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Summary
Motion Forcing of Flow Field Structures AFOSR-TR- 87-03384
Throughout a wide combination of ¢_, o  and reduced frequencies using

a NACA 0015 airfoil, several initiation factor trends are particularly
notable. The effects of & , reduced frequency and interactions between the
two are generally linear (r?2 > 0.90, significant at p<0.5). Every 0.2
increase of the reduced frequency parameter (K) delays vortex initiation
about 7% further into the oscillatory cycle. This delay factor is constant
regardless of whether or not the rewaining, post-initiation cycle consists
X of upstroke or downstroke pitching angles. The delay factor is alsc
‘ constant across a wide range of mean :'s around which the oscillation
occurs. The effect of increasing - is similarly well-behaved and largely
independent of other factors. Every five degrec increase in “p results in
the appearance of a vortex over the leading edge 10%Z earlier in the
oscillatory cycle (cf., Fig. 01).

X The appearance of a trailing edge vortex as a3 major unsteady flow

field occurrence is similarly dependent upon and reduced frequency

h oS
parameter. As was the case for the unsteady scparation vortex developed
4 about the leading edge, increases in : values lead to the earlier
appearance of the trailing edge vortex during an coscillation cycle. Also,
increases in the reduced frequency parameter delay the occurrence of the
trailing edgc vertex in the oscillatory cvele. Increasing the reduced
frequency pararmeter by 0.2 results in a 127 delay in the appearance of tte
trailing edge vortex in the oscillatien cycle; the trailing edpe vortex
development is mere sensitive to altered reduced frequency than the leading
\ edge vortex. However, every 5° increase in - results in a 4.5% earlier
V appcarance of the trailing edge vortex in the oscillation cycle; an advance
in initiation approuximately one-half that experienced by the leading edge
vortex,
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Comparatively, then, the reduced frequency induced delays are larger

for the trailing edge vortex while the a, induced advances are larger for

the leading edge vortex. The added consideration of a values, as cited
above, indicates that a 1° increase in pitching motion amplitude produces
roughly a 1% cycle delay in leading edge vortex appearance. But, this

relation is absent in tests where ¢ <15° and is exaggeraged where reduced

m

frequency parameters value are 0.4 or smaller. Trailing edge vortex

dependency upon 2 is even less well behaved. These relations remain to

be more fully elucidated for tests using airfoils.
Only one test parameter reliably influences the convecting velocity or
traversing velocity of the leading edge vortex over the airfoil surface.

Neither u nor «  alter this velocity in a simple, reliable manner.

However, larger reduced frequency values produce increases in the relative

convecting velocity, V/Vw. This relation depends upon whether the vortex
was initiated before or after maximum angle of attack (. .. ) was attained

in the oscillation cycle (Fig. 02). For initiation prior to the

“max’®
average convecting velocity was V/V =0,310. For initiation after - ..,

the average velocity was V/V. =0.137. Within each of these two conditions
a positive relation between K and V/V  holds such that linear regression
yields r2>0.95.

Using the same evaluations of V/V_ in tests of a flat plate, the
results are somewhat different. A vortex initiated before up,, is obtained
in the oscillation cycle yielded convection velocities not unlike those
recorded for a NACA 0015 airfoil under sirilar conditions. licwever,
vortices initiated after « . in the oscillation cycle exhibited quite high

convection velocities unlike those recorded for the airfoil (cf. Fig. 02).

Without speculating about the particular meaning of these observations, it

is clear that different lifting surface geometries can have a dramatic

effect on convecting velocities of the elicited vortices. As pointed out
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below, the geometry change appeared to have little consequence for vortex
initiation.

That the above trends in observed initiation of flow field structures
(cf. Fig. 03 and Fig. 04) are robust and fairly general has been shown
through our tests based upon harmonic oscillations of a flat plate. Under
these test conditions, the leading edge vortex initiation occurred earlier

in the oscillation cycle with increases ina_. 1In fact, every 5° increase

m

in flat plate : resulted in a 6.25% advance in the cycle where the leading
edge vortex was initiated; a value close to that measured using the NACA
0015 airfoil. Every 0.2 increase in reduced frequency delayed the leading
edge vortex by approximately 10% of the oscillation cycle; a value between
7Z and 12% values seen for the leading and trailing edge vortices,
respectiveiy, using the symmetric airfoil.

What the above investigations show is that certain distinct flow field
properties (e.g., vortex initiation, V/V_), elicited by driven liftirg
surface motions, are quite predictable within certain parameter ranges. To
date, other flow field characteristics (circulation velccities, vorticity)
remain to be determined. Indeed, some of the effects of certain meotion
parameters apparently are quite complex. Overall, however, the fact that
rajor separation structures in the flow field are related linearly and
irdependently to unsteady driving mechanisms suggests that many other
characteristics of the flow field must be similarly well behaved, albe:t

complex.

Characterization of Flow Field Structures

Despite the predictable appearance of flow field structures related to
lifting surface motions there are no a priori conclusions to be rade
regarding the uniformity or identity of such structures. Also, the

strength and nature of intcractions between the flow structures and the

. ) v T = Te ‘ . - "‘- » '.- '-- -n.‘. -'
.f‘-,,._,.\.\\.\ _,,_,_-.r,.r.r\.-. J‘J‘ __-’."' \,-.'.'.‘.'..\'-"

W1 I A RRT



. A o

adjacent lifting surface remain to be determined. Only fragmentary results
have been collected, to date, on these crucial characteristics of the
emerging flow field structures.

A series of single wire, hot wire anemometry measures have been made
in conjunction with flow field visualization. The anemometric measures,
using a single wire, yield velocity profiles for the observed flow field
disturbances but are limited by the absence of complete velocity vector
information. Nevertheless, the vortex structure which evolves on and
passes over the lifting surface adds circulation velocities to convection
velocities such that at some point in the passage of the vortex a velocity
peak is recorded by the hot wire. This point in time and position about
the surface must correspond to the induced tangential velocity of the
vortex circulation being aligned exactly with vortex convection direction,
if three-dimensional effects are ignored. This rationale had been
formalized previously by Oseen (1927) and Hamel (1916) as reviewed by
Schlichting (1979).

Using the above rationale, flow visualization was arranged such that
the velocity peak recorded on the hot wire probe was the phase trigger for
7 sec. stroboscopic illuminatior. The resulting pictures reveal the
instance of maximally additive velocities in the flow field. By repeating
this process at a variety of distances from the airfoil surface and at
different chord locations, a reproducible index cf vortex size and strength
is obtained. The size, of cource, derives fror the mean distance the hot
wire probe may be displaced from the airfoil surface and still record
velocity peaks significantly different from V . Another way to view these
data is that a tire dependent, large fluctuation in the outer portions cof

the velocity profiles can be recorded and mapped.
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The above correlations of visualization and velocity reveal the
following vortex characteristics: (1) Vortex diameter increases with
increased a  up to an asymptotic value which occurs spatially at
approximately 0.70 chord. (2) Vortex diameter is unaltered by variations
in @ . (3) Vortex diameter is asymptotically and inversely related to
increases in reduced frequency. (4) Increases in u, decrease peak V/V,
values at the time a vortex is present. (5) Larger : values increase V/V,
peaks modestly (<202). (6) Increases in reduced frequency increase V/V
asymptotically up to velocities of 2.5 V when a vortex is present. If the
diameter and velocity information is combined, it suggests that the more
energetic the driving of unsteady flow field structures, the more likely
that both vortex size and circulation will increase over the chord while
convecting'downstream. In less energetic driving conditions, the vortex
size-velocity product attains a maximum value before the full cherd 1+
traversed. And, under the least energetic conditions tested, the vertex
circulation-size product attains a maximum value over forward cherd
positions, then the vortex departs from the airfoil surface before reaching
the trailing edge. 1In the latter two conditions, flow visualization
suggests the presence of cataclysmic flow separaticn during some portion of
the oscillation cycle.

Three-Dimensionality of Unsteady Separated Flows

The three-dimensional flow structures elicited by unsteady separatcd
flow conditions remain largely a matter of speculation. Systematic
research on this 1interesting problem has not been pursued except for that

recently reported at the III International Flow Visualization Conference

(Adler et al., 1983). The problem can be broadly subdivided into two
obvious components: (1) the three-dimensionality cf flow fields elicited

by a two-dimensional test situation and (2) the three-dimensionality of
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flow fields in a three-dimensional test situation. The former type of
condition has been cited often in rather spurious informal fashion. The
latter test situation surely influences the nature of unsteady separated
flow fields about swept and delta wings as recently noted by Gad-el~-Hak
(1983) and by Carta (1983). A great amount of work remains to be done in
this area.

The simple three-dimensional model we have used to initiate the three-
dimensional study of unsteady flows is a symmetric airfoil (NACA 0015)
section fitted with a wing tip exhibiting a radius of curvature consistent
with the airfoil thickness. Some typical results are provided in Fig. 05.
First, using a reduced frequency of approximately 1.0 (an oscillation cycle
of approximately 100 msec in duration) two up values were used with an
of 10°, .For the dashed and solid lines, respectively, . = 15° and 12°.
The Re number was 60,000 for these tests.

As might be expected from the previous discussion, the convection
velocities for the leading edge vortex were higher for = 12° than for

]

_ o . . . . S C
o = 135° The presence of a wing tip and associated wirg tip vorticity

did not alter corvection velocities or the »  effect on these velocities.
Tre velocities were sirmilar to those seen in two-dirensional tests,
Sirilarly, the leacing edge vortex formed at the point in the oscillation
cycle predicted {rom earlier work., In Fig. 06, the test conditions are
eramined usirg just one siople inder of the altered three-dircnsionality of
the flow. Beginoning at t = 0 the airfoil was at the maxinun angle of
attack, 2 ., Approrimately 757 of the cycle later, the leading edge vortex
shed into the wake. Throughout the whole oscillatory cycle, the spanwice

)

locations of smoke 'ines both passing over and passing under the airfoil
were noted. What is plotted is the displacement of those smokelines in the

spanwise direction as the lines pass the trailing edge as a function of



time. Significant three-dimensionality is produced in the flow field; this
three-dimensionality is time-dependent. The three-dimensionality indicated
by smokeline displacements spanwise is phase coincident with the two-
dimensionally prominent vortex center of the passing leading edge vortex.
The later, smaller peak of three-dimensional displacement is coincident
with the appearance of the trailing edge vortex. Interestingly, the
latter, counter-rotating vortex provided a three-dimensionality of the same
sign as the passing leading edge vortex.

As a plane of smokelires is moved out to the wing tip, the threc-
dimensionality of the wing tip vortex is encountered. The oscillation of
the wing both increases and decreases wing tip vorticity. This well-known
effect of angle of attack is appropriately realized as more or less tightly
rolled vortices, respectively. The details of this flow are cited
elsewhere (Adler et al., 1983) as an example of an inherently three-
dimensional structure acted upon by unsteady separation., When the plane of

smokelines is moved systeratically from wing tip to inboard positions, the

ve v v

trensition from tip to leading edge vortex dominated flow is encountered.
In these instances, the interaction between two, three-dimensional flows
¢ may be examined. K
The relation of three-dimensicnality in flcw field structures to

underlying unsteady flow parameters is unclear. However, we lave

L an ax g 4

demonstrated that the inherent complexity of such flows is well behaved ard
amenable to detailed, multiple exposure flow visualization analyses. Such
analyses are being continued. A digitizing pad is used to record the flow )

structures as quantitative files fcr possible three~-dimensional

T

reconstructions using computer graphics.

]
Thus, the three-dimensional character of unsteady separated flows can
be examined for the temporal and spatial responses elicited by a variety of
11fting surface motions.
7 ]
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Dragonfly Lift Generation

Comparisons between the Weis-Fogh mechanism (Weis-Fogh, 1973) of lift
generation and the dragonfly mechanisms of 1ift generation (Luttges et al.,
1983) reveal the existence of very different means for exploiting unsteady ]
flows. Both mechanisms appear to involve vortex generation and utilization
but here the similarities stop. Some of the differences are cited below.
A broad question of some considerable significance is obvious: Do unsteady
flows foster a wide variety of quite different 1lift generation mechanisms?

According to Lighthill's analyses (1973, 1975) of the Weis-Fogh
mechanism based upon two-dimensional, inviscid flow theory, the "fling"
process evokes a flow with an instantaneous angular velocity sufficient to
provide high 1ift values in the absence of vortex shedding. The "fling"
dynamics follow the clapping together of the wings and arise from the
parting of the leading edges of the wings. The trailing edges of the wings
remain closed. Thus, "starting vortices" dominate the flow briefly and
there is no need to consider shedding into the virtual wake, The symmetry
of these flow structures yield an upward force which is surprisingly
continuous as the wings show increasingly large, effective angles cof
attack.

When convection and diffusion terms were added by Lighth1ll to bhis
analysis (1975), the fluid "memory" of viscous effects became an important
determinant in the lift generation mechanism. A net flow derives from the
sink created during the fling as well as from the convective-enhanced flows 3
originating beneath the wings. The "starting flow" characteristics
associated with a 400 Hz wing beat largely prevent the development cf

reversed flow and stall. And, instances of reversed flow are generally

packaged in a leading edge bubble such that full separation does not

develop behind the bubble. In fact, the compliant wing structure might be
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expected to conform to the resulting pressure gradients and to effectively
exhibit a desirable increase in camber which retards separation. Not
surprisingly, maximum lift in the Weis-Fogh experiments with the wasp,

Encarsia formosa, arise just as the fling begins to pull apart the wings at

the trailing edges. Lighthill speculates that at this point in the wing
beat cycle, diffusive forces tend to decrease the undesirable effects of
shedding vorticity and counter-rotating vortices.

At the end of the wasp wing beat cycle (approximately 130° arc) the
"f1lip" occurs. The instantaneous change in angle of attack intercepts
existing vortex-associated flow such that the effective angle of attack
remains modest. The weak "starting vorticity'" does not disrupt the flow
memory initially produced and energized by the clap and fling. Thus, only
one maximuq lift episode occurs during each wing beat cycle. Nevertheless,
continued positive 1lift is hypothesized by Lighthill to occur throughout
the wing beat cycle; an idea not substantiated by Weis-Fogh's observations
(1973).

Some crucial facts should be noted in regard to the Weis-Fogh
mechanism before turning to comparisons with our observations on the
dragonfly. First, the overall lift of the wasp as a model of the Weis-Fogh
vechanism yields C; values of approximately 3.0. Secondly, the flow
structure interacts about the whole wasp such that a single large flow
structure (approximately two times the largest dimension of the wasp)
immerses this insect (Maxworthy, 1979). Thirdly, the wing-body orientation
1s such that wings beat through a horizontal path during hovering and,
fourthly, the wings beat at a high frequency while clapping together at the

end of each stroke.

In contrast, the dragonfly remains horizontal during hovering and fast
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forward flight. The wings move through vertical planes at an order of
magnitude less frequency (approx. 20 - 40 Hz) and without clapping.
Norberg (1975) Weis-Fogh (1973) and Somps (1982) estimate C; values of 5.0
or more across a range of assumptions and calculations (for example, the
estimated Re numbers for the wasp are an order of magnitude smaller than
those of the dragonfly). The flow visualized for tethered dragonfly flight
episodes indicates the presence of multiple, reliable vortices with chord
length dimensions rather than the relatively large dimensions observed in
the moth., Whereas the elicited flow envelops the whole wasp, the flow
elicited by the dragonfly wings is local to each lateral pair of wings.
The stroke arc of the dragonfly wing is approximately 80° while that of the
wasp is at least 130°. And finally, the geometric angles of attack of the
dragonfly wing appear much more exaggerated than those of the wasp wing.

What éo each of these contrasts indicate? Overall, these two insects
have probably evolved very different means for exploiting unsteady flows.
A "starting vortex" in the case of the dragonfly cannot depend upon a void
or "sink" such as that elicited in the parting of wings during the "fling"
in che wasp. The dragonfly wings remain at 90° angles from each other at
the top and bottom of the stroke cycle. A simplified inviscid model of
lift production would not suffice for explaining dragonfly lift generaticn
as it does in explaining lift generation achieved by a Weis-Fogh mechanism
(Lighthill, 1973). Convective effects might be crucial to the flow-wing
interactions in the dragonfly. And, the results of shedding vorticity
actually may be utilized by the dragonfly.

Unlike the continuous, compliant single (latched tandem wings) wings
of the wasp which has a small aspect ratio, the dragonfly has two separate
tandem wings of considerably higher aspect ratio and of potentially

different phase dynamics. Thus, since the rapid shedding of elicited
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vortices may not be avoidable, a mechanism may exist to exploit these shed "
vortices; a phase-variable, nearby lifting surface, a second wing. Such a
hypothesized interaction between front and back wings is consistent with
both the size scale and the visualized circulation of elicited vortices.
In addition, this supposed interaction between tandem wings would generate

lateralized 1ift characteristics consistent with the roll instabilities

sometimes seen in the free flight of dragonflies and would be consistent .
with the brief, high lift episodes demonstrable in each complete wing
stroke cycle (contrasted with the somewhat more continuous lift generated
for the Weis-Fogh mechanism). Recent flow visualization records, collected
in our laboratories this summer (Fig. 07), show the smail reproducible .
vortices elicited around a single dragonfly wing. The shedding of these i
vortices is obvious as well as the serial arrangement of rotating and
counter-rotating vortices. These flow structures are clearly different in i
size and circulation from those postulated by Weis-Fogh (1973) and

sirulated physically by Maxworthy (1979). Some of these differenccs have

been cited earlier by Savage et al. (1979) who favors a hypothesized use cf

srall, surface entrapped vortices. f

Since the dynamics and analyses of the Weis-Fogh l1ift generation 9

AR A 3

mechanism apparently are not the same as dragonfly lift generat rn »
mechanisms, the latter requires a considerable amount of additional -
research effort. Much of the needed effort already has been expended in

collecting raw data from the dragonfly. The approach which has becn taken >

to date will be outlined below. The analyses and data reduction focuses

are similarly summarized. X
A "model" of dragonfly wing and flow interactions. To simplify the >
characterization of wing-flow interactions, a unique testing situation has h

g an a8 o
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been arranged. Dragonflies caught on the day of testing are tethered by

cyanoacrylic cement to a long, thin rod instrumented with a strain element.
A surgical incision is made in the thoracic sclera next to the cement point
to permit the insertion of fine stainless steel electrodes. These
electrodes are positioned about the thoracic ganglion such that small,
brief electrical pulses directly elicit wing motion. By altering voltage
levels, pulse duration and pulse frequency, it is possible to elicit
comprehensive wing stroke cycles which are complete in terms of both full
stroke arcs (< 100°) and associated angles of attack. Threshold levels of
stimulation produce froot wing flight activity and suprathreshold levels
produce appropriately phase-related recruitment of hindwing flight
activity. The net effect of this arrangement is to electrically "drive"
wing motiom in sustained, stereotyped fashion. In doing so it is possible
to study, in elaborate detail, wing-fluid interactions and lift generation.

The creation of a "model" dragonfly using the existing dragonfly
geometry, hardware and controls is unique. Thus, questions may arise
regarding the adequacy of this preparation in understanding normal
dragonfly flight. To date our only answers to such questions are based
upon photographs of free flight wing motions, tethered dragonfly wirg
motions and artificially driven wing motions. Across all these conditions,
the wing moticns are consistent and stereotyped. There can be little doubt
that some variations in flight activity occur but such subtle variations,
for the time being, reside outside the domair of an initial analysis of
flight mechanisms.

The test conditions for which considerable data exist are as follows:
(1) changes in angle of attack (2) with wing stroke arc angles, (3) changes
in wing-flow interactions with increased stroke frequency and arc angle,

(4) changes in 1ift generation with increased stroke frequency and arc
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angle.

During these tests, it became obvious that the wing-flow interactions
were extremely complex, To simplify the tests even further, f£light motions
were elicited from a dragonfly with a single wing (all others having been
removed). As may be seen in Fig. 08, a single wing elicits rather
pronounced, complex local vortical structures. Again, the rotating
vortical structures exhibit primary, secondary, and even tertiary counter-
rotations.

Given the raw data currently available, it should be possible to
determine the manner in which vorticity arises in the fluid adjacent to the
wing and to estimate the relative strength of such vorticity. The temporal
and spatial features of the resulting vortices can be similarly related to
wing-flow interactions. And finally, these dynamics can be subdivided into
generation versus utilization phases. The mechanisms and energy related to
producing proximal vortical flow structures can be correlated with the 1ift
(thrust) obtainable from such vortical structures. These analyses, based
upon flow visualizations, wing dynarics and simultaneous lift measurerments,
will build in corplexity from the single wing rodel through the double
tander wing mcdel and then through the intact dragonfly model. Aiding in
these analyses will be the high~speed video tapes (2000 frames/sec; high
pixel density) prepared by a demonstration team from Spin Physics (Kodak)
and the rore detailed force measurements obtained from the recent]y
revised, sensitive force balance.

What Can We Learn?

First, we are in the position to document use of unsteady separated

flows by insects to produce very high 1ift coefficients. At this point,

the Weis-Fogh mechanism has not enjoyed direct experimental verificaticn
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such as that we are developing for the dragonfly. More importantly, the
dragonfly lift generation mechanism appears very different from the
hypothesized Weis-Fogh mechanism. This seems to indicate that a variety of
unsteady separated flow mechanisms, a general class, may exist for
potential use in generating high lift coefficients. The Weis-Fogh
mechaniem and the dragonfly mechanism may be but two examples of this class
of mechanism.

The extraction of effective combinations of dynamic variables ({ s g
and wing beat frequency) from our studies is straightforward. But,
questions may arise regarding the appropriate scaling to more realistic
Re numbers. To some extent it 1is premature to pose this questior.
Kevertheless, the possible relation to boundary layer perturbations may not
require significant scaling changes. Both viscosity and effective
Re number values ray fall into the germane range (cf., Sears and Telionis,
1975) if corsidered te be novel boundary layer control devices. To be
sure, the discovery of a whole new class of 1ift augmentation mechanisrs
produces many more questions than answers.

The leng-terr goals of the imsect studies is to demonstrate ond
¢elucidate the ¢ffective uses ¢f unsteady flows. To this end,
quantificaticn cf 1nitiatior factors, sustainit, factors and utilizat:cr
factors wiil be carried out to the largest extent possible. The
consideration cof tre icportance cf the three-diwensional characteristics of
the systemoist be fostered by apjiorriate ressures. Using these date,
ciproepriate diventiconal analyses and similitude srguments carn Jead to peuw

innights into the use of unsteady ficws about l:fting surfaces.

el e wort oachiene D ois o cTerars Do Ty,

In cur invest:irations thus far, we placed an BACA 0015 airfoil into a
flew of mear’s corctart acceleration, starting fror rest. A low turbulence

wirnd tunrel with a2 3 ft by 3 ft test secticn woe redesigned for this

purpose (1n cooperation with our able technician Mr. W. Bank).
1.
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Investigation at this stage is mainly by flow visualization which has
proven uniquely suited to bring out the basic separation phenomena.
Fig. 09 shows some basic modes of visualization used thus far and
introduces some of the nomenclature and the characteristic Reynolds number
relevant for these experiments. (This poster was one of five winners among
ca. 90 entries at the APS-Fluid Dynamics Division Meeting, Nov.‘83L Thus
far we have completed visualization of the angle of attack dependence of
unsteady separation at a fixed Reynolds number R = 5200 (Freymuth et al.,
1983 a, b, ¢, d).

Let us briefly describe some of the separation phenomena ard their
dependence of flow parameters as already observed by us. At intermediate
Reynolds numbers (R of order 5000) after flow startup, a boundary leyer
develops over the airfoil which then begins to thicken near the leading
edge of tﬁe suction side. Such a protrusion evolves quickly into a
vorticity separation tongue which develops into a primary vortex which then
induces a sccondary separation tongue to the left of it with the

consequence of additional vortex development. An example is shown in the

riddle sequence of Fig.l0 for an angle of attack . = 20°. The highly

ornamental vortex pattern development finally gets blurred by the onset of
turbulence. Unfortunately, theoretical development lags far behind, only
the initial development of the first vortex tongue has been calculated
(Mehta and Lavan, 1975), secondary and higher order vortices await future
theoretical investigation. After the onset cf turbulence, o turbulent
iarge scale structure sheds into the wake and interacts with the trailing
edge vorticity which separates quickly after flow startup. A wmore detziled
description is given by Freymuth et al. (1983). At high angles of attack
(. ~40°) there is an intermediate stage between laminar vortices and the
onset of turbulence where small vortices form vortex groups prior to

turbulent decay as shown for instance in Fig.09. The final stage of the
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separation process is an unsteady turbulent vortex street shed from the

leading and trailing edges of the airfoil.

It should be mentioned that even at angles of attack below the stgtic
stall angle separation does not completely cease. Rather, separation moves
more toward the trailing edge of the airfoil, j.e. with decreasing angle
the area over the airfoil for which the flow remains attached increases
(Freymth et 81.,1983), but not abruptly.

We are in the process of obtaining the Reynolds number dependence of
separation phenomena. Fig. 10 shows results at an angle of attack . =20°,
Laminar separation is dominant in the vortex initiation of accelerating
flow around airfoils up to modest Reynolds numbers (up to R = 6000). It
continues to dominate the later development of vortices at low Reynolds
number over a considerable time. In contrast, at high Reynolds numbers
(R=52400) laminar separation initiates the development of an attached
turbulent boundary layer from several nearly simultaneously occurring
separation tongues, i.e., lamirar separation initiates transition to
turbulence. Finally, however, the turbulent boundary layer separates and
the leading edge separation forms a turbulent vortex which sheds into the
wake. This process is at present intensely investigated and probably sheds
light on other high Reynolds number separating flows,

Finally we did some minor investigaticn into the effect of gecretry cn
unsteady separation (Freymuth, et al., 1983) by considering acceleratcd
flow around a flat plate, a round plate, a circular cylinder and a sphere,
The main result thus far is tlhat dependence cr geometry is nct draratic,
except for sharp-edged bodies versus round edged bodies at small angles of

attack.




- - -

Theoretical Studies

The purpose of our theoretical studies is to further our understondirg
of vortical and unsteady flows through analytical and numerical approaches.
These studies are not unrelated to the works of the experimental
counterpart in our research group; numerical modeling is intended to
simulate some experiments in the laboratory. In addition, some theoretical
discoveries may suggest new directions to the experimentalists.

After three years' support of the Air Force Office of Scientific
Research, we have become familiar with the literature published on the
concerned subjects, learned basic analytical and numerical techniques for
solving vortical and unsteady flow problems, and produced five papers that
were publighed in technical journals or presented in professional meetings.
- First, we will provide a general review of the work that has been completed

so far.

I. Review of the Theoretical Studies

Our work can be grouped roughly into the following two generel
categories:

(1) Study of the interaction between airfoil and discrete vortices.

This study is divided into two parts depending on whether the vortices

are stationary or moving relative to the airfoil. Vortex initiation or

y generation conditions are best left, for the time being, to experimental
determinations. Concerning a stationary vortex above a flat-plate airfoil,

: Saffman and Sheffield (1977) found that 1ift of an airfoil can be increased
by a captured vortex. Unlike the leading edge flap suggested by Rossow

. (1978), this lift augmentation technique has the advantage that it docs not

require any change in airfoil shape and, therefore, can avoid the

AT NN
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tremendous increase in form drag. The investigation has been ertended by

us to include the effects of airfoil thickness and camber on vortex
stability and augmented lift (Huang and Chow, 1982). However, in a later
work (Chow and Huang, 1983) we discovered numerically that all of the
equilibrium positions of the vortex that are found to be stable by the
previous small perturbation analysis become unstable when the vortex is
displaced with a finite amplitude. Interaction between an airfoil and
vortices moving relative to it has been a problem encountered mainly by
engineers working on helicopter blade design and performance calculations,
Considering the influence on lift, we have made an inviscid analysis of the
flow past an airfoil in whose proximity there is a woving vortex which is
either a free vortex coming from a far-away location or a captured vortex
disturbed from its equilibrium position (Chow and Huang, 1983).

It is found that the vortex can increase or decrease the 1:ift
depending on its position and the attitude of its motion. The result for
an approaching vortex is generally in agreement with that obtained by Wu,
Sankar, and Hsu (1983) from viscous flow computation and with that obtained
by Caradonna, Desopper, and Tung (1982) using a transonic flow code while
assuming that the vortex path is prot influenced by the airfoil. To explain
exactly how a moving vortex can generate an unsteady lift or diminisi. it
remains a part of our continuing research effort.

In addition to the interaction with a single vortex, we have also
studied the interaction of airfcil with a train of vortices. These
vortices are used to simulate those generated intermittently by an
oscillating spoiler or a rotating cam installed on the upper surface of an
airfoil, corresponding to the experimental arrangements of Francis et al.

(1979), Robinson and Luttges (1983), and Viets et al. (1979), respectively.
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Our results (Chow and Chiu, 1983) based on numerical computations show that
after vortices are released at a8 fixed frequency from a given position
above an airfoil, lift increases with time in an oscillatory fashion. The
mean lift averaged over one cycle increases continuously and approaches an
asymptotic value. This asymptotic 1ift increases with the frequency at
which vortices are released. It 1is also found that this lift augmentation
technique is more efficient at higher angles of attack of the airfoil, a
condition also recently observed in our experimental studies (Luttges,
personal communication).

(2) Study of wakes and boundary layers around bodies in unsteady

mot ion

A large number of papers have been published in this area. Recent
literature.surveys can be found in the bock by Telionis (1981), and in the
review paper by McCroskey (1982) particularly for dypmamic stall of
airfoils.

Our research on this subject started with the examination of the
initial behavior of the flow in close proximity to an impulsively started
body. The study of the wake shed by an airfoil (Chow and Huang, 1983)
leads to the conclusion that both the initial 1ift and drag of a cusped
airfoil are increased either by increasing cawber a2nd angle of attack or by
decreasing the thickness. For an airfoil of finite trailing-edge angle,
towever, both lift and drag vanish at the initial instant. This provides
an explanation of the discrepancies stown in numerical results published by
cdifferent authors on the initial behavior of impulsively started airfoils.
The method of apparent mass used in this paper is also applied to compute
the li1ft and side forces on an aircraft fuselage where cross sections zare
isosceles triangles or are of the shape formed by two circles (Huang and

Chow, 1983). On the other hand, the method cf matched asymptotic
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expansions is adopted to study the boundary layer development on an
elliptic cylinder impulsively set into translational and rotational moticn
(Billings and Chow, 1983). It is found that pitch-up rotation accompanying
translation at an angle of attack is capable of preventing the early

formation of a leading edge separation bubble.
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CONVECTING VELOCITY

Y Y r— v Y -
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REDUCED FREQUENCY K

Figure 02. Convection velocities of the leading edge vortex. Determined

bv flow visualization where the time to pass from 0.3 to 1.0 chord was
measured and determined by hot wire anemometry where the time for a velocity
manimum to pass from 0.2 - 1.0 cgord was measured. The lc¢ast squares linecar
recression fit was better than r= = 0.95 in all instances depicted. Solid
line data were obtained by flow visualization and dotted line by ancrmomctry
tracking of peak velocity. To maximize the linear regression fit, the dut-:
are given for low K tests where the lecading edge vortex was initiated pri.»
Lo e in the pitching cycle and for higher K values where the leading cdre
vortex was initiated after ap .. The slopes and intercepts are as noted.
05C indicates the pivot location around which oscillation occurred.
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TRAVERSING VELOCITY OF LEADING EDGE VORTEX
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Figure 04, Compari-on o e and reduced frequency parameter (8

effects on the visuilized convecting or traversing velocity of the
leading edpe vorte: from 0.2 to 1.0 chord locatiens. The test surfaces

were as noted in Pi~x. 02. Re number - 50,000.
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tigure 05. Flow visualization of lealing edge vortex moverment over the
wing surface, an indication of couvection velocityv, The SACA 0015 airfoil
fitted with curved tip was oscillated vith two mean angles, 1m = 12 (soli!
line) and I 15° (dashed line) while holding the reduced frequency at

o . .
1.0 and the “u at 107, The higher . test resulted in a more slowly
~J ‘.
convecting vortical structurc. These visualizations were done at

approximately 1.0 chord inboard of the wing tip.
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Vigure 06, Disrlacement of upror and lower smokelines as a function of
aitered ay values. The spanwise dispiacement of smoke passing bencath
and over the wing was recorded from the time of Jeading edge vortes
imitiation to the time cof leading edeo pagsire over the trailing edye.
Tne same test conditions as shewn in iie. 03, At 0=-20 m sec, the
smokelines passing the trailing edoe are arranged in an unperturbed
vertical stackinc. At iater times, oo incident with the arrival and
passage of the leading edge vortex, the smokelines show considerable
displacement spanwise. The largest armount of displacement arises fror

the o = 159 condition. Re ~ 69,000,
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