
coheslve, organlzed structure observed In the two-
dimensional test. Also, the development of a
trailing edge vortex observed in the two-
dimensional fests was no longer evident.

The Initial development and convection of the
leading edge vortex for both the two-dimensional
and three-dimensional conditions were very similar.
Plotting the displacement of the leading edge
vortex over the airfoil chord as a function of non-
dimenslional time, contrasts the behavior between
two-dimensional and three-dimenslonal el lcited
vortices. InFig.3, non-dimensional pitch rates
of 0.2 and 0.6 for the two-dlmensional, and 0.2,
0.6 and 1.0 for the three-dimensional case are
plotted. Again, the smoke sheet was Introduced at
mid-span for the two~dimensional model, and z/c =
1.0 for the three-dimensional wing. The initiation
time of the leading edge vortex (t;) was defined by
the first movie frame where a leading edge vortex
was clearly discernible over the airfoll. All
subsequent times are referenced to the leading edge
vortex initiation time T;. Plotting vortex
displacements in this manner permits examination of
the vortex behavior independent of the airfoil
motion history. The onset of alrfoil motion with
the alrfoll at 0° angle of attack was used as the
zero reference time base (t,) for all test
conditions.

Across test conditions, the initiation time of
the feading edge vortex was delayed approximately
4t = 0.2 for the three-dimensional wing. After
initiation, the vortices convected in a | inear
fashion downstream. Differences In the slopes of
the displacement vs. time |ines through the data
points (thus, average convecting velocity) showed
no appreciable change between the two-dimensional
and three-dimensional tests. At non-dimensional
pitch rates of 0.2 and 0.6, leading edge vortices
convected at 0.35 and 0.45 V_/V, respectively.
For a* = 1.0 In the three-dimensional test, the
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Fig. 4

00 04 08 1.2 16 20 24 28 232
NON-DIMENSIONAL TIME (T-%)

Leading Edge Yortex Convectlion as a
Functlion of Non-Dimenslional Time: NACA
0015; «a + 0.2, 0.6, 1.0; smoke wire
tocation z/c = 1.0; *, corresponds to 0°
prior to wing motion.

Tralling Edge View ot Leading Edge Vortex
Development from a Three-Dimensional Wing
Pitched at Constant % : NACA 0015; +* 1.0;

smoke wire location z/c = 0.8;°t between

photographs ot 0.2; t, = 0.2; A-0
correspond to 1 's of 1.0, 9.3, 14,5, 37.3%,
39.2, 49.8, 5¢.4, 6.0 ... &60.0°,

convection rate remained constant at 0.45 V_ /V, .
In the three-dImenslonal test cases, vortex
positions were plotted only where the |eading edge
vortex remalned two-dimensional. The last data
point Indicates where two-dimensional behavior
breaks down. Larger non-dimensional pitch rates
produced an ear|ler breakdown in the |eadling edge
vortex with the smoke sheet Introduced at z/c =
1.0.

Ihree-Dimansionallty of the Leading Edge Yortaex

The three-dimensional breskdown of the leading
edge vortex can be readily observed from an
orthogonal ly located camera view of the pltching
sequence. Whereas Flg. 2 examined the span-end
view of the Inltliation and development process,
Filg. 4 documents the three-dIimenslional breakdown
from a viewing vantage point above and behind the
airfoll trailing edge. White reference "tic" marks
along the leadlng and trailing edge of the wing are
evenly spaced in 0.2 chord Increments (z/c = 0.2).
The first reference mark positioned to the right of
the wing tip marked an Interval of 0.1 ¢. For this
sequence of photographs, the smoke sheet (coming
directly at the camera lens In the center of Flg.
4, A) was Introduced at the z/c = 0.8 span location
on the wing. Again, the non-dimensional time (A1)
between consecutive plates Is 0.2, Photograph A in
Fig. 4 was exposed at a reference time of 0.2 after
the alrfoll motion commenced (mean angle 1°).
With a non-dimensionai pitch rate of 1.0, the semi-
Infinite wing attained maximum angle of attack
(60°) In plate H,

From thls vantage polnt, the three-dimensiocnal
displacement of the Initially two~dimensional smoke
sheet can be resolved. As the wing pltches toward
maximum angle (Flig. 4, A-~F), the smoke sheet
passing below the wing surface moved toward the
wing tip (Fig. 4, 1) while the upper surface smoke
near the tralling edge was displaced Inboard, away
from the tip. Note, however, that only minor
displacements occurred durlng this segment of the
rotation (Fig. 4, A-l) though the alrfol! attained
an angle of 60°.

The Inltial formation of the leading edge
vortex was accomplished In nearly a two-dImensional
fashion. Fig. 4, photographs F-K deplict the
Inltial time of formation and development of the
leading edge vortex. As the vortex convected over
the wing, the upper surface smoke sheet outlining
the leading edge vortex was drawn toward the wing
tip toa positionof z2/c = 0.6, a distance of 0.2 ¢
from the original smoke sheet plane. At this new
span locatlon (z/c = 0.6), the leading edge vortex
remained outlined by the upper surface smoke sheet,
yet, did not appear to convect further downstream
toward the camera (Fig. 4, 0). This span-wise
convection of the leading edge vortex was apparent
for all smoke Introductlion planes where 2/¢c < 1.0
from the tip. At z/c = 1.4, the leading edge
vortex shed from the upper surface Into the wake
without exhiblting span-wise convectlion toward the
tip. In the previous fligure (Flg. 3), it was noted
that the last position plotted for the semi-~
Intinite wing data Indicated where three-~
dlmenslonal breakdown of the leading edge vortex
occurred. The flow condltlions exhibited In Fig. 4,
H would have been considered the onset of three~
¢imensionality In the {eading edge vortex and no
turther positions would have been plotted in Fig. 3
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Figures 5, 6, and 7 Leading Edge Yortex Convection at Different Span

Locations:

q+ values 0.2, 0.6, and 1.0

respectively; NACA 0015; 5% between successive
fines 0.2; t 2.5, 1.6, ang 1.2.

for this test sequence.

Disparate "fingers of smoke" &lso appeared to
the right of the leading edge vortex (Fig. 4, K=M)
and extended out from the airtoll surface. Upon
closer examination, these "smoke flingers" outl!ned
the leading edge vortex at the origlinal chord
position where the smoke sheet was introduced (z/c
= 0.8). The leading etge vortex out!lned by the
disparate smoke at z/c = 0.8 continued to convect
downstrean over the chord while rapidly increasing
In diameter (Flg. 4, K-0).

The leadlng edge vortex convection was plotted
for dlfferent smoke sheet Introduction planes along
the span. Figs. 5, 6 and 7 show the leadling edge
vortex convectlion behavior for non~dilmenslonal
pltch rates ot 0.2, 0.6 and 1.0 respectively.
Again, only the time and position points were
plotted where the leading edge vortex demonstrated
two-dimensional development without span-wlise
convection. These data were col lected from span-
end view movie frames similar to those printed in
Figs. 1 and 2. The non-dimensional time Increment
between successive position polnts was equal to 0.2
(every other movie frame). Connected data polnts
between different span locations show leading edge
vortex positions at various spanwise locations at
the same reference times. Thus, each successlive
Iine shows the convective behavlior of the leading
edge vortex along the span of the wing.

Yortex Initlation occurred at the same polnt
In time along the span of the wing. The initiation

times referenced to the onset of airfoll motion
(t.) were 2.8, 1.6, and 1.2 for non-dimenslonal
pl%ch rates of 0.2, 0.6 and 1.0 respectively.
Initially, the leading edge vortex |lIine convected
downstream In a two-dimensional fashion Indlcated
by the stralght |Ine through the position data. At
|ater times, the vortex |1ne away from the tip (z/c
> 1.0) continued to convect in a uniform fashlon
parallel to the airfoll span. Near the tip (z/c <
0.8), the leading edge vortex convectlion was
arrested. At span locations of z/c = 0.4, the
leading edge vortex remained stationary over the
wing surface, WIithin this reglon, one test
condition (Fig. 7, =% 1.0, z/c 0.6) shows the
leading edge vortex reversing direction and
travelIng upstream a short distance Just prlor to
exhibiting three-dimensionallty.

Two-dimensional ity of the leading edge vortex
I'ine persisted for much greater perlods of time at
span locations furthest from the tip (z/c > 1.0).
At low non~dimensional pitch rates ( at0.2) two-
dimensional ity persisted nearly twice as long away
from the tip (z/c 1.4) than near the tip Itself.
Larger * ~ rates produced similar behavior with
vortex breakdown occurring first near the tip and
propagating out from the tip along the vortex |lne.

Wing Tip Yortex lnteraction

Near the wing tip, the flow fleld above the
alrfol| surface was dominated by the development of
the wing tip vortex. |In Figs. 5, 6, and 7, span
locations less than z/c < 0.4 showed no formation
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Fig. 8 Orthogonal Views of Wing Tip Vortex
Develoment: NACA 0015; at 0.6; smoke wire
location z/c = 0.1; AF between photographs
of 0.3; ¥, = 0.1; A-L correspond to a's
of 0.4, 1.;& 12.0, 24.6, 35.0, 47.5, 56.0,
60.0 ... 60.0°.

WINGTIP VORTEX ANGLE
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Fig. 9 Development of the Wing Tip Vortex Beta
Angle as & Function ot Non- Dimensional
Time: NACA 0015; o * 0.2, 0.6, 1.0; smoke
wire locatlon x/c = 0.1; t, corresponds to
airfol|l at 0° prior to wing motion.

of the leading edge vortex. Flg. B shows the span-
ond view along with the orthogonal ly positioned
tralling edge perspective side by side. The smoke
sheet wvas released upstream of the wing tip at the
z/c = 0.1 c span location. This sequence deplcts
tlow development about the tip at a non-dimenslional
pltch rate of 0.6. Consecutive photographs are
Incremented In 0.3 time steps (every third movle

frame) with plate A in Fig. 8 at a mean angle of
0.42°, reaching 60° In plate H.

The smoke sheets above and below the wing tip
were displaced along the span (z axis) as the wing
pltched toward maximum angle of attack. On the
upper surface, the smoke sheet was displaced away
from the tlp. Simultaneously, smoke from beneath
the alrfoll passed over and around the wing tip.
From the tralling edge view (Fig. 8, plates A~f) a
clear separation |Ine Is evident between the
displaced smoke sheet on the upper surface and the
smoke curling about the wing tip from the !|ower
surface. The smoke sheet from beneath the wing tip
envelops the wing tip vortex ftracing a conlcal
shape focused to a point at the tip of the leading
edge. The Iinfluences traced by the two smoke
sheets are clearly separated into distinct regions
where smoke from the |lower surface dominates the
flow within the Immedlate wing tip region while
flow on the upper surface is canted away from the
tip.

A portion of the smoke sheet on top of the
wing near the surface of the leading edge was drawn
toward the wing tip. Fig. 8, plates A-F show the
upper surface smoke displacement toward the tip of
the leading edge. An Intersection |1ne exlists
starting at the leading edge tip proceeding down
the chord at an angle of 30° to the wing tip. Thls
Intersection | Ine separates the Influence of the
wing tip vortex flow from the flow over the upper
surface. At later perlods in the development phase
(Fig. 8, G-L), this Interaction iine from the
leading edge | 1fts from the alrfoll surface, no
longer adhering to the wing surface contour. For
all three a* conditions tested (0.2, 0.6, 1.0), a
strong temporal correiation existed between three
separate events: 1) The leading edge vortex at z/c
= 1.4 (furthest measured point away from the tip)
shed from the alrfoll surface, 2) three-
dimenslonallty within the ieading edge vortex
developed along the span, and 3) the Intersection
| ine separating the two regions of wing tip and
upper surface flow began to shed from the wing
surface.

Prevlous experimental Inves*lgaflons17'19 have
used the B angle to characterize wing tip flow.
Flow passing from beneath the wing traces the wing
tip vortex In a helical arc around the wing tlp and
Into the wake. The & angle measured the
Intersection made by the hellcal arc with the chord
line of the tip Itself. The greater the 8 angle,
the larger the differential pressure effects about
the tip. For these results, the B angle remalned
constant at 90° from the onset of pitch through the
perlod where the interactlon region began to shed.
As 2 second measure, the conlcal half-angle traced
by the wing tip flow and the chord | Ine were also
measured (Flg. 9) for the same time perlod. Across
both norn-dimensional pltch rates and time, this
angle maintalned arelatively constant value of
30°.

Riscussion

Though the three-dimensional forced unsteady
separated flow about a semi-Infinite wing was
Inherent|y complex, several well-defined flow
perturbations were Identified with counterparts
observed In two-dimensional resulits. The flow
field was dominated by the development of a leading
edge vortex elicited from the separated fiow as the
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wing pitched beyond the static stall angie. |In
addgition, a second orthogonal ly positioned vortex
emanated from the wirng tip. Both flow structures
dominated the potentlal flow ileld within localized
areas of the wing and appeared to el lcit vortex~
vortex interactlons near the intersectlon reglon
between the two vortices., Vortex inltiation and
development was extremely repeatable across test
conditions permitting analysis via flow
visualization, Introduction of smoke sheets at
varicus span jocations permitted resolution of both
the two-dimenslonal an* three-dimensional behaviors
cf the flow field along the span. The fiow
development can best be described In terms of three
separate phases of the alrfoll motion history: 1)
vortzx Initltation during the pitching or forcing
pericd of wing motion, 2) vortex develfopment and
irteraction ac the airfoll motion approached
raximum angle of attack and 3) the relexation
period wnere airfcl| motion ceased and the
verticity frorm the wing surface shed intc the wake.

Yortex (nitiaticn - Forcing Phase

Leeding egge vcrtex initiation foliowed
Gqualitatively, the same general patterns observed
for tuc-cinensi?Sa{1a§%fcils undergoing simiiar
pitcr mot ons, 'Yl girfcils csclilliating
sinuscical iy in pifch,A' *Ps/ and semi-ian%iTS
wings oscillated in pitch beyond tatic stall.'’*
fncreases in the non~dimensional pitch rate deiayed
leading edge vortex development to later times In
the mcticn tistory. initiation of the leading edge
virtex remained two-cimencional along the span. |t
is intere.ting to note, however, that near the wing
tip (z/c < 0.4) e leading edge vortex failed to
cavelop.

Uurir, tre farcirg pericd, the reglon near tre
wiony tipo(zc - 2.4) wes cempletely dorinated by
tre cevelcprent f the wing tip vortex. Formation
ot tre wing Tip vourtex began immediately as the
wiry pitched fror 09 angle of ettack. A clear
cistinCction cou'¢ te rade between the al location of
srcke to tte wiry tip as oppecsed to the upper
curtace tlow:, moke irtrcducec below the airfoil
cur face rear trhe tip was entrained up and around

the eirfci. tip irtc tne wing tip vortex. tn
Luntrast, rowe var tre upper (cuction) syrtface
rrroCTes e the tare Lpan plane near the tip was

Gp laded awdy fron tre tip as it roved cver the
Stertd. A Clear seferation ererged as a distinct
irtercection lice detning the twe zcnes of
precmed verticnty irtluence. That frorm the |[ower

firesiurel turtace forred the wing tip vartex
wher gnoLpper fouction) curtece vorticity reea nec
corcerts ter Trorra Jeacing edye vaortex, Unlike
ey, TEesutbte wuirg ceoilleting veri-infinite
-:ﬁuf']/’ 7othe Lecmetric angte dencribing tre
cof el rape Of e wieg i vertex rencired
Corctant throegr tre pitering portion of tre moticr

R R
fuf Ta weygioptgn! and {noteraction Phase

Trowgt Critially torning, as e two-cimensiunal
Pore vt tes coory tre Lpar et xS - S0, tre
leac ny elie vortex and its nermina. curvect on
Datav o was quicriy altered by the irfluerce of

e oYL veetes,  Feior fC *he Lrset ot ttree-

somensione ity Ir o tre decliry edge vortex, tre
Teac ;) ed e virtes corvected ino& twomCairenconeg!

line a: rn; the spar of treairte | iFiqe, 5, ¢, 7
at spar L Loatiane jrecter trar 08 away foon tte
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tip. The averaged convection rate correlated wel i
with previous two-dimensional alrfoll results of
leading edge vortex development (Fig. 3). Near the
wing tip (0.4 < z/c < 0.8), convectlion of the
leading edge vortex was sliowed whiie at span
locations less than 0.4c, the leading edge vortex
appeared stationary and dld not convect before
fThree-dimenslonal ity occurred.

Previcus work by Adlier and tuttges 7 with an
osciilating semi-infinite wing had shown simllar
results In convecting behavior. At span locations
greater than 1.0c away from the tip, the leading
edge vortex development showed no discernlbie
three~-dimensional ity and the convection rate
appeared the same as observed for a two-dimenslional
airfoil osciitated in pitch under the same test
condltions. For the conditions reported here, a
smail Influence In convection was evident at span
positions up to 1.0c from the tip. However, by
t.4c, the leading edge vortex convected In a two~
dimensiconal fashion over the wing without
cisplacement toward the tip.

Yortex Shedding - Relaxation Phase

Correlation befween the shedding of the two-
¢imensional leading edge vortex at span positions
greater than 1.0c and the separation of the wirg
tip interaction region suggests a strong |ink
between the leading edge and wing tip vortex.
Previous work for two-dimenslonal airfolls has
«hown that "cataclysmic" stall results when the
leading edge vortex sheds fror_the airto'! surface
From visualization results, “*2+°+/ a tralling edge
vortex forme with srhedding ot the leading edge
vortex and flow completely separates from the
eirtei| surtace. This separation is also reflected
in pressure nea??rﬁf mace alcng the airfoil
sur face, ’ In the results reported
here, a trailing edge vortex was not cbuerved near
the tip, althougr separation ctf the leading edge /
wing tip vortex interaction region does occur.

For & semi-infinite wing, the bounc vorticity
conteinec around the wing must continue Irn a | ine
threugh the wing tip vortex., The wing tip
vorticity reflecting trhe magnitude of the |itt
senereted by the wing. Frevious pressure
regsurerents on twe-cimensional airfcils have shown
that chedcing of the leading edge voriicity away
from tre ir riggers a substantial loss inp
lit+.B 9'16'1f{1‘ lﬁgfhe visualizaticrs reporied
here, sheccing of the leadling edge vortex is also
conmercerete with separation of the the wing tip
interactivn region from the wing surfece. This
fews o 1ift appears to trigger separation cf the
wirfg tip vertex so tret the wing tip vortex and
tund vorticity rear the |eading edge at the wing
tip tz/¢ < 1.4) may ceparate togetter in g
continuous |ine,

Trousr ttese recuits are preliminary, some
specelation can be nade regarcing the nature of the
troee-cimens cnality aricing in leacing edge vortex
developnent, bFron precsure neasurements on two-
Cimersicnal airfcils at sinilar test concitions,
pressure cistributions about pitching airtfolls can
produce Litt Lg@jéiiieqts much greater than steady

tete velves. S U LIS e S0 Cratic pressure
Gretriputions which yiel¢ these values of C are
procuces tron the leacinyg edge vortex development
anc Lorvection vver tre airtoil surfece. In the
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three-dimensional test case, this added 1{ft must
be reflected In an enhanced wing tip vortex.
Development of the stronger wing tlp vortex
ultimate!y appears to draw the two-dimensional
development of the leading edge vortex out of plane
toward the tip. In theresults repor?equ Adler
and Luttges for an oscillating wing, three-
dimensional ity was |imited fo a region within 1.0c
of the wing tip, whereas the present results extend
the region to 1.4c. This difference may also be
retated to the differences in Cp values produced
for the two- different motion histories. Two-
dimensional airfoll results from anoscillating
airfol) produce Cp values roughly one-half the
value of those re?orfed by Walker, et al.,1 211 and
Jumper, et al.,2 for two-dimensional airfoils
pitched at constant rates to large angles of
attack.

After the leading edge vortex shed into the
wake, flow field development about the three-~
dimensional wing appeared to be quite different
from the behaviors observed in two-dimensional
airfoil results.!6 Shedding of the leading edge
vortex from the two-dimensional airfoil elicited a
trailing edge vortex of opposite circulation.
Growth of the trailing edge vortex appeared to "re-
direct" the separated shear flow from the airfoil
leading edge into a second leading edge vortex.
The growth and shedding of the second leading edge
vortex closely paralleled the development of the
tirst, however, shedding of the second leading edge

vortex elicited a second, much weaker, trailing
edge vortex. This process continued until a series
of three to four secondary leading and trailing

vortices had been produced. !ntegrated pressure
measurements by Jumper, et al., clearly reflect
the development of these secondary vortices in the
Iift coefficient plots as a function of non-
dimensionatl time. Each successive leading edge
vortex produced a c¢iminished pressure effect
compairec to the previous vortex, After three to
four camped pressure peaks, the I ift coefficient
had dgecayed to approximately nominal steady state
values.

In tre three-dimensional wing results, a
trailing edge vortex does not develop near the wing
tip. The interactive leacing edge / wing tip
vortex region separated and shed from the wing
without el iciting any adgitional vortical
¢tructure. At span positions one chord from the
tip (2/¢ = 1.0) a second leading edge vortex
development was observed during the relaxation
phase. This second vortex development, however,
dic not arise trom the growth of a trailing edge
vortex., Sheddinyg of the first leading edge vortex
failec to produce the trailing edge vortex
development observec in the two-dimensional airfoil
results. Shedding of the second leacing edyge
vortex however, ¢id initiate a trailing edge
vortex. The initiaticn and development of the
second leacing edge vortex and subsequent
jeneration of a trailing edge vortex were not
reflected in thewing tip flow. After separation
of the first leading edge-wing tip vortex
interaction, no further initiation or reattactment
ot flow about the wing tip was observed

Conclusions
Forced unsteacy separated tlow el icitec fror o
semi=-intinite wing pitched &t a constant rate

through farge angies of attack produced highly
repeatable three-dimensional vortical wakes. These
wel l-behaved vortex structures were readily
resolved using smoke sheets introduced at various
span positions, illuminated stroboscopical iy, and
recorded with a high-speed movie camera.

The separated leading edge ancd wing tip
vortices dominated specific regions of the wing
surface. Simifar to the r?%plfs reported earfier
for oscillating alrfoits, the wing tip vortex
dominated the local f!ow about the tip {(z/c < 0.4)
and exercised infl|uence over the development of the
leading edge vortex in the tip region (0.4 < x/c <
1.4)., Leading edge vortex development at distances
greater than 1.4c from the fip appeared unaffected
by wing tip influences. VYortex initiation,
development and convection rates at these span
focations matched those of two-dimensional airfoil
results. Thus, three-dimensional effects from a
wing under constant pitch were observed at
distances 40% greater than for the oscillating wing
case.

Though these results are qualitative, some
speculation can be made regarding the validity of
two-dimensional results in predicting the
performance of three-dimensional bodies. The
initial similarity in leading edge vortex
development between two-dimensional and three-
dimensional test results suggests that existing
two-dimensional pressure measurements may be
approprlate to help predict sectional aerodynamic
coefficients for semi-infinite wings. 0Of course,
such measurements would be restricted to span
locations away from the tip. At later periods in
the relaxation phase, initiation and development of
subsequent leading and trailing edge vortical flows
appear substantially different between the fwo-
dimensional and three~dimensional test
circumstances. Previous two~dimensional results
may not be particulariy useful in describing fiow
interactions that occur during such relaxation
phases.

As noted earlier, the present work does
provide some insight into orthogonal! vortex
interactions, Also, the above observations suggest
a scheme for the vorticity allocations to leading
edge and wing tip vertices. These two prominent
vortex generation sites have little in common
either spacially or temporally. Wing tip fiow
emaneted from the |ower boundary layer vorticity cn
the pressure surface. The wing tip vortex was
established almost immediately with the onset of
airfoil motion, and maintained a stable geometric
size and shape through the forcing period. In
contrast, multiple vortex initiation sites along
the chord were observed from the upper surface
boundary iayer vorticity., Ultinately, only tre
leading edge vortex dominated the upper wurtace

flow tielc¢. The vorticity allocation to tre
leading edge vortex remained clear by separaetea fron
the wing 1tijp vorticity. Unlike tte wing tip

vortex, the levading edge vortex showed a continual
vorticity influx, reflected in the rapid growth and
convection of the vortex over the wing., Cniy at
the intersection of the two siteq ot vortes
generation was the interaction between the wing tip
and leading edge vurtices rost frominent with the
leaging edge vertex extiibitng the gyreatest altered
effects,

SoreliatTty
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both the temporal
vortices,
vortical dynamics should be possibie.

and
that full

spacial

pressure distributions as well as velocity profiles
should reveal how the vortices are initiated and

devel oped.
critical

And, such future studies should reveal
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arrangement of 10. Walker, J.M.,, Helin, H.E., and Strickland,
quantification of these J.H., "An Experimental Investigation of an
Measures of Alrfoll Undergolng Large Ampl itude Pitching
Motions," AIlAA Journal, Yol. 23, Aug. 1985,
pp. 1141-1142,
interactions in 11. Walker, J.M.,, Helln, H.E., and Chou, D.C.,

facets of vortex-vortex

these complicated unsteady flow fields.
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