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Munich, Germany 

AD-P004 153 

Abstract: 

Supermaneuverability is defined as the 
capability of a fighter aircraft to execute 
tactical maneuvers with controlled side slipping 
and at ang!es of attack beyond maximum lift. 
This paper deals particularly with post stall 
maneuverability at zero side slipping since this 
element of supermaneuverability is relatively 
unknown. The analysis is baaed on optimum 
control calculation of simplified maneuver 
elements and on extensive Banned and 
computerized close air combat simulation. This 
analyst! explains the tactical advantage 
observed during combat simulations and leads to 
the definition of a typical maneuver duty cycle 
which is consistant with conventional air combat 
maneuvers with all aspect weapons. Reference is 
made to earlier studies about maneuvers with 
thruat vectoring and thrust reversal. Finally, 
requirements are given for the necessary level 
of thrust-to-weight ratios and control power 
including indications of technical  solutions. 

1. 

L?t   I 

VAC«    ' 

Thrust Reversal 

,.. T 

>35  aeve*se ~*'-s: 

"^rUSt VeCTCTG 

Dcs;-5:a.' Vareuvr nc 

There are three different concepts (fig. 1) 
of improving maneuverability by means of tilting 
engine thrust: 

a.1       Inflight  thrust reversal 
b) Thrust vectoring 
c] Post Stall maneuvering  (PST) 

.a) has been considered as a leceleration 
device [^} which permits to slow the aircraft 
down rapidly into a speed regime of better turn 
performance, however, it does not directly 
contribute to maneuver performance in terms of 
improving a change of the direction of flight. 

IbJ has been discussed {2} in conjunction 
with configurations, such as the BAe Harrier. 
Thrust vectoring offers an additional degree of 
freedom to establish a maneuver rtate. However, 
it requires engine «»U momentum to point at the 
aircraft e.g. over the vectoring range, which is 
fairly incompatible with afterburner 
ir.stal 1 at ion. A noticeable improvement of air 
ccmbat  capability  has   been demonstrated. 

\c) is the subject of this paper. The 
engine is fixed to the aircraft fuselage and 
thus exit momentum is always m line with the 
e.g. The only difference to a conventional 
aircraft is the requirement for large angles of 
attack in excess of maximum lift angle of 
attack. Post Stall flight conditions have 
already been demonstrated, however, tactical 
FST-mar.euvers require a level of controllability 
far beyond that of contemporary aircraft. Also, 
the  tactical   advantage was unknown. 

There is similarity between the concepts lb^ 
and ;c). For both concepts the gain in 
sustained turn performance is rmail and limited 
to   <itrr:e   flight   conditions.      The   tactical 

., —   T        \ 

Fig.   1        Schemes of using thrust deflection for 
maneuver  enhancement. 

advantage is based on short term and highly 
instantaneous maneuvers and the achievement of 
small radii of turn, (b) could even include ;c) 
if the aircraft were allowed to exceed the stall 
limits. In a PST-mar.euver, however, the 
advantage of thrust vectoring is marginal and 
may  not  justify the overall  design pen*!ties. 

The tactical advantage of PST-maneuvering in 
short range air eomtat defends on the weapons 
used. There is a change in eemüat maneuver 
characteristics [3] caused by the all aspect 
capability    of    new    weapons In    h >; a d - o n 
situations particularly instantaneous turn 
performance comtir.ed with small turn radii has 
been found decisive. The new weapons - 
including radar controlled guns m combination 
with sideslipping flight modes - will inhibit 
further improvements t»f air ccmbst capability by 
means of further improved energy 
maneuverability [3). iew maneuver modes - such 
as PST-mar.euvering - may be the only way of 
achieving substantial improvements in close 
cemtat   effect! veners. 

lifiiiClI  EtlttliJ GtX Air  MmttUi   ajJttiAllflfll 

PST maneuvering ha.'■ teen the suk.'ect of 
mar-ned ard com;ulerired d;al and multiple combat 
risul at lefts [■«] - „"]. f. gr.i f leant observat ivr.s 
»re  ihm  fci.cw:r.g sar.euve-   -haracteristics: 



o        5   sec   average   duration   of   a   PST 
maneuver 

o        10t of total  engagement rime in PST 
o        lower it»level by about 1   1   g 
o lower   average  maneuvering   speed   by 

about   0.!    i   H 

and tactical   advantages: "••?$:er .r^ca» sen . 

o        quicker    in t c,     firing     position 
maneuvering 

o        longer a firing position maintaining 
o        more  first  shoot opportunities 
o        less counter hits 
c        easier and quicker to switch alternate 

targets 
o        dictating  tact.es  throughout entire 

speed regime 
ü        core missiles deployabie 

As an overall  result it was found: 

exnhangd ratio in dual combat with 
equal weapons against an opponent of 
equal conventional maneuver 
performance  is about  2:1 

__5 
> - 

exchange ratio i r. multiple combat 
remains to be largely dependent on the 
numbers ratio, however, can be 
."ignific?intly improved. For example 
in [k] u single PST-capable fighter 
-vas i:le to neutralize two 
conventional opponents. Conputer 
siaulJtions [73 involving larger 
numfcerr of opponents are showing an 
mcrt'ai.e of the relative advantage of 
PST-m&neuvering  (fig.   2). 

ft large amount of tactical data has been 
gathered in more than 3000 simulated engagements 
cf ; different r:'.r.ned combat simulators flown by 
15 operational pilots cf three airforces. 
Still, it remained somewhat difficult to 
precisely understand the advantage. Sometimea 
the advantage is attributed to fuselage pointing 
ever the larger i -range. Actually, only a 
relatively saaii number of gun shots have been 
observed during PST-saneuvers and a missile 
firing limitation to « = 3C° did not lead to 
any  significant degr»dation  of  tactical   success 

The majority of firing opportunities occurs 
right after finishing a PTT-manouver tnd 
returning to the conventional flight regime 
PST capability, therefore, must be interpreted 
JS c maneuvering scheme rather than a gimb*lir.g 
device. 

In general, the pay-eff is based on <? trade 
of loss of energy versus positional and time 
advantage. A proper rTT-maneuver preceeding 
ar.«?ad-cn engagement provides a decisive time 
advantage at a moaentary expense of energy. In 
multiple *r.gageeer.*s tne loss of energy seem;, to 
t e .:cajcr.:»tcl ty a roll-rate advantage, 
according to [*J. In order to convert from a 
; igrt hand turn to a left hand turn against an 
alternate target a conventional aircraft would 
nave to united, roll and re-icad. With PfT 
capability an aircraft could roll arcund the 
velccity vector at constant - very high - angle 
of attacK.    Th.c capability «a;   ievelcjed d-r :r.g 

Fig. : Evaluation :f Supermaneuverabi-ity in 
i^d. iC.d multiple JI." ccmbat with all 
a-peci weapons,     results  of  somputer 

situation. 

unned   simulations   (slicing maneuvers,!. 

As a result, the aircraft with PST-capabi 1 ity 
was able to dictate the tactical course of the 
engagement. Missile capability aid not allow 
the conventional opponent(s) to disengage. 
Overall speed and ioadfactor was observed to be 
lower than in conventional air combat. In 
particular, there was less time at limit g- 
loadings. 

?.       Mafleyyer jBilZaia 

For any flight condition aircraft attitude, 
velocity vector, power setting, altitude) the 
oaneuver state (longitudinal and lateral 
acceleration) is » function of the sum of all 
forces, aerodynamic forces, engine inlet and 
exit momentum. The analys: shall L-e limited to 
zero sideslip conditions tor r"T-maneu"eriug. 
Fig. (3) and fig. (4) are results of mass point 
ca'juietions for a particular aircratt drag 
polar at a particular altitude and fcr maximum 
engine power. Fig. (3) pertaiha to horizon.al 
flight   conditions. 

Fig. Id.] describes two conditions of a vertical 
maneuver, tne highest and lowest point with the 
velocity vector pointing norizontal1y. There is 
a ^EPsO line distinguishing between accelerated 
and de.tlerated maneuver states a;sd there are 
structural and maximum lift limits. Any 
combination of turn rates and mach number 
correspond; to a {articular radius of turn, 
"ig. (3) and '«] arc special caces cf airy such 
i.agrafcs for an infinite nueter of flight 
conditions. An aircraft maneuver would be a 
sequence cf maneuver itates at continuously 
changing flight condition?. Fig. (J) and 
fig.   ,i)   indicate 
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'Rate of Turl r:.'s! 

Macnnurrcer 
- -:'a   ->♦ Fig.  3        Kai.vuvti   i-t.aies   in  a  horizontal   turn 

(aircraft depeniant). 

that a turn rate advantage beyond 
maximum lift angle of attack as 
compared to "corner speed" can be 
expected at very low speeds 

that a significant turn radius 
advantage can be achieved at angles of 
attack well beyond maximum lift 

that the high angle of attack part cf 
an advantageous PST-maneuver would 
have to penetrate a relatively low 
speed  regime  (0.05>M>0.2) 

that no significant advantage could be 
expected from PST-maneuvers limited to 
movjer Ue  angles cf  attack   (   '. 150°). 

Performance of a PS?-naneuver is an optimum 
control problem with angle of attack and tank 
angles as independent variables (thrust was 
found to be maximum throughout the maneuver for 
best results). Pay-off function in real cotbat 
would be an earlier firing opportunity and to 
deny couiiterf ire. In order to get better 
problem transparency, minimum time maneuvers 
with defined starting and end conditions have 
oeen calculated in [9J. There was an advantage 
of exceeding maximum lift angle of attack and 
instantaneous penetration into the PST regime 
whenever certain geometrical constraints had to 
be ratlsfied. 

.A.ivjaf! i.,vnj..:v 

Cue cf the most applicable analytical maneuvers, 
for exan;e, is that of a 18C° change of heading 
wlt'n the additional constraint of returning to 
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Aircraft with DST Capability, atma* = 90J 
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5    Comparison of mimr.um time naneuver^. 
Result of  trajectory  optimizations. 

.J. Time     !::;:o:y     of    siniBus     >i = e 
- dMt*v.*'pa, S es u 1 t of ♦. ■• d j e c • 3 f y 
optieiiati '»nt. 

the point of departure at initial speed and 
altitude (fig. (5)). The same aircraft, however 
1 iKited to maximum lift angle of attack would 
follow a differed, optimum flight path and need 
sore time. Fig. (6? shows the associated tine 
histories Tor angle of attack and speed. 
Typically, the PST-eaneuver is characterized by 
a rapid pitch up  to PwT- in? ider.ces with a fast 

recovery into the conventional flight regime 
with only a few seconds of persistence at PST- 
conditions. 

Fig. (J) is a time history of the same 
analytical minimum time maneuver as shown in 
fig. (5) an (6), plotted in terms of rate of 
velocity vector turn vs. speed. It shows the 
type of PST-maneuver cycle which also has been 
found in actual combat maneuvers. In comparison 
with the a -limited optimum maneuver the PST- 
B^reuver features a lower average rate of turn 
(16°/S against 22°/s) but less total cnange of 
headings and a significantly smaller average 
radius of turn. Fig. (9) shows the energy 
management of both the conventional and the PST 
maneuver. 

Of   course,    there   is   a   large   variety   of 
maneuver   types   for  which   P£T-capabl1ity   can 
provide an advantage.     Mass point  trajectory 
alculation are useful  but   limited.    Actual   PST- 
aneu/er  performance will   depend upon available 
ontrcl   power  and  dynamic  response.     Fig.  9  is a 
iucmary   of   simulator   trials   with   actual 
aerodynamic   and   mass  data  of a  fighter  aircraft 
Jesign,   for which a  suitable  control   system was 
designed   incorporating   low   speed   control 
enhancement    by   means   of   t.1" efflux 
deflection  in  pitch and  yaw. 

For certain refeatatle maneuver types and 
for a given limitation in angle of attack 
(abscissa    ;n   fig.   9?    pilots   were    trying    to 
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Comparison of maneuver cycles for 
ninicum time maneuvers. Result3 of 
trajectory optimizations. 
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Energy   management   comparison   for 
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Results of 2 ii n f e i simulation 
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vo:tc:ei  r.cizle   .r.  j,i:cr.   ind  v -.-. 

minimize the time to accomplish the maneuver. 
Average rate of turn and average radius of turn 
improvement throughout each maneuver is shown in 
fig.  9. 

Simulated air combat engagements (both 
manned and computer simulations) have been 
investigated with regard to co&mcn 
characteristics of PST-naneuvers. Fig. (10) 
shows trajectories of a typical initial phase 
engagement of two opponents with equal 
conventional performance. Aircraft 1 is limited 
to maximum lift, aircraft 2 has PST-capability 
up to 70° angle of attack including certain 
control power in pitch and yaw. Both aircraft 
are equipped with the same all aspect weapon. 
The associated tinr history of turn rate vs. 
speed and angle of attack is plotted in 
fig. (11) and fig. (12). Starting at high 
speed, same altitude, and a typical positional 
offset opponents are pulling maximum g and then 
slow down to best instantaneous turr> rate by 
means of gaining altitude. At the same time a 
smaller radius of turn would help to get the 
opponent into own weapon off-boresight cone and 
to keep the opponent from achieving the same 
objective. A properly scheduled penetration 
into the PST-regime enhances both the slow dowr 
and the minimum radius part of tht combat, 
maneuver without a significant loss of turn 
rate. 

As a result aircraft 2 achieves its firing 
opportunity at a time still outside of 
aircraft 1 firing cone. It is important to note 
that this firing opportunity occurs shortly 
after   the  aircraft   has  returned   into  the  normal 



g.   10      Typical   air  combat  engagement  of a  PST 
fighter   against   a   conventional 
limited    fighter    with   ail    aspect 
weapons.   Result   of   computer   simula- 
tions. 

flight   regime.      During   the   PST-maneuver   the 
weapon was even pointing away from the  target. 

Fig.   (13) is another representation of the 
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\ / Conventional 
/\        Opponent 

Motion ana Ascect / \    Motion and Ascect 
Relative to Conv. rigritif /   \   Relative to PST Fighter j 

rig. 13 Typical air combat engagement. Re- 
lative positions of opponents and 
their aspects and firing opportunities 
Time intervals in jec. Result of 
computer   simulations. 

-ame engagement. It shows how the pilots in 
aircraft 2 (left hand side of fig. (13)) and in 
aircraft 1 (right hand side of fig. (13)) would 
view their opponents as they look outside their 
cockpit windows. Aircraft symbols in fig. (13) 
represent the actual aspect relative to the 
opponent at the indicated time intervals. The 
figure, therefore, also shows convergence into a 
firing position and the time in firing position 
for a given weapon cone. 

Aircraft 2 performs the PST-section of the 
maneuver (second 8 - 15) far outside aircraft 1 
weapon range in its backward look angle sector 
and is getting a first firing opportunity in ti.e 
23. second being in a safe beam position 
relative to the target. There is active firing 
time without counterfire for several seconds 
until the opponent would puss «?*ch other almost 
head on. The pilot of aircraft 2 is never 
looking into his opponent firing cone until his 
first missile bits the target. He recovered the 
anergy lost during the PST-maneuver right after 
the attack against aircraft 1 (fig. 14). 
Average speed of the PST-aircraft observed 
throughout many simulated dual and multiple 
combat engagements is only 5 - 10f lower as 
compared to the conventional opponents. 
Obviously, the aircraft is vulnerable during the 
high angle of attack phase of a PST-maneuver, 
however, the pilot has always the option to 
restrain if the momentary loss of speed 
constitutes a tactical disadvantage (provided 
conventional performance does not suffer too 
ouch from  its  incorporation  into   the  overall 

uesign). 

PST-maneuvers are consistent with the 
general dynamic characteristics of air combat 
with all  aspect weapons  [10].    There  is the same 

E  .lCSir. V ■.■"•»..'.«?'   ~tC *" " ""•? 

Energy   management    .r.   4    ->[--*-      . •• 
:cao«i   engagement.     P.osul*   of   Computer 



overall left hand maneuver cycle of the turn 
rate vs. speed time history with the addition of 
a 3hort term right hand cycle excursion into the 
PST-regime. 

lt.       PST regime  and  requirements 

Limits are given by controleability, engine 
power and structural constraints (fig. 15). 
Actual usage, however, is dictated by tactical 
advantages. For high performance aircraft 
(thrust-to-weight > 1.0) there is a low speed 
regime of possible sustained maneuver. In 
combat, howeverr there are no sustained 
ro»«euvcrs (constant maneuver states); excess 
thruat is always used to re-accelerate or to 
gain altitude. As a general rule PST-capability 
requires 

sufficient control power in pitch, 
roll and yaw at mach numbers as low as 
0.1 and incidence up to 70°. 

High angle of attack compatibility up 
to 70° at machnumbers as high as 0.6 
(4000 m altitude) for example with 
regard to aircraft stability or air 
intake  flow. 

Thrust/weight ration > 1.0 fig. (16) 
shows the time advantage of the 
optimized PST-maneuver (fig. 5) at 
different thrust-to-weight ratios. 
With decreasing engine power the 
observed maximum values of angle to 
attack are becoming smaller. At 
thrust-to-weight rations of less than 
0.6 there ia no tactical advantage in 
exceeding maximum lift even if the 
capability is available. 

Sufficient control power, particularly 
in pitch and yaw. 

Relative Maneuver Time 

' 0 

'•:. a-'3 ;<? :e *'V. c i:.4 

09 
rhrust-ic-WeiQtM Ratio 

Fig.   16 Thru3t dependar.ce of the time 
advantage in a minimum time maneuver 
with limited PST capability. Results 
of   trajectory  optimisations. 

Fig.   15      The    PST   flight    regime    (aircraft 
dependent,'. 

PST-maneuvers are characterized by high 
pitch rates and rotation in yaw and roll at the 
same time. Coordinated flight with zero 
sideslip requires rotation around tho velocity 
vector. Since the pilot does not recognize the 
velocity vector the control system has to be 
mechanized accordingly. A lateral stick input 
would have to produce more yaw and less roll at 
increasing angle of attack. This caused some 
confusion with pilots during simulated combat, 
because a pilot tends to use body axis as 
reference. 

As a result of manned combat simulations a 
requirement for velocity vector roll 
acceleration was developed. It is plotted in 
fig. (17) as a function of angle of attack for a 
speed of M = 0.2 at 6000 m altitude. A 
translation in body axis motion shows that for a 
conventional aircraft the demand for roll could 
marginally be satisfied with aerodynamic 
controls, however, for pitch and yaw a control 
augmentation would be required. For example, a 
10°conical deflection of the Jet exhaust would 
suffice if the nozzle actuation meets certain 
dynamic requirements. Such a nozzle would have 
to be integrated in the aircraft control system. 
It was found that nozzle control is an 
enhancement of handling characteristics and thus 
combat effectiveness even in the conventional 
flight  regime beyond  10° angle cf attack. 

5.     fiUfiiTft™ 

The capability of exceeding maximum lift 
angle cf attack - Post Stall (PST) maneuvering - 
can improve future close air combat 
effectiveness to a degree unachievable by 
conventional performance. The tactical 
advantage is attributed to a combination of 
fairly high turn rates and small turn radii at 
PST flight conditions in ail aspect weapon 
environment. PST maneuvers are short period and 
highly instantaneous and constitute a trade of 
short   term   loss  of energy   against   positional 
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advantage. PST maneuvers are an extension of 
conventional     combat    maneuvers. PST 
maneuverability requires an aircraft to be 
compatible with angles of attack up to 70° at 
Mach numbers up to M = 0.6, a thrust-to-weight 
ratio of at least 1.0 and a level of control 
power at Macb-numbers as low as M = 0.1 which 
can not be achieved by aerodynamic means alone. 
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WING  ROCK   FLOW  PHENOMENA 

L.   E.  Ericsson 
Lockheed Missiles 6 Space Company, 

Sunnyvale,   California 

ABSTRACT 

Flow mechanism« that can generate 
wing-rock type oscillations are 
described. It is shown that the slen- 
der wing rock phenomenon, the limit 
cycle oscillation in roll observed for 
very slender delta wings, is caused by 
asymmetric leading edge vortices and 
that vortex breakdown can never be the 
cause of it as it has a damping 
effect. For that reason slender wing 
rock is only realized for delta wings 
with more than 74 leading edge sweep 
for which asymmetric vortex shedding 
occurs before vortex breakdown. For 
straight or moderately swept wings the 
flow mechanism causing wing rock is 
two-dimensional in nature, closely 
related to the dynamic stall phenome- 
non. Pointed forebodies provide a 
third flow mechanism, asymmetric vortex 
shedding sensitive to body motion, 
which can generate a rocking motion of 
a slender vehicle unless it is com- 
pletely axisymaetric. 

INTRODUCTION 

The steadily increasing demands on 
performance expose present day aerospace 
vehicles to unsteady flow fields which 
generate highly nonlinear aerodynamics 
that exhioit significant coupling 
between longitudinal and lateral degrees 
of freedom*"3. The complex vehicle 
dynamics are caused by separated flow 
effects of various types, which have 
largely eluded theoretical description. 
Consequently, the designer is to a large 
extent dependent upon ex.sting 
experimental capabilities for dynamic 
testing , ,where dynamic support 
interference^ adds complexity to the 
already complicated separated flow 
characteristics.  Thus, it can be rather 

difficult to obtain a true description 
of non-linear pitch-yaw-roll coupling 
phenomena such as wing rock and nose 
slice. In the present paper existing 
experimental results are examined to 
obtain a description of the underlying 
fluid mechanics. 

DISCUSSION 

Fecent systematic experiments 
performed by Nguyen et al provide the 
inrormation needed to fully describe the 
fluid mechanic phenomenon leading to 
slender wing rock. The phenomenon is 
similar in many aspects to the limit 
cycle oscillation in pitch observed on 
blunt cylinder-flare bodies7". Thus, 
the roll oscillations of an 80s delta 
wing are self-excited and build up to a 
limit cycle amplitude6 (Fig. 1), an 
oscillatory behavior very similar to 
that observed for^ blunt-nosed 
cylinder-flare bodies 7 *. The roll 
oscillation, o -~$sin -t in Fig. 1, 
induces the following effective angles 
of attack and sideslip (on each half of 
the delta wing). 

EFF 

'EFT arc tan (tana  s;:. 0) (2) 
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without associated hysteresis). Both 
discontinuous changes of the aerodynamic 
characteristics are associated with 
convective time lag effects7 S10 . This 
causes the statically stabilizing 
effects to become dynamically 
destabilizing, as is illustrated in 
Fig. 3 for the cylirder-flare body. The 
separated shear layer impacting on the 
flare at time t, when Q (t) - 0, was 
generated by the nose at a time 
increment _t earlier, when the angle of 
attacJc was ür(t--it) > 0. Thus, a 
residual flare force exists at a(t) - 0, 
which drives the motion, and 
consequently, is undamping. 

Thus, the statically stabi.izing 
separation-induced flare force is 
dynamically destabilizing. It is shown 
in Fefs. 7 and 8 how the unsteady 
aerodynamics measured for large 
amplitude oscillations (£A) around 

■ ■ 0 can be predicted from static 
aerodynamic characteristics when 
accounting for the convective time lag 
effect (Fig. 4). 

A sudden change of the leading edge 
vortex on a delta wing is also 
associated with convected time lag 
effects, as is illustrated by the 
experimentally observed formation of the 
leading edge vortex10 (Fig. 5). 
Accounting for this time lag provided 
good prediction of the vortex-induced 
unsteady aerodynamics of slender delta 
wings at high angles of attack11 12 , and 
should also permit the effect of the 
discontinuous aerodynamics associated 
with the vortex asymmetry to be 
predicted. 

Two types ot separation-induced 
discontinuities occur for the slender 
delta wing. Cne is caused by the 
breakdown of the leading edge vortices. 
It is the three-dimensional equivalent 
to airfoil stall. For very slender 
delta wings another discontinuous change 
of the aerodynamics can occur before 
vortex breakdown due to asymmetric 
leading edge vortices. The asymmetric 
vortex phenomenon has been studied 
extensively in ehe case of slender 
bodies ot revolution13 I4 and has 
teen ooserved also on slender delta 
wings1' (Fig. 6). Vortex asymmetry 
occurs before vortex breakdown only tot 
very slender delta wings, "A' 1$' 
according to experiments'6 (Fig. 7). in 
order to use Fig. 7 co explore the 
effects of sideslip, , and roll angle, 

an effective apex half-angle is 
formulated as follows (for small angles, 
A  15',     15'). 

>K 0.\   ►.!** 

•1#A   •  tana sir.d 

:3a' 

3b 

The C|: evaluated from static 
measurements" for a 70' delta wing17 

shows the effects of both vortex burst 
and vortex asymmetry (Fig. 8). The 
first break in the Cfä -characteristics, 
at Q - 20', is caused oy vortex burst on 
the windward wing half (Pig. 9). 
Eqs. (3a)  and  (3b) give §AM  24.3° for 
a ■ 20" • 4 (C U evaluated   for 

A*a CCS i 

ßm ±4°). The loss" of lift due to 
vortex burst on the right wing-half 
causes the observed decrease of the 
derivative magnitude ICjuJ (Fig. 9). At 
a « 35' one obtains t\ ■ 15.l' for 
J« -45, giving vortex lift-off on the 
leeward wing half (Fig. 9). This causes 
a loss of lift which results in an 
increase ot the magnitude of the rolling 
moment derivative, ICfj(# in agreement 
with the experimental results (Fig. 8). 
Even more erratic C^ -characteristics 
have been measured on an 86.5' swept 
delta wing9 (Fig. 10a). The expected 
behavior, following that for the 82.5' 
swept delta wing, ( r\\ * 7.5') is 
indicated by a solid line. The zig-zag 
behavior of the dotted line connecting 
the experimental results can be 
understood if one studies the 
C^ (.^-characteristics (Fig. 10b). It 
appears that between i • 0 and -> » 5 
the vortex asymmetry switched several 
times, with vortex lift-off alternating 
between the two wing halves. A static 
hysteresis of J ■ i5" is indicated. 

Experimental results6 demonstrate 
that wing rock starts before vortex 
breakdown (Fig. 11), and that wing rock 
is associated with a loss of the 
time-average lift615, (Figs. 11 and 12). 
It is, of courre, to be expected that 
ehe "lift-off of one of the leading 
edge vortices (Fig. 6) will cause a 
loss of lift. Thus, wing rock is caused 
by the vortex-asymmetry and not tn the 
vortex breakdown. Figures 13 and 14 
illustrate the fluid mecnamcal reasons 
for this. At an u - "A combination where 
vortex asymmetry occurs, the wing half 
with the lifted-off vortex loses lift 
and 'dips down-, rotating around the 
roll axis (Fig. 13). As a result of the 
increasing roil angle o the effective 
apex angle ■■ \ is increased, Eqs. (3a) 
and (3b1, and the vortex attaches again. 
This produces a restoring rolling 
moment, the positive aerodynamic spring 
needed for the rigid body oscillation 
in roll (Fig. 1). Due to the convective 
time lag effect discussed earlier tr.e 
wing is dynamically unstable in roll 
until the amplitude has reached the 
limit cycle magnitude, at which the 
damping on both sides of the 
discontinuity suffices to balance the 
unda;nping induced by it, m is 
illustrated by the cy imder-f lare 
results l.i Fig. 4. According to Fig. 13 
wing rccx should start occuring for an 
SO' delta wing ( "A * 10'% at .» 2'', 
which is m excel;ent agreement with 
experimental results''. 
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Thus, the discontinuity introduced 
by the vortex asymmetry has all the 
characteristics needed for the lirr.it 
cycle oscillation in roll. Figure 14 
demonstrates that vortex breakdown is 
lacking these characteristics. If for 
some reason, due to external 
disturbances for example, the vortex 
burst becomes asymmetric, as is sketched 
in Fig. 14, the resulting net loss of 
lift on one wing half will cause it to 
"dip down". This increases o and 
thereby ~\\ , Eqs. (3a) ^nd (3b), causing 
this wing half to penetrate further into 
the vortex burst region, and no switch 
to a restoring moment occurs. The 
opposite wing half gets out of the 
vortex burst region, generating 
increased lift that adds to the 
statically destabilizing rolling moment. 
Thus, no restoring moment, no positive 
aerodynamic spring, is generated and no 
rigid body o -oscillation is possible. 
If ehe positive spring is provided by 
the structure, as in the case of elastic 
vehicle dynamics, the dynamic effect of 
the vortex breakdown would be 
dynamically stabilizing, damping, as the 
vorctx burst is also associated with 
time lag effects. Thus, vortex 
breakdown has aerodynamic 
characteristics completely opposite to 
those needed to cause slender wing rocx. 

Although vortex burst cannot cause 
wing rock, it is involved in the cases 
of wing rock observed for very high 
angles or attack*"1 lS • > }$' (Fig. 9). 
Figure 15 illustrates the fluid 
mechanics for 42' and • \ - 10' , for 
wr.ich a limit cycle amplitude of 

■ « 3* has been measured'1. At o « 0, 
~\» -\ ■ 10/, asymmetric vortex burst 
exists. The wing half with the largest 
lift loss dips down, increasing <o and 
"\. when ~A • 0 for o -IT and the 
vortex-induced lift on the t ^osite 
leeside wing half is reduced 
dramatically or lost completely, a 
restoring roiling moment is generated. 
Because of the integrated damping 
effects discussed earlier in connection 
with Fig. 13 the amplitude ..^ has to 
exceed 10 ■ ll' substantially before net 
zero damping is reached and the limit 
cycle oscillation called wing rock is 
established. 
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Nguyen et al ' showed that the 
oscillations in roll damped down to zero 
amplitude if the 80 delta owing 
( i\m 10" I was yawed to j ■ 10° at 
«.. ■ 27 J (Fig. 17) . This is, of course, 
to De expected as the windward wing half 
has "A>15:, Eqs. (2), (3a) and (3c), 
leaving it outside of the boundary for 
asymmetric vortex shedding (Fig. 13), 
whereas the leeward wing half with 
?£ < 5° remains inside the region for 
vortex-asymmetry. Thus, neither wing 
half crosses the boundary, and the 
wmg-rock-inducing discontinuity is 
never encountered. Correspondingly, 
oscillations in yaw around J ■ 0 are 
damped for M'l » 10' according to the 
experimental results6 (Fig. 18). 

It was noted by the authoru in 
Bet. 18 that the normal force measured 
during wing rock was below that measured 
in static tests. Thus, at a - 20 the 
mean or time averse normal force is 
CNV»K «= 0.64 for -vJ,IM - 14' (Fig. 165 
whereas the static data showed CsuH to 
vary from C\oh 0.80 to CN'()R 0.6 5 
when o increased from 0 to 15*.' Af the 
static data show no rolling moment at 

■ o - o for a < 32s, it is obvious 
that the vortices stayed symmetric in 
the static case, whereas in the dynamic 
test vortex-asymmetry must have been 
present to cause the wing rock. The 
likely reason for this anomaly is the 
large centerbody. Whereas a thin 
splitter plate of similar height has 
been found to trigger early vctex 
asymmetry also in static tests by 
forcing asymmetric staanation flow 
conditions on the topside-'u, the lateral 
extent of the center body in Kef. 13 
apparently allowed symmetric vortex 
formation in the static test. As a 
matter or fact the wing rock motion 
was not self-induced at < » 20' but had 
to be started at a higher angle of 
attack, in which case it would persist 
when the angle of attack was reduced to 

< ■ 20". Even at ' - 35' the vortices 
remained symmetric for 15 seconds 
(Fig. 12). This cannot, however, 
explain the big difference observed at 
u - 30 , wnere in the dynamic test with 
*'UM 30* CsoK varied between 

CsoR" 0'86 and C Nol{ 0.5 whereas the 
static test gave CNOJi« 1.28 and 
£.\!>H" 0.1 for o -. o and $ ■ 30' 
respectively. In this case it is the 
early vortes^ burst observed in the 
dynamic test^ that is the likely reason 
for the additional lift loss. 

I« regard to the usaue of the 
results in fi?. 7« which are cttamed 
fcr symmetric flow conditions. 

« -1 ■ 0, for the asymmetric flow 
conditions discussed m Figs. «. 13. 14. 
and 15, the following needs to tt said. 
Whereas vortex turst is relatively 
unaffected by the presence or atsence of 
the vertex en tr.e opposite wing-half. 
the  asymmetric  vortex shedding is very 

) 



dependent upon the "crowding" of the 
companion vortex. It is the strength of 
the vortex, represented by a in Pig. 7, 
and the closeness of the opposite 
vortex, represented by »\ in Fig. 7, 
which together determine whether or not 
"lift-off" of the vortex will occur. In 
a first approximation the effect of side 
slip on the "closeness parameter" can be 
neglected.  That is 

( -A) 'ATP? !<VL 
(
VRI

/2 (4) 

It is shown in Ref. 19 that the vortex 
strength and associated aerodynamic 
loads are determined by the parameter 
*«/ A rather than by u alone. 
Consequently, the indicated changes cf 
•TA in Fig. 13 should be substituted Ly 

changes ot <tt/'>A>EFF' That is- the 

changes would occur in the vertical 
rather than in the horizontal plane. 
The conclusions would, however, be the 
same in regard to the effects of roll 
snxli o . 

In Ref. 21 » simple analytic method 
is presenter, which can predict the 
limit cycle amplitude for the wing rock 
cnc illations  measured  by  Nguyen  et 

WING ROCK OF SON-SLENDER WINGS 

A completely different flow mecha- 
nism is the cause of wing rock of 
straight or moderately swept wings. It 
is closely related to dynamic stall. 
The experimental results--in Fig. 14 
illustrate that plunging oscillations 
of an airfoil can be undamped in the 
stall region. It is shown in Ref. 23 
that this will be the case if the stall 
is associated with a significant loss 
of lift. It is the "leading-edge jet", 
the moving wall/wall jet analogy dis- 
cussed in Ref. 24 (Fig. 15), that pro- 
duces the negative aerodynamic damping 
in plunge22 shown in Fig. 14. 

If an aircraft is perturbed when 
flying close to stall, the down-rolling 
wing half will experience the upstream 
moving wall effect illustrated for the 
down-stroke in Fig. 15. As it promotes 
separation. the loss of lift is 
increased beyond the static lift loss, 
more the higher the plunging rate Z 
is. Th.s generates a rolling moment 
that drives the motion, i.e., it is 
undamping. The delayed stall due to 
downstream moving wall effects on the 
opposite wing (upstroke in Fig. 15) 
will add 
moment. 

to  the  undamping  rolling 

Thus, the induced effects of the 
local plunging velocity Z will d:ive 
the wing in roll. What stops the win«j 
rolling motion to produce wing rock? 
Eq.  (i) and Fig.  14 give the answer. 

When the roll angle 0 has been 
increased enough to cause aEpp to 
decrease below asTAH, on the down- 
going wing half, the flow will reattach 
to generate the lift needed to produce 
a restoring rolling moment; the aero- 
dynamic spring needed for wing rock, as 
was described earlier. The flow reat- 
tachment is associated with time lag 
effects25, creating negative aerody- 
namic damping to be added to the "lead- 
ing edge jet" effect discussed ear- 
lier. Thus, the condition for wing 
rock exists also for a conventional 
wing. 

Associated with wing-rock is the 
oscillation in yaw called nose slice. 
The down-rolling wing half will move 
back due to the stall-induced drag 
increase. The increased leading edge 
sweep angle will promote flow reattach- 
ment, thus reinforcing the aerodynamic 
spring of the wing rock. For a 
straight or moderately swept wing, the 
side slip due to nose slice will domi- 
nate over  the roll-induced side slip, 

■''EFF in E<3* (2)' as a 1S SMli- The 

opposite is true for a slender delta 
wing where the drag increase due to 
nose slice is small and ^EFF 1S

 
the 

dominant side slip component ( a is 
large in Eq. (2)). Thus, one expects 
the coupling between wing rock and nose 
slice to be weak for highly swept wings 
and strong for straight or moderately 
swept wings. 

BODY ROCK 

That a pointed forebody can provide 
a third mechanism for wing rock, or 
body-roc*, was demonstrated 
recently2*. Wings and tail surfaces 
could be removed from the model of an 
advanced aircraft without stopping the 
rocking motion. Obviously, it must be 
the vortices shed from the pointed 
forebody that supplied the driving 
mechanism for this body rock motion. 
It has been established that the forma- 
tion of asymmetric body vortices can be 

and dominated by the body motion2, 

that the vortex that is not lifted off 
noves inboard to remain very close to 
the surface near the center! me of the 
body2b» 29 (Fig. lfc). Placing the 
cockpit in the inset sketch of Fig. lb 
and considering the data by Fidler-^ 
(Fig. 17), ori9 starts to see what this 
third flow mechanism is. 

It is shown in Ref. J. that at a 
critical Reynolds number negative Mag- 
nus lift of large magnitude will be 
generated at very modest rotation rate 
on a circular cylinder. It is described 
in Ref. 27 how this flow phenomenon, 
which is caused by moving wall effects* 
on boundary layer transition. can 
«iplam the results in Fig. 17. That 
is. the direction of even a very slow 
rotation  !«!»rsin«i  the  Street ion  ?! 



the vortex asymmetry. Based upon these 
results, one obtains the picture 
sketched in Fig. 18 for the vortex- 
induced effects on the cockpit. 

At t ■ tj_ the body receives a 
rotational perturbation as indicated. 
The upstream moving wall effect causes 
transition to move ahead of flow sepa- 
ration, thereby changing the separation 
from subcritical to the supercritical 
type indicated in Fig. 18. The down- 
steam asymmetric vortex close to the 
body generates suction on the cockpit, 
thereby driving the rolling motion. 
At t ■ t2> the cockpit has rotated to 
a position where it interferes with the 
flow separation, triggering a change 
trom supercritical to subcritical type 
separation. This generates a restoring 
rolling moment, which will reverse the 
roll direction at some time between t ■ 
ti and t ■ t3« At t «_ t3 the 
roll rate is large enough to cause 
transition, changing the flow separa- 
tion from subcritical to supercritical 
and generating a driving rolling moment 
at O ■ 0. as is indicated for t = 
t3- The situation is somewhat simi- 
lar to that for slender wing rock dis- 
cussed earlier. That is, a switch of 
vortex asymmetry generates the aero- 
dynamic spring, and the associated time 
lag generates negative aerodynamic 
lamping. The difference is that in the 
present case of body rock the undampmg 
is amplified by moving wail effects. 

The experimentally observed bedy 
rock-6 was obtained on a model that 
only had the roll degree-of-f reedom 
IDOF). For an aircraft In free flight 
the asymmetry will generate the largest 
effect in the yaw DOF. That is, the 
motion will be nose-slice-dominated 
«ith relatively weak feedbacx from the 
roll DOF illustrated in Fig. 18. How- 
ever, lax vortex mteiaction with An 
aft fir.—' this third flow mechanism 
»ay become auch more significant in 
regard to its impact or. pi tch-yaw-rol1 
eoupl ir.g. 

It should be noted that the third 
flow mechanism exists only in a limited 
range it Q and Re. Of course, the 
critical Reynolds number range may be 
relatively wile. as the transition 
induced separation asymmetry coves 
towards the nose tip on a pointed ogive 
;>r cone M the Reynoi Is number is 
increased    Fig. 19!. 

CONCLUSIONS 

An analysis of wing rock phenomena has 
«hown * he following: 

j Slender -1 ng rock is caused by 
asymmetric leading edge 
vortices. 

o Vortex breakdown has a damping 
effect on the roll oscillations 
and can never cause wing rock. 

o    Thus,  slender  wing  rock will 
only occur for delta wings with 
more  than  74*  leading edge 
swetp. 

o  Wing  rock  of a conventional 
wing can occur at stall if the 
stall  causes an abrupt  lift 
loss. 

o Body rock can be generated en 
body alone by asymmetric vortex 
shedding from a slender nose if 
the body is not completely 
axisymmetric. 
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Abstract 

' Forced unsteady flows are examined from the 
point ot view of potential application or new 
devices which are made possible bv the improved 
understanding of these flows.  In particular, 
flows are examined which require no  external 
driver but obtain their energy from the free- 
stream velocitv.  Other flows require no moving 
parrs at all to generate the unsteadiness. 

\ 
Introduct i on 

L'hstoady   separated   t lows   may  appear  as  a  con- 
sequence   >:   the motion of  the sunao.- of  the body 
or  as   a   result    >t   the   unsteadiness   in   the   flow  over 
that surface.     In rsarty  caseä,  when confronted by 
■such   flows,   the  objective   is   to  eliminate  or  at 
least   control   the  separation, 

!'lie     urreht   research  program h.is   take:1,  a some- 
what   different   perspective.       Hie  objective  o:   the 
program  is   to examine  the  dynamics  o:   :lows  which 
ire   : >rced   to   become  unsteady   and  to  spec i: ical ly 
consider  the possibilities   for  the  appllcation  or 
»uich   flows   I?, well   as  determining their basic 
structure^     In addition  to   the question of   identifv- 
::ic,   iv.'ices which    an  drive  a   flow   unsteady   in  a 
suitable  w.iv,   it   is   necessary   to  determine   the  com~ 
posit ion  and   ivnumios  oj   the   large  scale  structures 
created   in   the  periodic   ftow.     !'he   latter point  has 
led   to   t:e» hniques  which  have   some   utility   in   Jeter- 
- ■ i: 11: ^ - *   the  vortex  structure    ■!   quasi-steady   three 
;. iiiftisional   ! lows. 

flow visualization  results of  Figure   1)  which have 
an   important   effect  on  the   flowfield.     Although 
these nozzles  can  be  employed   to  control  boundary 
layers,   most  of   the  effort  has  been applied   to   free 
jets.     The   jet   is   controlled  by   the   rluidic   feed- 

back  svsLem wrapped  around   the  body oi   the  jet 
nozzle   in  Figure  1.     An  alternate  version  employing 
a  different   fluidic   feedback  has  been   found   to  be 
capable of   producing  an   unsteady  jet  even  if   the 
phase  of   the   jet   flow   is  different   from  that  of   the 
surroundings. 

Figure   1.     Smoke   flow  visualization ot   a 
fluidicallv  oscillating   'et . 

MOZZlE PUNUM FEEDBACK LOOP 

CONTROL K>R» 

>":u-n   . ons iderl a.«;   o« iibU ...-hi i nlquo* pro- 

iuco   an    insteadv   peri   di.    ft.iy   J rom  a  nominally 
•>',<  id.'   'low,   two   h.»ai      i '.equ-i remetU s   are   apparent: 

:.     ihe   Jevi   e   -lust   -'<•   -.e. hani« a 1 1 v  simple 
uid  I-.DV   : •   'ui ! a ; 
!:     ■•ssi':>'. ,   t:i<-   levice   should  not   require 

.    ' • : ;\.i ,    |)owi»|    '.       ir i Ve   l t . 

Si Mcma t I •'     ' *    t !u- 
■.•>   i . 1 it i :ic    |et 

titi-r   tin-   ;«rr:.< :i!    r--.i-.tr   h   pro/ram*   two 
.-s   i.i'.'c   >.-«•• er.p! •■.«-.!   t •   ..-•ii-r.itt-   the  : i •*• 
:<-:<.  •-.      lb*-  :irsi   i •>  .i  verier,    <:   purely   : I ui :- 

•atroil«?J   Jet   :i   //lo?»  which  satisfies  b.'tii 
i-   :V'|-:i!r*.c'.;-.   . iti'd   above       »ucti   .»   "'//.li- 

•-••    i   let   which  .>*, 11 l.ttor»   '. v   ~.  si:<-   to   -»i Je 
■■••• :lts   i :\   '. .ir .;<■   scale   *tfu   tur«"S      •»::   wn   It)   tie 

.; .•   ::«• !  ■■■■   Al'-'r ;-'     rt:vt    "}> I..NJ .   vnitore : 
.t.      or. '   ".i   hnel      .   i'r.in, i ,. 
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Another embodiment of a fluidicslly controlled 
jet nozzle is shown in Figure 3.  In this case the 
dynamic orientation or the jet is determined bv a 
pair of rotating valves located on either side of 
the nozzle exit.  Since the jet is always int lined 
toward the closed valve, this nozzle has the advan- 
tage that the phase position can be controlled in 
addition io   the frequency,  A disadvantage is that 
the control valves must be externally driven. 

Row 
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r~ 

Figure   '-..     Schematic  of   the   rotor vortex 
generator. 

":ie  second    levioe   is   a  our;  shaped   rotor   shown 
i".   !'• i ■■■.re   4.     As   the   rotor   turns,   ami   as   Long   is   the 

velocity   is   greater   than   the   tip  speed 
r,   the  appearance   of   the   rotor   tip will 
hf  production or   a  vortex  behind   the 

flowfield   thereby  produced  has  been 
round   to  have  application  to  controlling 

flows  on   aircraft  wings   (Figure   TN K   helping  re- 
!Ctaohment   on   rearward   facing   ramps   (Figure   3b), 
:~p-ovi:i;  Tixing   in  a    lump  cOribuStoT   (Figure   ">.  >, 
liii:  coivtrtvi 1 ing  the  : low  Mi a   ti::'iscr   l Figure    >a •. 

1 s' ream 
M  • .he roto 
re s i lit in   t 
rot' •r. The 
Of " ■e i and 

!    .rv    »a.       n :u-"1.41 i      •:   vofte>:   gen«r.i: i   n    m   r he 
.;".'<••     >'if!  in     '•     lit    il * "   ■ i : . 
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leads   to  an   improved  mixing  rate  between  the  fuel 
and  oxidizer.     The  presence of   the  unsteady   flow 
in  the   diffuser   (Figure  5d)   has   resulted  in   cases 
where   the  diffusion   is  more  effective,   especially 
at   larger  angles. 

Figure 5c. Schematic of the vortex generator 
applied to a dump oombustor geometry. 

—   D 
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Figure   3d*     Schematic  of   the   vortex   generator 
applied  to a diffuser  geometry. 

Cu rrent  EffortsS_ ''' 

The  design  embodied  hv  the  unsteady   litfuscr 
experiment   (Figure   3d)   can   be   adapted   to   the   rotor 
jet.   experiment   shown   in   Figure*  »i.      «he  rotors   ire 
located   it   both  sides   ^i   the  nozzle  exit   and   . an  he 
operated   in  anv   phasi    relationship   r •  each     th.ef   ' 
produce   lifferent    jet   flows,     operated  i :i   in   iit- 
ph.i .i      ondition,   the   rotor   tips'    ippeir   <i:iiii i- 
ne.uis i v   i'nd  'he   resulting   fi.'W   is   i  ivuiMuc    et. 
' 'per it : :ic   t lie   ret ors   11;    ill   ■' at- -f -phase        :: :i t; >:i 
t esul-i»   iti    i   •<■ f   iiliifc-;i   ' i aps   • r o".  •, i ...•   t     ■■i u    ill 
'sarnier   •iiü.i !ar   to   that    >:   the   ! lui fi   ally    '•..:!...!- 
ing    et   (Figures,   '.   .in.:   IK      In   mis     ase   the   -et 
vort-'S   -tr  :cj   .re    iown-t re..:-    i-.   ewn   >f.'::.v:    slnve 
it    i •.     toit.-:   bv   t!ti-   ! o.u-s.      ; ;.,•   ri-.sults    '!   :..■!*.< 

• !   : iu-   :ie! a      «i    -y    show.,   bv   I r-tfis-Vi'tatiiii   '  '    i 

as-.- :    l :i   ■ !te   '.•   : -wing   •■• • t i   M-, .       Hie   |V suits 
. .c.    ,   ! r tns ■ .«rr-i.ii t .'".i    its    -.,'.o«.■•,   •, • )   f'[ •••! <       .   »'u-11 

~*  \ 

<   ■■    >. ;>: >.    :::■!•.:      : •.'.%■    .    •<-:   •■:<■•..       :     .:■. 

i   <-:;.•.•:   • :  •■«■   t rs.it ••■<••■    i    ••■    ir it. • .:i :.n . 

i . a .      •<   ,   : •<    ■■   r. i   «*•.«■:•.»: '.<■  * •.•■•: I  •„   :      • .• 



Figure Rotor jet flowfield seen in a moving 
coordinate svstem. 

Another! problem ai  current interest is the 
application of the rotor vortex generator to 
reduce the drag LH" a blurt bodv vehicle.  An 
example is a win  in which the objective is to 
reduce the drag but to affect the volume of 
the van in a minimal wav.  Thus, simply stream- 
lining the van has severe limitations.  The 
method proposed is to emplov the rotor to 
-nable the flow to turn through a iariter am;le 
liivi thus only require a small loss ot van 
volume viue to eliminating the rear corner 
is shown in Figure 8.  hi this figure, the 
transformation to a coordinate frame 
structure dominates the flow and should Lead 
to .[ dra< reduction since it substantial iv 
reauces the Size 01 the wake behind the 
vehicle. 

through an analog to digital converter.  The probe 
positioning has been automated in one direction and 
is driven by the microcomputer. 

The velocity of the air at any given point in 
the flowfield is continuously measured by the hot- 
wire probe.  Since the structure of the flowfield 
generated by the rotor of Figure 4 is coherent and 
synchronously varying with respect to the position 
of the rotor upstream, the velocity is sampled with 
respect to the position of the rotor.  Thus a com- 
plete "time picture" of the structure is obtained 
as it passes the probe.  In addition, the coherency 
of the flow structures allows the signals from 
several successive rotations to be averaged to 
improve the signal to noise ratio and reduce the 
effects of turbulence on the measurements.  The 
signals from the hot wire are processed and recorded 
bv the microcomputer through an analog to digital 
converter. 

The shaft oi   the rotor in Fii;urv 4 has been 
fitted witti a light chopper disk ot two tracks. 
One   track has a single hole used to indicate the 
start oi   the rotor orbit and the second track has 
thirty-six equally spaced holes (every 10 ) used to 
indicate the position of the rotor in its orbit. 
These two tracks are "read" bv light emitting diodes 
(LED), photo transistor pickups.  The resulting 
signals are passed through an interface which pro- 
vides signal conditioning to prepare the signals 
for the microcomputer. 

^ ? £ £ i 
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•   rotor when 

van. 

A  Third   ire i   >!   current   interest    is   the  uv- 

:ia::.ics    ■:    ut   initlallv   :v   t i '. i 'u-.ir   vortex  structure 

Lu-.il    *   «all    .-ou-r.ii «-a   bv   the   rotor    levUe   shown   i ;• 

i i .•ufv    ..       '■    •   hr-:itl.      >:    the   lv:i.i':;i    s   which   such 

»trui! ire  undergoes   i •■   ihown   I»  Figure   '.     Kr»»«i the 

tut     :    .'lew    •:   .ippti   at Ion,   such  a   flow     on.Ui I «n 

in   irl.-n-  behin>i  verv   rapidiv   changed   ler'Mvi.imic 
onir • 1   sur:.». es.     Ihe   Lit a   i. >j'ii-. i: ion  svstera 

te«>   ri:>e !   1:1   the   : ■ ■■'. 1 "«■ iin:   se. t Ion   has   been 
ieve ;o;»ed   ■. ;>e   i:i   ally   tor   this   invesilg.il Ion  and 

<•   t'tii.il    result;:   will    >«•   shown   in   that    se   tlon. 

Ihe   results  with   oid  without    i  shear   I low   -«roillr 
:ie.if   the   v.ill   ar<-   discussed   in   Kvieretues l-'and   1" 

:■;■.:-. ..-tit.it i   •!   .»:•. !   .Mli   A. 'laUlti  <i\   '.  «r   r''i. ed 
ii:,: eadv   : 1   '«••. 

■    Lnst fii-irr.t 4l I   Us   svste-   !;.IN   been    >M gtie.l 

«•!-,::<•   t;»e    l!   • '■ ->:it ./u-   us   ■. ,• 1      ;-..-•.      !    : :.«■       <v 

■   : ■■■ :      «herent    : 1   w   •»:::. t ut <•->   in-X.. e i   ' ■   tin 

:    •        >\ i •;»    >••   -o.   -:•   1".   ; l .  .:.•    . .       . h<-   ■.'•- 1      :'. 

Ihe  position  oj   the hot-wire  pi >!«»•   i:i  t .<    : 1 •■« 
:ie!d   is   i'.ittiill'.       impute!    .  «utroliea*      live   H-.I,   O 

set   wli-t'v   the   height     >".   the   probe   ::  ■-   the   t innel 

! lnor   t s  computer   c>«tur<lleJ.      Ihe   pi   be   i •.    iri v.-:-. 

up  o:   down   bv    \   1H'  *..»l ■:   attached   to   .i   le.id   •.. :c 
wiiSi    i   .' ■   t urn-per-luch   pitch.      Ihe  bo.tros   <-:,.:  • •: 

the   lead   v n-.   is   : : t t <• :   with    i   l"l«?nl      :;■••:•,•:     Slsk 

: tie   probe   : -.    :.;<•. led   !.-.    .inoihe!   l.i.o-.••heloif a»si M 

1,'wnstre.t       :   the   h   t-wfre     r   !>«•.      :\«   si.tiali   ::   ■ 
: • ,      ::.■■:        .   .• :/•■    u ■-   « »•. .<- :   '.    i—i.      t;-.,    :■:..•;.. 

he   h   '. -i. I re      : : •■   ,   •*»: l 
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screw.     The position accuracy at"  the  svstem has been 
found  to be within + '; turn of  the   lead screw or 
about  0.020  inches.     The bottom indicator has  a 
reproductibility of better  than 0.010 inches. 

A computer program to  record,  process,  and 
store  the  data   from the hct-wire probe  has  been 
'/ritten  and  tested.     The  program takes   100 samples 
of  each  of   the   two  wires   in  the  probe   for  each  of 
the   So   positions of  the  rotor.     This data  is 
averaged and  reflected  through  the calibration 
curves   tor   the  hot wires   to yield   36   two  component 
velocities  for  two wires.     The data is displayed on 
the computer  console and stored as  a disk  file  for 
further analysis.     The  procedure   abcve  is  then 
repeated   for each probe position.     In   this  runner, 
the   complete   time profile of  the  convected  structu» 
is obtained ulonn  the probe path.     The  probe step 
size   in   the   right   direction  is  programmable. 

-ore   I'.Ki.     KTovtielJ pr.-.m a.-d  bv  the   wtcr  in 
i i cure  ■*. 
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\  tvpi    li   result   obtained   bv   this   system   i« 
.:■.•..■:.   in   r'i.u.    10a   for   the   :lowiield  produced  bv 
the   rotor   In  an  instantaneous  position  rotated   !    * 
:<••'..'. i'n   in   ihr   cloeka.isv   Llreitt-Mi   from  th.it 
,ii iyn   i-i  »i.-.ur»-   ..     N»<   .-'itex   is  ■    i ii-nt   in  the   .iat.« 
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The remainder of this paper will concern itself 

with the fact that an external driver or power 
source is not needed to turn the rotor shown in 
Figure 4.  This result improves the utility of the 
rotor and additional potential applicntions are 

discussed. 

The Self-Powered Rotor 

The results and potential applications of the 
rotor device cited in the sections concerned with 
past and current efforts were based on a rotor 
requiring an external source of power to turn and 
generate the vorticitv. Kith proper design, how- 
ever, the rotor motion can be self induced with the 
required power being drawn directly from the free- 
stream velocity*  Perhaps more interesting than the 
fact that the motion is self induced is the 
direction of rotation.  As shewn in Figure ^., the 
self induced direction oi   rotation is counterclock- 
wise.  Therefore, an increase in the rotational 
speed will also increase the strength oi   the 
resulting vortices. 

The basic mechanism which drives the rotor in 
a direction yh.Cch opposes the freestream velocity 
is shown schema t i cal I v in Figure llu.  Hie relative 
pressure distribution is shown on the exposed 
portion ot the rotor for the given configuration. 
Although there is a stagnation pressure effect near 
the upstream side •1! the rotor., the remainder ot 
the upper surface is lonüruted :>y a low pressure 
listribution.  One might sav tuat tue rotor "flies" 
in the freestream.  Fron, the distribution, it is 

clear that an Integration vielding the moment about 
the ixis tf the rotor will result In  a cuuntcfcluck- 
;,i-i inonent. 
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The startup operation of the unpowered rotor 
device is as follows:  Even if the rotor is well 
balanced and relatively free to turn (i.e. low 
friction.il resistance), at !<>'•* freest ream velo- 
cities the rotor remains in a static orienta- 
tion.  As the freestream velocity is increased, the 
rotor assumes the position shown in Figure lib with 
the cusp shape directly above the shaft.  A further 
increase in the freestream velocity results in an 
oscillation or rocking of the rotor about this 
position.  The amplitude of the oscillations in- 
crease with freestream velocity until the rotor 
begins to turn in the counterclockwise direction. 
The rotor was never observed to turn in the clock- 
wise direction. 

>     » ►—+- 
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Fiuure 1.1a.  Seit driven rotor speed as a 
function of freestream vetoeitv. 

nie particular rotor discussed in Reierenee 10 
has been examined tn letai'l to deternine the 
relationship between the Creestreara velocity and 
r'tati 'hal speed it produces*  Hie results, shown 
it-. Figure l_\i. ire well represented by a Linear 
iependence.  This result is emphasised by the non- 
diüiensional results si Figure Ub where the rota- 
tional speed is reduced bv V :1; the freest rear!; 
velocity expose . rotor height.  Except for low 
freest ream velocities ivheri- b«ah the v. tov-ifieS 
in«j :.iie r tational speeds ire less .»•■.-» 'üaiei , the 
reduced rotati nal speed is uarl--' const mt 

It should be emphasised that the results of 
Figures 12a and b are singular results for this 
particular rotor shape and for the frietional 
resistance ox   this bearing configuration.  A change 
in the rotor shape or the frietional resistance 
would change the value of the curve but is not 
expected to affect the functional dependence. 

From the point oi  view of potential applica- 
tion, the. fact that the rotor can be employed 
without the need for an external driver is signi- 
ficant.  It will allow more widespread use of the 
concept behind the device, namely the potential use 
of unsteady flows to achieve results superior to 
those round with nominally steady flows. All of the 
rotor based devices discussed in r»he preceding 
sections will be positively affected», from the point 
o\   view o! application, by the possibility of self 
induced rotation. 

!I Eher Pot ent i a 1 App 1 i >- at ions 

A wide range of potential applications exists 
or unsteady flow devices*  Since an external dti\er 

is unnecessary to power the rotor vortex generator, 
the potential applications for this particular 
technique have improved.  The following examples 
are ail related to flow control near a solid wall 
ana ire not meant to be at all inclusive.  Many 
other embodiments ot these concepts will appear in 
the :uture. 
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Fron) the  point of   vUw of  the  influence  on  the 
flow,   the   concept   suggested   in  Figure   13a   is   likelv 
to  be  superior.     However,   supporting   the   required 
structure within  the   geometrical   constraints  ot   the 
nozzle   lay  become  difficult.     From that   point   oi 
view,   the  suggestion ot  Figure   Lib niuv be store 
asilv   achieved. 

'" '.j^y -':'•■ 

Another  ireclunivta!   concept  whiiih  allows  the 
■ntr, ;    ■;   the   phase   itULe   i :i   Uvli-tion  to   the 

■■>•::<.■]•:.■■   is   ihowii  i:i   -i.:inc   U   tnd   is   related  to 
i*i    ■'.-.•l.    Fnowii   i-t   Figure   i.      '.n  this   /ase, 

: :>•    :..•/.■•   '.i-t   be  designed   such   that   the   flow 
remains    itt .   ued   to   the   wall   when   the   rot.irv   valve 
: <   ::>   t lie   ope:!   position   shown.      ''; •• -u    'losing   the 
r 't irv      tUv,   the   jet   detaches   t ro.m  the wall   and 

■■'■: ■■  hen   to   trie    tpper   lip   >:'   the   nozzle.      the 
:' s tit    i>    i   wall    jet   which   flaps   up    ind    ! <wn   and 

•    :•:.<•*   in   intermittent   flow   it   the   sur: ive. 
'■.; : i • ..•!.  the   phase   m^te   is  cont n liable,   tin-   rota 

i     e   ■ .■■{   r>e  extern ill-   driven, 

•.:.    i . ! et n lie   •■■ bo ii r.vttZ     ■:    t he   : : ; i it . '.i . 1'. 
•;' •■'   ■'■'■'■     ■■'■   shown   in   Figure   J   i:.   ipplu-^i   to   i 

» u I     ••'     o:i! :.• ir .t :   •:   in   Fi .• ;re   1 j.     A   : ■•<■ li 
'fine   res      -itroi   ports   A   m-i   H.      Ihe   re»ul- 

i",!   :'    .   :.*.   lit   in   intermittent   itat'pinv  wal .   'et 
i ■  it t-.*    :■!   ' I".' e.i     iV    till-        '!1. r[".S    hi 

•    t:eS    1 ;      •.!'.,       : h<     i tv tnt .i .'<•    ' '    t rte   ! .tl L'. 
: 1 It        leV I    «■    i s    the   e . isin.il I..-!:     •:    .*! I     ioV'1  :- 

ir'».      Liu-    i; rt.tav.eal a.',    t •»   t :•.«•        ss    ■!   -. : -: .i- 
•'••.••'■ nt ro*    t::.;    (   re : •,, ,- :    i-    i>r[      :    '.    rto. 

cease.      fhe   flow will   reattach   to   the  wall   and   the 
process  will   repeat   itselt.     The  net   result   will   be 
an  intermittent   fluid  "flap"  without  the  need   for 
moving  putts. 

Figure   lh.      Schematic   of   u   fiuidic   device,   to 
produce  an  intermittent   i lapping. 

unsteadv   '; »v   >h   the   rieid,   the   coherent   vortex 
structures  need   to  be   identiiied.      tiiis  will   : hvri 
allow   the   tra ;e> tories   '!   fhe   *t ruetures   t-    'e 
Ivuind   cid   tints   link   the   st: ,. tures   to   the   time 
o'f!.u:rii  !■::<•   [-,.      !'wo   techniques   have   been 
developed   i-rvd  examined   in  detail.      Ihc   : i rsr 
lt-pendh   upon   i   Fourier  trans: irmatton  oj   the  entire 
fl«iw!ie;di     Mote   recent lv,   another   inalvsis   has  heat 
based   upon  .!»•     .".posiiii;  the   flow  velocities   into 
various     o:v,>  :u-:.ts   i :i c 1 ud{ :K;   r   tit i i;i,   trans! iti   n, 
expansion  ana   ■hear   «-.  siiown   in   Fl^tre   I *,      rite 
rot.it j-o:i.ll .I'-tu-nt   has   :-r--t-r   to   be   verv    :se:  :! 
l::    lo. .i! i!i.'   tin     .'ertrX   st rue tares   bei   i .sc   it    viel.is 
i    leriitiTe   pat', efi  whet!   those   < t rueturesi    »re   iti 
the   : iei i.      An   example   i •>   sttuV-fl   in   Figure    LH, 
-:.»!>    twi    vrte-   ->tru. :'.irrs   vrre   :   uu !   in   the   ■ ie. ! 
'•ehtjt.1   titr    vortex    -'eV.e t".i t •.' r   o!    Fi^'firc    ■* .        i'he 

'.   le:   regions   tiii.il   ate   »  vortex   in   the   1 »wer   !rü 
mi   tppet   ri-;hl   portions  ■•:   the   :;<■;.!   »iid   . orrespond 
• e I i    '      the   result»      !    !Fw   •.•: s u.». i /.i'. \  ■■:. 

t rent   <•' '    • : •■    ft <     tn.Je"».tv   :     .-■tc-::   '-.r 

oi-i      •:       ;.tit       Vi'.e,-     li   .«::.->i     .-.      pi:":r:    ■••<. 

'hev«    rMi ; : •.    ir>-     .i-t :     ü   tiic   *.*nc     rr:.   .   :;.i. t; 

'tl.litJ    !»a     i: •>     :•>■>«-;    1'.!   ;\<-    ■•.-•:   r    .    .        '   Wever, 

' 

■ .       ; . < r ■» t .i'     .    . 

,    ■. 1     ' . 

: • : 
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'".••':■;:       insrrtii.ly      tests      on     i    : ill    scal>?> 
li'lLatinc    tutihiYl-sjuxiin:;    vi:u'    h r.'o    :;;;own t!tat 

!v'i i.-.ic   still   ;>fu»nor.enoii :'>r a  swnpE  wiriß "io»l©I 
sl'.ntfleantiy   iiffervit  fron that  for  in   inswept 

*€v*!ril        ■■ritic.il        ■*easHr«ä-vmts        in 1 
'. - :l.irior>;      r «1 itiv»      -. ••    •.:♦•    !;u!;avi'vr    of    -.'.•< 
•   . ••'    •''.».     .'»r;     :.i !■',     L-r-1 ;!:•;>:   rhqriwis« wav* 
>•> :     ■:"    th«.»    itaiVirv:  virtox,   tSvo   I* en*«  • >:.  ;i*:i; 

! •      :■'••:;!.■■•:••■     <>:   Ciif   .*>rt«»\   Lrv^'ption  .i:ir-l^,    a:;: 

. . ' 1 .:.;■'■"•'•''. 

rib'Mie'rtt coefficient 

:> pressure coefficient   listriuutipn 

airfoil   pitching  frequency,   '•;:,   " 

:horiwise  r<* Is;::»' !   fr^'jueucy,   ! ;. 

tvruv.i :   ;T''s.-.■;:■••     ,i ;•» !    >•.    • ,nr '■■•' 

i.   C 3J 

-'.,»■•,    ! 

' X * i,-:-l:    i' "."   t:  ■•.'••   ' 

i .-. • 

r.r» - :•.   it A; - 



!"■••» tata base for the present stu-ly wag 
.»btaineil fron aerodynanic experiments perforce 1 on 
in osciliatinf; tunnel-^ panning winß 'TSW) in froth 
u:is-..'ept irid h) lev, swept configurations in the 
!*n,ite.l r<>chnolpt;ies Research Center O'TKO '!ain 
..'i-,.i ; innel, The chorlwise profile taK^n normal to 
tho '•.'i:if,1 lendinv, •'■:<•,'' : s i hv'A 0Q1J airfoil. \ 
'.IT it led lescriptioh oi the *>_»;>t pro^r*. can '♦• 
:\iimi in Ref. I, an-! .in anpl Ificatton öf ehe 
:at»rial liscussel here is presented in Ret, 2. 
7he ;iri>>tors : >r "his test were the win»- sweep 
intl-S   ...    the v.plitude   •>:  pitching motion, ■>,  the 
••.I-: invle of it", ich, j^, th»1 pitchine frequency, 

• , ihd - ,e ipproäeh ''ach ri'trihet» ':x. rhe -'rt^ct of 
■'.■•",       ..-as       uv'T<>:ihtti !    for    i:i    the    hrir^aLi/ition 
r >-;e ;.•; 'V :•; srrihv, til '.it 1 to Chi? :o'-.p»!Hirt£ il 

'..»";   ■'. ;■■.   'T,   '!c,   -..»"'a1.   "i   Che  win»',   span, 

M    - \,  cot A .1) 

;.:    crlpi  i;   i'M:)t<v;  th«   ?horiwl*e   iirectlon.. 
•.:       ;::••..::•"    hit i   ;»:•  .ihtai n» 1   : >r   slnusoi ial 
.: . ;     t   '■::   -h»1     urter   :..<^r i   iMs   it   two vil :es 
c , -    vi'.   ■• • 0   : »r each val JA of   A-   '   i«v: 

,"    '.   :'.. :  " .'"  • • "iL i«■ i   >!   i»^   !e •   HI]   L'J   Jeit) 
.:      •• . .   i.j •,!*•.    >:    lf.f       "'^  :     ,    ',   l-1    ml 

Ml        r.   1 ■■;       .••:■'     ;e,is ure 1    ". -i    a    plane 
'*:!* ••:'. :•       t i       : ,o       -ran     !•::•;.       T->-;t:>     were 

. :: -    •. «• ::'.•'. ■» ■. t   . s 

\ = 0    a --        a     =  9    *: =   10 H2 

Mta = Ö-. 30    k    = > 125 

!i.   !   i      P^.ESSUKE   .■"•'•■'P £ "■" rL'J~, LEADING EDGL •-•.>!,'. 

Cj,   (A ,t)   -   -   pi, ,t ).'qco»V. 

.'.   "Mi vi'.ess     ,   -siti   n  ■■■'. >:.?   i:.* 

. r      -t "... *  ;.'.*• 

i   vr*  t- - ■. •: t   i <*'. 
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U. : EFFECT Of SWEEP AUGLE ON OVERALL WAVE SPEED 

9° 12° 15° 
A - 0"  O   A   D 

V= 3J'#  A   ■ 

L-j.     tit!    !•;.■$-1    t.i<*    '. •: *.    seal'1    t«    measure    the 

:i4itnis     lr ».•    In      p vh xhe vicinity of   r=^.17 
..   Li   •:•;') ;*rily   i;?-;oeiäli-'!  with   lyn.iiric still 

• -■■       :.; Lilly      iH-::f ib'ftti     Si     the      fifvatloil      .:J ! 
■• :..i ;••     . »s.t ••>   vf  1 stall cell   sr vorte*. 

U"       •. .i ;       ;.'.r; >-'t     plot      1     set     of     constant 
• .•.■•     :n-it >'i.rs     . ivi'jarv   .\»s   :onstrjct«i'i  in  Civ« 

plane     1 ■■     v!'i«M L-i    i '..   1:>.    The nu".t>ers that 
l   •.::i^!  - :  each   contour   if"  villas  or"   in-steady 
\3     »hown    L:i    ''"'-".     ',    the     It.ruction of the 

• :'   _• -nt: >ur   '<tr» vs  iientities  the   lirectiori 
:.-. '    ;••;• 1. ..v.itto'n,     |n t   1  simple ostl-.at-r o:   the 

1 -     '-.vietintr >t-'s     >n    -,.*. 
IP - i:;:;t> rtlon 
l.'.v !: :►■, •• L'*« 

H»r 1   local in:i 
: .   • :•;•• :   : or 
• »rwar'. 

►t   0:    :ont >;r 
.• • •;.•    • .- ..\\-r-     ,  ••<>;     i\-'-r    the 
i*      >:     *. :'• 1 1'. ■     :'.'.<»r 1.     • h: 

>•.•■■•, : >■..■ ;:•: s ncrea ;'-'.■ ti-.e .*•; the chorl 
•I.'*"■>«:!  '• r< '.   'r>".r   *■•>   :--.ir.     The   !i-.«*:i-".i i:il'»s-. 

.;         . ,r '. .«*:.■»•*:     t 1     ela'He!     * L -••      ■>'     the 

»«•fir  •.-•  If 

c '■«■ 

serpents if liff'rent slopes. The end points oi 
the first s-egnent »re iehore t .y .'.Q, 

rj) anJ '1» 
•■x ani those of the second se^'ient :;y L'oi '^) and 
;*2» '2 -^ ^ence, there are actually two tistinct 
retvions within the first 15 pore-- i if the choti 
that have .Ufferer.t wav spools. -"or this 
particular exa:\pl<», these values are ''■()» ' 1 ♦"'■ 2 -* ~ 
• 1.00M, ).0:S, ,J.W/, CV>-I • '2 ' = •-.•-:. 
0.1>5., 3,137), ind with <c - -'■'••-"'. ip; li :ation of 
the wav« spool !'.;. L-0 v*i*"Ii:a '.';,- Q, - )*')3.i yflrst 
30;yient), '-WX2 ~ '•'*' Csoconc! se^rle'ht^, in.i 'WQT ~ 
..'. i'i'i ^overall, l"'--*, whet« the wave speei 
suhÄcripts natc!; r!ie subscripts of the initial an! 
oril-point cöörJiiwtes of the •;e»»'.■■■*nt in piestion,. 
rurtHer^ore-t ^'i!1:. !•* 01 Kef. - for the •vitir-' c'hor 1 
shows that inother Siäoontinuity can i>e loftned 1: 
'.i;'1 1* p'Tjoat :iior 1 station, >•>; .\r it in.-, the 
: >rvar: fortiori fro'i the .ift reivinri >: ti'.e :hor 1, 
i.-.;>lvin»' aJ.iitional rweJ cha.v,'?*« v' >•>•. the :hori, 
: ii 1 list ->or 1: :ut>> point L? • •; ■/••ri ly ■ j, ' j ) - 

. >"i,       .-••*,      vn!  two   1 : I: * i■-:i.il   .'.ive     prte-1.3   ■" i:i 

:nv-l,     ,.:•- raplily   .ver  the   -••■:::  «fv.,«*nS   .V^12' 

!''.ir 
h.ir i>' 

it tains     it s    hi ■.'.«•st 

'23 

; 1"   .'.1 ••    '•:'   r .«■ '.  t<  ■• . 1   '.".••  "". f!*r*    •: 
:.••     '.>■;'.    (  irs   <•'  '!••>    »M      ..-    ..*••:    1:1!   '    «• 
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: i.   5    F'rtCT fJF   S.vEP ANGLE ON WAVE  SPEED A'  SEVERAL CH03DW1SE LOCATIONS  :0R 

-',;?;<•»*     .■.•~;boli    'is«.:      circle, ri.'.ht    han i    panels .yr« the cwp .iveratfe «ave apeo-is, 
iir1'    .in-:    the    vtrlatior:    of  the 
v.r.-    inter«*«:    for >Moh t i:?iro  La 

:.wo2 
•"03 

>ver    the    first    LI  percent ■>:  the chori*  .in! 
over      the    entire    chorf,       i T';e    latter    is 

»"vj   >:   the upper   ml  lower panels 
f-'.l itU'tO 1       -5'iU'..'>        t       :!>•(•: It»* I hi»! 

is    cl*Mr    rhar    there  Is   '»uhst.ihtiiHv  :u> effect  *i 
■5-01».i     uv.le    ön    the    local    -> iv"     speed      »vor    r he 

,-.irt*on    of    tin-  left aii-S ri •fit for'-.irj      I"      percent      .)f    r ho     ?bori(     either    l>y 
■:. : :!-->    iiltiWS   i    i ivlll    ! i:'! or.-ico , ■v.v.i'ur.'.«!     i: 
:■.!:■.•.:•••. that   the >»:fect   >f "c   "'• fr«1*,    the    r-'nults    r'oi    >wy:v    VIft^iMy all   •>: 

t. t 

;.."".-     m-'l'Vi       I-n all   : our w ivo     ;poe 1    versus    th.it     !<>r the   ,..■>•;>:  ivi.*v..    Tnts 
.•..••  ipee 1   lor   t.'ie  sjrirtvept   wir;*- :"•:'.-      : •--   representative  .?:    ill    \ises   •\t.:•:"!.     If 
■.».isistent ly     in:  U mi! i M.ntly 

vt     • <>r    tV     ;•••'': t     vi I •;.'       <■> I v ! 

i-r     :..or twi-se   . v.--   ...■«•:  L:i •;..••■: 

■ ■•   t-     M    .-a.iv 

l#:3, 
VWQJ,     u:;.   »:. : 

———— —^^^^— 
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; IG.  4    EFFECT OF ,-,ACH NUMBER ON VORTEX  INCEPTION ANGLE   BASED ON  INITIAL WAVE PROPAGATION 

• ,fLev    inception    an^li»,  :> v .     \  direct computation >. 3    to    ■■'>, *.    The steady st:.it*?  stall any. I« base'! on 
-,v         can      be      "Ude      by      s.i:-*st:itutLng      the 3ero    moment    slope,    3SS,    

;s    unaffected    by sweep 
.;   ■■•:.-!L-v:i *ss    Lneeptiin time,  'Q = xt^/2- (cf.  Ftp, an^le    changes*      (However,    i-l.',s.     U through 17 of 

■ '">,     f«to    the    -1 juation    fir Lnsttntäneous arifVilar '-'of.     1    show    that    the    shape,    of    the    lift curve 
•-!_,,.•, chaiv.es    si^nficaiitly in the direct*on of lift stall 

delay    with increasing  sweep,   consistent with Fi,«.   3 
(r) ! oi     Ref,   >♦ which is   basi.'i! on -.lie   Uta oi  Re:".   5»)     A 

comparison    of the steady state stall   ingLo with the 
; .•'    *•->■-. :1-s     tr' shown i.i ""i",.  •• as  plots ..>t  vortex .'.era      frequency    intercept    of    the    least    < {.wares 
: ;••' -rivi    an.;',!-«*    vcrsiis    reduced    frequency!    These vortex    inception line  shows a two   ie-^-ree   lift" ere rice 

; ir ;     kiij    .r,.:;taii Lnformatiän On the steady state at     :c-   J«'»  and a  reasonably   ■ n.\   »orrelation a: 
ittll       w,l>      (trUtij'/ilar      sytUils    on    the    left «*c -   ).,*, 
iriintt-f1     and    on th"  hist   linear  fit  to  the   tat ». 

• ...       ivtte?       were    i-iLrt.ii.n**i1     ''-'     i     !•' ■■ r*     s pi,ires 

a  * aM ♦ n   iin uC   ■ a^ ♦ a   sin 2*T 0  ■    av 

\    rare: il   study   »1   .-•.•,.    *  r-jve.ils   little   >r  :so 
>r      '.i'-h      lat i       THI;,    1:1 !   the   former   hy e:feet     ot      ".<'a:t     an<'l>?    •>:      it tack   •>::  the   Lacipynt 

■'..'     it'Viiv     .tat'     in-.l»     >:      it tack  at .'uttex    .wifvle.        'pool: ically,    tt   iny   :rtnst.int  val ;>• 
.:; ' \   ■>.   1'  through  17  ir:  "•':".   1. .>• there  Li  no   ÜscernaM.« tr»':;! o«   -<v -..it.  iM; 

t:here    1-.   >hly  scatter,     "his  Is   it;   ilsservartoti that 
; ...       -irte-;      i v*«*.'"- n»      au'l-»,   jv   ,    varies is     tireetly   'oncerwel  wit.. • .-• -'freer     :   ; it'.h tti 

M    ^ 

..,"•.     •  .»      :e.\ ; ::'•■ '     hit i,      in '.     ' he     •: irr<»w   . ■ k' '.■•■.' 
•-•;■••<     . ir   -aoh   !at \  *'*'■.     i. !.:i this   '*p:ati«>!ii   i v g '. ■ 

:■•.•..     | ;•.'   ti i-i,     ■  :r     v.   is   ;•>'. !•■■   is   l-'SS   ' .. ;  two 

'        ras.«       to        he " >Tl;!l :•':"• '.     in      '.<"?a. .      is 
r-;'t.'senr • t h'y th-e OH»:J S; .IO' t! c - . 1.'^ in 
the lower rii'.ht 'ine! ->: " i r-. . t »r "c « . ', "' = 
1 i     :«'.'.,     a:; 1 ~     kJ     h.* -■.,       !n ! .is  Lnstasice the 

ill     * .:••«•     .■ 11 :<" ■;      >?     i%^ .      !"hi •:   '. •'.    ie    ':;■. *. - ir -> '.   : n 
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derivative of Eq:,   (5), 

a ■  uä cos  ut  • utä  \l-sin uit 

A combination of Eqs,   (5) and  (7)  yields 

a ■  ui  "\ä      -  (ora  ) 

(7) 

(8) 

which    can    be    converted L.J .:   :unsionless  pitch 
rate,  A,   -• 'he e-.r-»lä (ct.  Kef.  6) 

,—_ __ (9) 

The values of A for the intersections of the ov = 
1:> dej line with the three notion curves in Fig* 5 
are noted on the figure and are seen to vary fron 
3.0156 to J.021-. 

\    direct    examination    if    the    effect of nean 
injle Of attack variations on ov with reduced 
frequency effects excluded is afforded by a return 
to the linear least squares fit of !!;. (o). The 

? matter of individual Uta points nay be 
: l.v.r.it itively evaluate'! by rewriting, the equation 
I.: the  :" rt~\ 

•..•>:-' t _ J for aa exact li.near fit. la rip. h a 
lot of this error function, *-» versus Av 

- p'.. isi.-.es the irregularity of the scatter, and 
Ira is lireetly tu the observation that the vortex 
inception angle is Independent of the pitch rate 

.- .? i hc i 3 fixed:. With the exception of i few 
iv>lared points the »rror, i, is generally bouu le 1 

Uli*  J..5   '.o ■,   ml never exceeds tl.O   :ep,. 

p;estion   .ist:  be  raised at  this  point on the 
»si le      relationship     of    the    Vortex    Lnception 

.-\-\\    -,v,    to    the    various     lynanic    stall    ingle 
■•»lc^pt i    that    hav?    been cited  in the  literature. 

•" ir     b.io'".    as     ''alf-.au' S    1 '"**>i     report     (I'.ef.   7) 
, •'.• ■:.-11     luthots    have    shown that the   lynarvie  stall 
■-.  '. *      i acre.»; ■;      ..'ith      both    Increasinc    reduced 

>:.• ; uiM-cy     in! pitch rate,     >ne   >:  the   -ore complete 
»•:a .inations    i ,:>    that   •>:'   iomont (Red.   -0.    her-* i* 

-.ho .•-.  that   the   lyrianlc   wtent   stall   \ngl«*f   base I 
■.    -.Ty      iv.a i'-)'^    "   '. varies linearly with the 
.•:■..-•'   root     >:"    the   pit-Mi  rate,   ml,   for  the thick 

V:■>  : -:.'-    lirfoii,     tpproachei    the    steady -itat* 
• -i'i       m;'.'     •. ;    the     •••ro    pit'h    rate    li.it     is 

v • ich«*:. 

.•i    permit   i >*> .purlsou ot   in; unt*s linear fit 
-irlL*r     iyn.f.i :     .t til     in.•!■»    resulti with tin 

:••••::      lit i,     the     ;.t*'a ly-ä.tate     -.till     mgle     -'as 
• ..'.•-:    • :M .    the v<jrte •:  Iriception angl'1 results   >: 

• .• :••..•■:'. .*■•:.• -ri '.«eat» ->v - "'$», in 1 then plotted 
••-.:■; \ \:\ i'i*. ". 7 he 'c • ».-. linear fit to 
, >r .nitM    t .id   alrioll -.>v-.ent  -.till  result*    lower 

'. i . .- 1 line:*.        \1" .'.;■».    c!u»r.'i  Is  i*oi>al terable 
•t*tec     if the      re-»«»ut     '..it i,     i     linear  'u'"ti'. i •> 

;• ;cerua  l.e for    ^     ;  1     >"'..     ior.ont's  linear  ::t 
• v      ..» .eut -1 til      i:\-.\-'  -.t.i:,:>   :r>-  the origin an■*. 

• .-    ^u   hit\   in t:.e  io^r  .••t:."l.     l!   t ■.»•■;■•   h\t^   .••:• 
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AITH 

,'.•» in the lower rii'ht panel of Fig. -*. This :an 
be resolved by notinr that 1 linear behavior of the 
Kita is observe ', for >v - i5S plotted versus \ in 

! ip,. 7 or versus \ in Kip;* ->. The lat 1 iro MOW 

•ore in keeping* with the results in :"ir-.. •., w.1 tue 
original »omoivt linear bit 1 fi* is now 1 paribola» 
Tne apparent 1 neonsi,stericy lies in ^h«1 Lac5-: o: hit t 
at  low pitch rates     >t re.luced fre-uuencv)^ 

" ■■«' n! '       re port e I     in     ' >" .      '.      .>':••      •■•■,;•,. '.     .k-; *. 

show     the     effects      >!      -.wf»; u;  * '.«•   unstea !*■    lilt, 
'.i.ii'    and      0.,'nT    i.Mir.ponent •< >:     * .*>    • >t.il    * »r  « 
response,        Vn   !:.«,v. plai •;«* '.   teat lie   ::;   tp«'   :•«•; .l*s   is 
the     • -.'. -t ir:t: il     lispl.ieerent '.*:    the    litt      'ur*.'« 

results,     •'•; p'.»■•'. .1'. '.-■•   at   bi-h  -.e.tn   r..•!'*•.    >!    itTac'-'., 
'      perspective      ":."'.:.    ti   ; 1 ice   <v.l    .a:>   ; e    .' tai '.«• '. 

• : ■ <       r'./jj      '     int     '.   .        • i ■ .: ■■*      '      .:. >w.   t.at   tne 
". >r ..il '..■•• '.     •■' "i '. '■- •>* it ••     list      .:■•'.*•»    1*   the  atuiwept 
in!     — <•;■'     '■ »   '» '. ■    u:: •.'.■•   ire    ..-.i: '.-.     , *.i'.•>->■.>: 



O 
Z < 
2 
O 

1 

25 

20 

15 U 

UJ 1.0 o z 

05 

0 

[                                 ° • * 
1 

a = 10 
M    = 0.40              -.^ 

** ■A 1 

r   c                s 
A 

■ 
• 

y         / 
i        / 

■ • •« 

/ •* 0 
ock. 

r   /GORMONT         A 
M 

/    (REF.  8)          • 9 12 ir>° 

1 1 

0 

1 

A =  0° 
A =  30° 

1 

0 
• 

A   0 

A   ■ 

1            j 
0.004 0 008 0.012 0.016 

VORTEX INCEPTION PITCH RATE. Ay 

0020 

FIG. 3 CORRELATION OF RELATIVE VORTEX INCEPTION ANGLE WITH A 

1 6 

1  4 

1 2 

o" 1 0 

z    06 
UJ 

Ü 
*    06 u. 
ÜJ 

5  °4 

£    02 

C 

-0 2 

-04 

■06 J L J I I I l_l I L. 

-6-4-2       0       2     *      6      8       10      12    14   16   18    20     22    24    2b     26 

ANGLE OF ATTACK o  DEG 

•IG.   9    STEADY-STATE LlfT  CQIfFi.CIE.NT  FOR NA.LA QOU   AIRFOIL  Al  M    -   ].40 

.'.I».«;   ff'v    »i«»   iitit'ier .n   J.. increases. Jisplacenent       is      accnuttt*--]    : > 
•iv;;..irison     in     !"if'..    II   Iplota    ! 

:.is   !>•?'*:»   f.iutvJ   t'.'ii'S   'his    IlspLice'Viit   of   t';«* *. hf     4-Mltlon     ol      •jtfiher    ..tr'.i'.'H 
r" s  .>:-.s«'     Li    -.atnlv   isioci-it*'!  wltl!  t !.«*  :irsr. i-i    «*vo'. vioru*.  - is«? '- ,>,";,l«*t •*   i-is-.n.i 

n'ti •      :o • .;M>:;O:J* .      !'';«•   *i".^   ~*.va    '«v*-pt>fl«**vt   ■ »•    tin* < i+"li! ic.iUt      i nl '. :«• .c«4     o:i     t!w 
r«fs."»ns«?    ••'•»■>    !••  iiv«' 1    '.'•   in   itttf-.jtt   t«  bri:u' v.«* "it tppint    '!   Mi*   :,str').<«. 

'.)-i;'s     to     closer      ill{;tir.**«t   tv;.t:i   s* m;:i   i-i   !'i,-. 
!  .«*   •:•'-> i'.'      is   s';nw:>   i :t   rv.e   '.->;>   r )v.   o!    :'.(•..    11 ,",tv'A::v    T   '.'.i 

r ,r-     1 i     iegr**    iM'i 4n«f,t* of   i.t-i-aeV  >.ts«* vJi<*re t 

'.! »    is    r«{*.it« 1  : r > •. " i.-..   '. '• a«'. jvl<n   • 1:   is 
L   ;f '.       >:    r !;•'   ' i   **      ••.!•:   ■••>• i;»0!M*:it .      !'v.»4   r<"*ult4!it 

• >!    ■'„i-:!',!'   in  th*   :'•'. tt iv   ;.> .i'i.):.i.-.r  o!   Mi«*s* 
i i ii • i*-'s    "..-.'    ' ".«' «*ni.lr*   livLi'-vji:   is   t 

•    - :.'. '.' 1 ■"«• '. üi:;'--.!:: ;!.i"io :t>;iiil1. \      I..»:"«:.'.' 

Lv^sii >i     * ■■;»*•*»*     '- vl   '     -.»s   ;«r* »r--.«*!   * r i l   it   was 
:t     ' i'      ' '*•*      il'ii*'-      •• ..\;^*.    ii •»•.■ 1 ■;   *• "■«*■•.' .    l!i! 
it I >". • -        "'•'*     ".ill      ■ '", •■•     '>!      "•'..•.      '.'. i     •\'." 

.%'■'. ''■••i-.t*:     ..    \ .<■   first   \.\r-.>\:      ■••>",«>•!.•■:! 

:••■•.     rv. -.   • s     :•• t:: •• •.:: :•: • \t * •. :•; ■ *. •  :'. • 

'. ''.«* r •••'. r. i i :v 
iron »•h : s:. >w '.nw 

t.»i -.s  .• ■»sir r „■» :T's 

">'r.    .fy>     i>:    itr.iO'.   '..i->   '.". r t'. «>   or 

'■.\v<»        i ;<*«* ! i       v!ii •:.        i -. 

;r:i tor-.Iv        w '.*. Ij        r* '•:'«' ! 

-i   ; 1 '.* • >     ,l'.iii     v,4.-.     iitt V«- 

•■; «'<' '..       '!aoJi    'ia' ' •*:      ..»->   t  -.   .i'. '. 

• i"'. '.i ■;«'   sli ••,: »v   -.   .i\'.":   -.ivr*   i   f f : 

i. •'. •      .1-.    v    '. i    '. -..»:.'    ■*! tf •' . 4'.v   •.   "- :. 



ü 
I-" z 
UJ 

u 

o O 

2 00-1 

1 50H 

1 00 H 

0 50^ 

0 00- 

n 50 

aM = 9 deq 

A = 0 deg 

 A = 30 deq 

-4 

1 7S-i 

1 «J0- 

1 00- 

m|iiii|iiii|iiii|iiii|iiii|mi|mi|iiii|iiii|nii|iu^ 

o        4 n        i;1       iü       ;>o 

u,M = 15 dpq 

mHmip>»ijMinnr>^Ttipmpmy>Tt>yTHi|timmn 
4     'i    i,'    ii.    'M    .'1    ;'H 

ANGLE OF ATTACK, a, DEG 

"li. lu EFFECT OF MEAN ANGLE OF ATTACK AND SUEEP ON 
ThE LIFT RESPONSE AT k - 0.07b 

c 
(t = OHZ. M„ - 0.40) i AND ü - 8 OEG 

 A = 0 öag 

TCU. RESPONSE 

, 7c    INONOSOLLATO«* AND OSC'LLA'Dfl» 

TCRVS 

1 50- 

1 25- 

1 00- 

0 75- 

0 50" 

 A = 30 oeg 

i  

B5T «ABMCMC OOMPONES1 

c 50-3 

000' 

•CM- 

-0 5C 

SUM 0* 'IBS' TH«£E KABMOM': 

COMPOSE'."S 

4       8      12    16    20    24     28 

C 75- 

C5C- 

0 25- 

000' 

■0 25- 

■0 50 

0 75- 

050- 

025' 

a 00' 

-C25- 

Age 

C75 

0 50 

0 25 

000 

-0 25 

-OiO 

RESPONSE WiTn 

NONOSCiiLATOfl' TE«yS BEMJv'E: 

»r'l I    I-  

SdM Of PiSS* TAG xAHW-N.C 
COMPON6NT5 

SjM 0«  ' "S' f  rt «ABM'.S 

:0UPCM\-S 

4    A   i2   i6   20   24   :e 

ANGLE OF  ATTACK,a,  JEG 

:!G.   11    HARMONIC   ANALYSIS OF THE SIEEP EFFECT ON THE 

LIFT RESPONSE  AT        =   '5 DEG,   k    ;   J.075 

(f  = 8Hz, '•'    =  0.40),  AND ä -  3 DEG 

••••..•    '\-   i  factor or   ',."- to J. ).     "his represent* 
>.      . i; ■>r    i'ail'ir»    ;ibw«  .sr.il'   "or  tbe no sine  l.v*' 

•.<>:•  a'i;*.4-c.ion      w Jit o-h      bus      !v«»*>n    shown    to    b-» 
in   i. s * i»ntl v  va i i. '.   b*! aw  -, ta 11. 

• 'ai'-| •::•''.>r '..is .1 !o-.iaa:it «it'eci on vorttS-X 
:•ii'.»;nL >:i an»'.I* an.! st-iti" stall »n»-.!'», with i 
;«»T»

4
.Is'■■* ;:i L otb aii(il<»s   i5**ic lncr«.isi»ii, 

• '. i:'*       i •;'•••; ti >n  li   nibstAnlt.lHy   i:i '.«••«•n :>»:it   n! 
i   ;'..-;'.•'   >:    "ivtlon   t:v 1 ot   "".«J.vn   in >•!.*? o;   .itt.i.--.. 

• '.-■■■■■'. -.tv-' .,,-t»i Jlff«r*»nL*-«*i a-'*ioctit> 1 wiMi 
•-.<•••; a:* -o'i;*'i.'i • ) r:.«> r«*t?ion ->: : .»• flat*" 
.rt >' "be '. * p*r*«nt ;t.ur 1. -.v.--> ,;>«-i>ls >*--* 
. :: ->' •. :jT L illv     t!**      U*.*     ' ■-T     S >tb     ->v.r"»;-   .1:1. •'.•*-. 

irw.i' '.   >:   tiis   rborl   I-icition. 

• ;' '..'     ■•>;'.'•.     :  .'■«»; ti i".     .v:i<:'.-*     '.3      L-i !i>;'i*:i !»»■•:   •>: 

.•        : it •   .'.'••.   :■■• \ . ••• 1   : r<* ; :»♦::..■ '•   11   ::•<*:. 

• «• i:. .       . •.! '. .«•■.-»*      »■!     iw;>      >rs     :\<«    •   ta* 

K: KKKKNCKS 

I.     St,     HiUire,   \.     .,   F.     .    art.i,   ':.   ■:.   KtnK   i-;l 
'•.'-.     '*.       'epSöriJ K.t?     ! :i! '..if'r'.c«1   i>f    :w*'.>;>    >:.   th* 
VeroilyudialG :.o.i!i-;,: o: ,m sei 11 it !:.»• '.\\\ • U 
Urioil. Volir;<* ! - :'.«o::ri: .1 •>;iort. \\. .\ 
cH- :   >J,   1 

•t.      iilt::-1,     \.       .   1:1!  :.    ■.     .ir\.\:     \:;. i 1 -• -•: s 
ii!     "n*v*;»E     .iv '. 
'.M: .t     ' r •■     .in 

' VJJ* rai-tor  '«•:■>:-•    ' "•',   ':.>:-.,   1 '" '■* 

>,       .1::.»,     v.      .:      \::.;1-:-.   •■:      s-.lli* ■: '    ::■••. ::r-- 
\H..\      ''iK;!l:if      '■vriA.-.l-'        'ill      '!J'»«'M. '«A^A 
K-JI '.,   ".»., 

«.       .-irri -i,     v .     ' . :       ' : ■• 1: ■ i urv       : : :■.      >: .1 '.'. t'. 

!'ow     '!!«*.'M       •;     '   it  •!    Mi» !■«♦■■■» *       '"■:: '■■«'- '!    ^i.'* 

\ «vt -4:1     "L1 ■"■ •--■'.      ""."IV.     v ■:. 1:. vn.   *, 

•i*. -.      1* ■• —■ '.        " ••-,'•    \-'      1 .'* '.    •:■.»-■ 

.;•/ 1 :j|       . 1: '.    .■       : ;■ •      . • ■   •  .    -.:        ' •• 



m 

Cai-ta, F. ().., G. L. Coranerford, R. G. Carlson 
and K. K, ? lackwell: Investigation of Airfoil 
Dynamic Stall and Its Influence on Helicopter 
Control       Loads. USAAMRDL      Technical    Report 
72-51,   September,   1972. 

Ma Ifman,     R.   L.,   M.   C.   Johnson and  S(   M.   Haley: 
Evaluation of High-Angle-of-Attack 
Aerodynamic-Derivative Data and Stall-Flutter 
Prediction Techniques. NACA Technical \ote 
2Sjj,   November,   1951. 

ijorsionCj       R.       E. :       A    Mathematical Model    of 
"nsteady      Aerodynamics      and    Radial Flow    for 
Application to Helicopter Rotors. USAAMRDL 
Technical   Report  72-u7,   May,   197i* 



SIMULTANEOUS FLOW VISUALIZATION AND UNSTEADY LIFT MEASUREMENT ON AN OSCILLATING LIFTING SURFACE 

AD-P004 157 Robert L.  Bass   , 
James E. Johnson**, 

and 
James F. Unruht 

Abstract 

Boundary layer and trailing edge flow activi- 
ties were recorded using hydrogen bubble flow visu- 
alization techniques on an oscillating lifting sur- 
face in a two-dimensional water tunnel. Simultan- 
eous with flow documentation, unsteady lift was 
measured over a range of reduced frequencies from 
0.5 tc 10. Unsteady loads using classical, inviscid 
theories were predicted for the experimental condi- 
tions investigated. Reduced frequency bands ex- 
hibiting poor agreement between experiment and 
theory were identified and a correlation to observ- 
ed flow phenomena was accomplished. The results 
supDort the^utilization of a separate viscous model 
near the trailing edge coupled with an inviscid 
flow field model to predict unsteady loads. The 
results further show that for certain reduced fre- 
quency bands, classical inviscid solutions may be 
applicable and adequate. .. 

b 

C(k) 
CL~t OS 

Nomenclature 

1/2 chord length 
Chord length 
Theodorsen function 
Oscillatory lift coefficient 

Two-dimensional steady state lift curve 
slope 

Oscillation frequency 
Reduced frequency U'b/V) 
Tine 
Free stream velocity 
Distance along chord from leading edge 
Instantaneous angle of attack 
Oscillatory angle of attack amplitude 
Mean angle of attack 
Boundary layer thickness 
Boundary layer displacetnent thickness 
Width of lifting surface 
Fluid kinematic viscosity 
Circular frequency 
Fluid density 
Phase shift in Theodorsen's function 

Introduction 

The lynamics of the boundary layer (viscous 
'••*", *s} ndve an important bearing on lifting sur- 
•ace unsteady ae,-o and hydrodynaric behavior. !n- 
/iSCid theories ire not adequate in "•■any practical 
Applications in their prediction o^~ unsteady loads 
)!■ flutter -n^eption. 

!"-p»-oved theories of lifting surface dynamic 
performance whicn account for real fluid effects 
ire required to advance the state of unsteady aero- 
ind hydrodynamics. This realization nas led n<jr,er- 
3us researchers'~9 to re-evaluate assumptions used 
in inviscid unsteady aerod.nar-ic theories  Both 

•Director, Dejjart^ent )' Mechanical Sciences. 
••M.i<- 1 ■:»*»•, F-jit! Systems md Instrumentation, 

. <■; M 'tment )' Mechanical Si iences, ••»,>--." •*.;**, 
"Staff Engineer, Department i* Fno*neer*n; 

'•'- hani s, Mt*-b«»r -!A.A 

analytical and experimental effort 
undertaken. Most studies have eva 
cability of the Kutta condition in 
Significant experimental activity 
taken to study trailing-edge loadi 
patterns on oscillating lifting su 
retical efforts have also been ini 
viscous corrections to inviscid so 
better prediction of oscillatory 1 
search efforts have been accomplis 
1974-1980. 

s have been 
luated the appli- 
unsteady flows. 

has been under- 
ng and flow 
rfaces. Theo- 
tiated to include 
lutions to allow 
oads. These re- 
hed primarily in 

In the composite, these efforts, which dre 
discussed in Reference 10, represent both analyt- 
ical and experimental research investigating the 
effects of viscosity on unsteady loads on oscillat- 
ing lifting surfaces. The experimental efforts 
show that for many cases, viscous (real fluid) ef- 
fects drastically alter the trailing-edge condi- 
tions on oscillating lifting surfaces and, thus, 
the classical Kutta condition is not maintained. 
The experimental work represents measurements of 
trailing-edge pressures and flowfield patterns 
under various oscillatory conditions. In some 
cases low reduced frequencies have been utilized 
and in other cases high reduced frequencies. Theo- 
retical work has replaced the Kutta condition with 
auxiliary conaitions which appear appropriate rela- 
tive to the viscous flow phenomena at the trailing 
edge and which alter the associated circulation. 

In recent years, unsteady fluid dynamics has 
received considerable attention as it relates to 
unsteady separated flows, and there is a wealth of 
literature in high Reynolds number dynamic stall 
and unsteady viscous-inviscid interaction on 
oscillatory airfoiIsJ '"'3 Current interest in 
high angle of attack suoemaneuverabi 1 ity aircraft 
has emphasized the need to advance the state of 
knowledge in unsteady separated flows. Also recent 
interest in low speed (Reynolds number) drone aero- 
dynanics^-21 has required a re-evaluation of un- 
steady separated flow activity at conditions wren? 
viscous effects on separation phenomena una JSSO- 
ciated loads can result in significantly different 
lifting surface response than would be encounte,-»J.i 
at the Reynolds numbers associated with cOfiven- 
tional er hiqh speed aircraft. Regardless •;' the 
application, the projected operation of advance: 
lifting surfaces with active loaJ controls in 
separated flow environments requires a siqnifi ant 
advancement in unsteady separated flow technology. 

Objective 

The 
state of 
boundary 
loads of 

objective of  this  stud;,   *s  to r> 
i^nowled'je .lbout  the effects 3f 
layer activity    vis   »us effects 
oscillating  liftinq su faces. 

jectivei werr accomplished  through   . "UJ 

boundary  layer  activity   in   1 HAGÄ-lP-CU 
surface hanonicallv pitching  about  the 
in   i  two-dimensional   *ite>   tunnel.     S'>u 
.i' t •• '.   undary  layer  abservat' >r  and   !o^ ^ 
jnstead>   l**'t   aas -cr.jiv:  *'..«•   i *• :<• »-a 
>'■'.. <•!  f»*elurn« 'es        :.  ■   •  • .     "'•* 
-'ents  «•»'r  jf !<••"*•.-•   «••   '•<     :   >•  '   .<• 
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'. «■ J J . 
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o  evaluating the applicability of the Kutta 
condition over a wide range of reduced fre- 
quencies, and 

o  establishing flow re imes where poor agree- 
ment exists between :lassical unsteady 
loads theory and experiment. 

Experiments were undertaken in a two-dimen- 
sional water tunnel since higher Reynolds numbers 
could be achieved than with models in a wind tunnel, 
and hydrogen bubble techniques could be utilized to 
visualize the unsteady boundary layer activity. 
This work provides data whereby total oscillatory 
lift was recorded simultaneously with the recording 
of unsteady boundary layer activity. 

Experimental apparatus 

Flow Tunnel and Instrumentation 

Figure 1 shows the water tunnel contraction, 
test section and diffuser used in this study. 

.$::_>-::•. iN6ii 

f,™ 

ri,\ 1 Test section with balance and hydrofo'; 

A rer.tingujar two-dimensional test section of 
t'.i < 30.5 cm provided a lest section aspect »-Jtio 

T" 5. The test section length 15 61 cffi with a 
45.7 * 30.5 cm high viewing \rod.    A IfSOO watt 
guarti lamp placed over 1 nle*iglar.s window l.J? en 
Wide by 45.' •:••• long loc\.:.i*d on the top 5u.rfa.ee 
provided li?ht .st 50 to the viewing ^nc;V and pro- 
vided ?!luminat;cn for flow visud 1 ivat'on.  The 
.s.?t»'f tunnel T<?st section shown *n Figure 1 was 
par{ of i continuous water tunnel flow loop wrier* 
5, .'• - pipe *<is used for the 'r-tu'-r, line. A ! ,V 

.■ *ect'un of 35. <J cr*i pipe wa* placed ups-trw* Of 
tne nnve«-jenl section to for* 1 Stagnation chantier 
A • .»»j sjeed ;ur-p and throttling wive was used 
'ur flow control. Flow velocity was determined t*. 
•>.. ji'inrj the tire of  .1 fliyht of i fracer along 4 
► fi^wn j:stance in addition to inferrirh; jvorvic 
..,'' • •, fror a 5 '.i- -■ turbine ffaw "set er 

Flow Visualization Equipment 

Hydrogen bubbles were utilized to provide flow 
visualization for this study. A grid of platinum 
wire was placed upstream of the test model to pro- 
vide visualization of the stream lines. In addi- 
tion, hydrogen bubble generators were imbedded at 
different locations on the model surface to allow 
direct injection of tracers  into the oscillating 
foil boundary layer. Photography of the hydrogen 
bubble tracers was successfully accomplished with 
a 16mm high-speed motion picture camera with zoom 
lens. The water tunnel test section viewing window 
was marked with a vertical line for a tracer refer- 
ence point. The developed film was analyzed frame- 
by-frame on a Vanguard Motion Analyzer where flight 
trajectories of hydrogen bubbles were easily deter- 
mined. The film ana]yzer  was configured to com- 
puterize the coordinates of motion of the flow 
tracers. The computerized space-time histories of 
individual bubbles were used to establish flow 
separation and reattachment locations and reverse 
flow activity during a foil oscillation cycle. 
These data were used for recording qualitative in- 
formation or, boundary layer activity and werr- not 
used for load determination 

Dynamometer Design 

A dynamometer, based uppn the work jf 
Epperson and Pengelley^, was used for measuring 
the dynamic lift coefficient on the oscillating 
model. The dynamometer, shown in Figure 1 is 
classified as an  external dynamic balance which can 
resolve two forces (vertical dnd horizontal) and 
one moment about a given axis perpendicular to the 
Diane containing the two vorces. Electric resis- 
tance strain gages attached to the structural ele- 
ments of the A-frame flexures mounted back-to-back 
were incorporated in a Wheats tone bridge circuit in 
such a manner that the bridge output was propor- 
tional to the applied external moment. 

The airfoil section was supported by a Shaft 
connected to an external dynamometer unit located 
on each side of  the tunnel tect sectton, The dyna- 
mometer units were attached to a clevis that was 
allowed to rotate upon shaft Pearinos '"ounted on 
the tunnel side walls. Oscillatory motion was im- 
parted by * hydraulic servo cylinder located on tie 
lower structure of the test sect;on. A unique 
pressure balanced seal WJS fabricated which absorbs 
no load v>ut inhibits the *:ow of  liquid frön the 
rest section to tht- Surroundings. 

Mode! Oes i_g_n 

A ,'iACA  1**01? avrfo'.l   .t-..v^ -oided   >f 
ftetolin compound   in  two  halves with   J  .:^or"!  15.J  :." 
lone; was  used f-:r the   •'udel.    Ar; oscillation  '..'i't 
w.i*. positioned at  the quarter chord :o"tt.     'he 
shaft   wa*   hollow and canned electrical  wires  "rt?* 
the 'iurfaee hydrogen bubble   jenerators  to the ; owe- 
sour «•      Surfare Generators »»t"-«1  mjdj' ,i*   jo id 
;-ljtiid alurinur  chips, 0  'r-9 <:■" fcy      6Jr: c   '-■ 
bedded flush  ;n the surface of the hyörnf-ji! 
Figure r  shows  the  ?odel  cro .S-Vecti  n  with   the 
b'.ibhle  ■■ »'".«•• >' ■;»•  locations and  ■...'•T.J. >■•    ooritrates. 

> :uw   . ''. ,:.i'. » **lt ' in  Pe'su''. •■ 
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^f HYDROGEN BUBBLE SENErUTQR 
<S    LOCATIONS 

»J   Tow. .»CSS-I£C-::N 

Sjg'*c£ Ics^is«*» 

?£»C£ST   ;       »t*«NT 

:Ul»Li  :£*£**"« 

..3C-. 

30 
4! 

JM:-»« £;:c tij: .»    '    .1 »£*:«.-  : 

i     IJ»»*CI I::«::'.**?»   SACAIS-Cl» 

<(.   I    "«AC A   --.-.U' mode5   surface  ind hydrogen 
bubble jeherator   coordinates 

\2)  oscillation *>equem.y,   [3) ''ean angle 0*  at- 
tack, and  (4) pi ten amplitude.    In each test set 
's:".-1  1/, one parameter was varied with trie others 

held constant.    For the velocity and frequency 
variation test,  the lean anqle of attack was held 
it ipuro*i"natet-y 5-ä decrees with «J pUcn ampli- 
tude   >f ♦  1 degree.    Using 5.8 decrees f"or the mean 
angle of si tack,  allowed J sufficient boundary 
11/er   jrowth to DO observed during a full  oscilla- 
tion cycle anile laintaihihg a relatively snail 
tngl*» of  attack,     All  oscillatory  tests were per- 
'--♦>■; lVvth har^ufi;i:  pitching ibout   1,4 :hord. 

!• itial  tests were perf'o*T-«ed mi the at osei'ta- 
'.'■"'■  to  /'sualtze and record vteddy-statr bound:r. 
l?.»1*'  Kt'vvt«   is   i   *yt»ctton Df ar^le   >*   .ittac»., 
"••r  f'-Si'ts   .hü»e»1  '.na*   vhe v^'-!)''.   laver  s«»;1.-.- 
*'!*t!:   >f   i,   Jb       . $'6*      '■ •«,   inO   .'b   ' >*"     n       '-•». 

.   ',   »n.i S.l   . respectively.    This  veparaVKv  near 
V'« trailing »d:je results  frar  the rapid change  le, 
s!jj;e of" '"*- forl  surface at  </?b '•  3.75.    A?» )- 
J.^'^''1" Ci   J -i 11 fuf '.*■"■-. r**o*?1'e  ,'iA*. \  !^-"v'['>  tn- 
Ji   ates  t**-e  stall   ir,*;le  '•'   -tta.»   >ccurs  if   ■■..-   j   - 
*•'?■   ?»v   t'^.vr''^   •)'    test   - jns   "!„•!   .ir,!   ".-la,   .t; 1 
»,;.,;     v.rs were performed «ntn the r.a» t"-u*f  v;,'< oy 

»T-tac*  bei-3i«  the  -.tail   thgle. 

'■f  •'!»  /isu-ai i *at ion  '.'J !■»--.  ••eyealed that 
:   ir:.i«-,   !i.i"- ,i  f'vvly   ..'.•••»*: sr ;m'*-.. ant l.i   it«* 

,.. .;•■■ •    ,•  ■•i».vvl- ^ i  ' •'r'i-i'x's  i,  \       in   jenera I.  J    .jr*» 
.'*■..,"<'•   !r.;r'i-r   ;'   SOundar,   layer  j<.!tvi*>   .i* ' 
• * '.T *!:■* '   '.   *:\   '.tserve^   it   ♦   • *t all   test 
: ■ * ■  r -   * -. .«■  I  -   »       ''' '<•; u< «*: Uogff.jar i   1 i »*••■  <!  * * v- 
•',   ...;s   ,;bs*!"*V*kd.,   »nd   i*   *        '".    i    •■■'■•'•     .••\". 

i .<•'     :•' :   «,!*<•    "'«''-.••     !r < i-'   .;■•.; .       * »t ' t;   . 

summarizes the important boun 
tions for the test conditions 
Figure 3 shows trailing edge 
a pitch oscillation cycle at 
eral trailing edge flow activ 
all test cases with k <  10. 
taneous trailing edge flow pa 
frames for k <  10 and k s 10. 
boundary layer activity as a 
frequency follows: 

dary layer observa- 
of major interest, 
flow patterns during 
k = 0.81. This gen- 
ity was observed at 
Figure 4 shows instan- 
tterns from the movie 

A description of the 
function of reduced 

At the lowest frequency tested (k = .45), 
the boundary layer remained attached to the 
foil until approximately the 3/4 chord 
where the boundary Kiyer separated from the 
foil surface. During an oscillation cycle 
fluid was pumped into the separation zone 
along the foil trailing edge as the angle 
of attack increased to the maximum value of 
6.3". As the foil reversed direction and 
proceeded to lower angles of attack, fluid 
was pumped out Of the separation zone into 
the wake until the ninimum angle of attack 
of 4.8 ' was reached. 

Increasing reduced frequency to fc - .55, 
resulted in leading ^dge separation at 
X/üb -   .17. The boundary ]dy^r  reattached 
at approximately 40 of the chord ano sen- 
rated again at about 56 of the chord. 
Activity in the separation zone at the 
trailing edge of the foil was similar to 
the k a .45 case. 

Increasing k to .65 resulted in leading 
edge separation at v 2 = .125 with i 
slight oscillation of the leading edge 
separation point during ^ foil pitching 
cycle. The boundary layer ^attached at 
approximately 50 ;f the chord with resepa- 
ration oscillating between .625 •' < '?l  - ." 
durii.g a pitch oscillation ale. 

■B? 



Table I    Mudrl lest conditions 

Run 

Freestream 
velocity, 
V, cm s 

Oscillation 
frequencv, 

/. H/ 

Reduced 
frequ ncv, 
* = 2./7>/l 

Reduced 
velocity. 

I k 
Angle ol attack, deg 
ail) -a0 + asin2*// 

Revnolds No ,* 
Rt^lVbt* Re' 

HV I 
HV 2 
HV 3 
HV 4 

HWI 
HW 2 
HW J 
HW-4 

H«u3 
Ha04 
Hu„ 5 

Ha-la 
H<» 2a 
H.» 3 a 

9 82 
390 

16 2.1 
12 M 

4 M 
4 18 
407 
3 69 

3 99 
4 18 
4 56 
4 34 
4 50 

5 89 
5 "6 
5 ">8 

0 132 
0 147 

0 151 
0 144 

0)87 
0329 
0 836 
0.241 

0 436 
0 602 
0 575 
0 633 
0649 

0 503 
0 4" 
0 44* 

0648 
I 80 
0 445 
0 552 

4 28 
376 
9 84 
3 13 

5 24 
6 89 
604 
69R 
6 90 

409 
3 91 
3 69 

1) Velocity variation 
54 5 85 ♦ 0.95 sin 0 83/ 

, <5 5 825* I 025 sin 0 925/ 
1.25 5 775 « ) 02«i sin 0 947/ 

1 81 5 80+ I 0 sin 0 90V 
2) Frequency vanauon 

0 P4 5 9 ♦ 0 9 sin 2 43/ 
0 266 6 05 ♦ 0.95 sin 2 07/ 
0 102 6.05* 0 95 sin 5 26/ 
0 319 6 05+ 0.95 sin 1.51/ 

3) Mean angle of attack variation 
0 191 1.95 * I 05 sin 2 74/ 
Ü 141 5 a©* iMf.3.78/ 
0 166 7 65 +115 sin 3 61/ 
1) 143 - I 55+ I 05sn:3 98/ 
0 145 -5 25 + I 05 sin -»08/ 

Pitch amplitude variation 
0 244 4 25 + I 55 sin 3 16/ 
0 256 4 25+ 2 45 sin 2 9V 
0 271 4 20» 4 8 sin 2 80/ 

*** - r»4\cd on iheorciivjl M\ue tor in ry-jujlcnt 1I41 olatrol .horiJ 2rS 

Ttdlr I    Model houndars-lasrr observations 

Ho* 
regime 
idem 

16.105 219 
b,*90 MS 

26.620 282 
20.650 247 

7,105 146 
6,865 143 
6.70 141 
6.060 115 

6,545 140 
6.860 143 
".485 150 
\I25 146 
".385 149 

9.655 ro 
9.450 168 
9,4"5 IhM 

Run I   k I. cm s /. H/ Observed boundavv layer activnv' 

D 

I 

HV J 

HV4 

HV 1 

MVA   tu 

Hv : 

MVA 4 
HU : 
MVA   i 

I'vA   I 

1 t 

I 5 

16 2 

12 5 

I * 

I I 
3 * 

4 I 

(!) 4 

rj <* 

0 12 
0 26 
u "i 
0 10 
0 09 

n < 

1 * 

4 i 
4 V 

4 0 
4 4 

0 15 

0 14 

0 13 

iih 

0 1* 

0 24 
0 V3 
0 3v 
U S4 
1 10 

Bl veparation at V 26 a 0 "5 
Huid flovks into separation /one at TF ai <im4, • 6 8 
Fluid pumped out of veparation .'one al TF at <t,„„ > 
1 L veparation at 1  26*0 T 
Reattached Bl ai 3f 26*0 4 
Tb veparauonat X  26«0 56 
Separation zone activuv similai to HN  t 
IF separation ai V 6»0 125 »nh s.ight osollation < 

separation point during foil pitching cycle 
Reattached Bl at V 2ft a 0 4« 
TF separation at 0 625 < .1 2r>< 0 "* 

tTF separation rone oscillates during Uwlcsclei 
». »fi »etgr of I I -separation ai \   Ihn 01R 
1'  reparation at Q5 % .X Zh so *5 

111 separation rone osollate  .Utm« foil csclc) 
Bl  *ei«ration ai V 2ftä0 2< 

(revrrse Po» oxidates in separatum /one dunn» I 

Idemuat 10 MV-J 

V >ne\ \heddmg at II 4t » > 10 

de* 
: 4 «t Je* 

It  - IT».nil« *Jg*  it  - traJiHf rjjr 

!•-  "?$'; "13 >   "j   , :-1.  revolted  in ne*r f' 
•i'v.h  -j'   Va-it-v;  evjg<?   '.<*; a'-i* "n       "jr 

"*'.',   **s*   '*   »,p*4P^d   *'•!•.   '<-.n:T;  <*J;e> 

-.rlasj! i }Tl  ^5".  qn  t*1«*  ■««»••'*,<*   1*    :-,    iinrfn-; 
■   ?'. !;; aVt*H)Ui5h no ill st'inf !   Vad'n:- 
^ 1 ir  \«rr-ar s* < -r  V.JKJ":  :f  J*'»Cipm<»d       '' .i 

• ■':   fl'f   '.<?; .»•• s!' in  ,s'C:. i*'* '<••■'   '. .«*! r> «*»»••'.   '''^ 

!   !      »Hd    ,;: ".;'■'   «'*f    f'.r   '.r; .".i"G'i    ' Cv 

'    ••     •-   :''i••'*';   :Jr',:n''; a  'oil  oictlUji: 

' ■ • '],'<»•-..'' «v! »• • ■*!«• !'^und4,*y 
-• •''!''■; J * J ,; r ■-.« ~a • »•' , • * - <* ;-ai f "•..<•» 

'•  r»   .«.       '•;.!'<':   *     ■.«•: a*"i*' '-r  a!   ■ 
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»F.;<»   'Vi '    ;rji tin,;   r* ! ;^   *.v,    ;•. -.r->.c-:   rt ''. *■ 

•1T ;>' !v*:   >Si. t ; Ut •>'•:   't f;a«»'u. , . 
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ii)    k > 10 

unsteady lift measurenents were made. Figure 5 
shows a comparison of theory ana experiment for 
oscillatory lift coefficients Ci r   versus re- 

duced velocity (1/k). Also shown on this figure 
are the various flow regimes (see Table 2) where 
different distinct boundary layer activity 'was ob- 
served during the flow visualization. 

■XT" 

n t 

;.   5    Conpar'sori  .;-   rheory   ind .-r en! 
for osc" 1 'ator>   '' * t   ..;*" • •   'en! 

;.    '     T»M \', «n-'i   J'M?   ' '   w   tCt' v * * y   i!   " ' I'" 

*•»'      1      ' <   ■> "■■;•'• ;j'l      ' ♦'     J.u,-;j'"t      "iff"-     1 <""' .!'    '    "'      '" 

■ >•:; ■»-.     !*   iM-iv ■".,  "v •'«*•■ u'*-.   "'   \*:n  *1o* 
•     .'>•■■•   sV-'.'.!^   ,''";!"''r>l   i!    . r-   r^yo.i1   '".it 
»J!*J      ■ :*    ^  i; ;•'•!!%  '    :«'  r'alaied,  •»"' 
»• •„• , >■■<*- ,■,•'• *   J!   vr Irjilinn fr&je in?i*irj   !e- 
*.«•     n ».     ":'-\   • t.'. r '" v it • ."■   i»"pV»>^  thai  re'a*- 
'•■«-  »•.it'.j    -.vnü!: t J»:n   ' •-   i  ■.4.;!  i;>: ■■•'■,;,*■;•■  t: ;r%- 
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C(k)' - C(k)e 
15 

(3) 

A phase shift between the virtual mass and oscilla- 
tory lift contributions to Ct^  was introduced to 

synthesize changes in the Kutta condition. 

From the data shewn in Figure 5, it can be 
seen that agreement between theory and experiment 
is good in those regions where boundary layer activ- 
ity was well behaved. For 1/k < 0.75 (k > 1.33) 
good agreement between theory and experiment is 
noted. Also, for 1/k > 2 (k <  0.5), reasonable 
agreement is noted. However, at the knee of the 
theoretical curves (0.75 < 1/k < 2.0), significant 
deviation between measured and predicted oscilla- 
tory lift coefficient is note^1. This flow regime 
represents conditions where the greatest degree of 
boundary layer activity is recorded wherein signif- 
icant separation and reattachment of the boundary 
laver was observed. Also, the ♦low near the trail- 
ing edge was separated with flow alternating around 
the trailing edge region as the foil oscillated 
through its maximum and minimum angle of incidence. 
Siice such trailing edge flow conditions will sig- 
nificantly affect the circulation around the os- 
cillating foil in comparison to that predicted from 
Lissicii inviscid theory, lift predictions were 

alsc carried out for  various values of 0. As noted 
in Figure 5, a 30 phase lag in C(k] provides im- 
proved agreement between theory and experiment. 

Cone 1 usjor.s__and Recommendations 

"ne presented s'multaneous steady loads 
easurewents and boundary layer flow visualization 
provide additional insight into the effects of vis- 
._-.it. on unsteady loads on  oscillating lifting 
Sur'aces, and additional insight into the flow con- 
ditions whicn becur in different reduced '>equency 
p,tnas. 'he results in this paper snow that: 

i r,W:  Kutta condition, based on qualitative 
.low visualization., w.is violated for -any 
♦ tni  observed oscillating foil test con- 

Si t ions. 

observed boundary lay*'* phenomena supports 
the hypothesis that unsteady boundary ljyer 

i tiyity is responsible r"or poor .igree^ert 
between current theoretic.*! predictions and 
experi'nental Jati used r"or predicting 
hydrofoil unsteady loads and flutter. 

o l>e Jar jest Jisagreemen! t;«?'we**n unsteady 
! ;jj theory and experiment occurs »n the 
reduced frequency r^noe, 3.5 : 1 k -_ 2, 
*ftich .orresponds with the ~ost pronounced 
! jnjary layer activity (i.e., flow sepa'-j- 
••;n, flow arcund the trailing ed;e, etc.N. 

Introd-ciii'j i phase lag ir the ti^cjlat'or 
f-irtttven ^rrjviJe'. better j.jreef"*n! between 
• heor, >nd e.«s erirent 

•»«. e»^rr.renu 1 *o»-» presented »n this •■<•; crt sup* 
p;r'- »•<,. jf lizat' f if i  separate viscous ■♦odel 
... .^. !.'vhri c: :e )? an ■'.-  ilia ting H'fng vu»- 
'i  r ,*ici :an be coupled with jr invist^J flow 
..,-•. -jj^i • 3 provide urt-ste-a.il load predictions 
"••«- •-<»•...'••, ■■■'   tftu v'J:. s*cu!2 be ror-yared !3 '"•- 
,.,',..  ,! ■ ,,,;.  • • „,  -■ »,.. ,..,.. c, *  .,,,.  ,    '»,,. 

-•••...■••. ,
J!-'->"- '.*•'.<». "•..■ * jr r'-'j1- •«•:_,<•: ■>?■ 

quency bands classical inviscid solutions may be 
applicable and adequate. 

Acknowledgements 

The authors of this paper wish to express their 
appreciation to Dr. H. Norman Abramson who first 
suggested this work. Also, we want to express our 
gratitude to Mr. C. M. Wood for his dedicated work 
in conducting the experiments, Mr. Victoriano 
Hernandez for his skillful art work on the figures, 
and Mrs. Adeline K. Raeke for typing the text. 

References 

'Gostelow, J. P., "Trailing Edge Flows Over 
furbomachine Blades and the Kutta-Joukowski Con- 
dition," ASME Paper 75-GT-94, Dec. 1974. 

'"Archibald, F. S. , "Unsteady Kutta Condition at 
High Values of the Reduced Frequency Parameter," 
Journal of Aircraft. Vol. 12, June 1975, pp. 545-550. 

Brown, S. ... and Daniels, P. G. , "On the Vis- 
cous Flow About the Trailing Edge of a Rapidly Os- 
cillating Plate," Journal of Fluid Mechanics, Vol 
67, Pt. 4, 1975, PD 743-761. 

^Sears, W. R., "Unsteady Motion of Airfoils with 
Soundary-Layer Separation," AIAA Journal, Vol. 14, 
Feb. 1976, pp. 216-220. 

DBasu, B. C. and Hancock, 3. J., '""he Unsteady 
Motion of a Two-Dimensional Aerofoil in Incompres- 
sible Inviscid Flow," Journa I of Huid Mechanics, 
Vol 37, Pt. 1. 1978, pp. 159"-179. 

g 
Daniels, P. G., "On the Unsteady Kutta Condi- 

tion.' Quarterly Journal of Mechanics and Applied 
Mathematics. Vol. KXXXI, Pt. 1, P>b. 19 78, pp. 
49-75. 

7 
■'Satyanar-iyana, B. and Davis, 5., "Experimental 

Studies of Unsteady Trai1inq-Edge Conditions,' AJAA 
Journal, Vol.   16, Feb.   1978",  pp.   125-129. 

fleeter,  S   ,  "Trailing  Edge Conditions  for Un- 
steady Hows at High Reduced frequency,    AlAA 
Journal,  Vol     18, Mav   T98n,  pp    497-'>J3. 

g 
V'ates,   J     E-,    'V'SCJUS   'hm Air*ovl   7-heorv, 

ARÄP freut.   413.   Ioritract  ,iOG014-77-C-:6l6i  •'.••■. 
1980. 

10 "ass, R.   L..  Johnson,   J,   l.,   ire  Jrvrun.   '. 
"Correlation o*  L"t  and Boundary-Layer Activ t>    r 

jn Oscillating Liftim") Surface,,'  Aj_AA  Journal.  Vol 
20* Aug.   1982,  pp.   1051-125f. 

'McCroskey* W. J., S;)T'e Current Resear •• >n 
Unsteady Fluid Dynamics--'The '976 Freer-an 'i,M'v 
Lecture,"  Journal   i*   Fluids  Engineering,   Jfl: 

J'977 
! 

" '' 'At'C \ -i , M. ... •Ceese, •    r .   - Jr i  , :. 
Spiir» s .     I .    <t. , :i .  and Siss _>••,   i E. . ■«■I- :.' . 
.'*■" ■ teris«k * an jhstea d.  Se a rati .: ; 1 JW, 

" i •"• Journa1, 1J3: ' - ] 3 3 C ' ^79 

•■*. { rosl*" •, n .   J 4n«!  • K  .   '   , i» . 
!nv • ■ 'd  Inte»*! I.C ' r • on   'Si 111 a t " :  •" • ,..   . ''.   •• 
Suiii r •     Flow, ' \; 'u'-»--i 1 ,  70: If'-' ^ ■ i1-.' 

*M    rosirv. * j ,      "'■*• Ph«»n - »•'■  * • .' j 

••.''' pi'esen f.. .   ..,. - <r » • .  '   • /t> 

S>r-, -n    '■■' t -.1 . , • • •Vojds inj   A,M    , ' ■' ■ 
:•.    . 

bier-- ■'■.   • «•; tr it« ! " :   ' < \r . ."■ M '. •■'•■ >• 
i • • - :>•• .-- -• . >.» .     'V' . 

.L&L^.ILLäl. 



,5Katz, J. and Weihs, D., "Wake Rollup and the 
Kutta Condition for Airfoils Osci11atiny at High 
Frequency," A1AA Journal,,19: 1604-1606 (1981). 

16McCroskey, W. J., "The Challenge of Unsteady 
Separating Flows," Journal of the Engineering 
Mechanics Division, ASCE, 107: 547-563 (1981). 

Robinson, M. C. and Luttges, M. W., "Un- 
steady Flow Separation and Attachment Induced by 
Pitching Airfoils," AIAA Paper No. 83-0131, AIAA 
21st Aerospace Sciences Meeting, Reno, Nevada, 
(19^3). 

18 
McCroskey, W. J., "Unsteady Airfoils," 

Annual Review of Fluid Mechanics, U: 285-311 
n982T"" 

Lissanan, P. B. S., "Low-Reynolds-Number 
Airfoils," Annual Review of Fluid Mechanics, 1_5: 
223-239 (19831. 

20Telionis, 0. P. and Korumilas, C. P., "Flow 
Visualization of Transient and Oscillatory Sepa- 
rating Laminar Flows," in Nonsteady Fluid Dynamics, 
eoited t>\  D. E. Crow and J. A. Miller (ASME,* New 
York, 1978) pp. 21-32. 

21 
Conigliaro, P. E., "An Experimental Investi- 

gation of the Low Reynolds Number Performance of 
the Lissaman 7769 Airfoil," AIAA Paper 83-0647 
(1983). 

22 
Epperson, T. B. and Pengelley, C. D., "An 

Electric Resistance Type, Inertia-Canc°lling, 
Dynamic Load Measuring Device," U.S. Air Force 
Contract Ar 33(616)-176. 

23Abramson, H. N., Chu, W.-H., and Irick, J.T., 
"Hydroelasticity," Contract Nonr-4830(00)(X), 
Aug. 1966. 

24 
Theodorsen, T., "General Theory of Aero- 

dynamic Instability and the Mechanism of Flutter," 
NACA Rept. 496, 1935. 

25Yates, E. C, Jr., "A Moditied-Sfrip-Analysis 
Method for Predicting Wing Flutter at Subsonic to 
Hypersonic Speeds," N66-36094(NASA TM-X-54830, 
1964). 

26Abbott, I. H. and Von Doenhoff, A. E., 
Theory of Wing Sections, Dover Publications, New 
York, 1959. 



A VISUAL STUDY OF A DELTA WING IN' STEADY AND UNSTEADY MOTION 

Mohamed Gad-el-Hak 
Chih-Ming Ho** 

Ron F. Blackwelder** 

Flow Research Company 
Kent, Washington 98032 AD-P004 158 

Abstract 

Two delta wings with a leading edge sweep of 
-o°.a'nd fit}*, were studied in a towing tank at chord 
Reynolds number up to 3. 5x10-^,- The wings were 
pitched about the quarter chord point through typi- 
cal angles of attack off15" * 15°, with a reduced 
frequency ;n the range of. 0 to 3.  In the steady 
state flow, dye visualizations revealed the exis- 
tence of 5 shear layer near the leading edge that 
rolls up and fonts discrete vortices parallel to the 
leading edge.  These vortices were observed to pair 
at least once as they were convected downstream. 
Similar phenomena were observed in the unsteady 
case, except that the vortices shed from the leading 
edge were nodulated and altered hy the unsteady 
"lotion, which was an order of magnitude lower in 
frequency.  In general, the unsteadiness delaved 
separation and promoted hvsteresis similar to 
results obtained in unsteady two-dimensional 
airfoils, 

Noraenclature 

AR    ispect ratio 
root chord 

f     pitching frequency 
reduced frequency, -fc'lV 

Rc    chord Reynolds number, 'Vc/'v 
•i     wing semi span 
t     tine (seel 
'',■ towing speed 
t( t)       angle of at tack 
2     apex angle 

.ingle between vortex rores 
perturbation wave 1 ength 
kinematic viscosity 

1.  In t roduc t i on 

In i «teady flow, i traditional twn*dtoensIonal 
lirfoil experiences stall it large angle of attack. 
The separation on the upper surface reduces the 
loading edge suction peak and subsequently the lift 
decreases»  The still angle for ^ost airfoils is 
tround 12'.  The aerodynamic characteristics of a 
'.■!'' wing are considerably different.  The leading 
edge suction peaks predicted by potential theory do 
mt exist f.Jnnes \nd  Cohen, 1960)»  Instead, two 
snootb suction peaks Inbound of the leading edges 
ire dr-t.'cted.  ""he lift is natnly contributed by 
these two peaks which are produced as the flow 
separates i>n the leeward side of the wing .w.A   for-r.s 
a t>a i r o:   stationary leading edge vortices. 
7' .Tt-'ori', r,io lift on I delta wing Is create.' kv 

*<>1inr>(->rtVd un. •r   \FOSR Contract   FV>'0>-^:-C-oov 
nefit   A.i.irr' 

■• •.   '-tivrsitv   ■ 
r [j ifornL.i «nnn 

Dept .   of   A.-r 
>uthern -''ili! 

vspace  tngin.ee 
-.rni.i, Los An.' 

the separated vortical structures rather than by the 
attached flow near a convex surface.  These vortices 
exist to angles of attack as large as 30° or more. 
The lift keeps increasing with o; until the vortex 
breaks down.  Hence, a delta wing is a good means 
to obtain high lift at large angle of attack. 

3y using air bubbles for visualization in a 
water channel, Eile (1958) showed that the separa- 
tion vortices have very concentrated cores. 
Furthermore, the angle between the two cores, y, 
is not a sensitive function of the angle of attack. 
The ratio between y  and the apex angle, ß, is 
always between 0.6 and 0.7, but the vortex cores 
lift away from the wing surface with Increasing a. 
Fink and Taylor (1967) investigated the pressure 
distribution on a wing with 3 = 20°.  The suction 
peaks of the spanwise pressure distribution at 
several chordwise locations always occurred at 
about 60°y of the semispan from the center for all 
tested angles of attack, 5° < a < 30°.  In other 
words, the suction peaks were located under the 
vortex cores.  A more detailed visualization (Fink, 
1^*67) showed that there is a counter rotating vortex 
associated with each primary separation vortex. 
The existence of the counter rotating vortex could 
also be inferred from the total head survey. 

Under rnanv practical situations, e.g. fast 
mar.uevering of an aircraft, the flow is not steady. 
The unsteady aerodynamic properties are signifi- 
cantly different from those In steady flow.  For a 
two-dimensional airfoil, the lift, drag and moments 
experience large hysteresis during the execution of 
one rvcle (McAlister and Carr, 1Q78 & McCroskey, 
1982).  A large separation vortex develops near the 
leading edge and convects along the chord.  High 
level surface pressure fluctuations are produced. 
On the unsteady delta wir.g the information about 
the time evolving vortices is very limited 
'Lanhourne et al., 1969).  This is one of the main 
reasons for this work. 

7.  Experimental Approach 

7 . I  Models ,md Test Conditions 

"wo delta wings with a leading edge sweep of 
^f->n and ftO" wer.- use.' in the present investigation. 
The root chord «f both wings was 25 cm, and the 
chord Revnolds number varied in the range oi  2.5x10"* 
to 3.5x10*.  Fig, 1 is i sketch of the 4 5" delta 
wing-, which had i \\V\-\  r17 profile at each spanwise 
section,  The wing v»s fiido <•;' two aluminum nieces 
with grooves on r'e inner surface ,1? each for dye 
;\K<u'r ind storage.  The ^r'     delta wing had a flat 
Mir' ice wit!- ) sharp leading e.d.g*. 

_ 



45° Sweep V 

NACA0012 

Airfoil 

AR = 4 

Fig. 1 Schematic of the 45° Delta Wing. 

The four-bar mechanism shown in Fig. 2 was 
used to sting-nount and to pitch the delta wing 
'.round the desired position along the chord.  In 
the experiments reported herein the wing was pitched 
around the 1/4 chord position.  The mean angle of 
attack could be set from Ü0 to -45°.  A Boston 
Ratiotrol motor derived the four-bar linkages to 
produce approximately sinusoidal cscillations of 
amplitude it >°, —  10° and + 15° about a given mean 
.angle of attack.  The reduced freqaency, K = Tfc/U«,, 
was varied in the range ot 0 to 3, and a digital 
readout displaced the instantaneous angle of attack 

■ it the wing. 

2. 3 Flow V'i sualization 

Food color and fluorescent dyes were used in 
the present investigation. The food color dyes were 
illuminated with conventional flood lights. The 
fluorescent dyes were excited with sheets of laser 
projected in the desired plane.  To produce a sheet 
of light, a 5 watt argon laser (Spectra Physics, 
Model 164) was used with a mirror mounted on an 
optical scanner having a 720 Hz natural frequency 
(General Scanning, Inc.;.  A sine-wave signal 
generator, set at a frequency equal to the inverse 
of the camera shutter speed, derived the optical 
scanner to produce light sheets approximately 1 mm 
thick. 

Side views of the flow field were obtained 
using a vertical sheet of laser in the x-y plane at 
z ■ 10 cm (40% of the root chord) and a stationary 
camera outside the tank as shown in Fig. 3. End 
views were obtained using a vertical sheet of laser 
in the y-z plane at x ■ 20 en (80% of the root 
chord). The camera was stationary and by necessity 
outside the towing channel; thus the view was from 
a 45° oblique angle and the horizontal scale was 
contracted by about 30 percent. 

Fig. 2 Photograph of the Pitching Mechanism 
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he wings used In the present Invest lg.it ion 
owed at speeds In the ringe of 10 to 
sec through the water channel described hv 

-Hak et 41. (196*1)* The tow frig tank is 18 n 
1 . ?-   n wide, and 0.9 n deep.  The pitching 
Ism was rigidly mounted on .i carriage that 
n two tracks mounted .in top of the towing 
During towing, the carriage was supported 

oil film which Insured \  vi hr it lonless tow, 
>n f';u i v.i lent : ree-st re m turbulence rt! 

1:.1 pe 'cent. 

Dye sheets or live '.Ines ■..-er.' seeped Into the 
boundary l.iver through a system ot slots and holes 
on the suction side of the wine..  The slots were 
0.2 an.  wide and were milled .it .i 45" angle to mini- 
mize the flow disturbance.  The holes were 0.4 mm 
diameter and were spared it 1 .- cent«.*! to center. 

?ve '...is ilso placi'd in the flow '.  !i'ld hv iav'ni! 
severtl thin, horizontal sheets prior to towing the 



thickness, due to the Inhibition of vertical motion 
caused by introducing a weak saline stratification 
in the tank. The dye layers remained quiescent 
until disturbed by the flow field on and around the 
wing. Thus, the boundary layer flow as well as the 
potential flow could be observed sit.ee the dye 
layers existed in both flow regions. 

3. Experimental Results 

3.1 Steady State Flow 

Dye visualization techniques were used to 
observe the flow on a delta wing at fixed angle of 
attack In the range of 0° to 45°. The trailing edge 
separation could be seen even at zero angle of 
attack. As Q increased above 5°, two stationary 
vortices occurred near the leading edge as found by 
other investigators. At the interface between these 
large primary vortices and the external potential 
flow, a thin shear layer was formed by the velocity 
difference between the free stream and the separated 
region. The shear layer was unstable and small 
secondary vortices were generated. In the present 
operating conditions about five small vortices 
rolled around the primary vortex/potential flow 
interface. At angles of attack above 10°, the 
separated region was sufficiently thick that the 
smaller secondary vortices were at least one dia- 
meter removed from the wing. Under these condi- 
tions, the secondary vortices merged in a pairing 
process as they were convected around übe edge of 
the primary vortex, as shown in Fig. 4 , In this 
^ide view using a vertical sheet of laser, the 45° 
iielta wing was at angle of attack a » 10°, the chord 
Reynolds number was Rc ■ 2.5x10^, and the flow was 
from left to right.  The pairing process appeared 
to be quite similar to the one observed in plane 
mixing layers (Winant and Browand, 1.974). The 
physical mechanism for generating the small vortices 
in the delta wing case is believed to be the same 
as that in a free shear layer (Brown and Roshko, 
i'^Ti).  In the delta wing case, however, the flow 
field is more complicated be:ause of the complex 
sxeömetry and the non-planav velocity field. 

apex. The pairing process was observed on cine 
films of this run. 

FLOW 

FLOW 
PAIRING 

Fig. 4 Sid« Viow with Wtag Fixed at a «10°. 

The discrete vortices were also observed on 
' ,• tit)'  sweep, sh'ttrp leading edge delta wing is 
shown in the to;> view in Fig. V.  Here, i * 10''" , 
-... ■ '.^.l1'", and the fin« is fron t .>p to hot tort. 

Four discrete vertices could V ill st thgui shed al>r 

ipproximuteiv straight lines iva.tn.iitug fro« the vi 

Fig. 5. Top View with the 60° Delta Wing Fixed at a = 10°. 

At smaller angles of attack, the vortex merging 
seemed to be inhibited by the presence of the wing 
surface. At larger attack angles, intense mixing 
made it more difficult to observe the pairing pro- 
cess.  It is not clear from the present experiments 
whether the primary vortex only caused the secondary 

vortices by setting up the Initial shear layer, or 
if it was possibly the result of several raergings 
of the secondarv vortices. 

Similar vortex formation and pairing were 
observed in the pitching case.  However, the pro- 
cess was modulated by the lower frequency oscil- 
lation of the wing as shown in the next section. 

3v2  Unsteady Flow 

The flow visualization results of the 4 5° sweep 
delta winn undergoing a sinusoidal pitching notion 
are presented in here and in Flow Research Film 
No. ^5 (available on request), <*>n the suction side 
of the pitching delta win?,, the leading edge separa- 
tion vortices executed a grow-decay cycle during one 
period.  F i K . fi is a side view of the 4 V wing under- 

going the pitching motion t(t)° "15+5 sin(Ü.4t), 
at chord Revnolds number Rr - 2.5x10* and reduced 

frequency K ■ n.s.  Both the upward and downward 
motions are shown side by side for the angles of 
attack oJ 10°, i:°, U', 16% 18° and 20' .  At a 
particular attack angle, the flow patterns were 
very different during the upward and downward 
notions. The hysteresis loop clearly existed. The 
Jlscfete vortices formation »v..! pairing i •. more 
revdHv »rserved : a  t! ■■ 'trvir' part o! the p i t .■ ■ i -w. 
I'vdt-, and is -vo.'ulat ed Sv the '. »Wer ' r.•<;•!,•"• •■ 

•■ic\ 11 it!on ■ • -  .■ ■ ;':-- . 
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Fig 6    Side View o? the Pitching Delta Wing 
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Fig 7    Top View of the Pitching Delta Wing 



Flg. 7 shows top view of the wing undergoing 

the pitching motion Ot(t)° = 15+15 sin(0.8t), at 
chord Reynolds number Rc = 2.5x10^ and reduced fre- 
quency K = 1.0.  Both the upward and downward 
motions are shown side by side for the aLLack 
angles a = 0°, 5°, 10°, 15°, 20°, 25° and 30°.  The 
three dye slots on the left side of the wing are 
closer to the leading edge as compared to the ones 
on the right side. During the up stroke, the 
separation first started across the whole trailing 
edge at o - 2°. As the angle of attack increased, 
the separation propagated upstream from the two 
corners at the trailing edge toward the apex.  The 
propagation speed along the leading edge was 
approximately equal to the flow speed (10 cm/sec). 
At a  = 30°, the separation front reached the apex 
and the separation vortices were fully developed. 
During the down stroke, the vortices became smaller 
in.i diminished in size at about c* = 10°, but the 
flow was still separated near the trailing edge. 

Fig. 8 shows an end view of the pitching wing 
obtnHed usinf» a vertical sheet of light in the v-z 
plane at x = 0.8 c.  The view is from z.  45° oblique 
ingle and the flow is out from the plane of the 
photograph.  In this run the wing underwent the 
pitching motion ot(t)° =15+10 sin(0.2t), at chord 
Reynolds number Rc = 2.5xlOvt and reduced frequency 

K = 0.25i  The up stroke at the angles of attack 
i ■ 5C, 10°, 15° and 20° is shown in the figure. 
The dye was released only from the slots on the 
left side of the wing. Hence, only one of the 
leading edge separation vortices is marked.  The 
vortex grows as the angle of attack is increased, 
tn the cine film from which the frames shown in 
Fig:. 8 were obtained, several discrete vortices 
rilled around the primary vortex and merged in a 
pairing process as mentioned above. 

Tlie dye layers technique was used to visualize 
'.he boundary layer flow as well as the potential 
low around the wing.  The horizontal dye layers 

were «-xrited with vertical sheets of laser in the 
■•:-•.■ \'M)  y-z  planes.  When the wing passed through 
the quiescent dye layers, the local motion of the 
Inid could he inferred from the deformation of the 

layers.  In the end views, the dye layers near the 
enter portion of the span moved downward during the 

up stroke as the separation vortex grew, indicating 
i •; t ront; iownwash in that region.  During the down 
stroke ,i second blob of dye appeared next to the 
reparation vortex and nearer to the center portion 
of the span.  As the aneje of attack decreasd, the 
-i'parit Inn vortex diminished while the second blob 
>• lye ,<rew in size».  The nature of this motion : 

>! cleir it present, but It could he a separation 
'nibble near the trail in« edge similar to the one 
h»ervfd by Winkelmann and 3drlow (1980) on a sraa!! 
ispect ratio rectangular win»? it constant angle ot 

'. '  " • r .• •: -. ■)! the R »«lured Frequency 

Lower reduced ! reqaem ies were .ijso tri«-d i n 
■ r.'er to .'he.-.- the ettert ivj the pitcbtnp frequency 

i • «• . •••.t ere«! -. l.mp.  The lowest ton-rvro 
...!.,,,.!      .   r,.(. .,,.«,...       ,<    <,.,,.   I      •' .,      .'..,.     .r,..,..>.       .;...!•     •;   ... 

¥.   -     . ,r ,   .m.i  '.vstvr-si'i   .-..ut! ■   ',t ! I :   he    'erected . 
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15° 20° 

a Increasing 

Fig. 8    End View of the Pitching Delta Wing. 

In general, the unsteadiness delayed separa- 
tion and promoted hysteresis similar to results 
obtained in unsteady two-dimensional airfoils.  As 
the attack angle decreased from Its maximum value 
at least one and often two large separated regions 
appeared on the wing as a result of the unsteadi- 
ness.  As the oscillation frequency increased, the 
formation of the separated region appeared further 
downstream.  At K ■ 1, the streamlines remained 
parallel to the wing surfacu until high attack 
angles.  Significant changes occurred when the 
reduced frequencv was above 3.  No lar^e scale 
separation was then observed on the win?; however, 
a strong vortex was shed at the trailing edge as 
ft passed rhrouRh its maximum value.  Fig. 9 Is a 
side view of the pitching wing using the dye layers 
technique.  The wing underwent the pitching motion 
a(c")? * 15 + 15 sin(2.f>t), at chord Reynolds number 
Rr - 2.5x10"' and reduced frequoncv K ■ 3,3.  The 
photograph shows the wing at angle of attack oi ■ 2^ 
during the up stroke.  The dye layers in the outer 
flow rep.i >ns indicates that the potential flow is 
following the motion of the wing, and that the 
separation region is restricted to be very close to 
the wing surface. 

FLOW 

a - 25" (Increasing) 

Fig 9    Side View at High Reduced Frequency 



Fig. 10 is an end view at the same run condi- 
tions depicted in Fig. 9, but at an attack angle 
a = 20° during the down stroke. Both the separa- 
tion vortex and the second blob of dye mentioned in 
the previous section appear in the photograph. 

I 

a = 20° (decreasing) 

Fig. 10 End View at High Reduced Frequency. 

A tentative explanation for the distinct change 
at K > 3 is as follows. The reduced frequency can 
be viewed as the ratio of the chord to a "perturba- 
tion" wavelength:  K =* irfc/U,» = TTC/X.  In other 
words, the perturbation wavelength is about equal to 
the chord length at K » 3.  As a matter of fact, 1 he 

reattachment point car, be seen near the trailing 
edge in Fig. 9. After the flow is reattached, a 
thin shear layer with intense vortices formed and a 
strong vortex counter rotating with respect to the 
attached wing circulation was shed from the trailing 
edge.  The induced velocity of this vortex kept the 
potential flow moving downward with the wing.  If 
the perturbation wavelength was longer than the 
chord, i.e. K < ", the wake remained thick.  The 
diffused vortex could not enforce a thin separation 
region on the wing. Based on these arguments, it 
appears that a parameter based on the chord length 
aad the perturbation wavelength is more appropriate 
to describe the flow than the conventional reduced 
frequency. 

i.  Coneluslons 

Two delta wings with a leading edge sweep of 
4\5 and 60° were studied in a towing tank at chord 
Reynolds number up to 3.3x10^.  The wings were 
pitched about the quarter chord point with sinu- 
soidal oscillations of amplitude t.  5% i 10" and 
t_ 15° about a given mean attack angle that varied 
In the range 0° to 45°.  Food color and fluorescent 
dyes Were used to visualize the flow field on and 
around the wings. Sheets of Ijser excited the 
fluorescent Hye to yield detailed flow information 
In the desired plane. 

The steady state flow field was studied at 
angles of attack of 0° to 45".  Separation was 
observed near the trailing edge on the centerline 
at small attack angles.  As n  Increased above 5*., 
leading edge separation occurred forming two large 
scale srationay vortices approximately parallel to 
the leading edge as found by previous investigators. 

In addition, the dyed shear layer near the leading 
edge was observed to roll up and form discrete 
vortices along approximately straight lines emanat- 
ing iron the wing ipex, sini'.ar to the ones roctraonlv 

• >bserved In free tfhe.ir layers.  These vortices 
!•>!!.•■'. iround the prl-.arv vortex potential flrw 
Int er: act wid. aergi •d in a pair: in-, proc 

pi me nixins ! «•<-r- 

Similar phenomena were observed in the unsteady 
case, except that the vortices shed from the leading 
edge were modulated and altered by the unsteady 
motion which had an order of magnitude lower 
frequency. The leading edge separation vortices 
executed a grow-decay cycle during one pitching 
period. As the angle of attack increased, the first 
observable separation was along the trailing edge of 
the wing. As a Increased further, the separated 
region increased by moving from the wing tips along 
the leading edge toward the apex. At large angle of 
attack, the potential flow field had a downward com- 
ponent near the center of the span indicating strong 
downwash in this region.  As a decreased from its 
maximum value, at least one and often two large 
separated regions appeared on the wing as a result 
of the unsteadiness.  In general, the unsteadiness 
delayed separation and promoted hysteresis similar 
to results obtained on unsteady two-dimensional 
airfoils. As the oscillation frequency increased, 
the formation of the separated region appeared 
further downstream.  At a reduced frequency K = 1, 

the streamlines remained parallel to the wing 
surface until high attack angles. At K = 3, no 
large scale separation was observed on the wing; 
however, a strong vortex was shed at the trailing 
edge as a passed through its maximum value. 
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Abstract 

Separation, vortex formation and turbulent 
decay are visualized for accelerating air flow 
around various bodies, starting from rest. The 
bodies investigated were a cylinder, a sphere, a 
fiat plate, a round plate and an HACA 0015 
airfoil. All bodies had the same characteristic 
length (body diameter or chord length) and were 
subjected to the same flow acceleration resulting 
in the same Reynolds number and allowing for a 
meaningful   comparison. 

Nomenclature 

characteristic   length  (body  diameter,   chord 
length) 

a        flow acceleration      2.44 m/sec 

v        kinematic viscosity of the air flow    0.18 
car/sea 

T\        Reynolds  number    a1'-      er**    v"    - 5200 

*        angle of attack  of airfoil  or flat  plate 

. .Sfilup. 

characteristic  time  scale 
sec 

=  0.25 

t. 

it 

time between acceleration startup (from 
rest) and the first movie frame shown in a 
figure 

tine   between  shown  consecutive  movie   franee 
in a figure 

Introduction 

Visualization of starting flow around 
plates, cyl'nders and airfoils goes back to 
Prandtl (1905, 1927). Starting flow around a 
iphere was visualized by Honji (1972). More 
recent visualizations of unsteady flows have beer. 
."•»vitrwtJ by Tared a (1977) and most recent 
visualizations arc Jue to Douard and Coutar.ccau 
*):S/) and Izuni (1983). A comparison of 

starting flow around ever. .1 limited number of 
UffV^ent bodies :s however hardly possible or. 
the !JJ::J of j.j„t wer*. Tho:-e are too wiJely 
..;'!' e .••. r. g techniques of visualization and 
,nctography, iifferences in flow configuration 
'water flow, airflow, accelerating and impulsive 
f 1 Ju , 1* ,f f ere r. t DC• dy dimensions, Rey nold:. 
numbers^    t.ee   visual-Zed   etc.). 

We compared sob« t>o>i:es under siail*r 
onditiuns  ;r. or-Je'r  to obtain insight  into th« 

1 JW.     '11  DcJies had . :m; '. ir  11 mensi   r.:   ,?amc 

' : ••   . .i-c   j:r>:'j': ■:.     f    •.:'.".   w.      The   rase   f..u 
.'.. -a 1 liial . .r.   ir;i   ; :.   '    j:s;:..;   •••:.:.. ;ic-   were 

A large, low turbulence, open return wind 
tunnel was converted to unsteady operation as 
described by Freymuth, Palmer and Bank (1983). 
The tunnel started from rest, then maintained a 
nearly constant acceleration of 2.44 m/sec~ (25% 
of gravity) for 5 seconds prior to power shutoff. 
The tunnel naa a test section 0.9 a X 0.9 w 
across and was 20 m long with Plexiglas front and 
top walls allowing for photography. 

We investigated a cylinder, a sphere, a flat 
plate, a round plate and an flACA 0015 airfoil. 
These bodies had the same diameter or chord length 
c =   15.2 em;   the Reynolds number was R =  5200. 

A strip of liquid titanium tetrachioride 
(TiCL^) was painted in flow direction on the body 
surface, releasing dense white fumes. The method 
is described in detail by Freymuth, Bank and 
Palmer (1983). Since smoke is released in the 
regions of vorticity production we assume that 
smoke patterns reveal vorticity patterns near the 
body and in the near wake behina the body, where 
differences in vorticity diffusion and smoke 
diffusion do not represent a problem. A problem 
may exist for low Reynolds number flow, far 
downstream, and when vortices of opposite sign 
are adjacent to each other (smoke density does 
not have  a distinction in sign). 

Smoke patterns were recorded i*or 3 ~ec with 
a 16 mm Bolex movie camera at 64 frames per sec 
and with a shutter 3peed of 1/500 sec. Because 
of 3pace limitations, only a restricted number of 
frames of an acceleration sequence can De shown 
in the Figures (additional frames can be obtained 
upon request from the authors). In the figure 
captions we denote the time between frames ihown 
as .'.t and the time from acceleration start to the 
first   frame  shown  as   t.. 

Interpretation of these pictures can be 
accomplished by the reader- in any desired detail. 
At the outset we will present soar of 0ur 
mterpretatio- 3 along with the j.:.utcgraj.r.s ir, the 
next   section. 

In   '.ne   figures   of   ir.ia    section   flow    .2 
always   from   left   to  r.grit. 

Figure 1 compares accelerated flow around J 
cylinder ..eft column, .mi ar^.riJ a :;:;ere right 
J c . u m r..', s t a r ting w : I r. I ne v c r t ._•;'. y 2 e; a r at .0 r. 
•cr.guv free wr.;rh the suit, vertex forms, K.cw ..- 
initially 4 u i 11 31 m t 1 a r I .■■ t v. t r. 0 a s ••. . A 
separation tongue forms »r.i ieveiopi ir.tc 1 : .:. 
vortex first ODservei ty i'ra.Mt. in "«'. tehir.j 1 
•y..:.je:- .:; .1 ;!ar':r.g :'. .- -r.. .-. .;.:.>.- a 
rouhterrotating .-r •«. •:: la.-j .„.-Vex t.i«-i .:. t/etwe«*: 
the n.;.r. vortex- i.M n ' : < .•■ »<-m. vijjtrjt .';•,.•.:>• 
[f.rst oos'ervei ty Pfahl'.! .:. "'.."" :«•:..:.; ..:. 
. .--•.'-.: : v.' ly :'.J: t •>.-!    j.ihicr'.     2ut: c;ae:vt ly 



there is a weak tendency of the main vortex to 
decay into smaller ones prior to turbulent decay. 
For the sphere the secondary vortex is visible as 
a  vortex ring on the  sphere  surface. 

upon close examination quantitative 
differences exist between the two cases. 
Separation for the sphere occurs later 
(larger t,) than for the cylinder but transition 
to turbulence proceeds faster, resulting in a 
smaller primary vortex. In the late stages of 
turbulent decay a turbulent vortex street 
üevelops behind the cylinder (first observed by 
Prandtl 1905) whereas the sphere wake remains 
rather symmetric arc1   diffuse. 

and vortex development creeps up from the rear of 
the airfoil, the sharp edged reverse airfoil and 
flat plate retain vortex formation close to the 
leading edge, with vortices following each other 
in rapid succession. These vortices get quickly 
turbulent, especially for the flat plate, 

For the flat plate, the movie was taken at a 
wider angle of view to show some of the wake 
downstream of the trailing edge. Details of the 
wa!;e for the airfoil are reported by Freymuth, 
Palmer and Bank (I983), showing an unstable shear 
layer and a subsequent vortex street. 

Conclusions 

Figure 2 compares accelerated flow around a 
flat plate (left column), a round plate (middle 
column) and an "ACA 0015 airfoil (right column), 
all placed perpendicular to the flow. For the 
round plate only the lower edge is visualized. 
While vortex development is qualitatively similar 
for the 3 cases the contrast to Figure 1 is 
considerable. The separation tongue which 
previously developed into the main vortex now 
starts formation of a vortex group consisting of 
up to ea. 30 small vortices, some of them in a 
stage of pairing. The 2 vortex groups jehmd the 
top and boLtom edgss of the body then interact 
»h.'.e they become turbulent. Cecondary flow is 
not established in these cases except near the 
round upper edge of the airfoil. Decay into 
turbulence is slower than in Figure 1 and is 
.■lowest   Cor the round airfoil  edge. 

Figure 3 compares the sysmetriü 5IACA 00 15 
airfeil .left col umr.) with the same airfo.il in 
»•«verse !sharp leaJir.g edge, round trailing edgo} 
and with the fiat plate (right cbiuanj, ail at an 
.ngle ?f attajk of 1 - 20°. In all 3 cases 
vortex jevelopnent is Jiaiilar near the leading 
ejge. A. in 'jaje of the cylinder (Fig. \\ a 
triple .-«truetare fjrss consisting of the primary 
vortex, t secondary counter-rotating vortex and a 
'.:..:■: ■.■jr'nx, which foraa a beautiful pattern 

r.i rraie, left column". Ai.^o a second 
.'UJ;.'.r» rota', lr.g vorte* is In evidence near the 
.ijcx .third frame, left column) along with some 
:*i.:.'    indication   of   a   small    tertiary    vertex 
ehltd the secondary vertex. The formation of 

■:jfr note elaborate patterns is prevented by 
•-: .....e.'.i ic.jj- with the ;rie.ary vortex rolling 
: i i turbulent large seal« structure over ' he 
,1..' : c: .. Fur the reversed airfoil »nd for the 
f : it ; . a'.r t.Ttt separation tongue . s nearer the 

■j:.:.r; rigt- 'nan for the regular airfoil and 
:.-.-_ .;£'-:.". * > turpuierwe fur- the farmer jacc." is 

:: : e . 1 1 w . >. For t:.e airfoi 1, an additional 
„immature vortes ;cfKi to form i-lorer t ■-> the 
tra.ling eig" -r.i.'n is swe;'. into the wake. The 
airfoil »urfao« :s ihiny »r.^ therefore u.nc ;*-<-r 
>: ;*.:a". mirror -mage of tr.e v.rtcx .''..->•'..:•'• 

'.he airfoil in id lit lot. to the v«-r!e.a 
.■.:.'._.• e  itself.    1'   should  '-<*■ »entioned  tr.at  .e 
hly v'..:\.,i. .x«.  the -i,;^r «irfoil   surface an] fiat 

; . s *e     L ,:j-f a re    '. '.c ; 1 .: e    f 1    w    ...    ! g    '. ::c    battue 
. !' f .*    '. ; >• - J . r,. 4 * t a : r. e '. 

We have compared accelerating flow around a 
limited number of bodies under similar 
experimental conditions. Obviously a more 
general investigation is possible by considering 
additional body shapas and by changing some 
experimental conditions simultaneously for ail 
bodies,   in particular the Reynolds number. 
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Abstract 

This, paper presents preliminary results from a 
program of work in which a surface singularity panel 
method is being extended for modelling the dynamic 
interaction between a separated wake ana a surface 
undergoing an unsteady motion. The method combines 
the capabilities of an unsteady time-stepping code 
and a technique for modelling extensive separation 
using free vortex sheets. Routines are being de- 
veloped for treating the dynamic interaction be- 
tween the separated wake and the solid boundary in 
an environment where the separation point is moving 
with time. The behavior of these routines is being 
examined in a parallel effort using a cwo-dimension- 
al pilot version of the three-dimensional code. 
This allows refinements in the procedures to be 
quickly developed and tested prior to installation 
into the main code. 

The extended code is being coupled with an un- 
steady integral boundary layer method to examine 
the prediction of dynamic stall characteristics. 
The boundary layer code is accessed during the time- 
step cycle and provides the separation locations as 
well as the boundary layer displacement effectr~the 
latter is modelled in the potential flow code using 
the source transpiration technique. 

The preliminary results presented here include 
basic unsteady test cases for both the potential 
'•"low and boundary layer routines. Some exploratory 
separated flow calculations are included from a 
series of numerical studies on the stability of the 
calculation procedure. Correlations with experi- 
mental dynamic stall results have yet to be per- 
formed. 

Introduction 

Flow separation on the lifting surfaces of a 
vehicle at high angle of attack is always complica- 
ted by a certain decree of unsteadiness, but, when 
the vehicle  itself is undergoing unsteady 'notion or 
Reformation, or if it enters a different flow field 
rapidly, then the complexity of the separated flow 
ib evt-   greater, and culminates  in the phenomenon of 
dyns.-'K stall.    If the angle of attack oscillates 
around the s'Jtic stall  angle,  the  fluid dynamic 
forces and moments  usually exhibit  ^arge amounts of 
nysteresH and a condition uf negative aerodynamic 
damping often dev.-Tops during part of the cycle. 
This can  lead to the condition of flutter in  i 
single degree of freedom oscillation rigid body mo- 
tiutt»     {Normal1>,  in attarhef   flow,  flutter only 
occurs when the bod,, mot • r includes multiple de- 
grees of f-eedom, e.g., ^omoined bending and torsion 

" Paper ivesented at  the AFOSR/FJiRL workshop on 
ir  '.jd^y Separated Flows, JSAF Academy, Colorado 

Springs, CO, August 10-11,  '983. 

Presi--ent  Applicat ions 

of an aircraft wing.)    During a rapid increase in 
angle of attack, the static stall angle can be 
greatly exceeded, resulting in excursions in the 
dynamic force and moment values that are far greater 
than their static counterparts.    The consequences of 
dynamic stall are far-reaching and lead to such 
problems as wing drop, yaw (sometimes leading to 
spin entry), wing rocking and buffeting as well as 
stall  flutter. 

Although a gr^at deal has been learned about 
dynamic Stall  characterisecs--mainly through ex- 
perimental .observation—there is not at this time a 
completely satisfactory theoretical method  (1),  (2) 
for predicting the dynamic stall characterise c? 
for new untested shapes even for the two-dimensional 
case.    Moreover, quantitative comparisons of experi- 
mental test data on new geometries can be obscured 
by the effects of three-dimensional wind-tunnel  in- 
teractions, wall  interference and experimental un- 
certainties  (3).    In the present work a possible 
theoretical approach is examined for predicting dy- 
namic stall characteristics.    The approach combines 
an unsteady time-stepping method (4) with a steady 
inviscid/viscid iterative code (5) that includes an 
extensive separation model.    The latter has proven 
very successful  in the steady case.    Both codes dre 
applicable to general three-dimensional shapes and 
have been developed from the same basic panel method 
(6). 

Extensive investigations of the dynamic stall 
characteristics of airfoils oscillating in pitch 
have been reviewed by McCroskey (1),  (2).     In prac- 
tical aerodynamic environments, the unsteadyness can 
be a combination of several motions.    Unsteady mo- 
tions other than pitching have been investigated by, 
among others, Liiva et al.   (7), Lang (8), Lang and 
Francis (9), Maresca et al.   (10), and Saxena et al. 
(11).  In these references the phenomena of plunging, 
flap, spoiler and rectilinear oscillations were ex- 
amined.    There are very few theoretical approaches, 
however, ,^nd in a recent review, McCroskey (2)  con- 
cludes that at the present time the engineer who 
needs  answers should turn to one of the empirical 
correlation techniques, even though these are not 
completely satisfactory and only supply broad de- 
tails cf force and moment characteristics.    The 
method jf Ericson ana Redinq is perhaps one of the 
most comprehensive of tnese methods.    Tneir latest 
paper  (12)  incorporates a number of findings from 
the systematic experiments of Carr et al.   [lä). 

Early theoretical  approaches to dynamic stall 
ddoressed the deep stall aspect which is dominates 
by  the passage of vortices shea fror, the vicinity of 
the leading edge.    Ham (14)  used just a thin plane 
model of the airfoil.    Later work by Baudu et al. 
(15) extended the basic model  to   -hick sections  us- 
inu a panel method.    The main drawback with the ap- 
proach is that crucial  assumptions regarding the lo- 
cation and time of vprte* shedding nave  to be made 
in oroer to w^'t^r-'. the calculations.    Also, the 
results   ,f'"om  \15).   are  sensitive to  [i]   Uie ancle 

*• -resident 31 .v h ich t he path ^ea^es t^e surface,  (b) the 



time at which vortex emissions terminate so as to 
start the reaUachment process ar.d (c) the viscous 
diffusion of the free vortices. 

Calculations of the characteristics of the 
thin boundary layer in the attached flow regions of 
an oscillating airfoil using unsteady methods (16), 
(17), have demonstrated good qualitative agreement 
with experimental observations. However, one fea- 
ture at least needs further examination in regard 
to improved modelling: it is reported (18), (19), 
that when incidence is increasing btyond the static 
stall angle, the location of zero skin friction in 
the turbulent boundary layer and the catastrophic 
separation can occur at different stations, Figure 
1. Apparently, a long thin tongue of reversed flow 
precedes the main separation zone. This is not ob- 
served under quasi-steady conditions. 

.::us er OOIN'SUO 

Fig.   1.    Model of ^ears and Telionis   (19)  for Up- 
stream-Moving Seoaration of an Unsteady 
Boundary Layer. 

Crimi  and Reeves  (20) combined a potential  flow 
method with an unsteady boundary layer analysis in 
a viscous/inviscid interaction approach.    The poten- 
tial  flow model was based on chordline singularities 
and so excluded modelling of the thick wake.    Also, 
Jetail of the stagnation point location in relation 
to the curved leading edge was missing.    Emphasis 
was placed on the details of leading-edge bubble 
oursting and application to trailing-edge separation 
was not attempted.    Shamroth and Kreskovsky (21) de- 
veloped a similar technique but with improved treat- 
ment of the separated flow region, transition phen- 
omena and potenital  flow region.    However, the pro- 
cedure fai Tea to predict the flow field about the 
stalled airfoil.    They concluded that the effect on 
the outer inviscid solution due to the finite wake 
displacement must be modelled. 

In spite of the shortcomings of the above ap- 
proaches, the general  technique of matching various 
viscous  and inviscid regions remains  an attractive 
alternative to the full Navier-Stokes  treatment. 
","hough,  in principle,  the  latter can overcome  lim- 
itations of the potential   flow/boundary  layer itera- 
tive approach, such treatment  is  limited at  this 
time to laminar flows at Reynolds numbers much lower 
than realistic for most practical applications (2),. 
Pru'jress  twoards higher Reynolds  numbers  is  being 
made, but applications to general  problems  is still 
d long way *way (22). 

The present method goes beyond the capabilities 
of the earlier theoretical approaches in that both 
trailing-edge and leading-edge stall with vortex 
passage can be included in principle.    The method, 
developed for the three-dimensional case, is appli- 
cable to arbitrary configurations and to general 
motions; i.e., not just pitch oscillation.    In addi- 
tion, because the basis of the method is a surface 
singularity panel code, a more reliable and direct 
coupling between the inviscid and viscous analysis 
is assured.    Moreover, modelling of the separated 
zone in the trailing-edge region and more detailed 
treatment of the vortex/surface interaction should 
make the approach more viable for applications to 
dynamic separation problems. 

Potential  Flow Methods 

General 

Although remarkable advances are being made in 
flow field calculations using finite-difference and 
also finite-element methods, the surface integral 
approach using panel methods couoled with special 
routines for nonlinear effects still offers distinct 
advantages  for many real  flow problems,     in particu- 
lar, panel methods offer greater versatility for 
practical  application to complicated configurations 
and are considerably more efficient  in terms of com- 
puting effort.    However, the concept of zonal model- 
ling—in which a local Navier-Stokes analysis is 
coupled with a panel method—should not be overlook- 
ed.    Ultimately, such a coupling should lead to an 
improved modelling of vortices  (e.g., vortex cores, 
vortex dissipation and breakdown), thick viscous re- 
gions,  local separation bubbles, and shock wave/ 
boundary interactions. 

Over the past decade, panel methods have seen a 
trend    towards higher-order formulations  (23),   (25) 
and  (26)      At the outset  it was argued that compared 
with the earlier low-order methods the more continu- 
ous representation of the surface singularity dis- 
tribution should allow a reduction in panel density 
for a given solution accuracy and, hence,  should 
lead to lower computing costs.    No such benefits 
have appeared so far for the general  three-dimen- 
sional  case.     In fact, preliminary  investigations 
(27) have indicated that the prediction accuracy 
for problems with complicated  interactions, such as 
vortex/surface or high curvature situations, depends 
more on the density of control  points where the 
boundary conditions are enforced;  the order of  the 
singularity distribution plays a minor role,     in 
the meantime,  further developments of piecewise con- 
stant singularity panel methods, e.g.. Merino  (28; 
and AMI's  Program VSAERO (6),  are giving comparable 
accuracy to the higher-order methods at much lower 
computing costs. 

The  low  computing cost of Program VSAERO makes 
it practical   to apply the method to nonlinear prob- 
lems requiring iterative solutions, e.g., wake re 
laxation for high-lift configurations, multiple- 
component problems  and rotor cases,   and viscous/in- 
viscid calculations with coupled boundary layer 
analyses,  including  the case with extensive separa- 
tion  (5), and also  time-stepping calculations  for 
three-dimensional  unsteady problems   (4)  thdt are 
beyond the scope of a har'vnic analysis.    This 
method,  therefore, offers  an attractive basis   *or a 



practical tool  aimed at predicting the aerodynamic 
characteristics of dynamic -tall  problems.    At the 
outset, this code was being developed in two dif- 
ferent directions; viz, one was for extensive sepa- 
ration modelling under "steady" conditions, while 
the other was for unsteady time-stepping calcula- 
tions.    These two capabilities, described in the 
section below, have now been brought together in 
one code. 

Separated Flow Model 

Under essentially steady conditions, the pres- 
sure distribution in a trailing-edge separation re- 
gion is usually characterized by a constant pres- 
sure region extending back to the trailing edge 
followed by a short recompression region (e.g., 
(29)).    A simplification of this characteristic is 
modelled in the two-dimensional CLMAX program (30), 
(31) using a pair of constant strength vortex sheets 
to enclose the separated region, Figure 2.    The 
length of the sheets required a semi-empirical ap- 
proach and the condition that the sheets be force- 
free is satisfied in an interative cycle in which 
segments of the sheet are aligned with calculated 
local  flow directions.    The method combines boundary 
layer and potential  flow codes in an outer inviscid/ 
viscid iteration cycle.    The potential flow pressure 
distribution--which includes the influence of the 
free vortex sheets--is passed to the boundary layer 
routine which then supplies the separation points 
and the boundary layer displacement thickness dis- 
tribution for the next iteration.    The boundary layer 
displacement effect in the attached flow region is 
modelled by transpiration (i.e., source distribu- 
tion)  rather than by a displacement surface.    The 
main advantage of the transpiration approach is that 
the matrix of influence coefficients in the panel 
method remains essentially the same from one itera- 
tion to the next; only the wake condition changes. 

The thin vortex sheet model of the upper sepa- 
rated shear layer was demonstrated by Young and Hoad 
(32) to be a reasonable representation of the flow 
as  far  back as  the trailing edge.    Fur example, a 
comparison from (32) of a laser-velocimeter flow 
survey, and a CLMAX program calculation is shown 
here in Figure 3.    Downstream of the trailing edge 
the vortex sheet model  becomes less representative 
of the flow;  however, a later evaluation of a graded 
vorticity model over' the recompression zone showed 
little effect on the airfoil solution.    More detail- 
ed model!ing of the recompression zone (such as,  for 
e*,ample,  the approaches used by Gross  (33) or Zuniwalt 
(.3:'4)  would be desirable in cases where the wake  in- 
teracts closely with a downstream component. 

A particular feature of the vertex sheet model 
enclosing the region of low energy  is  that nressures 
can be calculated directly in the separated zone 
(30).    This  is  <in additional  advantage over the dis- 
placement surface approach of Henderson  (.35;)  and 
over the source outflow model of Jacob (36).    The 
CLMAX method generally gives very close  agreement 
with experimental Pressure distributions  (30),  (31). 
An  initial  extension of this method  to  the unsteady 
^ase is reported  in  (31) where quasi-steady solu- 
tions  coupled with a ohase shift model  were used* 
Extension of the model  to the three-dimensional case 
is reported  in  (37)  for a stripwise model  and  in 
(5)   for a more general   treatment.     The separation 
model has also been successfully  installed  in .* 
transonic finite-difference code  (38). 

The same basic model  is also applicable for 
the unsteady case;  herr;, however, the assumption 
of constant vorticity is no longer valid.    In fact, 
a dynamic wake model   is essential and will  be dis- 
cussed below after tiie description of the unsteady 
formulation. 

Fig. 2.    Mathenatical   Flow Model   (Steady). 

Fig. 3. Location of Experimental Free Shear Layer 
and CLMAX Calculated Vortex Sheet Center- 
lines  for Low Mach Number Case  (from (32)) 

Unsteady Method 

Formulation.    Consider the whole of space 
divided  into two regions by the surface of the con- 
figuration and assume the existence of Laplacian 
velocity potential distributions  in the  two  regions, 
i.e..   !   in the  flow field and   :.   in the  blade   in- 
terior,     if we now apply Green'I  third  identity  to 
the two regions,  then t*ie total po ten Hal  at a 
point,  P, or the inside surface of the  boundary  can 
be wri tten: 

^ 
(•-)--(■-   ) 

U) 



Here, r is the length of the vector from the sur- 
face element to the point, P. and S-P signifies 
that the point, P, is excluded from the surface in- 
tegration. Equation (1) includes the contribution 
from the wake surface, W. 

The Dirichlet boundary condition is now applied 
in the interior region to render a unique distribu- 
tion. In principle, any potential flow can be ap- 
plied. However, the f^w, I r I , implied by 
Morino (28) and used by Johnson and Rubber! (25), 
has proven to be jery  reliable in practice. With 
this flow, Eq. (1) becomes 

: dS - 2;r 

S-P 

•U   L/n ' (r)dU 

(2) 

where   :.  the perturbation potential   in the  flow 
field,  has been substituted  für :  -   :_. 

The  first  two  terms  in Eq.   [2)  give the pertur- 
bation potential  due to a distribution of normal 
doublets of strength,  :, on the configuration sur- 
face.     Similarly,  the third term represents  a doub- 
let distribution of strength,  ;\j •  ii, on the wake 
and  the  fourth term represents a source distribu- 
tion of strength,  n  •   .;, on the configuration sur- 
face. 

Equation (2)   is basically the same as  the for- 
"uiation given by Murino   \23) , wfio used a direct 
application of üreen'b  theorem in the  fluw field. 
'he present approach to the problem is  a special 
case of a multi-domain formulation which has   lead to 
the  'lore general   three-dimensional  method in which 
large  regions of separated  flow dre modelled  in a 
similar way to  that  in the CLMAX program  (5),,   (30) 
and  (31). 

'he  source terns  in Eq.   [2]  can  be evaluated 
Jirectly from the condition of no fluw penetration 
-it  the surface.    The flow velocity relative to the 
body-fi«ed  frame  is  at  any  instant  jf  time 

V   » 

w^re the perturbation veloci 

'!) 

n v 
-,f rotation. and ire me instantaneous 

set *K>,¥ and angular velocity, respectively, a'id 
"i the relative position vector between a point 
me rotation a« is and .i point >n the surface. 

and Eq. (2) becomes 

0 = 

// «•«; 
dS - 2-pD 

S-P 

//(*-0*-#« 

(4) 

This is the basic equation of the method.     It 
is solved for the unknown surface perturbation po- 
tential, f, or surface doublet distribution, u, at 
a number of time steps as the configuration proceeds 
through the motion.    The wake surface is transported 
at the end of each step using calculated velocities 
of points on the wake surface.    The doublet, distri- 
bution,  ?u -  ;L, on each wake surface is known from 
solutions at earlier time steps.    The unsteady Kutta 
condition 

3T + VV° (5) 

is satisfied at points along each wake separation 
line at each time step. 

At each time step the flow solution is deter- 
mined with reference to the body-fixed frame. The 
incompressible pressure coefficient is, therefore, 
given by 

*(V ***** i)v 
(6) 

where Vr 
r ..h  R. - £ is the instantaneous velocity 

cf ä point on the surface relative to a stationary 
reference frame, and V is given by Eq. (3), 

Numerical Procedure. The general arrangement 
of the configuration is shown in Figure 4. The -., 
y,: coordinate system with unit vectors, Kj.k is 

jr jero  .'enetr.it ion ,   { ►ience. 

it.")."   :1     A.-,-..;,v <_.     _. .,  f • ,_.u, -_,. , ,   r 



fixed relative to the configuration.    For symmetri- 
cal applications, the z-x plane is regarded as the 
plane of symmetry. 

A numerical procedure has been assembled in a 
time-stepping mode to obtain the unsteady pressure 
distribution and forces and moments.    The surface 
of the winn is represented by planar quadrilateral 
panels over each of which the doublet and source 
distributions are assumed constant..    With this as- 
sumption, the surface integrals in Eq.  (4) can be 
performed in the closed-form for each panel. 

Equation (4) is then satisfied simultaneously 
at a point at the center of each panel.    If there 
are N panels representing the configuration surface, 
Eq.   (4) becomes: 

different expressions are installed in the VSAERO 
code based on planar panels. 

Equation (7)  is solved by a direct method for 
N < 320 and by an iterative method for N > 320. 

The surface pressure distribution is calculated 
using Eq.   (6).    The surface gradient of u is evalu- 
ated on each panel by differentiating a two-way 
parabolic fit through the doublet values on the 
panel and its four immediate neighbors     At the 
separation  lines a simple differencing is applied 
for the gradients approaching the separation line. 

The gradient of $ with respect to time is 
evaluated by central differencing over two time 
steps;  i.e., 

£|UKCJK!   -2^J + EJ = 0'       J=1'N 

k=l 
KXJ 

(7) 

..t-ut 

5t 
.t.^tj /2IX. 

where .:K is the unknown doublet value on panel K. 
(Note: uK = >K/4n.) 

I 
%    JK i 

- V 
-M, 

K = l 

where N^, the number of panels in the wake, varies 
with time and  and V,. take their instantaneous 
values at each time step. 

N 

£ 3 R. ■ % Bjk,';4" 

is the source distribution due tu rotation about 
the axi s, h, and 

For harmonic motions the real and imaginary 
pressures are obtained by Fourier analysis for the 
first harmonic based on solutions over a complete 
cycle. The calculations start with incidence OQ 
and a regular (i.e., steady) wake. Two iterations 
are performed to render the wake force free. An 
oscillatory doublet component based on a linearized 
solution is then superimposed along each wake line 
before starting the time-step model. Time-step cal- 
culations proceed over a half cycle before applying 
the Fourier analysis. 

At each time step a new panel is formed at the 
head of each column of wake panels and all the exist- 
ing wake panel corner points are  convected down- 
stream at the local velocity. Each wake panel keeps 
the doublet value it received at the time it was 
formed. This doublet value is based on the condi- 
tions at the separation line and satisfies Eq. (,5). 
It is assumed that the shedding occurs at constant 
vorticity over the time interval, t.  In this way 

t+.:t 
the doublet strength, ..,,   , on the new wake panei 

t 
is related to the strength, „,, , of the previous 

wake panel at the separation line by 

K*l 

1 n  H 4- 
t+.'.t . ,  t t 

are the components of a three-part source distribu- 
tion due to tne relative translation of the con- 
figuration and  the onset   flow.     (Note:     in a sym- 
metrical  case  the /-component  is  zero.) 

The   juantities,  BJJ; and Cjk, ^rn the velocity 
Dotential   influence coefficients  fo^ the constant 
source and doublet distributions, respectively, on 
panel   K acting on  the control  point on panel   J. 
these  include contributions   fryui the  image panel   in 
the symmetrical  case.    Expressions  for these influ- 
ence coefficients have been <;>veri by Morino  in 
based on nyoerboTic parabüluiaal  . jnels.    bli intly 

t 
where ..T    i s  the  resultant doublet  value at  the 

separation   line. 

unsteady Separated  Mow 

"he combined code   'or separated  flow mo-Jell mo 
in the unsteady case requires  a mure sophisticated 
treatment j-f the free-shear layer Tvdel  than was 
used  fur rhe steady case,     /elueities  ^.ro still  cal- 
culated at   ', set of points   »long each free sheet, 
but   in the unsteady cast we now transpurt  t'vse 
:-oirts   rand  t'f.etr associated   JoubTet  value:   jiontj 



the calculated velocity vectors for a small time 
interval, At.    In this way, as time progresses, a 
dynamic wake model  is generated.    At each step a 
new piece of free sheet is shed from the calculated 
separation point; the strength and size of this new 
segment is determined by the local upstream veloci- 
ty condition.    The location of the separation—cal- 
culated using an unsteady boundary layer code, see 
the next section--can now move with time. 

It is convenient to regard the local vorticity 
(i.e., doublet gradient) on the free vortex sheets 
in two components; a streamwise component and a 
cross-flow component.    The streamwise component is 
already force free and is related to the spanwise 
rate o." shedding of circulation from the wing.   The 
cross-flow vorticity component is associated with 
direct dumping of bound circulation from the sepa- 
ration line and must be transported with the local 
flow velocity in order to be force free.    This 
cross-flow vorticity component—which was assumed 
constant with streamwise distance in the steady 
case--now varies along each streamline on the free 
sheets for two rr.sons.    first, the vorticity value 
being convected onto the free sheet at each separa- 
tion po'nt is varying in time because of varying 
onset flow conditions and because of the changing 
separation locations,  secondly, stretching by the 
entire configuration of solid surfaces and free 
wake sheets.    This stretching of the doublet dis- 
Dribution carried by the free sheets yields varying 
vorticity values when the doublet gradient is evalu- 
ated.    In this way the free sheets can become highly 
distorted and centers of vortex roll-up may form. 
Special treatment of the sheets  is  therefore essen- 
tial  if numerical  stability is to be maintained. 
Two routines are being evaluated in tnis work but 
they have not been fully implemented at this time. 

(i) Vortex Amalgamation 

To cater fur vortex roll-up in a reasonable 
nanner it is essential to include a vortex core 
model in wnich integrated vorticity is accumulated 
rather than to follow a detailed calculation of mul- 
tiple turns if a vortex spiral. An amalgamation 
scheme similar to that of Moore (39) is being used, 
when the angle between neighboring segments rep- 
resenting a sheet exceeds a specified angle, the 
segment end points are merged to a new location at 
the centroid of  their combined circulation. A num- 
ber of  such cores are  allowed in the new routine to 
deal with complex motions. A viscous core  expres- 
sion can be applied to each vortex core when com- 
puting the field velocities. 

(if) Redistribution 

Having performed the vortex-core amalgamation 
Calculation »long each free  sheet the points defin- 
ing the intermediate free sheets are redistributed 
with equal spacing in a manner similar to Fink and 
Suh (40) and Sarvkaya and Schoaff (41)* Portions 

r the sheet between amalgamated cures are treated 
independently her«, Figure 5. Tni treatment, 
which is applied to both the sheet geometry and its 
doublet distribution, uses a biquadratic interpola- 
tvu'Ti scheme based ;-n surface distance alonq the 
heet. 

This  routine shuuld help stabilize  the numeri- 
cal calculations, especially in the initial v<\r; ..-' 
each sheet when 'he separation  location is  /drying 
with lire,    In iho tnree-dimensiunal  case the red is- 

Fig. 5.    Illustration of Multiple Vortex Core Amal- 
gamation and Redistribution Scheme. 

tribution scheme is being arranged along the cal- 
culated mean streamlines in the wake sheets.    This 
causes some difficulty if amalgamation is not pro- 
ceeding uniformly along all  lines on a sheet. 

Calculations 

As  the routines are being developed, prelimin- 
ary calculations are being performed to check the 
basic operation of  the code.     Figure 6 shows  the 
growth of indicial   lift  and  circulation for a NACA 
Oiill  impulsively started  from rest at an angle of 
attack of .1 rad.    The curves dre compared with 
Wagner's function for indicial  lift and R.T.  Jones 
indicial circulation for a flat plate.    These in- 
itial calculations, which used 31  panels around the 
section, are in good agreement and indicate a 
slightly higher trend which is  consistent with a 
higher steady state circulation for the thickness 
case. 

Fig,  6.     Indicial  lift  and Circulation for an  Im- 
pulsively Started Two^Dimensional  Flat 
Rate. 

borne recent  refinements developed  in the  two- 
dimensional pilot cod«   have significantly reduce1 

the computing requirement of tiiese tune-stepping 
calculations.    For example. Figure .' shows the ef- 
r'ect -j^  indicial   h f t of  varying the number of Urne 
iteps  m the «ugner [rublen and Jemunstrates   a r«n>i: 
..  r;»or;ence. 
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Fig.  7.    Computed Indicial Lift for an Impulsive!v 
Started NACA 0012 Section-Effect of Number 
of Time Steps. 

The procedure has been tested also for the har- 
monic oscillation case.    Earlier calculations re- 
quired 80 time steps per cycle for a NACA 0012 os- 
cillating in pitch about the quarter chord.    These 
cumoared favorably with the Theodorsen flat plate 
function over a range of reduced frequency, Figure 
S.    The r.ew calculations are also in good agreement 
but were performed with only 16 time steps per cycle. 

Figure 9 shows the computed results, C[_ versus time, 
using only 4 time steps per cycle.    This is in re- 
markably good agreement with the 16 and also 32 
time-step'cycle solutions, demonstrating an extreme- 
ly good convergence characteristic. 

MCA oaa      i° *■** 

—[>l»wyv 

t.s — 

Fig. 9. Computed C, - for a NACA 0012 Section 
Oscillating in Pitch about the Quarter- 
Chord. 
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Time-stepping calculations have also been per- 
formed for cases with prescribed extensive separa- 
tions.    The purpose of these calculations was to 
check the basic unsteady circulation shedding model 
in the potential  flow code.    For the first set of 
tests, the wake panels were simply transported at 
the onset flow velocity after the initial  growth as 
determined  from the surface conditions  at serra- 
tion.    Several  triangular shapes were considered, 
each starting impulsively from rest and proceeding 
forwards o^er 10 time steps  for a total   time of 
:   -   rli./h =  3.0, where h  is  the triangle base 
height.    Separation was prescribed fit  the corners. 
Figure 10(a)  shows  the computed histury of  the <li\v] 
coefficient  from pressure  integration fur a 60    tri- 
angle with blunt  face  forward.     A total  of 40 panels 
was  used to  represent the triangle surface.    The 
calculation was repeated in the presence of wind 
tunnel walls  (also panelled)  with a 10    blockage 
ratio.    The  indicated blockage correction  is  &üme- 
what  lower than that  given by standard techniques. 
Figure  10(b) compares  the computed pressure distri- 
butions  for this  triangle  in and out of  the tunnel. 
This "base " pressure has only a small  variation 
and  is quite close to experimental measurements. 
Figure 11  shows  a summary of computed drag coeffi- 
cient versus triangle semi-apex angle.    The calcula- 
ted values Lire slightly high in relation to the ex- 
perimental data collected from several sources by 
Hoerner in Aerodynamic Drag.. 
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Finally, a ".est calculation was performed for 
a NACA 0012 section in a state of pitch from 10- to 
30" with 5c/2U = .175. The calculation used 30 
panels and 10 time steps. Separation points were 
prescribed and the motion was started impulsively 
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(b)  Calculated Pressure Distribution at 
t=  3.0. 

Fig.   10.    Calculations on a Triangular Section 
Started  Impulsively from Rest. 

One further case was  run fur the 60    apex-for- 
ward triangle in frae air with the full wake veloc- 
ity calculation routine turned on but without  the 
amalgamation and redistribution schemes  at   this 
,tage.    The calculated CQ for this case falls below 
the experimental value. Figure  11.    A series of com- 
muted wake  shapes   is  Shown  in Figure  12.     These Are 
samples  from a total  of 40 time-step calculation-., 
7»ie  total   computing  tune  foi   this  case was   195 
seconds on a PRIML 550 mini computer--this  is equiva- 
lent  to  less  than I seconds vf CRAY time,    the solu- 
tion should benefi*  from the numerical damping pro- 
vided bv the amalgamation and redistribution schemes 
levcri bed earl ier. 

Fig.   II.    Cakul.ited Drag Coefficient of Twö-Ditiieh- 
sional Wedges as  a Function of Apex Angle. 

from  rest 

Figure 13(a) show,  a sample of the computed 
v.  ke shapes and demonstrates a reasonable numerical 
behavior.     Sample pressure distributions  tire shown 
in Figure   13(b).    The passage of  the   leading-edge 
vorte*  is clear!/ shown.    This  is associated with a 
local   region jf  reversed  flow.     These  a>'e ;ireli"ir.- 
ary test   calculations  ai ed  at exploring the numeri- 
cal  behavior of the calculation procedure and Poten- 
tial  flow model.    Future cases  will   include the 
coupled  boundary  layer calculation  •. r  oredi   u> 
the separation point.    At  that  ti-e the calculated 
result*,  will  be  -„ompared wi'h e<yeri"ie-nt al   lata. 
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Fig. 13. Calculated Results fur a NACA JOIZ Start- 
ing Impulsively f»o-. Rest and tuning 
from IU to 30 a: .» Rate *c , .; - J.P5. 



= 2   •   ,./R 

L = 2[.. - K(H t 2)J 

(10) 

Ml) 

P i where 

i   / 

 1 V- 

L, ■   =   functions of    .   and K 

K   r   ■■2/ .(dUa/dx) 

„   =   K-  Ua U'VU- 

(12) 

Calculation begins at the stagnation point   -"d 
K takes  the starting value,  K    = 0.0855.     The  ui- 
;tial inonieKtöm thicWiess, ■   , is o 

0.2 0.4 

X,C 

a.a i.« 
- (0,0:355 /(.dU /d>;; n; 

Mi)      =  1.6. 

;bj Calculated Pressure Distributions at 
Tinte  Steps. 

;,g.   !'i.    Concluded. 

Boundary La^er Calculation Methods 

Cur e's original   nethod  has  been modified  to 
..j"   ..Kite trie jnsteady bpunddry  layer dev.e1oprnent. 
rnis   is  achieved by  solving the unsteady 'numentuiü 
""etMi  equation  using a  Runge^Kutta  nethud.     f^e 
tyr'Oa'en.t boundary   layer method is  based un me  JM- 

'eady 'Hjinertuw integral  equati >n as   in tne  tannn«ir 
bojnda^/  layer "vethud.    Coustei«'s entrdinitient re- 
'dtUinvM.p    4j]   and u/no  Fertiger';,  skin  friction 

• ••' itronyni[■'   !44,)  are   -se-i   fur closure.     T^e  letails 
'  •'u-   'etn >ds -I'v   it'ji.'ibed  in the  fo'luwing sec- 

...:'■ jr Boundary  Lav»."   ^etnod 

Turbulent  Boundary^ Laver Me thud:; 

For  unsteady  turbulent,  üüundcfy   lave-rfc j   the 
inoiiiO'itun   integral equation and the entrjj. müert e.q,ua- 
t iun are   ii  >-:~' by: 

H-v*- I] =cc 

v 
r   , )6      e 
LE       3x  * Of" 

Equations     14;   jrd     1-      'ijve   ' : . e   J'»' ■■'■*'^. 
C; ,   .,,     ,     ,  j';d    ",   .'i: Vo   . rstei'   n«?e ?■ 
* t^:j'   •■»• • at i unsn i, ■   *.■•'  _'   we. 

'  •     .   „  .i' '    •   v 
• •   '.:!••    ".i'  ••«• j* • 
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-7 sgn( (20) 

of the second degree for the parameter, 

and k =0.41 is the von Karman constant. 

The similarity solutions have shown that the 
entraininent coefficient, C-, can be expressed as 

*2(H*  -  HH*')   +  \[1  - H* + H*'(l  + H)]  - H*'   =0 

(25) 

CE " CEe 

1§ 
at 

(21) 

where £>    is the entraininent coefficient for the 
S 

steady case as given by: 

fi (0.074G -  1.0957/G) 

Substitution of Eq. {'II)   into 
and the introduction of ti* - , 

:qs, (14)  and 
*)/    give 

Equations  (23)  and (24)  can be solved  in var- 
ious ways.     Initial  conditions at t = tc and bound- 
ary conditions at the stagnation point  (t   ■ 0} are 
sufficient to determine a solution in the region 
where the flow is attached,  i.e.,   ■?   • 0.     In the 
present paper,  the time derivatives are treated as 
forcing terms and the integration is performed in 
thfc   ^-direction using a Runge-Kuttü method. 

The boundary  layer procedure has been tested 
against experiments and the calculations of other 
investigators.    The results are shown in Figures 
14 and 15.    Figure  14{a),  (b)  and  (c)  shows  the 
mean quamtites   (momentum thickness, skin friction 
and shape  factor)  for the experiment conducted by 
Cousteix  (45) on a flat plate,    the main free 
stream velocity is Z'l m/sec and the motion is har- 
monic with respect  tu  time with *.ne  frequency of 
33 hi.    The present calculation  (solid line) 
agrees very ■.-■ e 11  wi tn the calculation 'oy Cousteix 
and  the corre ation with experiment  is also very 
good. 
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Fig., 14. Concluded. 

Figure 15 shows  the comparison with the cal- 
culation of Nash et al.   (46)  for a monotgnically 
time-varying flow on a flat plate.    Tne present 
calculation predicts tne separation at the ena of 
the plate when wt - 0.682 as  in tne Nash et al. 
calculation.    The  .werall  results are in good 
agreement with their calculation. 
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Finally, an experimental data case from (3) 
was run and tne computed lift variation with s 

compared with the measured data in Figure 18. The 
airfoil is a NACA 0012 and is oscillating in pi ten 
about the quarter-chord line with . - 8.1 t 4.9 
sin (O.it); i.e., below the dynamic stall onset. 
Reynolds number was 4 x 105. This reduced fre- 
quency condition is very close to the changeover 
from a lead to a lag situation and so there is 
only a small difference between the upswing and 
downswing curves. 
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Introduction 

Advances  in computer hardware during the  Last 
decade  have  permitted   the  numeric.!!   solution  ot   the 
\av ier-Stokes equations,    original efforts concen- 
tratee.  en   ste.niv   flow  problems,   however,   more 
recently  unsteadv   flows  have  been  addressed,     one 
o:   the best   uses  of   the  Navier-Stokes  numeric.il 
program   is   to   solve   separated   flows  due   tu   the  non- 
linear   caaracter c:   the  problem.     (l-'or  problems   in 
linear   ieivdvruncs  :.,TI-  efficient     oianuter  programs 
exist).     However,  mas:   separated  flows   ire  unsteadv 
due  to trie   fuad^r.vnc il   instabil itv of  such  flows. 
Kavielga's   second   theorem'   states   that   i  veiocitv 
profile with an  inflection  point   (t'"=0)   is  unstable. 
Mi   separated   fioWs   have   inflection  points  and  heiioe 
have   in  unstable   region,     In  t nese   flows,   small    Jis- 
turb.uveS  ><;    i   a-rta:-  wave   length  are  amplified. 
'■■'■   -imnle   Linear   theerv   these  disturbances  attain 
infinite    impiitude,   however,   ,1   "limit   cvclo'    is 
i.nleved   in   nature.      The   lime-dependent   Navier- 
-t-kos equations  nosses-   the  capability   re   investi- 
g.ue  uns:,-),:•.•  separated   tlows.     rhis  paper will 
I'i'View  --I:H-  of  the  progress   ivcompl ished  over   the 
rast   f< w   •:. irs   in  this  are i. 

uoyern i:;a,  EquJt U ns 

";•<   ■ a. -ji'iH'iijo):   N'avier-Stokes  equations   in 
,   r  tiling    ooriinatc   >vsU'rc  take  Live   f. . '   wine 

1.     Steady  separated   flows. 
Supersonic   flight  with stead? boundarv con- 
ditions. 

a. Missile   at   moderate   angle   of   attack". 

bi     Hypersonic   cruiser  at   angle  of   attack". 

Self-excited  oscillations. 
Periodic  solutions  ri   .ursteaua\   flows  wit a 
steady  boundarv  eöndit iuftSi 

3,     buffet   ol    i   ovliader'   .aid   \irfoil   . 

b. Weapons  Bai   (lavitv  Resonance' . 

Bu2Z   of   a   So ike     and   Inlet'. 

>.     Forced  .'so i J iat ions. 
Periodic   solutions oi     R'.stcaJv   flows  w-itn 
time    iependeiit   boundarv  c aid i t ions . 

a. Dynamic   li-.rt  oi an oscillating airfoil/.. 

b. Kot at ion  Of   a   ilat   plate1   . 

Although   other   categories   could   also  be   addressed, 
these   few cases were  chosen  to demonstrate  the 
wrsatiiitv   of   the   numerical   program  and   to   indicate 
the   present   stat e-o | -the-art   in   solvinu   the   N.A'ier- 
Stokes  equations,      i See   Figures   .-MI.      in^s,;   solu- 
tions  avvraced   .about   one  hour  on   '      -■'••''    •      '"outer. 

By  use  r\   'ho   time-depenaent   \nv ie r-Su :M- 

equations,   s i'rtr'1 living   iss sumptions,    in-  u     b. net r 
ni-cessar"   to   investigate  rriany  ■ ia-ses   ,vt   iirihteadv 
separated   ('lows.      ['ho   projected   aavan. em«, n:     a 
computer  capahilif.   over  the  next   tew    ear.-  ietnier- 

on   aiort-v'ut    approximate   met:;, c.    :   r    >::.d ■ .• :nc.    .n- 
>te id.'    -.ep.irat ed   ! lows . 

:     ■: . ■     •    -v. -: atei . 

rla:ihe'- *   W. ,      t mar ,      . .   si   . ■:.-,      .."'..:, r- - •    r.e 
■'-■■■■ iat sou     :    i  >1< rivii :   '    .:■      :     o,   iat .• :.    it   , it Je 

■:    :0    ,      .:• . .    in.a   :■ CM    ,   '..! . .   "N ■••er:    i.      :mu- 
1  it . .  :l       :     :  !    WS    i'.lst      i    !•'. "ef-en I,     \ V<: J .. t , "   . 

:   •• o- : 'V>. ,   oil;!    ;•• :.,   - : ,: i      ui v, :    itv,        • . 
v  i. •; .   .    -.V    '.in   !'i)it, 

^ :. a-.- ,     ' .S. .    "'S.   -. 1 .  .I    I • :• ; i. hi e   i 1 ov; 
•r   ■-.■■■:    i      . i mwer ,"   V l.YA   ■" o«.-:    ".'-■' ■• ">>» ,    'an   '. ■"•. . 
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Abstract 

An unsteady flow analysis is rsa.de of the 
low past a symmetric airfoil with identical 
vr-L-ces released intermittently from its upper 
irfac'e« :he vortex train is used to simulate 
>• fi^w observed in the laboratory which was 
- r ■ -x rbe>i "cy an oscillating spoiler or a 
)tating can", embedded in the airfoii surface. 
ls-ed on numeric ai con ru ta t ions , the airfoil 
:ft has a general behavior that it increases 
»eil;a torily  with   time,    and   seems   fo   approach 

^definitely. The asymptotic lift is enhanced 
.*:: increasing frequency at vrhich vortices are 
>.he/ratei., nnd is only slightly influenced by 
langi.ag the vortex-releasing position aV©.iig the 

la* of the lift, b'i" its magnitude LS "•IO 

•i^r*.   smaller.      Mir  study   also   indicates   that 

':. •  florf •a."*  an airfoil,   whi^h  «ias  perturbed  by 

» i :. -     :  :        h"        •■ • i .      .--••.••• a"! .»:.-•     f 1  l i 1     mo * ion. 

When moving along the airfoil surface, thia 
train of vortices not only makes the flow 
unsteady but also nay cause significant -hangea 
in airfoil performance. While empirical data 
are not yet available for ;ompa r - .tor., we are 
presenting here i theoretical analysis for 
computing the unsteady lift and ircag 01 the 
a i r f o i 1 w hen vo r t i c ea are r e1eas e d 
intermittently   fron   its   upper   surface. 

Despite the fact 'hat vortices observed in 
the laboratory an most Likely formed from 
rolling- up of vortex sheets resulting from 
boundary layer separation at the sharp tip of 
the spoiler or rotor as sketched in Fig* 2, they 
are treated as discrete potential vortices in 
our formulation b a s e i or. an in v i s c i d 
incompressible flow analysis:. The symmetric 
airfoil configuration adopted La our computation 
i a göne r a t <• i fror, a c i r : 1 • ■ t r. r o ug h ." o u k ow s k i 
transformation, an i the effect of oscillating 
spoiler or rotating r.äts i^ simulated by the 
intermittent appearance of iiscrete vortices of 
the same strength at a given location .tove the 
airfoil. In an unsteady flow about airfoil, a 
vortex sheet ir> -:<:■'''*■ i to she'3 • :>n * muous 1 y 
from the sharp trail ;ng edge* Strengths oC the 
iis" ret iced war." vorti:es and the instantaneous 
cifCAl a tion about the airfoil ar« ieterminnd 
''vor requirements "hat tne r 1*3111 tant flow be 
tangent    to    the    airfoil    surface,     the    Kutta 

to * a 1 ■ i r MI : ! f ion in the ••::*::*" flow f i- 1 i b»> 
?:ept at the iii.it la' v a 1 :■•. The -onrl-x 
potential '.'or * ::•■ physic'ti flow about * h" 
i-irfoi*. is ab fathei by trans form a* ion '.'ro-.i 'ha* 
he  'he   flow  -lioi'   the   ■ i :•!",   !ro.'\ w P . • h  • '•>• 

• .^ ■ 



As   shown   in  Fit;.  1 ,   the  transfor.nation 

(1) 

m a p s a circle o J, radius a i, > 1 ; in the J? 
\SZ,+ i1?: plane, centered at t, = 1 - a, into a 
symmetric Joukowski airfoil in the physical z 
i - x * ly) plane, whose chord is slightly 
longer than 2. A free« stream velocity of 
magnitude of oriP naif and at an angle of attack 
o( is mapped without changing its orientation 
into a uniform stream of unit speed in the 
physical plane. For the convenience of 
formulation a £' ( = £' ♦ £*£') plane is 
introduced in Fig. 1, whose origin coincides 
with  the center of the circle.    The  relation 

;' * ; + 4 - l i2) 

hoi is for coordinate transformation between 4 
and £,'  pi anes. 

\ liscpete vortex of circulation k; at a 
position si outside the airfoil is transformed 
i "Corung to Su.> ■ 1 ' into a vortex of the same 
.-•' r-v.^th tt J?- outside the circle. T.o satisfy 
the boundary condition that the flow be tangent 
•■; the circle an i to fulfill the requirement 
'■:.:'. *he total tirculation be conserve l, an 
irt'age ,'ortex of strength -tea and another vorfex 
:■>: strength '*., are added at a" £■ and the center 
o:' * h e circle, respectively, for each of the 
iisorete vapticea in the physical plan»*, be it 
*.-.'* .•■:i""x generated by a spoiler or a /Orte* 
shed in ' r.e wake, a set of three vortices is 
:-1 a ■ • i L:i the transformed plane following the 
::'o:eiure vust lese v \ bed. /uprose the initial 
.-• • ; Ly.-.s'. 11- circulation about the airfoil La V, 
,<■..■■: : s :••'■-mined by the airfoil angle of 
:••••-:«. Vfter vortioes have been generated by 
i ;■■:•*. ;rr :n»' mechanism, the total Mr cu'. ition in 
'.'■:.<! -ntire flow mii'u-.t be kept at, ; t.i initial 

:!.-• aocoriing to th« uiyiscid theory. In 
O-T.-T   .vet-,   no  natter   how   many   vortices   are 

't :**.. *ea ■ 11 aa" ■ i a" •'he •■•..'■:• of * ne ".rrle in 
• :.-■ *. :*a:;:i'.' >r*ne i ;■ 1 in- must feTtt all t'.mr.y. 
''•. i;i   j<r."::   i   .'ortex   appears   .:.   the   flow,    .'   : r> 

" - .■       ' :.-•     ■ . r • 1 ■:    a a    NJiOWf]     in    F : ^'.    \,        The 

in which 

dw        1    -ixj 

ik. 

dz  _   ;■   -   i 
or 2" L Co) 

This expression hoi is at any point in the 
physical flow except at the trailing edge of the 
airfoil  and   the  center of a   free  vortex. 

In the unsteady flow field, a wake vortex 
is shed at any instant of time. Let this be the 
mth vortex whose position is £m in the 
transformed plane. Its circulation k , 
determined by satisfying the Kutta condition 
that £' = a be a stagnation point, has the 
expression 

*U-u sir. 

This vortex will Later move a* the local fluii 
velocity without cnanging  its  cafeul ition. 

For num.efic'il :omr;ut,j■■♦. ions we rViooäe 
•] - ' . 1 "' to ob t a i n a IT« t,hi -* rf .;yx:-'r; ■ 
a;rfo:i. The strength of vorti"esa gent-rated fey 
a perturbing lev ice ia ietermined by the sice of 
* he i"v !••-■, frequency of Jsv.v; 11 ation, Reynold:-? 
number,   an:   jthor  fa 'tore.     1*    -an  he measured 

»rani-13, and Lang* iio w •• v •- r, bee a use of 
uuvif f: :i-jp,t •••rip i r ic-a 1 l-ata -orr-'Opon 1 in.** to our 
'o:: '•T:;-1 'Olid i * lotta , we i r: . ! r a r : 1 y ; . •-; ■. 
■ . r • ; . at ion .' a 1 a- of .' for all of Trie ■>.-■■-.■ 
♦j-.a*    we    Si'iVfj    -x-tr, .rici.        "hi:!    ;.".•!; c i><:. : .• .-3 c 

•  :    •   !      i '       :     :  .  i -   ' 

•ii -] 
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a       ierived  after  taking  a  proper  lir.it. sheet rolls  into a spiral,  which becomes   tighter 
j_k and   tighter  as   time   progresses.     «hen  distances 

.  _   ivt       =   {.4}cl _ —EL     1 ) among   vortices   become   too   small,    inaccurate 
results are expected which appear in the form of 
scattered vortices in the wake. To eliminate 
this chaotic motion of the wake vortices, we 
adopt Moore's method'' to use a concentrated tip 

(TT)  
c    +    'rrr vortex   to   represent   the   tightly   rolled   portion 

of a vortex sheet. Kore specifically, when the 
total number of wake vortices exceeds 20 in the 
computation, the first two vortices at the tip 
are combined into one situated at their centroid 

~~ j position, whose circulation  is  the  sum of  the 
two  individual   strengths. 

n n n 

-i i     .   a;- 

ill ik. 
1 m ik. 

1 

i?n n       'j 
l 

ik 
':i (•«) 

-(-■ - n- 

Results 

For   the    ! 7 %   thick   symmetric    airfoil, 
computations  have  been made  by  varying  angle  of 

.:..-.' £-;i    „..-uns    .if"t     '.,,    arid    irag-    Dj    on    Site attack,    chordwise   position   of   the    released 
-. : rfoil     '.r-     iomputed    based    on    the    Blasius vortices,    and    the   period   at   wr.i:h   they   are 
theorem   for  -mstead.v   flow. released. 

•   - At  zero angle of attack and wh3n vortices 
+ [v) Ü  of ?ircu 1 ation 0.■•■   -xre  released with a  period 

_   ] T  -  5   at   a  height of  3.1   aböv»   the   upper surface 
J at the midchord position,   the behavior of Lift 

!<V) coefficient   'it   the   early  stage   is   plotted   in 
' .* ?ig«   4.    The  sudden   release of a   ,'ortex   jauses  'i 

._,   k.tu -  iv)     ( •- •;          J    — negative  lift on the airfoil.     Lift Increases 
J                 A;   ~j         "•",     _   i with   time   in   an  oscillatory  manner;   the nre-an 

•' lift   coefficient   lv-L)m,   averaged  within  each 
oscillation,   gradually approaches  an  asymptotic 

is   iivin.'--:   DV   in   „n .'rertient   a:, value   after mor"   than  ': .'   vortices   have   been 
so   that   one    rvcle  of released.     The variation o?  lift   in on«1   v:.-1 » 

!■-■■! 

L i*t on   is   iompi ;t*d   in   ?)   "-iSie  steps.    The has  :i   shape   that   is  liSioat   identical   tp   tha*   in 
y&Ai tioii   T t   ♦   A *      OtV   i    vortex,     vhos^ any  other cycle,   nxcett   that   the   entire   'urve   is 

•■■je   volition   /erf'*or   : .•■   :.  t       is    'alcüj.ated shifted   upward   after   each   period, 
!   •*•'■--••':   rr--i i ■ Mr- corre •' or   DrO-cedure 

■■r.;. 

A   representative   Lift    lurve   within   or 
for    "J  _   *.   v    ':" ,    is   blcwri   ap   'ind   plott« 

*    t   ■tku,i (i'h in Fig,   '•>    At the beginning of thiit 
i   vortex   is   just   r*j 11'■!:"»':   a*   the   jpper1  surfao*?, 
lift   ha,3   the   lowest   value.      At   'hie   ^ru* •ir;'    th<- 

''■■'.'   *■    :   '. ['•utij   + Vt R  » ( [; -ov*i-y.   released   in   '.:.-  previous   'y.T e   .:'   m   the 
;IK"   •('    -i    iistanct'   ,.-■ f   about    four   hi '. :'- 'hor i 

x   c: 

: \ ' 
: i s r I ivi 

i < . -. ;:-.   w ■. • 



neighboring released vortices and stronger 
interactions between these vortices and the wake 
vortex sheet. It is interesting to note that 
all wake vortices have counterclockwise 
circulations. Within that period, lift climbs 
to a maximum ana then drops to a minimum, both 
occurring when a released vortex leaves the 
trailing   edge. 

The variation of mean lift coefficient with 
time is plotted in Fig. 3 for different values 
of T. Solid lines represent results for the 
arrangement that vortices are released at the 
midchord location. The plot reveals that for a 
shorter T when vortices are released at a higher 
frequency, a higher average lift can be 
generated on the airfoil. Each of the higher T 
curves approaches an asymptotic value, which 
increases with increasing frequency. The curves 
for lower values of T seem to have the same 
behavior, but a tremendous amount of computer 
time i3 needed to find their asymptotic lift 
values. For example to reach t = 200 for the 
T = 2 curve, the CPU time is 2700 seconds on a 
Cyber 1 TO-720 computer. No attempt has been 
made to extend the -.or/itation beyond that time. 
However, it should be pointed out that for T 
equals 2 cr 1, the mean lift coefficient can 
become greater 'han 0.5, whifh i3 the stat ja 
1 i. ft coefficient if the c ircu 1 ation of a 
released vortex iu applied around the airfoil, 
'-'or a period equal to or greater than 4, trie 
mean   lift cannot  exceed   this  value. 

The lashed an i the dash-dotted JLirvfes Ln 
Fig. 3 are used to represent results obtained 
■rhefi the vortex-gene rating mechanism 13 at the 
' -i-"hord and * 4--hord positions, respectively. 
In thesö two oases vortices 'ire still released 
it    the   jar,-    initial    height   oi'   ü»1    abov..*    the 

•11 r : o ; !    S'jr 1 rf ic f The   influent o: 
in**. 
ron 

ii:g chördwi3e position on lift is not too 
A a3 revealed in the figure* 'Jenerally 

i ih.-/■, re '.. ea.-; ing v 0r ♦ 1 : e3 ■*. t "he ' •'.-■'h0 r 1 
tion tuusen 1 i^-- ."•• a3e in uverag« lift, 
'is snifting it r'"i:7'i:'i to the ^V4^chord 
. >:,   ions   the   orposi >>•   for   "   ■ " <  -in 1   T  •   '. 

riot ted   m  ru':!.    •  *u;J   " -■  sir*.*   the   . :s : t : 1 1 
: •■ ia / .0 •.-  of   jrug   *oe'''.':    -••r.\   '.'or T   ■   '     ini   ', 

i'.or,   13   »:«r;lHf   to   *.r.'it   of   the   Lift,   but   • •:»• 
Vi.T;. • 1 3v    l;i    tWO   Jri<T:<    3*3*1 1 1 #r,       Thf    »■•un     Ira** 
■■■•• ff -•.••:: t      '■   _,    i .'-T-t»*--:   over   nne   period, 
.: ; TO i • '•••!   :;•*»: a * . v <•    ar, J    ; o:u ♦. : ,' "   la.ysp* o*.: * 

generated on a wing utilizing a properly 
designed vortex-triggering device installed on 
its upper surface. Despite the negligibly small 
drag shown in the result, it can be expected to 
be substantial in reality when vortices are 
generated by moving a spoiler into ?,nd cut of 
the  airfoil   surface. 

The strength of the released vortices is 
arbitrarily assigned in the present analysis. 
It actually should be determined more realisti- 
cally from empirical data or from viscous flow 
computations. The latter approach is being 
taken by us in an attempt to solve the problem 
of an unsteady viscous flow past an oscillating 
spoiler. 

Acknowledgment 

This work was supported by the UvS* Air 
Force Office of Scientific Research under Grant 
No. F49620-d',5-K-0009. The authors express their 
appreciation to Lorrie Beeman and Nancy Searby 
for  providing  the   photograph  shown   in  Fig.  V. 

References 

'Fran-is, M.S., Keesee, J.E., lang, J.D., 
Sparks, S.A., and Sisson, J.F. , " Aerodyr.umi: 
Characteristics of an Unsteady Separated Flow," 
A'. A A Journa 1, Vol. r.', 'io. 12, December 1 *"'j, 
pp.   KV-! •".<'.. 

'"Vietj, K., Piatt, M>, and Hail, '■'.., 
""».steady Wing Boundary Layer Fnergization," 
\IAA   Paper  No.   7r-J-1o?',   August   ' •"'*. 

'how, '.-Y. and liuang, ''..-(.., "Unsteady 
Flows About a Joukowski Airfoil in the Pr-ese-n;* e 
o'.' Moving Vortices,' ',!AA Paper No. •:' - 'S'"*1,, 
.', inxfi ry  ' '":'. 

get* see., ■'.:-., Prune is, V.S.. an i Lang, 
'.'.., "Technique for Vorticity *'.■*■» sureraenl . r. 

' r.:\' <"t\\ FI ow," A '. A A ..' ourn'i 1 , Vol. ' ', No« '•. 
April    1i".,    pp. 

i'ti'«*,   on   "V!'iTi    . .'. *     'O'-'.'.',■ .'■'!'.   .-.'■    -i ar.. •:•• I. 

i '        -      , i'..iK!i  ,'i '*'■.',   ' '. * ' - :   •.*-• i . *..-'' 

I 
I 
I 



•Lg. 1 ?•*-©* past a NACÄ ü\Jl ü airfoil with a 
spoiler at the quarter-chord position 
or. '-he upper surface. Photograph was 
taken from the left rear aide of the 
tfirig. Streak lines were traced out by 
smoke injected at iif'ferent height..? 
from 'j vertical lölumn irista 1 1 ed far 
ipstream. 
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Abstract 

A tine-dependent Navier-Stok.es calculation 
procedure has been applied to the problem of an NACA 
0012 airfoil oscillating in pitch in a low Mach 
number, high Reynolds number environment.  The cal- 
culated results show many öf the known physical 
features, including sudden suction surface separa- 
tion, vortices shed at the leading and trailing 
edges and the return to attached flow at low inci- 
dences.  Both t!ie lift and moment coefficient curves 
show the expected features and the calculated wall 
pressure coefficients show strong correspondence to 
measured data. 

Introduction 

toil 
a ivara 

airfo 
as we 
ruis 
sub je 
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j i ■•'' 
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The unsteady flow field about an isolated air- 
is an important robiem commonly encountered in 
her oi  practical flow situations. These include 

il flutter, vibration, buffet and gi>st response, 
1! as the problem of airfoil dynamic stall. 
latter problem, airfoil dvnamic stall, is the 
ct of tue present paper. Airfoil dvnamic stall 
s in a variety of situations.  One important 
which has initiated the present study is the 
opter rotor problem.  As trie helicopter blade 
is through the rotor disc, the blade cxperi-- 
a varying Incidence angle. Over most of the 
the blade will he unstalled (i.e., the flow 
tot contain anv large separated regions leading 

tease ia blade lift or a generation at   large 
moment - oef!' ic ients); howeverj for example, in 

rd flight over the retreating portion of the 
large regions of separated flow may appear and 
inese regions the blade performance will deter- 

1: 11 -.   E i -le   hist J r v   d epe ■1. 

naraw -stall  prediction   i partlcuiarlv di-rfi- 
uit   :a- 

Despite its complex nature, airfoil dynamic 
,1  I '.  '      ;.i-.      'Cell    * \e     .l|!;;c^:    ■_•!    a    number    .' f    !heotet- 
i   il   and  exper i ";<::: i.   investigations   over   the   past 
•< ir..     Sorte   re. eat   experiments  giving  surtace  pres- 

ume   :>:a   : IT  A  varied.    >'.   flow  conditions   in« lud; 
•. . ■ .i-   ■•:   Cart a    »::d   St.   hi la i r<- " ',   'I All i.ster., 
t'vi,, i,   '!, ir ••.M'V  and  < arr"*  and  Fu*u>::iru  a-.d  h .ui •:iv '. 
"    el     l :>.'.•<•■> J : r'.at 1   :'.:   have   examined    ":c   V.i'rteS    •   ed- 

L I----, g   ,'i      <-•,-.   tor   :totn   '>c 1I »at ing  uings   (.•,.:, 
'   -.:'.   tv-r,   C-ifT  .yd  MeVrv-iki-vt».)   and   it-.-ad'   wing,   i;l 

;..;. •! ..,;-:■ -i. cv (■ ' e lv;uKl, .■.-.'.' ;■!-:>--, 
.<v«-r.il <-it : anpr.'j. e-, .ci. uw.: up >:i invi-, d 
..:     !   ■»rftt-p-.pir.i-»-.*!   anal •.-,«--..     V-tL.<u£:i  '-"••••   In 
»•ri-.tin     a .t •-,    tpo'-    iti ■••••     1    luv it« id     f    ••<•-;- 

<•::; ■: r:   ■-.'■.    »'.a'.- •.<--.   ■      tiic    I • . .irn     Mai!   pr.    '.<■"■     :<- 
:':i'.'-.:  due  to   : .e     :-•   !'       —•/,•.«->.   'a''.:!!-     !   '   «•   ' 1 •- 

.-.•..:   '•"■•.€■    .tt   :ig   d«- pr ..'.<-   .e    >:.   v..,   "!•.   fc.ated   ••■.«-.- 

o a..r     lavei      >rr«-> : ia:u.    T       tiv.aar     la  «■::...   : '. 
;. ■..  : r. ::g- i-  •<:.;.' ;   »ppr a  r-. -.:« .:•.»• p: prla!»- 

.-...• ■  '. ,<  re.«-: <- >: .': 'v. • «d v-rM ••  ■ .: 

flow fields.  A recent discussion of much of this 
work is given by Shamroth and Cibeling^.  Although 
most airfoil Navier-Stokes analyses have focused 
upon either steady airfoils or impulsively started 
airfoils, some attention has been given to the more 
complex problem of airfoils oscillating in pitch. 
For example, Mehta9 investigated an NACA 0012  air- 
foil oscillating in pitch in an incompressible 
laminar environment and Wu, Sampath and Sankar1^ 
considered a 92, thick Joukowski airfoil, again 
oscillating in an incompressible, laminar flow 
environment.  In later works Shamroth^* investigated 
an NACA 0012 airfoil oscillating in pitch between 0° 
and 10.5° in a turbulent environment and Tassa and 
Sankar*- examined an airfoil oscillating between 0° 
and 20° in turbulent flow showing dvnamic stall 
loops hut no  comparison with data was performed. 
The present paper focuses upon calculations of a 
high Reynolds, turbulent, u.3 Mach number flow about 
an NACA 0012 airfoil oscillating in pitch and com- 
pares calculated  irface pressures with experimental 
measurements. 

Ana 1VSis 

The  Coordinate   System 

The  presence oi hounding surfaces  of   a  computa- 
tional   domain which do  not   fall   upon coordinate 
lines  presents   significant  difficulties   for  numer- 
ical   techniques Which  solve  the  Navier-Stokes  equa- 
tions»     li a hounding surface   (such as  the airfoil 
surface)  dog,s  riot   coincide with a  coordinate   line, 
serious  numerical   errors  n.iv   arise   in   the  applica- 
tion jf boundar.  conditions  for  the problem and 
considerable effort   rn.iv  be  requited   to   reduce  the-»e. 
error-,   to  an  acceptable   level.     Although   this  prob- 
lem arise-»   in  hotb  viscous  and   Lrrviscld   flows,   it 
is sk-re  severe   in viscous  flows where :iy-V.ip con- 
ditions on  solid walls can c >mblbe witti  bouruiarv 
condition  truncation error   to  produce  nuncrl  a. 
solutions which  are  bvth   jualitativelv  ana  ^uanti- 
tativelv   in error.     Hius oordiuate    •.•.:<■?..,   ire 
sought   in which etch no-slip   »urJ-icc     :   the   •pe< .'. : - 
problem falls .<-\   i coordinate   Im«-.     Su> .  .i   .va«-s 
ii   termed   i    ■■>:  -titted  »-cordinate   ■»'.•■.ten.     :'ev<-r.i. 
appro.u '.e%  are  aval '.able  !      :::■';        :-::••.•.:      ■   r- 

'.-.'.<.■■.    ire     . :•.:   rr.a. r::vin-    .   •. • « • ■ , .:.-• 

.! ru. • ive   ■. . -.:, 
r- . :   pap«-r 

npr«   «•   -. iv« 
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The torn of tiie equations expressed in Ehe more com- 
mon coordinate systems can be found In standard 
fluid dynamic texts. One  possible appro.ich for 
solving the equations in general nonorthogonal form 
is the strong conservation approach such as that 
used bv Steger*-"1.  A second possible approach solves 
a set of equation.-, in which the metric coefficients 
do not appear within derivatives.  This has been 
termed the quasi-linear term bv Shamroth and 
Gibelirtg0 and the .ham rule conservation form by 
Hindnan1 .  Although accurate results :\o\/v  been 
obtained with bath forms of the equations, in cases 

where tiie Jacobian ot transformation is independent 
oi  time the latter form is Less sensitive to   the 
precisemauner in which the matrices are evalu- 
ated8»15»10,  therefore, the present effort utilizes 
the quasi-linear form.  Discussion oi  coordinate 
systems having time-dependent Jacobians has been 
given by Thomas and Lombard '. 

It tiie spatial variablen are transformed from 
the' Cartesian ajordinates (x,y) to a new set of 

< ,'rri ir.utes    ( '.,    )   where 

»     (x,y,i > - * ' (x.,v,t »       :  »  t (!) 

The   ;u..si-   near   form     f   the equations  become:» 

it.+   . - f •  * f 

-• + 
'.-> 

'■■(=)   •!   ) 

(Jl 

: •.   ( . !    rt'd   '. )l        i ■■   ivttvi: •• .   a   i;id   v    ire 
•; i:i   ve !      it1-        Rtn >nc!!( .-.,   ;    i .   ;■! <•-. mre ,    ' 

it     .tres»   !<•:.-.   [     uid   Kc   : ••   '    <•    U-vin   .a-,   jiu.BI   <t. 
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governing equations  are  replaced  by  an   implicit   time 
difference approximation,   optionally a  backward 
difference  or  Crank-Nieolson scheme.     Terms   involving 
nönlinearities at  the  implicit   time  level are Linear- 
ized  by  Taylor  expansion   in   time about   the   solution 
at   the  Known   tine   level,   and   spatial   difference 
approximations are  introduced.     The  result   is a 
svstem  oi   multidimensional   coupled   (but   Linear) 
difference equations  for  the dependent  variables at 
the unknown or   implicit   time   level.     To  solve   these 
difference  equations,   :ne Douglas-Gunn  procedure 
lor   generating alternating-direction  implicit   (AD1) 
schemes  as  perturbations  oi   fundamental   implicit 
difference  schemes   is   introduced,     this   technique 
leaOS   to   systems  of  coupled   linear  difference  equa- 
tions  having narrow block-banded matrix  structures 
which  can  he   solved   efficient!'.'   by   standard   block- 
elimination methods. 

rite method  .enters  around   the use oi  a   lormal 
linearization  technique adapted   fot   the   integration 
oi   inir ial-va i ue  problems,     The   linearization  tuh- 
nique,   which   requires  an   implicit   solution  procedure, 
permits   the   solution  o!   coupled   nonlinear   equations 
in  one   »pace  dimension   (.to   the   requisite  degiee    ■! 
a. . \u\\o\)  by  a   »ire-step hVui-ieraflv«  schera«*.     Sine* 

iteration   is»  required   t     ,   impute   the   ... Juti>vn   for 
i   .ingle  rime   -ten,   tnd  MU> e  jnl\  moderate et fort 
is  t <-:,ii rt-vi   r'.'i    solution   a   the   implicit   diifefence 
e'iu.i t ions,   r •,.   method   is  ■   »npura t ionuI l\   efficient; 
this  ,-: : i   iv:ii      ü  retain«'!   : >r   mill t id imetvsioria; 
proi'ii.ms   by   using AIM   techniques,      lh«   method 
ii-,.> evonomica!   in  terns  o!   computer   »t   rr^e,   in   :r~ 
present   to in   requiring   -nl.   two   tinv-.evels   oi     : T- 

igc   for   each  dependent   variable.     Ftsrtnvinore,   * he 
.•US!   teenuiqu«   re.hues  ail 11i-dimension.il   ptvblons   : 
..-riien.es    •!   c 11 cul.it ions   .>';.:i    ir<     >ne- ! i -in-::-■ I - ".'. i. 
in  the   '.c:i .c  tn.it   easi 1 v-so I ved  narr •.. 
-vi'ri   e--    issociated   with    ■".«.— ■! imeus i   -u 
i?rtd   points  .ire  produced.     Jive  pro   . <.-r 

nsidertd   in   using  t be   te.hrtiquv   ! '   ■■• 
ijependeilt    '■ '■   Wä   i •■   that    'I   splitting  .-r 
pre sen» c-   of   -ipli' t hip,   err.r   ■::.>■    ! !:•::' 
time   -tep;   bowevvr,   .is  will   be   »now: ,   • 
. • • .i ;■;«•.:   :.    c '<       t   •■        ■:•■ i.tered    ii<-    .-, r      ; r ■•:•: ■, : 
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Lational domain into the problem than ed'n be removed 

through specification of physical boundary condi- 

tions.  These additional variables can be removed in 

a variety of ways; tor example, by use O(  one-sided 

differencing, bv use of equations applied in a one- 

sided manner at the boundaries or through so-called 

"extraneous boundary conditions".  if extraneous 

conditions are utilized, they should be chosen to be 

as reasonable as possible from a phvsieal point of 

view.  The hvpothesis is adopted that if a solution 

.an be obtained with the extraneous boundarv condi- 

tions anplied, then any defective influence of ihese 

extraneous conditions will result Only from the 

approximations inherent in   them, and the solutions 

should be assessed in this manner. 

U'ith these considerations in mind, the follow- 

ing approach, was taken in sei tine boundar-' condi- 

tions for the airfoil flow field problem.  "he outer 

boundarv was divided into four segments.  These were 

an upstream boundary, i downstream boundarv and two 

boundaries represent trig the wind tunnel walls.  Con- 

sistent with i characteristic analysis^ two privsieal 

•our.dar-. conditions are assumed for the upstream 

■ Mindarv .ind  oil«' tor trie downstream boundarv.  These 

represent items Which *'ould he set in a wind tunnel 

experiment and are the Upstream stagnation pressure, 

the upstream Hou .ingle and the downsr.re.im static 

pressure.  !'he "extraneous boundarv conditions" 

.-•!■ •■.<■;: ..ere first derivative rif densltv at t iie 

upstream uumdarv and ieooiid derivatives 01 both 

velocitv  imponentSi  1: ;!ieuid be noted r.hat the 

a ■.      i toundarv conditions used, while clearlv 

.•.vr >pr i.i' ■• for stvadv flows« mav require further 

:s'.;.ird to minimising puvsiea! 1A ■inrejüstSi w.o.a 

r<-.: le. t ions.  Sou-ref! t*o« i ve boundar  ondltious 

.:"• I .<• fov'us .-! mu .. currerti researcnj e.c.., lie!, 

. !, ijid  'tvsideratio:! >t non-ref l«««t ive boundar-. 

'.dltious for iir: ul. and  ..-■• ide.-. i. under • >n- 

-. : h-t'K L 1!  •  SKA:. 

iir: ■: '.  •-:r: .i e uid •> . r.d • ihne . wa '. ■ , 

'  ! UvT :-f 1 •„   ■:;,[ i ! le:i . ...re ippl i« 

' : * ,ur! i. c ' c.id -a-: ' ' a .pec ; f i. it : 
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the boundary layer thickness :, i.e., 

*"y* (3) 
. • . . = ,Gr9.! 

where ^ is the van-Driest damping factor, • is the 
von-llurman constant, and * is the boundary layer 
thickness.  In the wake region downstream of the 
airfoil trailing edg«> >   is taken as O.Jh where t. is 
the wake thickness.  It is recognized that an accu- 
rate representation of the turbulent viscosity for 
this verv complex flow with multiple shed vortices 
and large separated zones will require a more gen- 
eral turbulence model.  However, in tnese initial 
dvnamic stall studies the main focus is upon asses- 
sing the general level of prediction accufcacy for 
the dvnamii stall pruioass, and identifying the sensi- 
tive parameters of the problem. Studies «fith a two 
equation mode! .ire currently in progress* 

Artificial Uissip.it. ion 

I'he final item to in- considered concerns vne use 
o:   artificial dissipation.  Since the ^aleu*ations 
were it high Reynolds numbers, it was necessary to 
add "artificial dissipation" term- Lc suppress cen- 
tral Jiffereme spatial Oscillations.  Sue:; "arti- 
I io i.i! dissipation" .:.-u'.d   he added via : :iv spatial 
differencing formulation (e.g.,     idea difference 
approximations for first derivnt ives! or by explic- 
it!'.' . lading in additional dissipativ* type term. 
I'he present j.ulhpt fivers the latter approach ,ince 
»'iien in uidi t Lonal torn : s explicitly added, the 
piiivyic.il approximation being made 1  IOB.II.1)  learei 
;h.in when i 1 ssi pat :•.••• median! ms are contained wit his 
numerical truncation errors, and further., explicit 
iddltlou of in artificial dissipation terra »iiows 
greater control »ver the amount -: :> n-ph-si. ,j 1 di^-.; 
•,•:.-■• viiig Acävd.     o: v:..u-lv, :.-■■ most desiratie 

• e. .ni jue wouid add nit;, enougn i: isiputive me hanlsr 

t ie, i. . ura. •. .  various ^.x_'i::od:  01 ivMinc, atliti. ial 

■.-■ii evaluated in the coaleX! .f ., aodt-1  :.e- 

.lU.l.l-li  M-'.tstlon (.ne-dimen-. !■■::.d fi--'* «'il.', ;..>.'■ 

.•: i a t e :<! 

J- -r.:.-! an; . It 
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Re.  = :a - Jb/?»x Ax/,.e (7) 

where ». is the total or effective viscosity includ- 
ing both laminar and turbulent contributions, and 
hx is the grid spacing. The dissipation coefficient 
dx is non-negative and is chosen as the larger of 
zero and the local quantity ue(axReax-i). The dissi- 
pation parameter a is a specified constant and 
represents the inverse of the cell Reynolds r.umber 
below which no artificial dissipation is added. The 
dissipation coefficient dv is evaluated in ..i anal- 
ogous manner and is based'on the local cell Reynolds 
number Re^v and grid spacing Ay for the y-direction 
and the specified parameter qyl  It should be noted 
that recently calculations have been run with arti- 
ficial dissipation added in the conservative form 
•(..n dx ,ir/3x)/^x and no significant difference 
between the forms was noted. 

The question arises as to the values of ox and 
'v which should be chosen.  Based upon the results 
oi  Ref. 2*, as well as several other investigations 
for a variety of viscous subsonic and transonic flows 
it was concluded that setting between 0,1 and 0.025 
suppressed non-physical oscillations, give solutions 
which were insensitive to the precise value of c in 
this range and gave good agreement with data.  There- 
fore,  econd ordtr damping in the conservative form 
was used in the present calculations with ~ being 
set in the range between 0.1 and 0.05. 

CHORDW1SE LOCATION 

Fig. 1 - Calculated and measured pressure coef- 
ficient,  a * 12*. 

Results 

The analysis described  previously wa:> applied 
to  the   fl >w about  an SACA 0012 airfoil  oscillating 
sinusoidully   in  pitch.    The airfoil  was   immersed   in 
A  stream oi Revnolds numbers equal   to 2.08  x  10" and 
Maeii numcer equal   to 0.30.    The airfoil  mean  inci- 
dence wi.:  set   it   12°  and  oscillated with an ampli- 
tude of  8"  at  J  reduced   frequency  besed upon semi- 
. urd of  0.125.     These conditions  correspond   to  Run 
U.J05 of  the data of St.   Hilaire and Carta"»^. 
The calculation was  run  for  slightly more than one 
cycle using a highly stretched grid with the first 
,'oint away irom the airfoil being 0. J,: x 10"^ chords 
from the airfoil.    Approximately 950 time steps were 
required   to  proee-.u   through  a   cycle   fvt   this  reduced 
frequency.     Higher   -educed   frequencies   required   fever 
time   steps.     The   i ilcuiation was   initiated   from a 
converged   ■»tcadv   solution   it   '■»*   incidence.     The cal- 
culation was  begun With  the artificial   dissipation 
parameter,     ,   being set   to 0.0>.   During the  nigh 
in« IdeiK-e downstroke portion of  the calculation 
[juBcfLaJ   problems appeared at   i 5sl9,7*,   which 
required  temporari Iv  increasing artificial  dissipa- 
■ i:>n  :■:■  raising  the  artificial  dissipation  factor, 

,   t>   J.>.     U   was  kept    it   this  value  until    i   -   19' 
•„i.r'i   it   «-1-.  draped  Vo U.I.     The nuaeri.al   Ji'Ti- 
ultlesi   are   helicveJ   related   to  taesh   resolut ?>>n  a:uj 

the   : e-;wrarv   in<rea»*   in  artificial   dissipat ior. was 
adapted  r^Jhcr   than adding aurc grid  point»  »iapl-- 
iyr   to   cvononic   necessttv. 

<   >aparison*  between  calculated  and  aeasured 
jTf.-.urc dial r Ihm ior«.»   ire  given  in  figs.   l-r> •-•: rr<- 
'. :;v   pressure  coefficient,   t'   ,    is   defined   aa 
<;>--,_) _■;-_.     A»     *r<   »c   lern   in   Fig».   1   and 
the   agreea«-:.t   dur l;.£  su> h   t« f   t he   upsir .•*«•   »>    .ef. 
4->d.      Hie   excellent   . .•ar.4rU.-1s   shown   in   Vigs.    1   a:-.«! 
.   &Jw evidence  '.     the  lirte-.iinira* s    >!   the ^al.ula- 
l 1 _>r>   {•'T   .he  -.«rla. c  pre.sure.     Further  examination 

:   i;»e  ~\*IA  and  - ai. ul.it i-.-   show»   the  jtt.»  1.    iv.d;- 
.»:«    »lall   .it    ..vr   xir.it« '      '.">",   --• « r« .:-,   :   «-     .<!.»- 
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CH0RDWI3E LOCATION 

r.c. 3 - calculated .»nd measured pressure distri- 
bution, i a 1**, 7°. 

la.;ion indicated stall at ll).3°.  Therefore,-* at inci- 
ior.ii- values greater than L7,3° the excellent quan- 
titative agreement shown in rigs. 1 md J no longer 
«a* : 'uind.  However, a strong qualitative agreement 
rema ined.  For example, the data at 19.3" is pre- 
sented with the calriil.it ion at i = I9i9% * • 0 in 
ri^. 3.  Although these ire at different values ^i 
., the*, represent pressure distributions at approxi- 
mate i-. the same Increaenta] tine after stall is 
initiated; the distribut ions are remarkablv similar. 
Tic..   3, as uel ' as figured not presented here due 
: i space limitations, indicate that although the 
calculation predicts -»tail to occur after the meas- 
■ r-'d incidence, on^e  stall occurs, when referenced 
I '   the time ot   stall, the calculated and measured 
pressure distributions become quite similar.  The 
major discrepantv in the calculated and measured 
values appear to lie In the prediction o." vortex 
initiation.  This, in turn, is likeiv to be depen- 
dent on turbulence and transition modeling.  Com- 
parisons over the downstroke are Riven in Fic.s. -. 
ma 3.  As •\-iown it: Fig. 3 b\ « ■ 6.3*. i   3, bot'i 
measured data »nd .ulculation indicate t.':e flow to 
v siear.lv recovered from the stall process. Ubvi- 
'uslv, the basic trends arc in agreement as a strong 
paaiitative comparison is shown between the calcula- 
tion and the -..-.isur.-u  t-a. Overall* the detailed 
pressure distributions  iow g. *<d agreement with data. 

and 
Kel 

dv1 

pro 

Comparison* between measured .tr.d   calculated 1 
moment coefficient  ..re given In Figs, b And   7 
viewing these figure-» it should be noted that 1 
moment coefficient are Integrated quantities, 
atlvelv small differences in pressure distribu- 
rts can lead to significant differences In lift 
fftclent md large differences i:-. moment coeffl 
:;[5. Likewise, corrt «pondencte K'i the coefficie 
s not necessarily mean correspondence of -.urfac 
»sure distribution, Tu%- predicted normal force 
! fie lent tu .'«Spared to the measured norn.il : »r 
fft. irnt In Fig. fj. As . an be seen, the result 
in good agreement ever the upstr ke. However* 
measured lift 'eg:   t .• decrease it i % 18 ' * 

If I 
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Fig.   -. - Calculated  and measured  pressure distri- 
but ion,   i  ■   11.3°. 
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whereas the calculated lift continues to increase 
until 20°.     Both measurement and calculation show 
a precipitous drop near the maximum incidence. 
The major disagreement in the measured and calcu- 
lated lift coefficient is over the low incidence 
half of the downstroke.  The measured coefficient 
continued to decrease until l = 12°, whereas the 
calculated coefficient piateaued at ' =: 16°, indi- 
cating a somewhat more rapid recovery from stall. 
This agreement is regarded as reasonable with the 
major difference occurring at low incidence during 
Stall recoverv.  A comparison between calculated 
and measured moment coefficient is shown in Fig. 7. 
As can be seen in Fig. 7, the current comparison 
shows good qualitative agreement, the major differ- 
ence being the larger negative moment coefficient 
calculated than measured near (max-  Over'11 the 
agreement is quite good. 

a -19 9°, a > 0 
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a = 18 3#, a<0 

a - i6 5*. a < 0 

!;*. u'Ji'ijti to the v.iri.itr pressure, •.•'..:.  : 

vole itv vr ijr» and vv-rri, :: :.'ur-. were 
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Letaiied .fad'.  >: '. :-.»• ;><ota o.ui result-i vhov i  lei» 

jMitera : Live cti «*.ite*j -.tall pi .«-•.-,.  During 

■ «.- initial ;>or; ion : *. he .:;--. i ro'».c me I'.ov r«*rt-Un*. 

:'•;. 1 . att... :.rj.  At .ippr.'xlsat«-1 v i 5. > * ::i. i.ie-w «• 

>t  sr.t! . leading rdgc .r'.u trailing edge •-«••.>.tr- 

;! i :; •ui>:'l«--. appear on the iuVtio»i -.urf.i «•.  Wit i 

un reusing In» tdc:u e t«ie '.railing wi^c separation 

;>v •!:■[ -k'vr-. rapid!. '.   r-.ir.i w-hlie the lead l,ng «-dg* 

i-i'it.i: 1   -u: If rr-al:'.-. -mall,  :'-•■ lJJ»5* t1'.»- htth- 

'.€•-. -.rric; . vrvrr, v.ov r«-^.i;:'. '. rri. thin and have 
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I 

a = 19.9°,  ä > 0 

the appearance of the trailing edge counterclockwise 
vorticity appears to arise from two sources. The 
first source is the pressure surface boundary layer 
being convected around the trailing edge and up the 
suction surface by the large clockwise leading edge 
separation zone. The second source of this negative 
vorticity is a secondary boundary layer arising as 
the large clockwise separated zone is brought to a 
no-slip condition at the airfoil surface. By *= 18.V', 
a *' 0 the leading edge vortex has clearly broken 
away and the trailing edge vortex of opposite sign 
has increased in size and is moving somewhat upstream. 
This is demonstrated more clearly in the vorticity 
contour plot.  By x = 16.5°, i < 0 the vortices are 
tending to interact and begin to move downstream. 
This process also has been discussed bv Robinson 
and LuttgesrJ Finally by i  » 9.5 , %-  0 the flow has 
fullv recovered. 

a - i8 3*. a < 0 

Concluding Remarks 

A Navier-Stokes calculation procedure has been 
applied to the problem of an isolated airfoil oscil- 
lating sinusoidally in pitch.  The calculation pro- 
cedure has solved the governing equations by an 
implicit technique with turbulence represented via 
a nixing length model.  A highly stretched grid was 
used to resolve the turbulent boundary layer. 
Although further effort remains in regard to the 
turbulence model, boundary conditions, etc., the 
resulting calculation showed nanv of the observed 
flow field features, including the vortex shedding 
and separation processes.  In addition, comparisons 
between predicted and measured surface pressure 
distribution showed stronv? qualitative agreement. 

-9 5",    a<0 
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ABSTRACT 

Some physical features of unsteady separ- 

ating turbulent boundary layers are prpsented 

for practical Reynolds numbers and reduced 

frequencies for helicopter and turbomachinery 

TIGWS. Jpstream of detachment in moderate 

amplitude Hows, the flow is quasi-steady, i.e., 

the priase-averaged flow is described by the 

steady 'ree-strean flow structure. Results 

presented here show that oscillation waveform 

ana amplitude strongly influence the detachec 

flow behavior. 

I.  INTRODUCTION 

Jnsteady turbulent boundary layers aru of 

considerable interest because or unsteady 

aerccyramic pnenurena associated with blades in 

compressors and turbines and with helicopter 

rotors in translating notion, 'hey are partic- 

ular!) important during high hit or loading 

'.err".ions *ner separation ray be present during 

.i per:'on of the oscillation cycle. Under sue* 

tcr.oitions there is significant interaction 

netwee: the thick turbulent shear iayer and the 

Irviscid M.h. Trus, inforaation on the struc- 

ture "* separat my unsteady turbulent shear 

layers '^ r.ccessary for the understanding and 

prcjrer calculation c? these practical flows. 

"f unsteady flow experi^enta! facility 

with i  -u' t' -veloc 1 ty ampcrt-ft laser arerxreter 

• ,i> teen developed and usec *or measu'vr.efits on 

t»c stea^v 'rets:rear; separating f-c* cases' 
4.5.C 

it-c itti.-  jrsteaay cases,     she ursti-aay cas«*s 

nad Federate ar&liiude sinusoid*! velocity 

van'*>ions at reduced ''•'■,,u(",cies Uc tt i or 

~.L\ ftrd C.90. Other reasunr«"1!«; at 'V. . Which 

;'t presented here, ihüw fat ;<J!b" •♦> 

w-**e'o»T <T(j ampi'tuce itr-jiiy';' irf1üe»\* the 

detached flow behavior. This is an important 

result since some practical unsteady flows have 

non-sinusoidal waveforms. 

In spite of its importance, relatively 

little fundamental work has been done to 

describe the structure cf unsteady separating 

turbulent shear layers. To this writer's 

knowledge, measurements of turbulent Reynolds 

stresses in an unsteady separating turbulent 

shear flow have been made only at SKU and by 

Cousteix et al.  at O.N.E.R.A. in France. 
—3— 9 

Parikb et al. and Jayaraman et a!. at Stanford 

examined some cases with small amounts of 

near-wall reversed flow during part of a cycle, 

but with ro flow detachment. The amplitude to 

mean tree-stream velocity ratio was about 0.3, 

0.15, ard Q.3 in these investigations, respec- 

tively. Direct measurements of the oscillating 

Reynolds shearing ana normal stresses, surface 

shearing stress, and fraction of time backflow 

was present were made at practical Reynolds 

numbers ana reduced frequencies by the S#U 

group. 

As background for this paper, a brief 

summary is given in section il or the nature of 

a steady freestream separating turbulent boun- 

dary layer as determined by the work of Simpson 

et al.c" and ShUoh et al.'u at 5K. The 

results from the sinusoidal1> unsteady separ- 

sting turbulent shear lo.,er of Simpson ej a_U " 

ire discussed in sect* on MI, Section ly 

presents the results fron recent work that 

indicate that tie osC'Tation wasefonr irc 

amplitude Strongly uV'errme the fcenavu;»' of a 

'etachinc; turbulent '.rear layer. 

Su.tm.»* 

?'*ofevscr  .•>•" !'tc*ianJidl   [• jtieeri» , 

SUHWASj   J  "»E MATURE 

"ne fraction of  tint- with  *<jr*&rc  'low "ear 

I'M-  »,*1!   ■>       i*   a   it .'.'■ ipf vr  .a».»meter     •   t f.e 
: u 

''  *    Gv'.4 : n.tnen t    state,"      1 »'.< t; 'v*-*    ,!etac».rent 

,!'.       rcurs  witt'  L«C *?!'.»*   '.     ■*   the  tint,;   inter- 



Tiittent transitory detachment (ITDj occurs with 

backflow 205 of the time; transitory detachment 

(TO) occurs  with backflow 50' of  the time; and 

detachment (0) occurs where the time-average 

wal 1 shear stress is :ero. 

figure 1 shows a qualitative sketch of the 

second uteaay-frees treat" bottom wail turbulent 

separated flow studies at SMU and the locations 

Q.f ID, 170, di)ti  D when determined 1 mm from the 

wall.  The mean flow upstream of ID obeys the 

"low of the wall" arid the "law of the wake" as 

long as the maximur Shearing stress -cüv...  is 

less than 1.5 T , where :  is the local wall w       w 
shearing stress.  When -„uv 1.6   ;   ,   the w 
Perry ana Sclrofield mean velocity profile 

correlation and the law of tne wall apply 

..['c*ream of LTD, Up ^o one-'hiro of the turbu- 

lence energy production i-n trie Duteif regie, is 

due tc retrial strt.-sse< effects, whicn rricict r r ^es 

trie rotations between- dissipation rate, furöu- 

lence energy, and turbulent shear stress that 

■.'■': observed forthe* upstream. 

Downstrear ut a*tachrrerti, the mean backflow 

prpfiu    scales    <wi    the   tiaxirfiun;   negative   "tear 

ve-lctl*..*    .   a^d  its  distance  tier  the wall   '..*" 

. s.   :,     law  of   the  wall   is   net   consistent 

rtii^   this   M'sult   sine«   I,   J'.d   N   increase  with 

itreartwise     distance    while     .•(:,.?'  *     varies 
w 

"vt-r'selv wifh   ?< ,)  '.    r*.<cn  turbulence   levels 
W 

f<:s' ' *' th« pack flow, with u and * fluctuations 

L• t -t- $<irv order as : , -uT/u'v' beccfnes lower 

rt':?i riTt'fii mg barkc'low j^d is about C3 ' lo*er 

•r tre auier regten than far tne upstrear 

t?ta<.hed rk!*. lM*Hg length Jnd eddy vrseosfty 

rede Is v> »(jeqt'ate upsireafl of dtrtaehimeH! *rd 

ir iff, mier regie*,, but art* pnysicaMy PWaning- 

'es*   fn   the   bac«,f'   w.     >       if«ver   caches   zero, 
r'U 

•♦ d*i J'. ""•; that th>re i <, no local jof wit" 

2J '"'I« sl ■„•* *he fir*, '»orraal and jhear 

"MV; turburerto energy production in !«e &uttt 

rry* ' ',0p{jly turtulenc* "' r -<;y tc the bavMJon 

D> t-..f^-,. tence dr • • u'S i or *henp ' t IS diys looted. 

'>-;;'ij Ire turSuVrcc energy prediction occurs 

TMs turbtjtenc? <""«•';.> diffus'.of *rd the 

*\$ii\ '-■?■*<  i,jc* * ]UM jtr- luppiied t* t*-mt »v»".'/ 

', 'arge-icj-e i trvC * un* j as th*/ raVS !hr „;> 

'••'' Act«-.ned *.irt i* i«99«?s!«;<! :« F"i<jur« .. 

scanning laser anemometer reveal a relatively 
14 coherent structure of the large eddiQs.   The 

backflow does not come from far downstream. The 

frequency of passage n of these large-scale 

structures varies as U A and is about an order 

of magnitude smaller than the frequency far 

upstream of detachment.  Reynolds shearing 

stresses in the backflow must be modeled by 

relating them to the turbulence structure and 

not to local mean velocity gradients. The mean 

velocity profiles in the backflow are a result 

of time-averaging of the large fluctuations and 

are  not related to the cause of the turbulence. 

Commonly  used  turbulence  mccels  for 

attached flows do not work well for separated 
it 

flows.  Eaton " discussed computations of the 

Simpsor, et al.  flow that were made for the 

196C-19H1 AFOSR-HHM-Stanford Conferences on 

Complex Turbulent Flows.  The integral, eddy 

viscosity, and rising length methods trat were 

liSed weri» essentially attached Doundar, layer 

refunds with sor.t ad hoc change that would make 

tne detached Ho« ';;ean velocity profiles look 

good.  Unfortunately, the calculated »eynolds 

shearing stresses *ere nuir: lower than the data. 

One b equation model was jsed that better 

predicted the- shearing stress, but overpredicted 

the ;rcwth rate of Ihf  snear layer. Collins and 

$impsor.  also showed that wh€' attached flow 

^i«if-q length mode"!* are i-posed on detachvd 
flows, low ni>'ng lengths ana low shear stresses 

:~^5t öe L;f.ed »a otr'det to >;et good rear; ytlocttj 

prof ties. 

;:;,   S?.WAR* OF THE SATURI OF A S[PA£A~:',U 
-—-u^irvrrrz mwmsmrt— 

Avr [ TT::T7T"rTTX$"T!^^rTATrtT S . 

T-v e»4St"'"*s*nti .' ±'.rts->.f' *-; a'. srtC* 

that .5 .ti'ü'ßi, itrsV!»*a> v.eparat'f*g ti»«'6ulent 

bc?urcary Uyer J: J stre«n»rs* »jssiarce Reynolds 

«ursbe»" ü* 4.7 t i1 " , *. practical teduced 

frfQuercy of 0.61* t* •- ■* 'alto o* '*♦• «f*^>liTudf 

.: t^r f-irtt h«rf^ri4 tu *a» veJocit> outside 

the ifif-ar Uyer v, " • ..J ^ds bot^ sirslar- 

iVsfS jfd different es «'t' r? stea-dji "•«-rstre** 

v«r«raltr.t; t-jrputr'"T t'L.»i»'djry layer J' tne sar* 

re.*-n *«ifM»-<;*.rtif . •d'*,.,v IF'.^T . . .'.c'.e 

■*at .! ' • Jr :«-''v'ti' ? ;■«■' ' .-d:.. 8<**''VTj wh»!< -! 

. »rft    U'   '«••,   ^:   i-nn-rfctr   .HO'iii1     t.t^''rd   jt   ,i 

I 

i 

I 

i 



given phase ~t of a cycle.; Figure 3 shows the 

sinusoidal waveform IL/G .  Upstream of where 

intermittent backt low begins (v  < l).t  the flow pu 
and turbulence structure behave in a quasi - 

steady manner. 

After the beginning of detachment, large 

amplitude and phase variations develop through 

each flow and the structure is not quasi-steady. 

Unsteady effects produce hysteresis in relation- 

ships between flow parameters. As the free- 

stream velocity during a rycle begins to 

increase, the fraction OT time that the flow 

moves downstream -, at a given phase or the 

cycle increases as backfiow fluid is washed 

downstream. As the free-stream velocity nears 

the rcaxinuir value in a <.ycle, the increasingly 

uoverse pressure gradient causes progressively 

greater near wall backflow at diwnstream loca- 

tors wrile > remains high at the upstream 
Pu ' 

part or the detach flow« After the free- 
s*.''':ir velocity begins *r decelerate, the 

locatior »he»e T'.OW reversal begins moves 

uystrtjr. 'his cycle is ••epeatcd as the free- 

itfKtr  velocity ..yam increases« 

'.-Mr the WO.' in *^e baciMuw region, the 

•.• •>?■'■ ole-a.vraged velocity lead« the tnv--/,ream 

velocity b> c \arge amount. The phase angle of 

th* periodic back.*1 öw felocity trc u.,0 are 

■< •»•' , ir..ct^t:''-aefit of .. mar the wall. The mean 

£>ac»*lc* profile in teftis of ~y C, a»;d .. r» *re 

.'..:pf.«.imately the sar* as for the cerpara&le 

•.'.••*. free-stream :as*, T^us, it appears that 

•■"!' rr ier o-c-jyc«'.»*;*": ba.cMtow near *he *a: = 

.i^icf H*e • iiuas'-steadj flow **«!* "v.'-:-.. ! !»td 

7 ■■'■•.«.% t-'tM'*    ..'     :t-'^*rr''»    •."     jf'ö    . *     -ire 

^,: •;;•■•   ,  ".;hfi-  r..!   tre /v.ci«^  flew th*11 "*** 

••<-.:,   '■:«, espe*. v«*ny *<•.;<   tne wall where tue*" 

•,^♦•1 :* occu.rv.    *he phai-r angle *.i   ..'.   ,r th* 

:M{I,'!;H        i      , r ;;»•(•<''ve-/      S''* a '«:'"      lh*ti      thf 

• ree-Ytreai    >t.li>c*tj   'jfcase   a*vgle   at   the   »Tow 

:wr«,tf»v .       "he    S'tuV^r    structure 

p*   ;•(-'« ;:(,-',   Vft^i   the   fMertte» aver aged   Jit* 

(,!,C.'\Mitte*  w'.tf  «A*»,   i*^ri*rg v.   in me tat»' V«w 

',  aivc>T  . c  .     The  •'it1,   -..v.   -T? inc. ••*«■*'«■*  fro? 

i w's",re    . 

•tit   ".*«   MV    ..      »s  "• f ' .   :i   p'iase   •-.•.» 

averaged back flow is greatest when v is low 

and when u" ana v*" dre near maximum .alues. In 

other words, U in^the backflow is nearly in 

phase with u    and v^.    This is consistent with 

the   general ^observation   from   the   steady   flow 
x. 'f that  u    and  v"  are greater when   there   is  more 

mean backflow.» 

py p The   steady   flow   results   show   that   -uv   / 

/uuvL   decreases   with   decreasing   ^     .      In   the 1 •v 3      DU 
steady flow -uv is greater with less ensemble- 

averaged backflow or greater -r . In other 

words, U is lower and U. is nearly in phase with 

-uv,. As in the steady tree-strear flow, -uv / 

/IJ^V4" decreases with decreasing -, , although 

there  is sore hysteresis  and phase lag tor the 

unsteady flew. 
6 Simpson a no Shivaprasad    -".portea !',easu«"e- 

ments for a  reauced frequency of 0.9G also .^ith 

U,   /O    s   0.2.     'he  0.90  reduced  frequercy  has 
it    e 

the    same    qualitative    benavior    as    tne    Q.6fl 

reauced frectuercy case.    Downstreair of detach* 

rent  In tcth flows,  the fr#»e*stredP velocity and 

the   pressure   graoieni   jre   in   prase.     \>    Doth 

sinusoidal1;/    unsteady     f 1.0MV,     tne    ensemBler 

iveraged detached *low velocity profiles agr..-e 

v.ith   steadv    *reestrear   profile?   "r'    tie   sane 

value near the wall wrc  n      . , 5t * 0. pumin purin 
Howeveri  the higher  reGucea  *requerc>   flow has 

much    large«'   hysteresis    IT    ensewble-avefiged 

.elcc.tv profile f.^a;rs when   •- . -t   - C than purir 
ir\n   lower  reduced  freg-jiercy.     Larger Art •■>■   -.- 

tive   values   of   the   ersett&Ve^a'.eraqed   veV-citj 

profile    "i'-dpe    'at tor    •«    ßCCur    ♦.•.-    v^s    *}•&, 

durirg  prio^ct   when   the   '''fdi-t'vi; "«1   Bac**U* 
1 *> areater and   • •  ~.   .. 

PUP if 

'•I lt*iC~  ft  -.-y.'.,.. A". \ .;...;*i 

- .. t—r-r'»Ti ■'« v*%-<—'V—p-g— v^ •» — ~r ir 

•.''..'. Ida v a»"'..''t'. r * Vr *'"» r -«,". • f.r . i- - 

, ''.«. ::e« .i -•.«• i- rat t! ^4 ! •.••.*<•*:.*. * * ws ■ • 

" 4« *'".?..''' T-", ;"*r*' ":\< 0 • . *-- \ ' < „*, j ' *.^' 

W*>e*5 ''•' »I th <» "a'"-.:r : -; ' \'.+-?.t- . ■•■ . > ' at" .* , '* 

uve'u« ' ~ «v'.rr^V'e *■ « "*r*.<- <-■!>-,*". 

•"*J''"..' .' .'••.»-.••. V-rtuic» *, .•«.•• •' m. 

'...•'■    •     '   >      '.ft-   •.••'-•••.''   ■.-.<'   '■•    j'.i-.:   ■ '• 



tne experiments discussed above, an axiai- 

epmpressor-type wavefdrriij and a large amplitime 

oscillation, which were produced in the SMU wind 

tunnel. The parameter R = i'U    - U  . j/2C 
e ma*  e mm" e 

is 0.3, 0.238, and Ü.752 for these cases, 

respectively.  In each case examined the mean 

free-stream velocity Q was the s.ime ^^dr  the 

test-section throat (|,62m). 

To survey the influence or waveform and 

»mplitudc UM Ine flew, :re 'surface  skin friction 

at the wine turnel throat and >     near the 
p urn i n 

wdT '" the detaching flow zcre were measured 

far these cases. Lpstrean of the strong adverse 

pressure gradiert region, the "ean unsteady 

friction factor C. was found tu De independent 

ji *a.c*örm shap»'   w.a amplitude; 

•. te   tftu' "'"    *ne    •«•.!!'    ,ouJ'"e    ;'    the 

•-■•■--•;• ••«.-jr ,r'iv'."_, .-"'d, thus, '»'eludes '.+<* 

' '-'"ear -tr tr'tuticn« • :>.e scil^'.ory »l?w 

f.' *"<- t-3' jyR*nc pressure* S fc.ttj-'f rictVc" 

■ f... ,rrcf,ti were ".ide ^..   .-  *ubesvn-tyte surface 

'    *-*••>     ,0^-Jr    ^evv'Trd    Dy     SirpS   '      rt     a!.. 

' 'v-    IC-'J.'   r    • -1   •• :'    tot's    _r    vjf';'i '■-'' 'i   Sirie 

t*>    •.'■..'.       :J i     *a.r'    '"      '!   WS    *r I 1     ..p-. *<r2"        T 

Ir'.JV     r' t     :r':t-..r        •      a      , - J \ - - «. * Pad <     -,"'<r-r     j' 

rrct.t'   J*   '"«rJ.    t"J   "'eiwef t ***S. 

•';.>'r   4    ■. *   *-.    ,      ^ ,...    .    j*    ,jr'    ..-.    .t 

" ■ ?*e - .;'-. r ;••'••-*,;«- na.e".'". '■<- 

'' " r • ; rr • a • ' ,r i-• • «•i ■■. ' 14^'f »r 1 \ •. " ''jr ' • - 

'»•a*    "-.    .-I'.C!   '»      <    •'   '     '..'.,   ' '..'.   «'f   \ ' ,f ' * I - 

i   '    ' '' * r • -'    ~ * .      . " ►<-   "' c   • . . J   v ■•-•.-' 6i ! 

»r r«-1 ■ - .!-,«, "*•'• ! .1. » '' » ' •, «ashta ! ••■»»*- 

•.''(■r J    ' *ir    uV.t   •-,-•'    \f*-*''    'if*t     '.'■'.t' r>. • 

•■•   '<-.'-it-\    j«    •»••    *■'**»-•. t • «-ar    ■     n    äur'rntf. 

r 

I  • »•   ..<--.     ' • '      f ra \r    -j • d _^ >'«—a "■ •.     '•,*-. 

; v
k ' I" " * 

' .i    *     I " »'      ' '      '  ' , J > '     f i        J - *. r     .       ^ * .     J r 

' :    ' r! f   '  . f i ' J! r '     .'*■:*    ' *■ r     . i'  ■ x' '    ' 

300 , ,  ,„ decreases. 

Figure 6 shows ( vs. v at various -t 

fur the large amplitude oscillatory flow. 

During 20' < ~t •■ 120", the backflow is com- 

pletely washed out with > . becoming unity. 

As the freest ream velocity reaches the maximum 

velocity, r    decreases in the downstream J*     pumin 
zone. Some second harmonic effects are evident 

for 120- * -A        240 .  At lamer A,   > mi '    'pumin 
drops to ^ery low value:, in the downstream zone 

and hackflow occurs as Ur upstream as the 

test-section throat (1.62m). The quantitative 

differences between Figures 4 ard 6 indicate 

that the oscillation amplitude influences the 

detached flow behavior. 

Some mean velocity profiles fcr *he large 

amplitude flow ^re shown in Figure "*. These 

profiies are "such different in shape than these 

of 'he lower amplitude sirusoidal cases ?inc« 

large variations of tne detached ^r^ar flow 

ie'eur and the shapes of the ensemble-a veragec 

profiles fcr each phase of *he cycle ^re much 

(jlr'erent thar those of the lewer amplitude 

*;.)ws. Figure 6 ->r, w« profile« if ,r,e ">vir 

*'M^tion of tire that the flyw roves Jcwnstreat", 

7t . Figure 9 snows pro'i'eS jf the ph<^*e ingle 

jr tne firs! harronic. -''.'».e the lower ampli- 

tude sinusoidal *avt' ••"' HJWS, t^ere 1s 'rttle 

.•j'-i.itu-r -,f' '"is p^asr orglf "''•.-■;•' tne 

!rt.K't*d -i^rj' 'aver. Th'« re* * o* war '^J* 

tMs detached ''*» ••  jua^i-steaay because 
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Abstract 

'he evolution of unsteady boundary layers on 
jäcillstir,.] airfoil? i? studied. T.>e computational 
d/iffictiTties associated with the novenent of the 
stagnation point as a function of space and tine 
are so'ved by using a novel runerical schere. 
"alculations are perforned for pressure distribu- 
tions typical of t^ose founo- "ear the 7eadinn edge 
of airfoils, Results are presented for two cases. 
In tke «Hr st, solutions &re  obtained for a How 
with seraration and with prescribed pressure dis- 
tribution; thev infer hhat a sinoularitv develops 
an'rt ;s of fhe sane type as that observed or a circ- 
<rzr  cy1i^der smarted inpulsive^v fron rest. In 
*he secor.f*, results ure  obtained for the sane fTow 
y**  *k«e viscous flow soTiitfens «re '"teracfe^ with 
►v>e external flow by 'isinn ah inverse boundary- 
' ver n&thQd* "he interaction seens to remove t^e 
sinmjlaritv, however, fV,ese results are rrei;r'rar" 
äri<4 r.eeJ fP •>£ Ch^cve^ -,r>-i 'nprnve*4 'jpon. 

n»r^ uct in* 

'" recen*   -e.irs ^Tie »rportan»'   levelopne^v 
"•ay* ?ecurred  in  **e thPor" of twe^dinens ;^naT   'an- 
'■nar Sn,ndiry*ta.yfr *"T^-vfs.    '^e cruc;s' discevery, 
4 e *:  .-•" rrrneTe" and c*e«"' ,  is  *hat  t**e soTu- 
t-Arjft ,# »+,e boundary-layer equations with boundary 
r?r^'t;ons correspond'no to a circular cy^'nder 
started  inpulvvelv ffor rest    develops 3 singular- 
ly,    ''"is, i/'tK  u>v  denoting t*e velocity of t*e 
cyl'hdtf and    a    »ts radius* occurs at a tine u-.t a 
» 1*5 and at an insular distance  ■  »  III* 'ron the 
'orvar^ starvation point*    At  this t're *he position 
«•' fefö skin friction  is it      «  W* c-ose tö; L. 
»et coincident wif»% **t singularity,    "»"is  iisccv- 
iry ..as **aHe hv solving ?*t goYer'.ihg boundary- 
's yer eeuat'ors  (r Lagrangian förri; suKseäuertly, 
•he e.istence of the S'omjlaritY was doefirried bv 
*ebeci:   us'-i tfce r,.i>rta'>  fnrr and by 'ow'ev    us- 
'-7 "-e rethod o' series truncation.    "*e irport» 
s"ce o'  »><S  result   's  tve-feTx,    r'rs»,   it   •*  o' 
•rper?i»ce *^ thf fundamental  theory of Mo*- 
"*ev*P'lds  -urher   r1*m!   ■-.   '>•' 'cat '"o  »hat   an   fnter- 
ic-t*vt '^"'v is »eeessäry to urderstaM t^e evp'u- 
»,~»-  •>■■*  the 'lr-.   "e* •  at   .■»  finiif  • •-*  »*♦»•*  ••-♦> 
-''•*'?-  start? •'3l,,e'r  *Ksn arl" sif*r  n   ^Of*t tire, 
'«^■"v,  <«•  •? c*ear »«»at  <.*^''icanr r'-.t-^es •.■'" 
f*er   -cc-ir  {" the 'low r'e'' ard »••ese -av be 
»f!»'f1 »o the r-h*"'0*^e*,r'! »f vnr'e»  ;ke''J««-c,    "•*«« 
""--.'rj' nrocesse-! w^ic*« ta»* o'ace J,jrina ♦♦»* 
vseMia*'«n o# thf an«?« of «rracV o* the aie'oi' 
tre c*m? '-rate4 a"    'eperd en ?  larie ^unf'irr of 
»araretffs*'•" .    Ftr ?«.*.rp!*a JO  fhportant charac-» 
»eristic   *: a  'ar«?* v^rrr^  »»a!   *s fTn»' -*?ir •>< 

•'•a" rirecter, ^esea^c»* 5- 
•'«"'•-(-  "-'-•-err   r' •>»■• '«, *. 
■rr<*f'4#er«<,c'<e«'tist  'rrc'a'* 

>♦**'•'o'onv . 

surface at sone stage in the cycle and causes stall 
to occur shortly afterwards, "^e occurrence of the 
vortex is probably associated with a breakdown of 
the unsteady boundary layer*. 

"he purposes of the present research are to 
deternine the relationship between unsteady separa- 
tion and singularities in the solution, and to 
explore the possibilities of renovinn this singu- 
larity by interaction of the viscous and inviscid 
eauations. In this paper we outline the current 
status of the work, report our progress and des- 
cribe the problers \/tiich renain to be solved. So 
far we have exan^ned t^e evolution of the boundary 
laver near t^e nose o* an osci71ating air'oil and 
found that, who«-, the reduced frequency is of the 
sane order as in the experinen^s on dynanic Stall, 
*',e unsteady boundarv laver ceases to behave in a 
snon^-h nanner .ius» downstrean of separation and 
before one cyc^e has been corpleted; as with 'he 
irpulsively started circular cylinder, this irrcn- 
.jlar behavior siona^s the onset of a singularity 
in the solution of the bounHary-layer ecuaMors. 
*he equations and so^ut;on procedures use"1 in the 
present study are described in Sections 2 and 3, 
respectively, and the resul*s are presented and 
liscussed in Sectio" 4. 

At present we are in the process of e*arini"n 
the link between this singularity and the extema1 

flow. Previous studies' of steady interactive 
boundary 'avers have been reported for the 'ea1;"g- 
tdre  region of thin air'oi's of  the type considered 
here. If i is the ang'e of attack, it was observe-.: 
that t^e boundary 7ayer near the nose is well be- 
haved and unseparated if i ■ i5  1.16 and aTthouflK 

there is significant adverse pressure gradient. A» 
*inher va'ues of i, however, separation occurred 
,.ith an assne'ate'4 singularity which ••ecuire'! t«*e 
use of an interactive :*ecry.    With such a theory, 
calculation of 'lows with snail separation pre- 
se^te^ no difficulties, but at h'g^er values of • 
the iOlutiOns 'aile^ tc converge, provider.  io 
steady-state solution. An 4rpcrtant ob-ect've ■-' 
~ur  st'.idv n* 'ntenac^'ve u^stea^v ''ows is tc 
'eterri^e whether a sirilar breakdown will occur. 
'►e eouatiors **£ **9  solutie»1 procedure«; ar* jfr- 
;,sr »o -hose e* *:ec*'nn< * a«*d * a«-d t^e rrronresi 
so 'ar 's 'esrr'bed '•* rtr*4or T. 

Equations. ar- «n un d ar v *-'"*♦ t *' ? «*' 

"fce «-cu«"darv-'iyer ecu*• ions f?r i-«tea*v * 
corpfess^b'e lar'nar ''ows on oscillating i«r'-; 

ca- be »«ritten as 

■■ 

4   —  ♦  V 



Usually the boundary-layer calculations for the 
above equations are performed for prescribed bound- 
ary conditions -given by 

u(S,0»t) = 0, vfs.n.t) = 0, u(s,ne>t) = ue(s,t) (3) 

and we shall rBier  to this as the standard problen. 
In the interactive problem we determine u^fs.t} 
partly from inviscid theory and partly from the 
pressure distrioution resulting from the blowing 
velocity d/ds (ue5*) induced hy the boundary layer. 
Thus we write 

ue(s,t) = u°(s,t) + uc(s,t) (4) 

where ug(s,t) is the slip velocity at the airfoil 
according to inviscid theory and uc(s,t) is related 
to the blowing velocity by a variation of the 
Hubert integral 

Uc(S,t> 
1 

3 -. i- (u <*) ~ 3s ' e ' s - (5) 

sured from the nose, and r0 i-^/z)  represents a 
dimensionless angle of attack. The parameter [; is 
also related to the surface distance s by 

s = ax2 f (1 ♦ lZ)Vht 
0 

We next define a dimensionless distance n by 

"L 2TZ(7 4 rz) J       a 

(3) 

(9a) 

with R = 2aiWv, and a dimensionless stream func- 
tion f by 

f(r,r,,t) = [(1 + x)au vT2]"1/2v(s,n,t) (9b) 

Introducing these relations together with Eq. (8) 
into Eqs. (1) and (2), it can be shown that the 
continuity and momentum equations can be written as I 

Strictly, Eq. (5) is valid only for straiyfic walls 
hut it can be generalized for any airfoil shape as 
discussed by rereci and Clark8. For unseparated 
boundary ^yers the effect of uc(s,t) is gener- 
ally weak but once sepi-ation occurs, its effect 
is enhanced sif.Mt'icantly in the neighborhood of 
separation. That this must be so may be seen by 
noting that otherwise the integrand in Ea. (5) 
would develop a strong singularity at separation 
and cause the solutions to break down further down- 
stream. As discussed in Refs. 7 ano R, it is suf- 
ficient to replace Ea. (5) by 

? 2  - ^ue 

i + • 
77 

;u 
Ki^lW^.fJl.r? 

♦ (i ♦ n ;f 

% 
(10) 

I 

uc(s,t) s - (6) 

where the prime denotes differentiation with 
respect to s. 

In the standard problem, the solution of 
boundary-layer equations requires that the external 
velocity distribution be specified. Since the 
present effort is uirected toward solutions near 
the leading edge of the airfoil, ? local nodel for 
the potential flow has been chosen in the place of 
a full-potential-fl» * code. V/e consider an ellipse 
with najor axis ?a and minor a-is ?&*:('.<• 1) at an 
angle of attack if't). The surface of the body is 
defined hv 

-a cos* a- it** 

and with these definitions and to a first approxi- 
mation, the external velocity around t*e ellipse 
can be deduced fron inviscid 'VDW theory to be 

Here primes denote differentiation with respect to 
" and t] ■ (1 ♦ ihijat/i-r?« 

The boundary conditions for f and f become 

f . f • » 0 at « * 0, 

f■ * (1 ♦ r2)]/2 ü"eftftt)    as    - - - ( 

The definition rf u  (\,tj  is giv*n by 

11) 

üjr.t) »f(',t)      _«:*VtlJ      Lc 
u   (! *   r!  " /77^ 

(12) 

where with a prime denoting differentiation with 
respect to ?, 

uf     ,.!/?    n 4 r,itt   \ "(
r.t.) 

u»      T-R -'•   (1  ♦ "Z)'^   f        r  . r 

u!<»«t) 

/i ♦ 
[71 

'■'ere iTfs.t^ denotes a dinensionless velocity, 
j -j H * •), the parameter ' denotes a dinen- 
sionless distance related to tne «- and y-eoordfn- 
ates of tHe ellipse by * • 1 2 ar , a • nea- 

and the dimensionless displacement thickness is 
given by 

du 

Substituting Eq. (14) into Eo. fl3), and using Eq. 
'I'M, tHe edge boundary condition in EQ. (11) can 



I 
be written as 

r
h A'tr.tj 

' a ' 
where 

- - 1 rlLLLil iV2 
£, * —r L rj  J 

(15) 

(16) 

To complete the formulation of the problem, initial 
conditions must be specified in the (t,n) plane at 
some s = s0, either on the lower or upper surface 
of the airfoil as well as initial conditions in the 
plane on both surfaces of the airfoil. In the lat- 
ter case, if we assume that steady-flow conditions 
prevail at t = 0, then the initial conditions in 
the (s.n)-plane can easily be generated for both 
surfaces by solving the governing equations for 
steady flow, which in this case, are given by Eq. 
(11 and by 

du. 
ue?r + A 

7 (17) 

There is no problem with the initial conditions for 
Eqs. (1) and (17) since the calculations start at 
the stagnation point. 

The generation of the initial conditions in 
the (t,n)-p1ane are not so straightforward to ob- 
tain as is discussed in Section 3.1. 

3.0 Solution Procedure 

The solution procedure for the set of equa- 
tions and boundary and initial conditions given in 
Section 2 can be achieved in two parts concerned, 
respectively, with the leading edge and downstream 
region. These two parts are considered in the fol- 
lowing two subsections. In both cases the solution 
procedure makes use of Keller's box method, which 
is a two-point finite-difference scheme extensively 
used for the solution of parabolic partial-differ- 
ential equations, as discussed by Bradshaw et if,*, 

1.1 leading-Edge Region 
The generation otlhe initial conditions in 

the (t,n)-plant at s ■ s0 requires a special numer- 
ical procedure. Given, as we are, the complete 
velocity profile distribution on the previous time 
line, there is, in principle, no difficulty in com- 
puting values on the next time line by an explicit 
nethod, but if we wish to avoid the stability prob- 
lems associated with such a method by using an im- 
plicit method, we are immediately faced with the 
problem of generating a starting profile on the new 
time line. 

In order to explain the problem further, 1t 
is instructive to see what happens to the stagna- 
tion point as a function cf time. For this purpose 
let us consider Eq. (7). If we choose r o(t})  to be 
of the form '0(1 ♦ A sin'tj), and let u{ 
u$/u,H ♦ •), then Eq. (7) becomes 

^•V 
'   (1  ♦ A sin~t^ 
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where US is related to the dimensional frequency by 

- a,2 

■; = TTTTTF; -: 

Here \0  and A denote parameters that need to be 
specified. Since by definition ug = 0 at the 
stagnation point, its location, rs, is given by 

■ -r0(l ♦ A sinuit^ (19) 

and so the upper and lower surfaces of the airfoil 
as functions of time are defined, in particular, 
by r, > rs and 5 < ^s. For example, let us take 
A * lj u) = tt/4 and plot *".s/

ro in the (t,r)-plane, 
as shown in Figure 1 for one cycle (0 <_ ti < 8). 

1 ♦ • 

Fig. 1. Variation of stagnation point with time 
for one cycle according to Eq. (19), with ~ = T/4, 
A = 1. 

When ti ■ 2, the stagnation point r
s is at -2r0, 

when ti s 6 is at 0, etc. If r
s were fixed, we 

could assume that u = 0 at r = :
0 for all time and 

all % but this is not the case. It is also pos- 
sible to assume that the stagnation point is coin- 
cident with zero u-velocity for a prescribed time. 
However, we should note that the stagnation point 
given by Eq. (19) is based on the vanishing of the 
external velocity. For a time-dependent flow, this 
does not necessarily imply that the u-velocity is 
zero across the layer for a given —location and 
specified time. This point is substantiated by the 
results shown in Figure I  taken from Ref. 10 and 
obtained with a novel numerical procedure called 
the characteristic box scheme. It is also evident 
from Figure 2 that flow reversals do occur due to 
the movement of the locus of zero u-velocity across 
the layer. This causes numerical instabilities 
which can be avoided by using either the zig-zag 
box or the characteristic box finite-difference 
scheme. The details of these numerical schemes 
have been reported in Ref. Q and, with special 
reference to oscillating airfoils, in Ref. 10. 

3.? Downstream Region 
A solution to the leading-edge region, ob- 

tained by the procedure of Section 3.1, may be used 
is initial conditions for the solution of the sys- 
tem of equations given by Eqs. (11) and (15) both 
with either standard or inverse procedures. In 
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Fig. 2. Velocity profiles in the immediate neighborhood of the stagnation line at different times for 
J = T/4 and A * T. The dashed lines indicate the locus of zero u-velocity across the layer. 

practice a standard procedure is used up to a spec- 
ified '-location after which the calculations may 
proceed by either standard or inverse procedures. 
For example, to study the evolution of the boundary 
layer on an oscillating airfoil with prescribed 
pressure distribution, we use the standard proced- 
ure and where the inviscid and viscous flow equa- 
tions are solved interactively, the inverse pro- 
cedure is used after a short distance from the 
leading-edge region. 

To solve the equations for both standard and 
inverse problems we use modified forms of Keller's 
box scheme. In the latter case we use the Hechul 
function formulation' which treats the external 
velocity as an unknown. 

Eq. (15). Introducing a discrete approximation to 
Eq. (15), it can be written in the form 

re(^i)-cii,M^) = gi (22) 

where Cji is t*e matrix of interaction coefficients 
defining the relationship between the displacement 
thickness and external flow and the parameter g^ 
represents terms v^ose values are assumed to be 
known. It is gi .-n by 

k=l 
gi5 'i + ro + ^:1

cik'(rk) + %=^
cikA('k) 

(23) 

The box scheme reduces Eq. (10) to a first- 
order system. With ue, f and f" represented by 
w, r and v, respectively, we write 

r  « r (20a) 

r' ■ v (20b) 

w' « 0 (20c) 

and obtain 

v' ♦  , 

t 
rz ♦ (-1 * rZyvi £* n ♦ r ) ^7 

, r 4- v4* (1 * '7)^ 
^7 

(20d) 

Kith this notation, the boundary conditions given 
by Eq. (11) can be written as 

f « r - 0 at 

re » (1 ♦ ~2)1/2we  at 

(21a) 

(21b) 

For the standard problem we is knc*n and is given 
by Eq. (10). A fourth boundary condition is re- 
quired for the inverse problem and is obtained frpm 

The system of Eqs. (20) to (22) has been 
solved by the numerical procedure of ref. 9 for 
the standard and inverse formul?tions. 

4.0 Nature of tne Singularity for an 
Oscillating AirfoTT 

One phase of the calculations for the oscil- 
lating airfoil was carried out by choosing r

0 * I, 
A « -1/2 and . * 0.1. With these choices the maxi- 
mum value of ieff, defined by 

>ff ■ ro^ ♦ A sin.t]) (24) 

is sufficient to provoke separation with a strong 
singularity if the boundary layer were steady. At 
present r

0, A, ~~ are being varied to examine their 
effect on the nature of singularity. 

The unsteady flow calculations displayed in 
Fig. i show that the boundary layer eventually sep- 
arates, the flow remaining smooth. However, just 
downstream of separation, it is evident that a sin- 
gularity develops in the solution in the neighbor- 
hood of ' - 2.12 and 7tj « 308.75° and that it is 
not possible to continue the solution beyond this 
time without conceptual changes in the mathematical 
and physical formulation of the problem. While 
this is a satisfying conclusion, and may be inter- 
preted as giving theoretical support to experi- 
mental observations of dynamic stall, it should be 

i 
I 
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Fig. 3. Computed results for the oscillating airfoil, A = -1/2, u = 0.1. (a) Displacement thickness 
*. (b) Displacement velocity, d/dr. (ue**). (c) Wall shear parameter, fj. 

treated with some caution. Boundary-layer singu- 
larities have been the subject of much controversy 
in recent years and it is clearly important to make 
sure that any irregularities in a computed solution 
are not creatures of the numerical method used. 
'.!e, however, feel confident that the calculations 
reported here are accurate and that the singularity 
is real. 

Figure 3a shows that the variation of the dis- 
placement thickness 

r ( 1 ♦ TX 1 
(251 

is generally smooth except in the neighborhood of 
: * -.12 and for -ti * 308.75°. The first sign of 
irregularity is the steepening of the. slope of ** 
when ~ti ■ 300°_. A local maximum of *"* occurs at 
: =2.12 when t]  = 308.75°. When the same results 
are plotted for a displacement velocity, (d/dr) 
(ue"*), (Fig. 3b). we observe that the steepening of 
t^e displacement velocity near '  -  2,12 is dramatic. 
For example, for "ti ■ 300°, the peak is at ',  « 
T.125, for Z\\  « 30?°, it is at • * 2.105, for 
_ti « 307.5°, it is at r ■ 2.09 and finally for 
t\  • 308.75°, the peak moves to '.  »2.08. It 

should he noted that the maximum value of displace- 
ment velocity moves towards the separation point 
with increasing t]\  the same behavior will be 
shown to occur for the circular cylinder discussed 
below. 

As shown in Fig. 3c, the wall shear oarameter 
fw ihows no signs of irregularity for .tj < 308.75° 
but a deep minimum in f£ occurs near r » 2.15, i.e. 
near the peak of "•. 

It is interesting and useful to compare the 
results presented in Fig. 3 'or an oscillating air- 
foil with those obtained 'or a circular cylinder 
Started impulsively from rest, ""his comparison 

lends support to the accuracy of the present calc- 
ulation method and at the same time enables us to 
compare the characteristics of two distinctly dif- 
ferent unsteady flows near the singularity loca- 
tion. The circular cylinder problem has been ex- 
tensively studied as reported in Refs. 11 and 12 
and the present results shown below are in close 
agreement with those of previous authors, but with 
subtle differences which may have important impli- 
cations. 

Figure 4 shows the results obtained by Cebecr 
for the circular cylinder problem. As in the case 
of the oscillating airfoil, the flow separates and 
remains smooth up to the separation point. How- 
ever, just downstream of separation with increasing 
time, a singularity develops in the neighborhood 
of « ■ 112° and t * 3.0 and it was not possible to 
continue the boundary-layer calculations beyond 
this time and angular location. From Fig. 4a we 
see that while the variation of displacement thick- 
ness is smooth for values of a less tnan 108°, it 
begins to steepen dramatically thereafter. The 
same results are plotted in Fig. 4b to demonstrate 
that, as in Fig. 3b, the displacement velocity 
exhibits a maximum which increases rapidly with 
time. Again the maximum shift towards the location 
of separation with increasing time. 

The results of local skin-friction coefficient 
calculations in Fig. 4c follow similar trends to 
those obtained for the oscillating airfoil. In 
both cases, the distributions pass through zero 
with no signs of irregularity and do not exhibit 
any breakdown before the time corresponding to the 
singularity. 

The very careful calculations of van Domnelen 
and Shen are reproduced on Figures 5 and 6 for dis- 
placement thickness and velocity profiles, respec- 
tively. "rhe corresponding displacement thickness 
results of Ceheci' together with the new calcu- 
lations of the velocity profiles are reproduced for 



Fig. 4. Computed results of Cebecr for the circular cylinder, (a) Displacement thickness **/L, 
(b) Displacement velocity, d/dn(ue.«*). (c) Wall shear parameter, f^. 
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Fig. 5. Comparison between the displacement thickness values obtained by van Donmelen and Shen" 
(circles) and by febeci* (solid line) for the circular cylinder, (a) t * 7.0, (b) t » 2,5, (c) t * 2.75. 
(x is in radians.) 

Fin. 5. Comparison between the velocity profiles obtained by var)  pornelen and Shen ■' (solid lines) and 
by rebeci-' (symbols), fil ?.7C, (b) t = ".9R437S 'van Dome Ten and Shen) an* t - ?.Q875 'present 
calculations!. 
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comparison purposes. As can be seen fron Fig. 5, 
the agreement between the sets of calculations for 
three values of t = 2, 2.5 and 2.75 is excellent. 
The velocity profiles of Fig. 6a, which correspond 
to a time t = 2.75 as in Fig. 5, are also in excel- 
lent agreement for various angular locations. In 
contrast, the calculated velocity profiles of van 
Dommelen and Shen13 at t = 2.984375 show differences 
from the present results obtained at t = 2.9875. 
The figure confirms the expected close agreement 
of the two sets of results at the two smallest 
angular locations, but significant differences at 
the two highest values. The trend is different in 
that the present results show that the location and 
the magnitude of the maximum negative velocity in- 
creases with angular location. Also the tendency 
for flattening of the velocity profiles in the 
vicinity of the singularity is not confirmed by 
the present results. 

Figure 7 shows the velocity profiles obtained 
by Cebeci2 for two values of t as a function of 
angular location. It is clear that the magnitude 
of negative velocity increases with angular loca- 
tion and suggests that as the singularity is 
approached, tne magnitude of the negative velocity 
will tend to infinity. 

Figure 8 allows comparison of the displacement 
velocities obtained by Cowley3 and by the present 
nethod for four values of time. Me would expect, 
from the previous comparisons that the two sets of 
results would be in close accord at least for times 

-0 4-0 2   0  023»  06  08  10 

Fig. 7. ronpuced velocity profiles for t^e circu- 
lar cylinder accordion to the calculations of 
Cebee1:. (ft.) t « 2.5, (b) t ■ 2.7*. U <s In 
radians.) 

up to 2.75. The figure shows the expected close 
agreement until the maximum value is approached. 
The discrepancies apparent at higher values of 9 
cannot readily be explained, and it should be noted 
that the location and time of singularity occur at 
different values of 9; the results of Cowley and 
van Dommelen and Shen appear to agree in this 
respect. The reasons for these discrepancies are 
presently under investigation. 

4.0 Effect of Interaction on the Singularity 

The interaction procedure discussed in Section 
3 has been applied to the flow problem previously 
examined in Section 4 with the standard method. 
The results are shown in Fig. 9 and are discussed 
below. In contrast to the standard problem which 
makes the implicit assumption of infinite Reynolds 
number, the interaction requires the specification 
of a finite Reynolds number. In addition, a thick- 
ness ratio T has to be specified and, since the 
definition of c involves R and T, the calculations 
are performed for a specific value of e$ f= 4.5 x 
10"3) for the present results. Other values of e 
are being examined to determine the effect of com- 
binations of Reynolds number and thickness ratio. 

The present calculations were performed_in the 
following way. For all values of time with ~t] 
ranging from 0 to 360°, the standard method with 
the leading-edge region procedure of Section 3 was 
used to generate the initial conditions at a short 
distance from the leading edge, r = 0.5. With _ 
these initial conditions and for each value of ,ti, 
the inverse method was used to calculate the un- 
steady flow from r =0.5 to r =5.5, for the spec- 
ified value of •-. Since the system of equations is 
now elliptic, several sweeps in the —direction were 
necessary to aci.ieve a converged solution. Where 
flow reversal was encountered, as happens for val- 
ues of >jt] > 270° and r > 2, up to three sweeps sre 
required; where separation did not exist, a single 
sweep was sufficient. It is to be expected that 
the value of c will influence the number of sweeps 
and, since it is linked to physical parameters, 
will affect the singularity and the size of the 
bubble. 

Figure 9a shows the variation of displacement 
thickness f* and Fig. 9b the wall shear parameter 
fw as a function of nondinensional distance r  and 
time. It is evident that for values of r - 2.5, the 
solutions are well behaved. As expected, the displace- 
ment thickness r* increases with "_for all values 
of time and reaches a maximum around t] = 300° as 
a consequence of the change in the angle of attack. 
In the same range of '■ , t*e shear stress parameter 
decreases for all values of ~ti and reaches a 
minimum corresponding to the maximum in displace- 
ment thickness. 

For values of ' • 2.5± the solutions remain 
well behaved until around ~t| ■ 290°. The general 
trends are in accord with the expectations and 
there is negligible difference between the results 
obtained with the standard and interactive methods 
for values of t^ up to the maximum for which the 
standard method allowed solutions. The wiggles 
apparent in the solutions for high values of ~tl 
remain to he explained. In particular, the influ- 
ence of numerical parameters such as '.' and 't^ 
spacinn together with the assigned value of • need 
to be systematically explored. Nevertheless, it 
is important to note that t*e sintpilaHty no lonoer 
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Fig. 3. Comparison between the displacement velocity values obtained by Cowley3 (solid lines) and by 
the present method (dashed lines)for the circular cylinder, (a) t = 2.5, (b) t = 2.6, (c) t = 2.7, (d) 
t « ?.8. 

Effect of interaction on the variation of (a) displacement thickness r*. (b) wall shear param- 
for an oscillating airfoil with ■ « 4.5 x 10"^. Solid lines in the insert represent the result 

Fig. 9. 
eter f£ for an oscillating 
obtained by the standard method and dashed lines those by the inverse method. 

exists and, in contrast to the standard method which 
allowed the solutions to be performed up to t]  ■ 
?0R.35°, the calculations with the inverse method 
were performed for a complete cycle. It is also 
important to note that the chosen value of i im- 
plies a high Reynolds number ( 10*) for a th ich- 
ness ratio of - ■ 0.1. Since typical leading- 
edge bubbles »rt  associated with lower values of 
Reynolds number, we exoect that interactive calcu- 
lations can be performed over a wide range of  angle 
of attack without problems associated with the 
singularity. 
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Abstract 

Steady and unsteady velocity components over a backward-facing circular arc are measured by Laser- 
Ooppler Velocimetry. A periodic disturbance is added to the mean flow and the response of unsteady 
separation is investigated. Special attention is given to the distribution and the flux of vorticity. 

I 

I.    Introduction 

Aerodynamicists ire interested in tne pheno- 
menon of separation because it controls the behav- 
ior of separated flows and therefore the loading 
of airfoils and phenomena  like steady or unsteady 
stall.    The study of unsteady separation has gen- 
erated some controversies, mostly because of the 
widely varied tools of investigation and quite 
often because of confusing terminology.    The sig- 
nificance of the phenomenon lies 1n its  interac- 
tion with the entire flow field.    Its local  pro- 
perties may explain the detailed structure of the 
'low but these should only be viewed as a step 
:owarJs tne understanding and eventually predic- 
tion of the global  effects.    In this paper we dis- 
miss our initial experimental efforts in this 
direttion.    We study how the vorticity generated 
in tne boundary layer is convected and sned in the 
free stream.    Moreover, we ire interested  in the 
interaction of tne separated free-shear layer witn 
tne dead water and the rigid wall. 

Experimental  wor*  or. unsteady separation has 
been  imtiited in the past  f*w decades  following 
Me pioneering work of Sears   , .Moore4" and 2ott  . 
*h-> experimental  worn of  rfidJ1    and Ludwi>j    per- 
il'-is only.to steady  flow,   ind the worx  of Jespard 
and  filler0 is confined to hign frequency oscilla- 
tory  flow.    Our knowledge at  tne beginning of  tne 
1970*5 abojt this complex phenomenon n%  therefore 
re..wr<ibly  "\irro*i and seriously  in need of   nore 
intensive experimental   investigation.    Scnie pro- 
j'-esi  *as  icnieved by methods of  flow visual iza- 
tiw  ind by hot-wire ane »meter technique«..    Such 
leViods na^e alr-ady been e«ployed bx Scnrub et 
i\   , 'Atrliy Ruiter, Nagib and Fe.ier    and 
Mc>uSf ey4    to stidy unsteady  viscous  Mow pieno- 
ien», but the specific cises considered and the 
SCJIJ nf  :ne   nodeli wer* d«si;ned  for 4  stjdy   )f 
tie r^n.)!? flow fiel i.    !n  ill   these stidies tne 
>0'ind4ry   layers *e«v s> tntn tnat   it *<JS  •?ss<4r*- 
tijlly  1 vom si nie to  stjdy  tne featj^e* of tie jn- 
it*4dy  boundary-l aye»- jnd  M particular,  lepjra- 
'.'.'}i.     !i.a   lost recent  effort Ztrr, McMist?" jn 1 
McC"Of#.ey      eüßliyed 0   variety of  lensin^; devi;es, 
'4n;n} 'ran Mow  visualisation  netnods   [tuft*., 
> wie)  to prtfSür? or  velocity neaiarffiij methods 
,f .♦■iSjri» trjnsducers, not wire anemometers, etc.) 

to stidy  tne ;>ieno,i*non  0'   jnst?ady  still.     Sn 
tn»s   >tuJy  ^'".ijri» and  velocity  si;nat.*rt?s 
ttrj-u^toui    I    ier'. 0-   of    HClltlUon   in   ■JW-'I   * jr 
||f?efen$   stat'on*  01  tie ai'fo»!   ind co*.p«r«*d 
.*•■ n  fl>w   iViii] lilt ton Jala. 

*le  .-""-*'i«*n*   ;-;)J,)   itte-V.eJ  to   *»e«lne   rjr- 
:i oieVy Me   it-aeJUte nei jfttiornjoud  o*   am 1*44 j! 
'ji'-u'- soarjt'oT.    *n itt-i ^-si rif,*  J* tne 
or.    [ '<^'t\y■',   |f»d   U'4i!i|J     ,   *)•'>..:'«'    j-!} 
"»'I oni s'J"'  evi4>is   «44   jw*n to •♦»>   |i*l iti'.T .-i« 

aspects of the flow.    This was accomplished by 
flow visualization methods and watsr-glycsrin mix- 
tures to achieve thick boundary layers with not so 
small  velocities.    Steady flows over moving sur- 
faces were first examined in an open channel. 
Unsteady effects, transient and oscilatory were 
later conducted in a closed water tunnel  designed 
and constructed for this purpose, with two differ- 
ent systems of pressure disturbance generators. 

More recently, Mezaris and Telionis1 

obtained detailed LOV measurements over a  rearward 
facintj circular arc.    In the worx of Ref.  14, 
unsteadiness  is  introduced by a  'lap pulsating 
over the circular drz.    Tne model employed in the 
present  study  is the same with the model  of 
Mezaris and Telionis and will  be described in the 
main body of the paper. 

It is weil  xnown that tne 
scaled for a flat plate by the 
k  *  **/U, wnere w.X *nd U^ are 
distance"along the wall  and tpe 
city respectively  (Lightnil 1     ) 
x, or equi/alently  ~,  the ampli 
been proved analytically and ex 
(Telionis    ) to nave smaller ov 
ipproach tne wall.    The oscilla 
'low tends to become plug  'low 
layer  is confined closer and cl 
This  is not  the case if the adv 
lent   increase  with  <   (kef.   U) 
dita of Mez*ris and Telionis 
about   1) times   lirger th«n  the 
outer 'low. 

amplitude ratio  is 
fre-juency parameter 
tne 'requency,  the 
frce stream velo- 

/Hth increasing 
tude prof 1 les t\d\/ii 
perimentally 
e^snoots which 
tjry  jart of tne 
and the Stores 
oser to the *al1. 
erst prtssare  jrad- 
.     In 'act, tne 
indicate ov--,hoots 
ampltt'Jde   )f tne 

In tie present  otp^r *e  introduce the distjr- 
ba»;e  in the  oncoffling st-eatt -itner than through  i 
pulsating  flau,    we tnen e^aiine   wr« carefjlly 
tne flow  in  the  vicinity   >f  sej-*r»tton k>y  a   -ure 
pow^ffjl  data acquisition %/stem «*hi:n i>ernts 
're^ue'icy  donain analysis .JS well   is  'Oiri.?r 
series expansions   )f   til   «av-  'or is.    Mpreoy«*, 
the vorticity  *iel 1  is eitflined careful ',*.    4ntl 
IS   ini jjf   about   tie  yrjblv*"! cx,Sllered  *»e-"*   1', 
that  the effects be'n.;  stuJifd  ire   1^«* -x.ljs've'y 
to viscosity.    It  is well  f\o«?\ tut  iea*r*tion 
and tie waie  fom«tion process   is  ^v.»en,irnt   )* 
tie l*vel   of tie outer  velocity  *jr a   ;ji>.; 'ji;<* 
of  tie ?ey".o'M.  i^nt>ir.     !»   )tri?r  -j^ds.   is   long 
«s  the   je.)*.etr»  of   the  v)l Id  SuJy   i.ftd *-en.*»  tie 
r»otentt4l   *\ >w   Joe» nit  cnan.je,  tie  * K«tion   ?f 

seijrjt 1 )*i   'i   fuel.     !n  ow   .n«1.   ' or   j?'   s^ei.j, 
:ase%  cjr«- ",,on fin ; tj  \n\l4 «tj>t*OJ»   a'.ts   3*   :v 
''«   '.trrJi.   "ir   flows   i'r   ilenttttl.      ►>rtjv»«; 
'^spon-.e   )*   tie  -a» e   1*  then   'je  etc' JStwel^  r • 
»UCOyS    «"ects.     "n'>   »i   ijt   «ir   ;j»ve   In   ':)«', 
)i-?r    >lt.vi;   Jl»-?J1*',.   s;-i?   t;   -MM   .m;'f    )' 
|.T'-4C*   „' :r •"(•',„ j'v!   eiil **«■!',    :"Vr.-i',   ' 1 >«   *>*! Is. 

I 



Ail   miilljr»»i<ilt   i"   t» 

ROTATING ! 
PRESSURE HM   M0T0„ 
CONTROL 
!MPUT$    j^jCOMPUTER 

i j*   I     Tne '/PI water tunnel   showing the recent   nodi Meat ions:     (ij  A rotating  vcirve driven by u  variable 
speed  tiotjr and  (b) a by-pass system with a control   valve. 

2.    Faci1ities and tne Mode' 

To conduct  tne research reported in mis 
,)jper, soie modifications ind additions were 
necessary,    Tne basic t>»s< ««as  to convert  tne tun- 
nel   to ^n unsteady water tunnel.    Disturbances 
./.."*?  I -1 traduced   Jpstream of  tne settling chamber 
by   t  stating  vane  ffttl.   I),    rar the past  5 
><ari, our experimental wort on unsteady aerody- 
namics *as performed with i steady stream.    Sft- 
iie-tdHess was  introduced by dynamic  not »an of tne 
iolei   o* part   jf  it.    Hod» Motions were proposed 
and carried out  to convert  tne tunnel   Lo in oscil- 
liti.nj tunnei.    rnis, of course, required extra 
efforts to reduce the turbulence  in the tunnel  and 
r»ti\iowitJ! the facility.     ro control  the  van 
'IJW,   i  rotating vane was  installed  immediately 
•j^jve the test se:t»on is shown in rig,  1.    fiis 
MV W.1S coupled to « HELLE« 0C ootor «#tti van- 
ible Speed control,    rhe unit controls auto^ati- 
:iUy tie speed t:> wftlifl r 'J.S1 of tne set  value. 
!*.   is   »*$a equipped with an optical  encoder »Mch 
Cfi  >*f  interfaced dJ-ect'y  with  the  laboratory 

\  very  i» frtl'lCirtt   fitter   ii  stjdies  of 
.nsteajy ier^d/n**Ul  ?> t*1* amplitude of osci'la- 
tiy«    To tn<? ktäwltfdj« of  the ;>res«*nt authors,  in 
»11   facMittes mo'.)/1'1; I*«« sechaotcil  «ethod 
' >r cortt'jl  of  tne frequency   jf oscillation,  »he 
ivli'.ul'' mi-, up beihu,  *  function  jf tne Im- 
l-ieicy*   *  separat* S/sie* ll  necessary   if  ^e 
:<*\ire>s  tu control   Independent !jr  botm  the ampll- 
; ;dr i"!-i the f>its|uehcy  jf tn* aicillatlo*,     I" our 
.*•»«» tv*s  «is   iCcdäpTished b/ a 5y-ua,s pip* aod a 
':»-;*•»♦   -'ji/c  a-   ^o*n   !h  rs;.   '.     Tr* poüt'on   if 
tnH   <il re controls  the efficiency  Jf  th* roiiMji^ 
<«fte.    Ch#r?i of  the yerfursaflce of  t*wv!    octrois 
have teen    anttr«cteJ and #MI ;>,.• tniUdsl m i? 
enoj o*«?rt i.j report   "'ef.  ';*;. 

Any periodicity externally added to a  tunnel 
generates free-stream turbulence.    Many e<1sting 
unsteady flow facilities operate with turbulence 
levels of  the order of  It.    Careful   studies 
require much  lower turbulence levels.    To  .juiet 
the flow in our tunnel  we.itadied the  literature 
on honeycombs and screens    *      and contacted -,ier- 
sonally an exoert   in tne field  {Nagib    J.    *s  a 
result of our investigations,  we installed in t*e 
settling chamber a  second set of  finer honeycombs 
and  i sets of fine screens. 

Typical   -esults ire shown  in  Tibles  1   j-f*d  l, 
obtained with in LUV tracker and counter respec- 
tively,     in this  table,  the tinnel   speed and tne 

is by-pass  vilve ir^ controlled  independently. 
s.urpristng that  tne by-pass system influences 
greatly the turrvi'ence level, eyth thouyn it  Is 
far upstream of  the test  section,    we hj/^ jl>i 
peffdrwed an e<naustw* study  of  tttrsaleftce '-*- 
Oue*!(-y  Spectra eu'v'es of *n»c'i art  tncludeJ  in 
8*f,   in. 

Tne aCvfie^at»on a-ii deceleration o'   Ur^c 
nasses of •*jte'"  induce **-i:tuit i ^n-,   )f  ^r^^j.jre 
".nat   *4j e»:»*rd the sfmgth of  tn»» ;.»'e*';lass 
stroctur^,    Moreover,  the  efficient  aperat'or   jf 
fijfjrj^en bobbles re'4g»«,e \>rvi->jr? levels  lowe*- 
tnan the atmosphere,     'o control   th«? pressore 
level   in tn«. tunnel,  *e h.w-  IftstiHed a water 
Ira?   ,in3 jj!oih<3  w**l£h  connects   tftt  S/.tei  to   t 
iicjun Jump, 

t*pe«*i.nejnti  t«> condocted tjn  .-  .^yde,   si«il«r 
tj the i^ulel   ^f X»..»-|'r»-s »tno TetlonH* .    A conver- 
jenc* of   ;*i* !**st   tettitjh  l^io-,  toe f?ow ^<?•.*ef" 
t*0 l1i'J!»>t*y   J4»-er;'n^ *'jit  ;1 i',e«  to «exeunt  for 
t ^r  * «4   ;r>'»-T^ bourtiar^   *ayer5»     •>'   5*1'* <*,,t'"jtcr 
jf  the  .rjnyerj*"»c»»,   the ^.^mdary   'j»-*'s   arcwinj .« 
the wa'ls of  f^e t.tnnel   tr- s^c'*ed«    Hew •ü.nir.i 
1 if *■*•%  \\**\   .1 ■.-,-<*' :n*irj   in ••»?  *•}•   portion   ?'  t^e 

»ic . *. v*."v    ! v 



1y [,ass By Pass 
at  4 Open 

RMS T'J fo RMS    Tu 
M     (%V) (X)    (kHt)    (mV)    (I) 

3s)    0.82      55 30    0.31 
40    0.85      60 35    0.87 

flfi    1.44       72 48        1 

25    0.96      115       20 0.26c 

1        ]-y    1.028    160 

50    i.!7      !95       55    1.41 
i        id    1.08      210       60    1.42 

i        50    0.96      225        60    1.33 
i        h)    1.2        230        60    1.30 

'asle 1 :    Tne afreet  of  me hypass syscem and tne tonne'   speed on the tjfbulence  .eve!.    Thf* speed of  tne 
tjnnel   i» represented by  tie speed of the dri/ino, pump  in control   system valoes *h'cn correspond here 
rougnty  to speeds of  jp to 3n/sec.    In tne  *efttc«i  columns  *.j   ii the <;iean ;)oppler  frequency,  RKS  is  tne 
root   ^»»an squire  of the signal  and T'J  H  the tjrbolence  level.    The oy-pass Qparifnj  is  11 so  narked Ifl 
/iljes   )T  tne control   system.    Tne starred  rj*s  correspond to tests *1tn no ^tr« honeycomb it  the 
entrance  jf  the test section.    Data were orlaine*. with a   USA tracker,     "ms  instrument displays  large 
!' icepancies  if  tne readiog  is  not «itnin a r\arro* band of  tne scale.     The readings marked by  a  letter 
.^re feDeited  «rtn a different scale and  resulted  in the following vsljes of the turbjleno? level:     'a) 
"J  -- 0.56*,,   l*i)  RMS  -   >5  "7.  (:)  f'J  =  I0,8t,   CO  «MS  -  12 -iV,   (e)  T'J  =  0.')*.,   (f) RMS ■  '5  nv,  (-;)   Tj'* 

By  Pas< 8y »ass 

Cl vsed at Z 

Speed of fo RMS 
T,I fo RMS T'J to 

Pump (kHz1 ;m^) it) --H? fmV1 • (kH 

•'.5 107 12 0.1 6* 94 ?s 0.39 64 
0.6* 115 S n.07 1J4 11 0.17 70 

1 145 17 3.62 122 17 0.69 83 

•> 220 30 0*M 180 25 0.6} ) t 

i 290 40 )..*vH 25s 38 O, 7fi ] J 

4 350 M'1 0.11* ■'g,i 35 0 ,h 21 
-'.• 360 » U.09 310 20 0.32 ■> i 

5 4?0 IS • 1.53 360 i 0.09 >h 
.;• 4M ?y. 1.0151 35« 4 0. 1'» 'S 

y   Pass ■\ "iys 3y PJSS R» Pass 
;irtsed »' * \\ 1 )p*h 

Speed          fo          R*S      "        'o          -M'-.    ' i        to          »Ms M fo          RMS TU 
3*  °u«p     [kHll      [■UY1       *.    '   •-.•'        "'.',        f.       '»•':'        *'/"' t 'kH;'     '-"^ t 

vl.öl' ;tf',.44:1 
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convergence, the boundary layer deve'opes Hke.d 
flat plate 31 asius  layer  (Mezans and Telionis1  ). 
Further downstream, the top surface diverges to 
■jenerate a region of adverse pressure jradient. 
However, the bottom plate is continued further 
downstream.    In tnis way the separated region  is 
not affected by mirror image separation.    It is 
recalled that flows about symmetric bodies, as for 
^xa.nple a circular cylinder are controlled by the 
interaction of two shear layers with opposite 
sijns of vorticity, which eventually results into 
periodic snedding of large scale vortices.    The 
situation is  afferent in tne case of dn airfoil 
it an angle  jf attack, whereby the separating flow 
over me suction side develops .*itn little or no 
influence of the trailing edge vorticity.    This    s 
exactly the situation which  is simulated oy our 
-ij.    Measurements are conducted on the  diverging 
section whicn has the shape of a circular ire as 
snown schematically  in Fig.  ?. 

"';.   I    Tie   wdel   ltd coordinates defying tie 
•«♦sn  jf   neas ir^eits. 

"!.     '.li'.^wv.i'.io''. än-i rut a Acquisition 

Our «»V-ais  to meaijr-  iiofUcUy by   si«*ttng 
in»? *>•»! *s can b* tn0l«w*»i!*d  TU^ eas er  in tne 
)n.-.«a-3 scati** nod*.    •iowe*e'-i in* xis*   stjai'i- 
:j-i*.  aiv«ntage  jf bac'.w^^J  scatt*^ «s tie cc>ven- 
;<?nc<- and jifwelfton of tfl/e^ittg m^ch^' s-rts.     * 
special   system was   i#itjn«d #h'd con$tr j :t«?J for 
*.~$f*r.i) ig  tit   ^r./iiij   *jlu"tt   /!l   itrrjri.     SuC*l 
.1  wstr* ifcsjlj  te-t  wv !^*>i.;  '•e-.jui r<-neits :     (1) 
• *.   i'vju* !  IÜ3W   <"?•"/   iccu^at*!/   .^nt-oiltfd -J'i- 
>! icr-wits,     ■!']   tt  ihoj".t ;!rrT>»t  rue   «M^J-:*- 

I«-M:   ,f  tv   vi',jr:ng VJ!J«W !"» two directions., 
^»rj|'*'    and   ,1<ff^njtcj! |r   |j   »n?   "low.      (Hi)   »? 
injylj r>e j.wlrjiM^d dt*tc!«y b> tht ! t'dorattirj 
•..-••-*;; i*.^'-.    (i*]  t*  vioj'd :>* ?--«e  jf  ftiriiions 
i-i 2   *i-<ii'!y,      (»•)   IS   ifiO«' j   i'.lt*   tne  r .11 -1" I >n   0* 
!•!«•  '.>**-•»'.   »aoj*.  :.n*!r  vtei,.tj'',   n tnit   :. r^iene*? •> 
Jf   IV   .'**laOt/   >'i   *f»j    l» r.*k;t I Jffl   •,. an   *j*  .v*i-:..ir*j. 

""t? S/stei *«»   }?*ijn«J 4*^ cdrt*tr.j;*<ed  >\ 
i VJW* Sune-wtKa? 1/  H fi|,  J.    *"»c t-«c> jf  ">I 
jpV'ci  '5  «Killed ->*»  1  lH**r t- m.-lat'j* wit :?» 
jMj*S   'Hi*   «•itS'-r   %J\1.**   t)    Itf**    M   tt«*    1-!'•>--C ~ 
*. ion«    *n<» p»r»!•<•'   v.j--i j»-.- •."><•'* r**'*:t<f! *«'-:• 
'r,>j fSi-'*or*  J\  v**i»w3  ;i in* M fjr«  1^.1 .'Hv 

vertical 
'Traversing 

- Mirrors 

'ig.   3    'ne L')V  System )*■ a ^ac*war-j scattering 
'iode showing tne tfav*rsin§  nirrjrs. 

vo!j*>e.    The upper  ni Tor together wi'.n  tne  l<s«s 
trans! ites  in tri« »eftlcjl   dirtctitfn to faci'ttat<: 
10 t T on of tne measuring vo.^'ie  t'o^g tlie  ■ - a * t s. 
Hetai's  J'  ?ne  r.irr jr t..»«er a1-»  iho*^   M Fi ■«.  4. 

S'*ppir>g Mofo* 

- To»#r 

w#ad Scr»* 

r 5 j.    J ":♦   * " I <*"'.'  :■}    V ." i!' ' »*. 

!vjt»-   t,)ttoit  4rf   ;..>'ttr-i:   r !  '>_,   >t<»p, •■■..,   >.i- J- ■% 
''>'.<"• ''i5'«i wrtn  t*?ff  !|äj>atorjr   :o.^ut«»r.     ',-J *■•.•, 
wi/   -ite.!'.   IS   snj i '   is   i   '?ld  <*«s  .'.a"   ::e   1 !*)'fr?w>teJ 
e4-i''y.     HflWvd'<•?*(   *aCCi*>%)**  $■ "■*■{? 4    .»   i~'  * fie*> 
nay   Ji ir»l ac« ";e   "»eav^rjng  ,•!;;■*-  »'T*!^  »A/ 

"»; I ii*d ftCra'-g^t   ': !**.»•.    "*»# ^:;v  ttgfiii ^«- /<->. 
'ifSS   liJW   <#1tf»      >l   Oi^n'.i-ri,       >.,r   * #-.   •„.?.:'<■!*'"•»   j-^ 

'* i i t ►' <i'* -t   * I' * "   J(    T411 r?    i 's !   j   i ' j » »    '  ■ 1 c ' f ^;. r 

-a>j*ct < #*!.,   ' ) «' * ># "1.-- tj  *i'.   :k--c.r^.   »j •>,' 
' j'.' .•>-*? j --        •-•■4*r- "n»i    »',   J-J!^"    -.r-'  !i. 

li^*nt*g*   jf   tit*  ,,"•*.•"••.   it•%*.•--.     **»r   .•,".'•-. 
• -■•   ..•" ;•   .-ij' * ' -      -- ,    «' ^    ,.-r j    «.-.«-:    J* j|* 1 i ? j    .. -1,; 



:?j,   5    Dili  k.i ji Mttsn  SjStm. 

IM';;  *)   !';i'.il   .:j':verters. 

'?:t!t*u-%  14,  *><*<?i  tn«  dCijalSitiOfl   J?   :  "«INC-!! 
Mv/."  •t'.l   i'i   'ir  'i<?c«*i-ij''/   ?>jdr«>   ( )/A   j-s 5 
'« "l   .jnmrteM,   r;t'..*;    ;r  JII'OJ  oi'.pit,   tu 11 i - 
,'•? *«?*". ?•>:..    *«• ij^c #l>«4d>  prepared in j 
• ^T.' rJ   ij'V<**r<   'jf   li'   *"!<•   '^C^ssi^j   v)y«*rt: 1 jns 
"1   a;'   ' il) )f J*. jr; .     '<in_,    jf   !n>V4  t*t*4   *crc   ,;<"•- 

i'ttl   a/t'tl&id.     *\w,*t<r  u* *<?  la?  in*  '!*»'- 

M.j   >ar   la*, t   >r   'Mr.     ^jrtjo",   *««   :n   !J-,>  •>..- 
-n  iitj  ii*«etlj *.J j">  '8*4 J/J 'J' *.^tn*f ,fj- 

*lr   'j'Jjrj^jry    '»MputiJf   5»   tic   *lra*"t    .!*    '. "ie 

-«• c«*i**i   :n«   !«?»,   ''   «Minlp   **!<•*   '.if   i*i   * *<•   ' I IP 

J-^ !   »'•    .•.;'«'•.   '. "r'.      "*-•?   r^r",f;,*i.-   /--.* 1 ****** * 

•;.   S.      *•"   i»j;Vn*   ;'   ".*••<   *' .3«      >.♦'•    j'   ' V. •. 

vc- • •>■?-   '-.    :•< J*I      l   ! 1 ,.   ',.      *nr    .»-,•••"    ,«•"-• 

4t   1   point   iiil  ;M«?I   jrj-rs   fir   S*!fVV'i^    tut )rs   !) 

l)rt)cee>J t) tn<r! nt?tt position.    Ace     MMO, ?J tn«? 
i,j<»'. If VC   »PpIiCitian,   *it  L3K   :jun'.<;-s   jr^   :it-r- 
r.?.j,i'.rJ   b:j(   tfl«?  c^i.>at«?r  tö   IHSJ^C  ,'r0^er   v«'"»t«J" 

frota f.tcoJsr*"s ^ni.i ^ojij  ;*<sJ''^  -r,,,»   t^r  -»i:-), j- 

•Vjrfjv^r,  t^<* <}en«r4i   .orji'.^on   >f  in* lurin«!   «ill 

l.    J.,--ii':i  & Concl is' >n» 

16   »<• * * i C -a T   mi td". 5   .#,--«•   :*ij%   !«*)n*d   l"   I 
iut.'iic  )* Snrt ipf».    *t<j«j «*sn * tn*»on 

',•)    *»».       "Uti    t>bt*Jn#d    !1   t*ltt    -*i-(     Jj   r:c«!     .']r 

,>;«*n4 *. J  ir*' »ci T7 v-'".;*,'c?i  ! r# ;i •. * J«J! ■ j   j've^ 
;-,  ?;    :n.J'*r/   !«jr*r   I iy«tM j*t I ■>'".   •!-i.«*   Mr  _. 
ILnji-f      '-,  -..?•.  ^c»- •«** '\c j' f  :»  :*•.,- '.j''».r   )' 
'-Jt,-.'.». -'n*^   •<■   * ?-«.!   '-a*.    • T   :,\'.t--   1./    j 

i**!.ni*!       >   '« ;.    :'   »*    rj'-*>      _>-, j")'<<i;   f.i-   »»*« 

J'   I-*;I*^J        ;   *'>••.   ■.'. 'ii-.t'   '■■'.   \%   --.'-«.   ,;'   %~-.\ 

.^.«*    ''fM    ,-',„Mr     .••,>••:-.     1--    J*!f''#i!, 

Pi - 

'. 4r: 

. i.yr. 
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'      «'   a    •    »   > y 

rij. &    n«w*cn«rt for J4ti iCv|u1i1ttart. 

»■?nt*J ^fdlttftl me 4 portion of"  E/tf ctrCnUr *r: 
jrj^n id »ei!«?.    Utmtten U fr>cj*<-<i on tftt 
r*j! >i &<t.#)s»ei  *   «  }0 jr«i  fj nn,   tonnslre*,:» )f  t*?e 
iHjin.    Profsl^s  jr* ?iolt<u ijtinii  t y coorim- 
*:<? ii'tuihri vj i fjciar uf S *iti r«v*ct to t?>« 
i-«.jjrri«!*.     Ill   }u4Qttt!«ft plotted *r« ^duce-d 
\    tl«   **1 i*   C )rr*ijj*iv}1 ig   • j   ?r»<   *»4«tti;r> j   i»   t*J« 
Mr»!  «»»»on.     HI   *.1? rn   ,«U  *r«? lyjtUilt on 

The L!)Y  S)j*t1l  *vrg  i^erjij^i o*«>»"  1j |*npt«i 
• '  i taofi ->J!  !V v»«!!  «-douiti jf iyiro4/n4*ilc 
i-i J fJfctronu  iof>*.    ^or 4 *,>«3 pf iScn/w:, 
:*i? n+I*<tt/ ptrsftl«  *f th# j-o*po-»<?«t  3* th* 
/?!><:»!/  «re  |}«^lijf*d  M  rtj.   '.     It «4« **tl- 
',ttc1 th*t  t»s< pltht of ;*ro %. :n  f*1;t'3i  for 
*-}\\  ;4t« ll  tpj>rei1 «t»l>  it   «   *  SS*«.    *  Joed 
ig tixrr   j*   t0«nftir«a\* litt f «if «r«  *IM oöt4»n«»1 
S*?y v\4 i^.n^fr 4'.  its«-'  '•» t»t»> '"'I«''*,     flu 
«.* i      iii» ■>?<?   jniy   #<!*!   lft'tftt*f   ^*   t*i*  ">o,M!*r 
•»•r ;•-*<•-!,/   «V . i   *4*.   "»•;>!   Utv»i'.';'   «Vvi   t tr   Utl 

?jr  tt**d/   ''Ow,  t*i< ödundary   l*/#r re-jHs 
4tt4c»iea  for  iutfie  iHttftC« !wyd«d  tit ;'ot-*t   of 
i»!n f-i»tton.    Oaf ,^tf*ei!   Invfitt;t\Ijn  iec^i  tJ 

In tiis '^ure Mt !ts.j!4>' fn* tMr>uH«fie« '«•¥<?! 
'»rrj??l#5   r«4iiC*»3 'v/   tic   f ""rf-lt"-41  t.'U^Ski1-«fice. 
fn^ tjr5-ji«*»c«  If»*'  4?rJ4'"«it f/  st4/-»  I'-** #i4  '.,f\ 
'let   l*cr«»4i?4  <-i tnr i^«!l   r#c1r;u14\tt>*g p#j1jn 
«lid  <»«t*nJs   'r>*  t*>f  ^ot it   i?   .'«ro   v«.f"»   *-:.t1i-n 
4!   «   ■   Vxtfi   ^nt!l   «   *   ?->n. 

">»<tC4lv  J4?4  -v**r   3b?4Mri  fj'f  *   J"^.-!«,1 
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profiles of tne u-co'nponent of tue velocity, "lean 
and iTipl itudes respectively. 
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rig. 9 Selected velocity «avefons -it < = SOni'ti. 
Front to r>dc< cofresond to j = 6, 5.2, 4.8, 4.2, 
J.3 and 2.8mn. 

rij,   >    deduced velocity profiles at stations  <  = 
? 111 to ■JOmn.»    Verticil   tines corresponds to 
it iti ?rs   ;MC>J  5in  ipart. 

/  ; 

I      I      I 

it at i ons   < *   3 Hi  13   JOmffl. 
leva) pro'rles at 

*nere   j(«,/l)   fs  my   leasured velocity conponen. 
'ie amplitudes  of ntjner ntriiofHcs  for tne  J-CM- 
ponent ^riv^l to !>e not   more tnan  5» of tie a-npli- 
tu1e of tie 'irst narnonk  *mcn  is  in indication 
tnat  tne *aveforis  jre nearly  sinusoidal.    How- 
ever,  O'jr   3d*«  contjin a  lot   iore iiforiatton 
-ni<;n cjn L>e refievM  later  if n*c?ssary.     [n 
*.ms  ;aper *e will   refer to   ifj  I id   i, 

•  • I.JN.I   is  tne   iean  nj tne  anpl i t j«1e   of   * 
|uan?Tty*^eaO*cti /e'»y»    In M;S.  13 ani ll  «e ■»! yt 

'■'-X' fY 

c1q,  10 Reduced -lean velocity profiles at 
stations < * 40 tnrouijn HOn-n. 

Instantaneous profiles at each station anj 
f jr any of  tne pnase points f.-r wnicn lata are 
stored nave oeen plotted and studied. We selected 
to d.sp'ay nnre  in ?IQ. 1? suteen profiles 
ejuispaced *itmn a period at tne first jystrea>i 
station, t  « 4S»vs, it «nicn tne point of :ero s..i^ 
friction vanishes. At tnis station, tne sr.in 
friction is always positive and its mini-vj-n va'ue 
is zero. Anotner station of significance for tne 
variation of zero s<in friction 'S tne location at 
*ni;n tne s*.in friction is always negative out its 
na<inuti is equal to :ero. Tnis occurs approx- 
imately at tne station, < « 65nn (F'lig, 13).  Inci- 
dentally, according to tne definition of Despard 
ml filler , tnis is tne location of separation. 
Mo-ever, tnis is v 1MJ for nnjh enouign frequencies 
f jr wm :r\  tne point of separation does not respond 
to tn* periydic fluctuations of tne velocity. 

r:  deter »In« tne norifcal :o"iponent )f  tne 
velocity, tne component in a Jirection »nclined by 
?')    «dtn «"espect to tne »-a<is, say j', w*s iea- 
S^rel.  !i te" is )' 1 i"d J' tnen tne ror-?il COT- 
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oonent v cdn be calculated by a simple algebraic 
formula. 
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Fig. 12 Velocity profiles at x * 45mn for 15 
vjijes of the period. 
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rig.  13    Velocity profiles it   *  s 55ivi for  15 
va I jes of the period. 

4   •'•A. 'v v. 

:ij. M deduced velocity amplitude profiles at 
it at tons < ■ 43 througn 30tw„ 

3f great interest tor separating flows Is the 
benj/ior of 1 ispl-icement thickness. In a large 
nut'jer jf unsteady separation probl»is studied so 
*jr by other investigators, trie separated region 
is confined m the axial direction. As a result, 
th- lisplace-tent thickness goes through a maximum 
ut tnen drjps again. In our case the displace- 
ment tnickness grows continuously with the axial 
distance, until it beo'-es meaningless to define 
sjcn a juantity. The wavefo^ns of the Jisplace- 
nen; :iic<ness for tne stations < = 40i to BOflrn «e 
snjw in rig, 14. Tjr the first station this quan- 
tity is about HO out )f jhas? witn tne free 

fig. M Tne wavefoms of displacement thickness. 
The synbols O.O,  »♦»*.<», <^> , X correspond 
to stations 9 tnrjugh '5 in tnis jrjer. Tne 
period of oscillation is 6 sec. 



stream. This is the well known property of boun- 
dary layers whereby outer flow decelerations 
result in thickening of the boundary layer. How- 
ever, further downstream a peculiar behavior is 
observed. The minimum of the displacement thick- 
ness shifts upstream to about the quarter point of 
the period until x = 45mm. Downstream of tnis 
station the minimum and therefore the entire wave- 
form of tne almost sinusoidal signal shifts again 
towards the midpoint in the phase. This suggests 
tnat the station x = 45mm is the origin of a wave- 
like phenomenon which propagates periodically in 
joth directions, upstream and downstream. Inci- 
dentally, this station is the station of the 
uppermost position of zero skin friction. This 
phenomenon is more clearly illustrated in Figs. 15 
and 15 wnere the displacement thickness is plotted 
versus tne äuii'i distance, «fitn the period appear- 
in.) JS \  ■laramet-'r. 

/ .' S 

ÜH 

o£ 

-1 

/ / /  / // 
ft     '     ,' ' 

/ 

in w 

it 

■'•M1   /aridtion of   Jispl jcement.     The 
.   •.   ■ .  9 .  4* • * » fc ^orrespontl to 

irj through  $T>\6  in tnis  orJer. 

'"X 

j,  ' >    ♦»• i'   ■ %" r. • )-•   >f   p!'' i    '. 

times   9T/I3  tnrj;.jn   1 S T ') o   in  tMi   jrJer. 

5. The Shedding of Vorticity 

A classical relationship between circulation, 
r, and vorticity, 2, dictates that 

r = |JodA £21 

where A is the area contained by the contour of 
integration of the circulation integral. Howarth 
(see discussion in Ref. 24) has demonstrated that 
if the area is chosen appropriately, the rate of 
shedding of vortiticy at separation becomes 

4f * J ^dy at   0 

which within the ooundary layer approximation 
yields 

dt 
1 2 

(3) 

(4) 

where U is the edge velocity at separation. This 
simple formula has been used extensively in the 
literature of discrete vortex dynamics. The 
validity of this formula and its possible improve- 
ment and extension to unsteady flow is the topic 
of an on-going investigation at VpI S SD. 

In all the attempts to calculate the strength 
3f the discrete vortex via Eq. (4), the position 
and initial velocity of tne vortex are arbitrarily 
assigned. The present group is working on an 
interactive approach whic* will allow tne calcula- 
tion of this necessary information.  In the pres- 
ent paper we ha^e  made the first steps towards 
neasjring the flux of vorticity. 

Our data have been employed so far to calcu- 
late the quantity ;u/cy «hi<-n is equal to vortic- 
ity within the boundafy-layer approximation. 
Instantaneous profiles of this quantity have been 
calculated and art  plotted in Fig. 17 for 4 phases 
of the flow. A lot more phase values t\aye  been 
plotted but are omitted here due to space limita- 
tions. A careful inspection of Fig. 17 indicates 
tne periodic lift-off of the shear layer. How- 
over, it is known that the second tern of vortic- 
ity, the quantity *v/-i» may not be negligible in 
the neighborhood of separation. 

In the continuation of our research we plan 
to calculate the combined effect of the terms 
•J ' 7 and 5v/>*« Moreover we intend to calculate 
the instantaneous moments of vorticity, namely the 
center of gravity of the vorticity and the vortic- 
ity flux which will generate information on the 
position, yc, magnitude, .:., and convective velo- 
nty yc»Vc of a discrete vortex equivalent to tne 
total vorticity shed by the boundary layer. T>ese 
j-jditities can be calculated by the formulas 
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Fij. 17 Vorticity profiles for 4 phases of the periodic oscillation. Top to bottom, T'lo, 5T/16, 9T/16 
and IJT/I6. 

I: is proposed here tnat the nascent vorticies and 
tneir inltlil ^.otion in  discrete vorte* dynamics 
nould be determined in this *ay to eliminate the 
arbitriry issumption commonly employed in  this 
theory. The present authors Intend to calculate 
the instaitjneoüs values of  these quantities and 
compare with interacting boundary-layer calcula- 
tions. 

5. Conclusions 

Tne data obtained so far in this investiga- 
tion and presented nere  display some important 
trends in the developing of unsteady separating 
'lows. Most interesting is the fact that the 
amplitude of oscillations increases fjrtner along 
the separating free  shear layer. Vorticity is 
therefore guided nay  from tne wall out it is pul- 
sating *ftn i   T'Ch hiu'n-r amplitude than «itnm 

the attached boundary layer. Wor* on  this problem 
is currently being continued. Horn  data ire 
obtained, but tne data already stored and pre- 
sentee Here  In rax form can be used to generate 
useful infornatlon.  In in  expanded version of 
this paper we intend to present data on  the Hj< 
of vorticity and circulation And  its ultimate fate 
once separated from the solid boundary. 
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Unsteady Separated Flow: Forced and Common Vorticity About Oscillating Airfoils 
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ABSTRACT 

AD-P004 167 

- Flow perturbations induced through dynamic 
sinusoidal oscillations of an NACA 0015, NACA 
0012, and flat plate were examined across a wide 
range of test conditions. Phase-locked multiple 
exposure flow visualization in conjunction with 
corroborative hotwire anemometry documented the 
development of temporally and spatially 
synchronus leading and trailing edge vortices 
induced through unsteady flow separation. 
Airfoil oscillation dynamics directly influenced 
vortex initiation, development and traversing 
velocities. The results suggest the existence of 
optimal combinations of variables for maximizing 
both vortex strength and residence time over the 
airfoil. 

INTRODUCTION 

Much of the new impetus for research into 
unsteady separated flows has resulted from the 
potential use of large scale vortices for 
improving aerodynamic performance (McCro3key 
1982, £i al). The possible exploitation of large 
jcale vortices as an additional energy source has 
already been demonstrated. Current research 
activities (Carr eJi aj>. 1977, McCroskey Jt£ al. 
1975) have shown that the unsteady lift and 
nocent coefficients produced via dynamic airfoil 
oscillations can be four to five times greater 
than steady  state  counterparts. 

However, before a realistic utilization of 
such unsteady vortical structures is possible, 
cany fundamental questions regarding the physics 
of vortex development in a temporally dependent 
flew field must be answered. The dependence of 
vortex initiation, development, strength and 
interaction with the airfoil are required as a 
function of airfoil geometry and oscillation 
dynamics in order to determine both the physics 
of development as well as defining the control 
and repeatability of vortex production. The 
present study focuses on the relations between 
tne forcing variables (airfoil geometry and 
oscillation dynamics) and the resultant vortex 
developmental behavior. 

METHODS 

Experiments were conducted on an NACA 0012, 
NACA 0015 and flat plate in the .ow turbulence 2* 
x 2' wind tunnel at the University of Colorado. 
Flow field measurements were o&tair.ei via flow 
visualization in conjunction with hetwire 
arecosetry. 

A solid aluminum NACA 0012 with 10" chord, a 
hollow-core aluminum NACA 0015 with six inch 
chord, and a 6-inch and 12-inch chord by 0.25 
inch thick solid aluminum flat plate were used 
for the experiment. Stiffeners were placed along 
the span of the 12" flat plate to minimize 
flexing of the plate during rapid oscillation. 
The airoils were driven with a 1/3 H.P. D.C. 
motor using a 6 to 1 gear reduction connected to 
a variable displacement scotch yoke. Sinusoidal 
oscillation rate could be held constant while the 
magnitude of the oscillation angle was changed by 
a radial bearing adjustment on the fly wheel of 
the D.C. motor. A rotating potentiometer on the 
fly wheel wa3 used to determine the oscillation 
period and specific airfoil attitude during any 
portion of the rotation cycle. 

Flow visualization was obtained using a 
smoke rake constructed of a NACA 0015 airfoil 
with 1/8-inch diameter tubes inserted in the 
trailing edge. The smoke rake was located in the 
settling chamber of the 2' x 2' wind tunnel in 
order to minimize disturbances to the teat 
section. The rake could be moved vertically to 
optimize the position of the smokelines. Dense 
smoke generated from heated Rosco fog Juice was 
stored in a 55-gallon drum and delivered to the 
rake at modest pressure. The pressure and 
ensuing flow rates were adjusted to prevent smoke 
from  being  emitted as a turbulent  jet. 

Synchronization of data acquisition with the 
arifoil angle during osci.lation wa; accomplished 
using a 0 to 5 veil :arap output from the 
potentiometer on the f*y wheel whicr. corresponded 
to the 0 to 2-osci11 at ion of the airfoil. 
Voltage discrimination levels from 3 to 5 "'oits 
could be preset or. the electronic trigger. When 
the selected voltage level was reached, a pulse 
was generated to trigger both the stroboscopic 
lamp for flow visualization and LSI 11/23 
microprocessor for velocity measurements. All 
angle-dependent data collection could bt- 
synchronized with the proper phase angle of the 
airfoil. Synchronization signals were checked 
regularly by stroboscopic examination of airfoil 
position relative  to a  fixed micrometer scale. 

Single and multiple phase locked 
stroboscopic 17 w sec duration, point source- 
pictures were taken of the flow field, using a 3i 
ma SIP camera and ASA 400 TF1-X film developed at 
ASA 300. The phase-locked multiple exposure 
photograpr.i  highlighted  the  repeti'. l veness of 
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flow field disturbances. 

Velocity measurements were made using a 
conventional constant temperature 2-needle 
hotwire probe constructed of 0.0001-inch 
Woliaston wire. Using various linearizing 
circuits referenced elsewhere (Francis, et al.r 

1978), a 0 to 5 volt, full scale output was 
preset for the velocity of the mean flow. The 
hotwire probe was mounted on an orthogonally 
driven traverse mechanism in the wind tunnel test 
section. 

Hotwire data acquisition and subsequent 
reduction were accomplished with an LSI 11/23 
microprocessor. Upon receipt of the phase-locked 
trigger signal, the analog signal was digitized 
and stored at a sampling frequency of 1000 Hz. 
Data were collected over two complete oscillation 
cycles for each data sample and ten successive 
data samples runs were averaged. 

RESULTS 

The unsteady flow field produced by an 
airfoil driven through sinusoidal pitch 
oscillations was extremely complex due to the 
temporal and spatial interdependence on 
oscillation dynamics. Changes in any independent 
parameters altered the flow field. Such 
complexity did not prohibit highly reproducible 
flow structure synchronized with the airfoil 
oscillation. The most prominent structures were 
the (1) initiation and growth of a leading edge 
vortex, (2) the interaction between the leading 
edge vortex and the upper airfoil surface, and 
(33 the development of a trailing edge vortex. 
These structures were stable enough to permit 
repeatable visualizations using multiple exposure 
photographs and to permit averaged velocity 
histories using hot-wire anemometry when both 
were synchronized with specific phase angles of 
tne oscillation cycle. The initiation, 
development, and 3hedding characteristics of 
these  flow structures were  studied  in detail. 

The general patterns of vortex formation 
remained quite constant over the extensive range 
of test conditions and airfoil geometries 
examined. Figure 1 depicts the vortex formation 
over an oscillating fiat plate. As the flat 
plate approached the maxiaua angle of attack, a 
small structure was visualized about the flat 
plate leading edge at approximately 0.2 chord 
Fig. 1A). Further into the oscillation cycle, 

this small structure rapidly grew in size and war 
readily identified as a leading edge vortex. 
Juperimposed smoke! mes from successive phase- 
.ocxed, multiple exposure photographs attested to 
tne reproducible appearance and growth of this 
leading edge vortex. The presence of the leading 
edge vurtex ever the airfoil surface reattached 
wnat otherwise would have been separated flow 
under static test conditions. As the clockwise 
rotating vortex was about to s.^ed into the wake 
(Fiji 1I)f a vortex exhibiting counterclockwise 
circulation was mitiatod around the trailing 
edge from seneath to above the airfoil. Whereas 
the presence of the leading edge vortex had 
reattached separated flow, the initiation and 
rapid growth of the trailing edge vortex resulted 
:n complete 'cataclysmic* f.ow separation from 
the airfoil reading edge iFig. U). In the wake, 
the   leading   and   trill ling  edge   vortices   ccmtir.evl 

Fig. 1 - Vortex development over an oscillating 
12" flat plate; Re 37,300; a = 
15° ± 5°:os (.T); osc pt. 0.7 5 c; 
K = 1.0; A-J correspond to 1/10 
increments  of  the   oscillation  cycle 

to form a tandem structure which remained 
coherent for many chord diameters downstream. 
Though Fit;. 1 depicts vortex development for a 
single set of conditions, similar development 
sequences have been observed across a wide range 
of flow conditions and airfoil geometries. 
Critical differences in vortex initiation, 
development, repeatability and convecting 
velocity did emerge. Alterations in these 
characteristics were examined in detail and are 
presented   later. 

The use of short duration, multiple exposure 
photographs permitted documentation of vortex 
reproducibiiity. Whereas superimposed smokelmes 
from successive phase-locked exposures (Fig. 1 ) 
identify repeatable vortex characteristics, 
spatially disparate or diffuse smokeiines 
indicate oscillation-independent flows. The 
latter structures are evident lit the diffuse 
smokeiines about the circumference of the leading 
edge vortex in the wake where viscous diffusion 
has started the breakdown into turbulence. 
Similarly, diffuse patterns also were evident 
near the airfoil leading edge where turbulent 
separation  had  occurred. 

VOKTEX STRUCTURE 

Flow visualization »r.d hot-wire anemometry 
j-rcvided insight into the atruetur« cC the 
leaiing edge vertex. Multiple-exposure 
visua. izations cf a single vörtex initiated ever 
a  flat  jljte    ; ;g.   .'   indicate  an almost   laoinar 
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rotation of outlying streamlines down and around 
a turbulent vortex circumference. The absence of 
smoke from the vortex core created a striking 
contrast between the turbulent vortex 
circumference and the laminar rotation induced in 
the potential field. The visualizations 
suggested the existence of a strong shear layer 
between the inner core and the vortex 
circumference. In addition, growth of the vortex 
from a separation tongue (see Freymuth, these 
proceedings) emanating from the boundary layer 
would have little smoke. Diffusion at the 
turbulent circumference of the vortex into the 
potential field suggests that a decrease in the 
induced velocity would correspond to an increase 
in radius away from the  vortex core. 

Anemometric measurements which give a time- 
dependent profile of the velocities of the vortex 
substantiated visualizations. A hot-wire probe 
positioned at various chord locations above and 
normal to the airfoil surface yielded velocity 
profiles at each location over successive 
oscillation cycles. Two representative cycles 
are indicated in the data of Fig. 2. The 
velocity perturbations increased as the probe was 
immersed first in the potential flow field (Fig. 
2A) and later in the vortex. A peak velocity 
maximum was obtained with the probe located 
tangent to the vortex circumference (Fig. 2B). 
Further movement toward the vortex center 
produced a velocity minimum. The probe recorded 
the passage of the high velocity region of the 
vortex ci-cumference and entered the slow moving 
inner core. The two maxima on either 3ide cf the 
velocity minima indicated the passage of the 
vortex as the probe entered and exited the inner 
core. Though only two oscillation cycles are 
shown, profiles at any location were quite 
reproducible when phase-locked to airfoil 
oscillation. 

Multiple exposure photographs in Fig. 2 
indicate the relative positions of the hot-wire 
probe and vortex which produced velocity maxima 
and minima peaks. In the far field, outside the 
vortex core (Fig. 2A), the velocity maxima 
occurred with the probe tangent to the vortex 
diameter. Similarly, inside the vortex core 
(Fig. 2E), the minima between the two velocity 
maxima was observed with the probe again tangent 
to the diameter and on a perpendicular bir-jctor 
through the vortex center. A plot of these 
instantaneous peak velocities along this bisector 
line (Fig. ?a) shows the instantaneous velocity 
field induced by the passing vortex. Inside the 
core (Fig. 2a, 0.0 to 0.15c), the vortex behaves 
as a solid body rotation. Outside the viscous 
core, the velocity induced in the potential field 
diminishes as 1/R with R being the effective 
vortex radius. This result agrees with the 
classic solutions derived by Oseen (1911) and 
Hamel (1916) as reviewed by Schlichting (1979) 
for the velocities induced by a vortex filament 
as a function of racial  distance. 

Repeats sea: irer.enta across most test 
condition., auU «irfoll geometries indicated 
similar structt;. r : ■:• any leading edge vortex, 
"hi:; similarity permitted a characterization to 
be made of th.  . . . ^e vortices based upon 
relative diaaci».. _..„ circulation velocity. The 
circumference diameter and the pea* velocity 
obtained there were selected as measures to be 
used   across   various   test   conditions.       These 
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'•'_• : - Mean angle of attach effects on vortex 
develepuent; 5" NACA 3015 airfoil; 
Fe 60,000; x B 15ö; osc. pt. 3.25c; 
X 0.5; F-J correspond to mean angles of 
C , 5, 10, 20 and 30 degrees 
respectively. 

characteristic values as well as vortex 
initiation point in the oscillation cycle, and 
the average convecting velocity of the vortex 
center over the airfoil surface provides for a 
rather complete comparison of unsteady flow 
structures elicited in the following tests. 

MEAN ANGLE OF  ATTACK 

To create a leading edge vortex, it was 
necessary to oscillate airfoils or plates such 
that the critical stall angle was exceeded during 
some portion of the oscillation cycle. Thus, the 
static stall angle provided =* good reference 
angle for determining whether or not a leading 
edge vortex would be produced. Figure 3 shows 
the dependence of vortex development on mean 
angle of attack. For , up to 5° (Fig. 3 FICII 
the multiple exposure photographs indicated no 
.eading edge vortices had been generated. A 
further increase in mean angle (Fig. 3 n, ia 10°) 
produced small leading and trailing edge vortices 
most evident in the wake. Leading edge vortex 
diameter increased 25J as the mean angle of 
attack  was  increased   from   10°   to   15°.     For   »_ 
increments   between   15 
remained unchanged. 

to   30fc vortex    sire 

Vortex characteristics became quite 
sensitive to other test parameters at higher mean 
angles { i > 20°). With an oscillation angle of 
± 5° «t ■ reduced frequency of JC s 0.25, the 
.eading edge vortex separated from the airfoil at 
approximately 3C1 cnord. The detachment was not 
tctally dependent upon the mean angle cf attac*. 
duplication of the same geometric conditions but 
At  a  higher  oscillation rate (K  s   1.0)  Reduced  4 

vortex which remained attached shedding into  the 
wake only at the airfoil trailing edge. 

OSCILLATION ANGLE 

The magnitude of the oscillation angle 
provided another reference condition for the 
production of synchronous vortices. Small 
oscillation angles (a^ i 0.5) at rapid 
oscillation rates (K 2 2.0) were shown to 
effectively attach modestly separated flow. 
Instantaneous (< 7u sec duration) single exposure 
photographs documented the presence of vortex 
development similar to that shown in Fig. 1. 
Multiple exposure phase-locked photographs, 
however, showed no spatially and temporally 
synchronous vortices. Oscillation angles up to 
iy ± 3 at K values < 0.25 similarly produced 
little evidence of synchronus flow structures. 
However, further increases in either the reduced 
frequency parameter or oscillation amplitude 
produced repeatable disturbances. Hence, a 
threshold condition existed requiring a 
combination of dynamic parameters of sufficient 
strength to elicit repeatable flow structure. 

REDUCED FREQUENCY 

The reduced frequency parameter, oscillation 
angles, and oscillation axes directly affected 
the size, velocity profile and repeatability of 
vortex formation. Of these dynamic parameters, 
the reduced frequency (K) provided the most 
predictable alteration of the flow fields. From 
a series of multiple exposure photographs 
(12/cycle), the location of the vortex center was 
tracked as a function of time and fraction of the 
oscillation cycle. Across the Reynolds numbers 
(60,000 - mo,000; and oscillation angles (3-5°) 
examined (Fig. 4), K provided an accurate index 
of the vortex convection velocity. The straight 
line drawn through the data points established 
the average traversing speed across the airfoil 
at 30  to Ü0% of the free stream velocity. 

The individual vortex positions (Re s 
60,000, K s 0.5, and K = 0.75) reveal instances 
of momentary delays. These delays were most 
prominent as tne airfoil reversed direction from 
the maximum angle of attack and pitched downward. 
The characteristic circulation velocity of the 
vortex circumference showed that, maximum delays 
were   obtained   from   vortices   exhibiting   the 
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largest reference profile velocity maxima. As the 
airfoil approached the lowest positions, a rapid 
acceleration in traversing velocity ensued. 
Though the reduced frequency was a good measure 
of the average vortex position, it did not 
adequately predict either vortex delay or 
acceleration characteristics. All dynamic 
parameters as well as airfoil geometry were 
observed to affect vortex motion. 

The flow field structures related to K 
changes ranged from weal:, poorly synchronized 
vortices at low K values (Fi«£. 5A KsO.25), to a 
succession of compact, intense, and closely 
3paced leading edge vortices well synchronized to 
airfoil oscillation at high K values (Fig. 5E 
SU1.75). 

- Reduced   frequency   effects   on   vortex 
i(VnUpa«Rt; H A C A       0 3 1?; 
?c 75,300; a 15° ♦ 5°; osc. pt, 0.:^^; 
A~E correspond to K s 0.25, 3.5, 1.0, 
*.r   and   1.75  respectively. 

At X values greater than 1.5, significant 
alterations in the developmental pattern of 
^-railing edge vorticity occurr«. '., The presence 
of multiple leading edge vortices over the 
airfoil surface displaced the formation of 
trailing edge vortices into the wake. The 
trailing edge vertex which had produced complete 
flow separation ever the airfoil at lower K 
valuta (K ± I>25) generated no observable 
iejaration at high K values (Fig. 5 D A F.}. 
Thus, attached flow over the airfcii resulted 
throughout the entire oscillation cycle at 
elevated values of K 2 '*5 across the other 
:onctit ions tested* 

VORTEX fo-Ht NO =«0,000    K*0t5' 
._.._.   «^—._                   a-«t MO »100.000   ««0 »5 
DEVELOPMENT         ;,.,„ N0„„.ooo MOH 

•-NC NO »10,000     KrO 5 
HN HO «100.000   MOI   . 

J 0 | r              t-      1 

7 S. 2  0... 0        »0. 

Ji   10. 
u 

If iH 1 v» '». *-^l       L °J Ijjk      S^Jo, r ^—*         a 
1°'- 4 is... i 

0 1. 2 o i. fl J£r               ri &' 
0 ...               1   0 r .   .   s    o §. . 
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Fig. 6 - Vortex aagnitude, diameter and relative 
circulation based upon the peak 
velocity obtained at various chord 
locations; NACA 0012; a 15ü ± 5°; osc. 
pt.   0.25. 

peak circulation, velocity increase of 161 as the 
reduced frequency uas changed from 0.25 to 0.5. 
At these low K values, the vortex diameter 
changed slightly across test conditions with 
larger diameters occurring at a Reynolds numoer 
of 1H0,COO. Both the characteristic circulation 
velocity and diameter were combined to obtain a 
realtive circulation index : . Though the 
characteristic maximum vortex velocity decreased 
in almost linear fashion across the airfoil 
chord, vortex diameter increased rapidly from 
0.25 chord to the trailing edge. The net effect 
was a continual increase in relative circulation 
as the vortex passed from the leading to the 
trailing  edge. 

OSCILLATION  AXIS 

Similar to the reduced frequency parameter, 
the oscillation axis location directly affected 
the velocity magnitudes and repeatability of 
vortex development. In order to minimize the 
effects of airfoil geometry, a flat plate was 
oscillated about two different axis locations; 
0.25 and 0.75 C. Figure 7 contrasts the vortex 
development between the two oscillation positions 
for otherwise duplicate test conditions. The 
diffuse smoke lines in Fig. 7, plates A - E do not 
exhibit the highly repeatabie characteristics 
observed with oscillations about 0.75c. Soth 
plates A and F were taken at the same position in 
the oscillation cycle, ^T » 2-or the maxiaua 
angle of attack 20 . The leading edge vortex in 
plate A (oscillation axis 0.25C) appears much 
larger and furthe • down the chord than in pi..to F 
(oscillation axit 0.75C). A better match between 
conditions based upon vortex diameter and 
jiacenent over the airfoil occurs between A ana 3 
at 201 further into the oscillation cycle. This 
201 phase shift produced a vortex size and 
location match plate for plate throughout the 
«ntire oscillation cycle. Changing the 
oscillation axis from 0.25C to 0.7^0 would appear 
to have delayed the development of the leading 
edge vortex by 201 of the oscillation period. A 
detailed analysis of vertex initiation anu 
traversing velocity as a function of the -dyr.aeie 
iarsceters   is  presented   *at*>r. 

Velocity   measurements   at   tiiree   chors 
locations yv«r the airfoil '.Ftg> t! ifCicaVed a 

Velocity   measurements 
iyr.asic   alterations   in   soth 

Fig.    %■)    Showed 

th*   fircui at lor. 



Fi£.     7 -Oscillation   axes   effect   on   vortsx 
development;      12"    flat     plate; 
He 73,000;    i  15°  ♦  5°:os(-T);    K    2.5; 
A - E    and    ? - J    correspond    to    1/5 
increments   of  the  oscillation  cycle 

velocities and vortex diameters with changes in 
oscillation axes and K. An average circulation 
velocity increase of 151 was obtained for reduced 
frequencies of 1.0, 1.5, and 2.5 by relocating 
tj.e oscillation axis fron C.25 to 0.75 C. The 
vortex diameter decreased an average value of 10 
io 151. Circulation velocities increased 301 
between K values of 1.0 and 2.5 tor a fixed 
oscillation position. Also, average vortex 
diameters decreased 40 to 501 with elevated 
values of K. Whereas the aagmtude of the 
circulation veiocit-.es were directly proportional 
to increases in the oscillation axis and K, the 
.-ire of t.\e vortex diameter was inversely 
related. 

A direct correlation existed between the 
magnitude of the circulation velocity and the 
repeatability of vortex generation. Flow 
v ..->ual izations which produced the most concise, 
tespcrally repeatatie vortices also possessed the 
strongest circulation velocities. The 
c cifit i nation of circulation velocity and vortex 
diameter lc obtain relativ» circulation produce-! 
result; siaiiar to UMSO obtained with the "AC* 
;:i? airfoil ^Fig. 6). The average circulation 
of '.} s 1 t-aiing edge vortex increased as Vtin 
vertex passed from the leadlr.g to the trailing 
edge of the  flat  plate used  is ttteae  tests. 

Sinusoidal osci 1 1 atior.s of the flat ;lat* 
a&o.t :.?5 C at elevated talUOS of S '.£ I-'."' 
f*i.. e£ to product the linear decay in velocity 
ire:.- the airfoil chord. A ~5t decrease :r. 
Telocity occurred from the leading «i£e to '.''. ". 
!■■   . :r«ar  increase  .;- vertex diameter *».*  4..-, 

VORTEX DEVELOPMENT OVER A FLAT PLATE 
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Fig. 3 - Vortex aagnitude, diameter and relative 
circulation based upon the ^eak 
velocity obtained at 3.1 S h O r d 
increments; 12" flat plate; 
Re 70,000; ^15°«;50; osc. pt. 0.25 
and  3,75   c. 

indicated. The decrease was followed by a rapid 
acceleration of the circulation velocity at 0.5 C 
with a corresponding decrease m vortex diameter. 
Velocity decay coaaenced again froa 0.7 C to the 
trailing edge. The velocity reduction followed 
by the rapid acceleration of the vortex over 
aidchord was coaaensurate with the formation of a 
second vortex over the leading edge. Thus, it 
appears that strong interaction between 
successively generate:1, vortices at high K values 
altered  the noraai   vortex  velocity decays. 

Al,(FOIL GEOMETRY 

Airfoil geometry altered the development of 
tfOth leading and trailing edge vortices. Under 
static conditions, the fiat plate exhibited flow 
separation at slightly lower mean angles of 
attack    U_   J0°)    than   the   SACA   0Z\2   and   C01< 
airfoils  i 10.?w  4   \\*°,   rest*«;lively^     With 
eä oscillation  angle  fixed  at  «  5  ,   the  flat 
plale produced leading edge vertices at 1 ewer 
»c*r. armies of attack the?, the two conventional 
airfoil». This result was not unexpected as i\ 
had been .snows earlier that th« static st <» i I 
angle had to be exceeded in orl*r *. o generate * 
leading edge  vertex. 

'.'r.der duplicate t«-. > r conöiliona, the sharj 
.eac.r^ edK« of '-.•;* oss'i i 1 atir.g flat pla'.* 
produced better '-«•EH-

1
'*• aasj rpatia. coheiivencss 

t  an eltner   i:.«   .ATA   JCTi   ;-.r.d     'T   a;rfcilf.      It 
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least part of the key to this difference appeared 
to be the sharp leading edge of the oscillating 
flat plate. When either the NACA 0012 or 0015 
airfoils were rotated 180° and oscillated about 
0.75C with the sharp trailing edge forward, the 
leading edge vortices produced were qualitatively 
the same as those generated from a f ] at plate 
oscillated about 0.75C. The most intense, 
cohesive, and repeatable vortex structures were 
observed from the flat plate and reversed NACA 
0012 and 0C15 airfoils oscillated about 0.75C at 
the maximum uniting frequency of the oscillatory 
rechanism (-15 Hz). 

Significant differences were observed, 
however, in trailing edge vortex development 
between the flat plate and reversed NACA 
airfoils. Passage of the leading edge vortex 
ever the rounded trailing edge of the NACA 0012 
airfoil always triggered a trailing edge vortex 
independent of reduced lrequency. In contrast, 
the snarp trailing edge of both the fiat plate 
and a conventionally oriented NACA 0C12 airfoil 
produced trailing edge vortices at different 
positions in the oscillation cycle, relatively 
independent of the leading edge vortex location. 
For either the normal or reversed geometry, 
development of the trailing edge vortex at K < 
1.25 produced flow separation whereas K values in 
excess of 1.5 resulted in attached flow through 
*.r.e entire oscillation cycle. 

VORTEX  INITIATION 

The identification of leading edge vortex 
.::tiation using flow visualization and hot-wire 
at:ccoaetry presents a unique problen. Though 
flow visualization say not necessarily indicate 
the initial cuiid-up of vorticity, it :s crucial 
in identifying a developed vertex structure. All 
lest conditions which produced synchronized 
leading edge vortices revealt-J fully developed 
vcrt.ces by 0*1 to 0.2 chord. For analysis 
purposes, therefore, the 0..' chord location of 
'.'aß leading edge vortex was selected as a spatial 
reference for vortex initiation. The composite 
Figur« 9 cites the contribution of oscillation 
angle ( »u, mean angle ( i 5, and the reduced 
frequency parameter (K) to the initiation of a 
i*i*din| edge vortex relative to the oscillation 
;)cle. All iata points were obta.. :.ed from flow 
v.equalization and hot-wire anemoaetry using a 12 
-.-.. C flat plat« and reversed NACA 0C15 airfoil 
with b in. C. Oscillation of both devices was 
about  0.75   C   at     i    ♦   i^. 

In Figure 9, it is clear that with low 
values of a vortex formed Juring the upstroke 
.'f tfte oscillation cycle and increasing values 
of »y delayed the appearance of a vortex until or 
ever, beyond 2.0 ■ . It is notable that this 
relation was asymptotic, further excursions 
-eyend t^ i 6° provided little additional delay 
m  vortex   initiation. 

Al^n in Figure 3, increasing t *s were 
-irrelated with the increasing.y early appearance 
-f vortices. At »a of 10°, a leading edge vortex 
was identified ever J.2 chord when both test 
Je vices were well into the dowr.stroice portion 
tr.e oscillatory cy-le. As :la approached 
i ..e vortices appeared iuring the upstroke 
portion, Hence, t.*:c effects cf i and i „ are 
opposite   uf   cacr.   ai.'.er   with   -otr.   generating 
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Fig. 9 - Vertex initiation over a 12" flat plate 
and a reversed NACA 0015 airfoil; osc. 
pt. 3.75c. 

asymptotic limits. Somewhat surprisingly, x m 

seems a somewhat iess effective variable than i y 

across the values tested. 

Variations in reduced frequency parameter 
also produced the large alterations in vortex 
initiation. The index of initiation shows that 
increases in K delayed the appearance of leading 
edge vortices in almost .inear fashion. The 
ielay increased through K values of 1.25 with 
more modest delays occurring at higher K values. 

TRAVERSING OR C0NVECTING  VELOCITY 

It was noted earlier (Fig. 4) that momentary 
delays occurred in the traversing motion of the 
leading edge vortex passing from the leading to 
the trailing edge. Hot-wire measurements at 0.1 
C increments over an oscillating flat plate for 
two different oscillating axes (0.25 and C75C) 
and three different values of K ,1.0, 1.5, and 
2.5) snowed similar results (Fig. 10). The 
leading edge vortex did not traverse the airfoil 
surface with a uniform velocity after initiation. 
Vortices accelerated over the airfoil surface at 
different rates dependent upon the test 
conditions. 

Plotting the vortex position as a function 
of the oscillation cycle may distort the 
dependence of vortex development on airfoil 
oscillation. When the same position data were 
plotted in real time (Fig. 11), the dynamics of 
vortex initiation and traversing velocity were 
observed independent of oscillation dynamics. 
The time required to complete one oscillation 
cycle for each of the three K values is indicated 
above the time scale in Fig. 11. Though tr.e 
oscillation rate differed by a factor of 2.5, 
vortex initiation and position as a function of 
real time remained quite similar across 
conditions. In contrast, Fig. 10 steeds the 
position data to oscillation cycle phases. The 
actual dependence of vortex initiation and 
position on real time seem to indicate a 
characteristic initiation and development time 
that is somewhat independent of the »lrfoii 
oscillation dynamics. 

Other characteristics of vortex initiation 
and position, however, were observed to be 
dependent upon the airfoil oscillation dynamics. 
P.egard i ess of oscillation axes ,Fig. \%)t 

increases in the reduced frec.uer.cy parameter 
resulted     in    vortex     traversing     velocity 
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ri£. 10 - Vertex position as a function of 
oscillation cycle; 12" flat plate; 
He 73.000; J150*5°; oac. pt. 0.25 
and  0.7?  o. 
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increments. This effect was previously noted in 
the flow visualization study (Fig. 4). At 
reduced frequencies where the leading edge vortex 
remained over the airfoil surface through one 
complete oscillation cycle (K £ 0.75), the vortex 
experienced convection acceleration immediately 
after  initiation (Fig.   M    T «  0-40 msec*. 

For all the conditions tested, the 
etnvection movements remained sufficiently linear 
to approximate "average" traversing velocit.es 
Set we en 0.2 and 0.9 C (Fig. 12). Flow 
visualization of the leading edge vortex centered 
ever these points permitted a rapid assessment of 
traversing velocity across a wide parameter 
range. The average traversing velocity obtained 
with '.his technique agreed with eneacmetric tests 
to within 21. Although a direct correlation 
existed between the reduced frequency and 
traversing velocity (Fig. 12/, a change m the 
riepe of this correlation occurs at approximately 
T. * 1.0. Interestingly, at the same £ value 
cataclysmic flew separation due t? the trailing 
edge vertex ceases. Mean angle of attack Cl>. 
shows an Inverse correlation to traversing 
velocity such that high angles of attack result 
in a slower vortex convection. Similar results 
were octal had for toth the reversed XACA 0015 and 
csci.iating riat plate despite the difference; in 
jecsetry  and  chord   It&gth. 
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Fig. 12 - Vortex traversing velocity over a 12" 
flat plate and a reversed NACA 0015 
airfoil; osc.  pt. 0.75c. 

DISCUSSION 

The observations made in the previously 
described tests may be organized into two general 
categories: (1) initiation, development and 
convection velocities of vortices and {2} 
inherent vortex characteristics. As will be 
noted later, vortex characteristics appear to 
relate to the convection velocities. 

INITIATION: 

Assuming that the static stall angle is 
exceeded at some time in the sinusoidal 
oscillation cycle, iB increments are related 
directly to earlier vortex occurrence during 
upward pitching of the lifting surface: the 
larger the a , the earlier in the cycle a vortex 
is initiated. Both »^ and K value increments 
delay the appearance of a vortex to later 
portions of the oscillation cycle. When the 
oscillation axis is moved back from 0.25 to 0.75 
chord locations, vortex initiation is similarly 
delayed. Thus, earlier vortex initiation derives 
from »a - aatail while later vortex lnitiaMon 
derives from any test condition which increases 
j values. Across the tests done in the present 
series of studi.s, vo.-ter, appearance occurred as 
early as midway through the upward pitching and 
as late as midway through the downward pitching 
of the oscillation cycle. 

TRAVERSING OR C0NVECTING VELOCITY: 

The traversing velocity (V/V.) of the 
leading edge vortex was affected in a manner 
snalagous to the initiation. Increments m both 
the reduced frequency parameter (fcj arid 
oscillation amplitude increased the vortex 
traversing velocity. Over the conditions tested, 
increased C resulted in linear changes, but 
oscillation amplitude produced velocities which 
approaches at: asymptotic limit of O.a V* for 
i_ 2 6°. A similar asymptotic condition 
probably eiistu at higher reduced frequencies as 
well; for it 1* doubtful that the traversing 
velocity would exceed the local fr«9 stream 
velocity value. The traversing velocity was 
inversely related to increments is the mean angle 
of attack. A decrease of 331 in traversing 
velocity resulted from increasing the mean angle 
of attack from 10° to jC° for both the flat plate 
and reversed S*CA 3015 airfoil. Hence, it 
appears that the reduction in vortex traversing 
?ar. tie directly attributed to ar airfoil blocxage 
effect.      Condition;   wricn   produced  greater 
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blockade of the free stream flow (greater * ) for 
longer periods of time (reduced K values) 
resulted in slower traversing velocities. 
Vortices developing in the shadowed wake of the 
airfoil remained for longer periods over the 
airfoil. 

RELATIVE CIRCULATION: 

The size, strength and repeatability of 
leading edge vortices were directly altered by 
changes in the oscillation axes and varying the 
oscillation rate. Higher peak circulation 
velocities with simultaneous decreases in vortex 
diameters were realized with either increased 
reduced frequency parameter or rearward movements 
of the oscillation axes. Through multiple 
exposure flow viaualizaticn and ensemble averaged 
hotwire signals, the concise, •u«rg«tis and 
extremely coherent vortices (axis 0.75C, K > 1.0) 
were repeat;»bie to within 2t variation of induced 
velocity ever 30 consecutive oscillation cycles. 

When the peak velocity was combined with the 
corresponding vortex diameter, the relative 
circulation   estimate remained   relatively 
unchanged across conditions. The initial 
formation (vortex over 0.2 chord) value of the 
circulation appeared constant across K values and 
oscillation positions for the flat plate. As the 
vortex traversed the airfoil surface from leading 
to trailing edge, the relative circulation 
increased Dy a factor of 2.5. Hence, the 
vorticity appeared to build with time over the 
airfoil rather than decay with time after 
initiation. The magnitude of the relative 
circulation was inversely related to the 
oscillation rate. Though the peak velocity 
increased with K, the decrease 1:; the vortex 
diameter resulted in an overall decrease in the 
relative   circulation at   highc-r  X   values.   For 
tne flat plate oscillated about Q.75C, 

decrease*.', approximately 25X as the reduced 
frequency was increased fro- 1.0 to 2.5. 
Although eicR vortex possessed a reduced 
circulation a', nigr.er K values, the total overall 
vortex influence about the airfoil was higner 
since multiple vortiees resided over the airfoil 
at all  tires during an oscillation cycle. 

Tn« "temporal- component of this 
sinusoidally forced unsteady flow seems to 
provide a common thread setk-een vortex 
-nitiktior», i::«, strength and traversing 
velocity. Ir.crea.^ir.g the reduced frequency 
p&raJMter decreases the *acunt of time available 
for vortex initiation and level opeent. Since the 
initial formation of a loading edge vertex Is 
ie.tyed at increased K values, a characteristic 
'..as of vortex initiation and formation war 
suggested and must Be eaugnt. Similarly, these 
high oscillation ra'ea produce initial vortices 
milt, relatively nigh circulation velocities but 
smaller -Jiaaeter* and relatively constant 
cir :ul ation milcer. tfcese csneiae, energetic 
vertices tend to move across th« airfoil at 
Significantly higher traversing speeds. A 
; r.arac ten at ;c dev« .cpme .1 time as wei. as a 
.ortcx-vertex interaction was suggested. Lcwer 
.*-cruce4 frequencies p«rm:t the airfoil to resu»:r. 
at ;:....-eased angles of attack Cor .o.%;er periods 
of "ire. ?ne Juration -.f this a lockage «ffsct *s 
Jcs^riied previous, y. direct.y affected vortex 
;.:»   a r. i   traversing   s;e«is.      Lower   r»duee« 

frequencies permitted a greater period of time 
for the vortex to grow in size and remain over 
the airfoil surface in the wake region of the 
blocked flow. Since the relative circulation 
indices were quite constant, higher reduced 
frequencies resulted in vortices with higher 
circulation velocities and smaller diameters. 
Less time was available for the development of 
the vortex in the shadowed wake; hence, the 
vortices remained concentrated. 

CONCLUSION 

Harmonic oscillation of airfoils at angles 
of attack in excess of static stall were observed 
to produce complex interactive flow field 
structures. The most predominate of these were 
the formation of both a leading and trailing 
vortex which were temporally and spatially 
dependent upon the airfoil oscillation dynamics. 
These structures were sufficiently reproducible 
to permit multiple exposure flow visualizations 
and ensemble averaged hotwire anemometer profiles 
to be made phase locked to the airfoil 
oscillation. The presence of the leading edge 
vortex was observed to reattach otherwise 
separated flow at angles of attack «ihich produced 
complete flow separation under non-oscillating 
conditions. 

The dynamics of the airfoil oscillation 
directly influenced vortex initiation, 
development and traversing velocity. The 
oscillation rate (reduced frequency), mean angle 
cf attack, oscillation angle, oscillation axes ar 
well as the airfoil geometry were shown to 
directly alter the vortex circulation ve.ocity 
and size, yet, left the relative Circulation 
index quite constant. Optimal selection of the 
airfoil geometry and oscillatory parameters 
snouid permit maximal lift «nhaneement through 
increasing vortex residence time and circulation 
velocity over the airfoil surface. Much 
additional work remains to be done in two areas: 
(t'j measuring the total vorticity field during 
airfoil oscillation and {2} examining the 
interaction of multiple vortices over the airfoil 
at elevated values of K. Soth these approaches 
nave readily apparent explanatory and technical 
exploitation values. 

Fe       Hcyr-.o. is  r.ustpr,   ....   . 
7 '.=«■ 

f."rr;':Tui   Velv. '-'-> 
i ir.g.c   . f atiada ' *   »„  •   i       _: 
ifc       icar,   *r.g:c   vf   attack 
»_       v s • i 11 a. . >.r.  amplitude 

»..*esa!.-   Viscosity 
rotational   frequency,   ra»''.-«. 

:.'.« i'.;'.   .•»,.-   K r •«■     ff;  -   _-< .*..*.er.t.f;     Scs#*r.*h, 

~':r     ".C.-!:r.i     * .      - - " . ; i a:.. 
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I UNSTEADY SEPARATED FLOWS: GENERATION AND USE BY INSECTS 
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The novel lift generation mechanism 
postulated by Weis-Fogh (1973) anc: evaluated by 
Lighthill 0973) in regard to bo. »ring insects 
provided graphic evidence for the possible 
utility of unsteady flows. The present report 
summarizes flight mechanisms in dragonflies that 
appear to exploit unsteady flows to achieve 
rather remarkable aerodynamics. We envision that 
s'Uch studies may provide a means of identifying 
crucial combinations of unsteady variables that 
are effective in both generating and using 
unsteady  flows. 

Dragonfly flight was studied both in 
unrestrained, normal specimens and in tethered, 
laboratory-tested specimens. In both instances, 
high speed photography permitted the 
characterisation of wing motions inc.'uding stroke 
length, stroke angles, stroke frequency, angles 
of attack and phase angles for the tandem pair of 
wings. In the laboratory such observations were 
coupled with force balance measures such that 
instantaneous correlations of wing motion and 
lift were obtained. Flow visualization also was 
ootained for tetnered insects during elicited 
flight episodes, Simple oscillating plate models 
were used in a zero flow test to simulate at 
l.e a s t some aspects of observed dragonfly 
lerodynamics. 

The flight nodes of a dragonfly include (V 
:•.igr.-speed forward and upward maneuvers, {2) 
gliding or --oaring maneuvers, and (3) hovering or 

Lew maneuvers in any direction. Combined modes 
m \ r*\ id transitions fron one mode to another' 
are observed often without major charges in body 
attitude Or wing dynamics. The wing geometries 
are si mp1e and static except for passive 
defamations produced by interactions with nearby 
energised fluid. Wing dynamic» include wing beat 
frequencies cf 2S-36 Hz, wing 3troke angles of 
35° forward and 20 ° behind the root attachment 
t.. well ac angle:- of U0° beneath and 63° above 
the horizontal,   ang.es öf attack  of   1   to ^C° snd 
; hase 
3 V3 

ingles the tandem wings of near to 

Ir.  lethered  insectd  a well-defmed point of 
inaxiauc lift generation occurred ence during each 

._:.£ Seat ryele of the  tandem wings.    The maximum 
.ft g< ::r• itod   »I  this poir.t was approximately  20 
.:v.-.. body weight. In contrast, unrestrained 

Iragonflies routinely exhibit very stable 
iuivei-ihg indicative of cewt continuous lift 
generation. Photographs of drag oh f 1i e3 
exhibiting both nodes of flight revealed r,o 
reaarkatle changes   in wing motion despite the 
Iv.u:   differences  in  lift generation. 

;low visualiiation in the vicinity T 
t-tr.ered dragenf1ius revealed two ma.or '.yyea cf 
Lttuctare., During episodes Of r. igh 1: f; 
generation* awoke mov?:» rapidly fra ahead of ':.« 
.:.. '-cts  to  forr.  I'.5° angle  waices  Sel.md  the»,     The 

• ruet«re of the wakes i •; Lc*msonly iosir.at«' i \ y 
.-..rtices that af-f^or '.v u:.f: 1 i <: the war,.- 
•:a.e.:'.   iownstre*E.    Ir.   löniiticnj  of sore moieat 

stationary vortices surrounding the upper wing 
stroke quadrant. 

As a working model of dragonfly flight 
mechanisms, summarizes the observed wing 
positions, anglet, of attack, flow fields and lift 
peaks we have been able to characterize. In 
essence, it appears that high angles of attack of 
the wings generate a local circulation 
exploitable to provide relatively high lift under 
hovering conditions. Angles of attack appear 
smaller if thrust is to be provided and if net 
flow is to be achieved. 

In view of these observations, vertically- 
oriented flat plates of varying thicknesses were 
driven back and forth in a zero flow test 
condition to evaluate the effects of stroke 
length and stroke frequency. The results of 
thest. studies were quite clear. For very thin 
plates, stroke length dictated vortex size and 
stroke frequency had little effect other than a 
modest enhancement of flow structure 
cohesiveness. The addition of angularity to the 
flat plates resulted in net flow- dominated by 
vortices. These observations are consistent with 
the notion that flow structure may be initiated 
by a wing and can be expected to persevere. This 
preserved local flow structure could be exploited 
by another wing or by the same wing on a later 
stroke. 

Overall, these experiments indicate that 
unsteady flows may be used to support quite 
sophisticated insect flight maneuvers. No 
significant change in wing geometry is needed to 
achieve such flight and only modest alterations 
in dynamic wing stroke variables are required. 
The observation a r. a i e hero indicate t h a t 
dragonflies use mechanisms quite different fror 
those used by the Chaicid wasp, as described by 
Weis-FOghi Other means of exvloif.ng unsteady 
separated flows rcay exist also within the insect 
world. Many of these possibilities remain to te 
examined and to bo analysed in regai'i to 
general '.or.,   lontrol   and  use. 

The publication   if two ;.i;er.   concerned with 

(rtüis-r^gh, 1973; Lightiullj 1573-5 signaled a 
renewed interest in biological models of flight, 
Weis-Fogn had suggested the existence of a neve I 
Lift generation nechar.i.n to explain hovering in 
the Chdloid wasj as well as other insects. 
Lighthill showed that : uo-. .t novel mechan.ro 
-uli, in principle, account T^r *he required 

level; of lift generation dur.ng hovering, More 
:"•" c t-:, t . y ,   !'. .;?.•.-t *!.y   ,"???.•   has   "hewn   that   the 

f   i:    ;:.' • :-v. '   ; .! ;'..ed  ly   M ..id  aechan.^t s. 



configurations are often more simple in insects 
and muscle-elicited changes in configuration 
during various flight modes are more limited. 
Unlike birds, for example, many insects achieve 
excellent aerodynamics and maneuverability in the 
absence of a variety of deployable wing devices. 
Also, insects are able to accomplish a wide range 
of flight behaviors without the aid of an 
elaborate set of neural controls. Thus, attempts 
to understand biological flight are best focused 
upon these accomplished, but simple, flight 
practitioners. 

Work focused upon the Chalcid wasp is 
linited by several considerations. First, the 
wasp is extremely small (- 0.5 cm) and exhibits 
flight in a very low Reynold's number range. To 
do so, wing beat frequencies approach 300 Hz. 
Also, this wasp has not received much attention 
in regard to either flight musculature or neural 
flight control mechanisms. 

Because of these limitations with the 
"haloid wasp, we have elected tc study flight in 
the dragonfly. Weis-Fogh (1973) cited this 
inject as one which most probably had to utilize 
hovel lift generation mechanisms. More recently, 
•Jdrberg (1975) and Savage e_L al. (1979) have 
provided evidence that these insects produce 
i.i^rer amounts of lift than can be anticipated 
i. Lng usual steady state aerodynamic principles. 

*r>rk or. underlying neural control mechanisms 
(Pringlej 1963; Neville, 1960) indicates that 
:,i::e insects use central pattern generators to 
irive wing movements. These movements are 
subject to only minor (Alexander, 1932; Olberg, 
1233) feedback modifications. Thus, the 
Iragcr.fXy appears to acnieve excellent aerodyna- 
::.s r.ot usi— standard steady state mechanisms 

md r.ot depending upon elaborate wing control. 
?;..: wing notions exhibited by dragonflies reveal 
i.j:;ly stereotyped k inemat ics and fluid-wing 
interactions. So dedicated are the wing motions, 
* •■ wing musculature has but two cardinal 
o'ioris: elevaticn and depression. Flexion and 

"A*.en: lor, characteriotics of insects which 
retract or fold the wing:' when not i:i use, are 
raitted from both the control and musculature of 
'...-   iragonfiy  (vlarkg   1940). 

Ao in aside, it is notable that fossil 
t>:ovis InJicate dr*genf \ ies have survived smce 

.':.<* ? ime of inc;.aurs, essentially unchanged 
■* -;t Tor a modest decrease in size. Presumably 
trece insects whish mate *nd eat while airborne 
Rjvt" engaged in innumerable life and death 
i-j-*.dyr.inic struggles in the approximately 250 

■ .: l.or. yeur.s of existence. Obviously, these 
.,;:.-} skilled flyers luve, as J species, 

, :-•••.• a: 1 vJ through this test, of tine. Humbled by 
thi* remarkable record of survival, «e set out to 
investigate the inherent flight wisdon of the 
tiMftttnny. 

"ur  studies were designed to determine (1) 
-:..;•-    ;s.4r.titiu3   ,>f   lift   the   dragonfly   generated, 
|?)  how  th.s   Lift  related  to  wing 'Kinematics,   and 
;.   whether   specific   fluid   .nteractions   oecurrej 

asout   the   winr's. 

!.-.  hegi: rung par  studies   it   was  necessary  to 
■. f   r-•■   ..   :.jster   of   ; i 1 wt   investigations* 

«^   ' f'. . •• i   ; Odt-r-.i*. J,   anisoptcra;  were  netted 
:•   :    i:L*y  hat.tats  in  the early  aurning,     V:.ir 

«•ii.ly   ,i.->vtij 1 ..; »*!   since    tragor.fly  escafe 
• 5,1   - \    3tit. OT*Fj    ;■« J 

predictable. These insects inevitably depart 
rapidly at a 45° angle from the horizon and in 
the direction of body orientation. The insect 
net was simply moved to *n intercept position. 
Within an hour of capture, the insects were in 
the laboratory being subjected to cooling (for 
next day testing) or to chloroform 
anesthetization (for handling purposes). Each 
insect was weighed, fully measured and then 
tethered to a small wood beam using 
cyanoacrylate. A variety of tests ensued as 
described   below. 

To relate laboratory observations with 
natural flight behavior in the dragonfly, 
unrestrained flight of the dragonfly was observed 
in the habitat from which they wers collected. 
Flight modes were recorded and simple aerodynamic 
values were estimated. In addition, the wing 
kinematics were recorded using telescopic 
photography (35 ma camera; 1/1000 shutter speed; 
250 mm lens; 1000 ASA color film). Most 
photographs were taken as the dragonflies hovered 
near  favorite  reed-i,op perches. 

Lift measurements and simultaneous wing 
motion analyses were achieved with tethered 
dragonflies mounted to a one-dimensional strain- 
gauge force balance. The amplified force balance 
output was displayed on one channel of a CRT 
oscilloscope and a photodiode output was 
displayed on the second channel. As the 
stroboscopic (- 0.5 msec) illumination was 
triggered for photographing wing motion, the 
diodi» 3ignai on the oscilloscope marked related 
instantaneous lift values. Alternatively, 
continuous Strobotach (Gen. Radio) output 
provided diode marking of lift values associated 
with videotaped, phase-related wing motions. 
From a large number of elicited flight episodes 
visualized for 21 dragonflies, it was possible to 
describe both the wing kinematics and the 
associated, phase-related lift values. In many 
instances, it was necessary to place a mark on 
the rear wings of the dragonflies to assure 
subsequent discrimination of the front from the 
rear wings. In some instances, the cyanoacryiic 
cement used for tethering spread to legs of the 
insects or to other thoracic structures. These 
specimens were not used since the spread might 
have altered flight patterns and lift generation. 
In general, the insects could be tested over 
numerous flight episodes for periods of at least 
two hour:.. Altered wing motions and decreased 
lift generation were used as indicators of 
deteriorating flight  behavior. 

Flow visualization was achieved during 
dragonfly flight episodes. Heated kerosene SHOK« 
was delivered (< 10 cm sec ) from a 1 ;m 
diameter tube approximately 10 cm in f-or.t of the 
teat "Specimens. The laminar smoke stream was 
positioned to intercept the median wing position 
approximately mid-span. All testing and 
photography was done in a 60 x 6C x 30 cm zero 
flow box constructed of clear «st acrylic 
(Plexiglas). At about the middle of A flight 
episode 1 as-ting 3-5 sees, a strcboscopi? 
photograph was taken. Tnl^ procedure was 
repeated many times to produce a composite model 
of flew  (.;ncktt  stream)  -wing  interactions. 

?ased upon trie above observations, an 
empirical acd«-1 of wing motion ar.i flow 
interactions was constructed to relate to ir.e 
oi^er'jad amount, of lift, general lor. Also, i f<>w 
:im^lified exferirents with »n »■ss.ii 1 sting fl .*.*. 
flat«  were  r«."."ui*,;  *.c  simulate   icme  cT  the   flow- 
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I 
I wing interactions observed during dragonfly 

testing. Finally, a novel means of testing 
dragonflies was developed to permit more detailed 
flow-wing visualizations. This novel procedure 
la described together with a projection of its 
potential in mode]   studies of insect flight. 

Reaulta 

Before turning our attention to the 
laboratory studies, a few of our observations on 
natural flight will be summarized (Table 1). 
After spending much of its development as a 
predatory water nymph, the dragonfly emerges as 
the flying adult form from a metamorphosis that 
takes place on a twig or reed that grows out of 
the water habitat of the nymph. As the wings are 
unfolding and drying, the adult, itself, is 
subject to predation by birds. Thereafter, 
dragonflies are not subject to heavy predation 
because both color and maneuverability provide 
±;'oel lent survival probability. 

Flight in the adult dragonfly serves several 
biological functions and roles. During feeding, 
the dragonfly alternates between gliding, powered 
flight and aerobatics. During territory patrols, 
a prelude to mating, the dragonfly glides with an 
occasional powered wingbeat sequence to maintain 
altitude* In instances of startle or predation 
M ;»;at, episodes of escape behavior consist of 
pcwered flight upward at 45° angles mixc< with 
dramatic aerobatics. Mating consists of maae and 
female dragonflies flying in tandem with 
ccstant, albeit poorly coordinated, ^-'ing motion 

"-xr.ititud by one or both members of the union. 
In all of the above circumstances, periods of 
icfveririg occur. Hovering also occurs as a 
pr-iiude to a dragonfly returning to a favored 
purch  atop  a   reed, 

reduced to flight modes, the dragonfly 
■thibits ejnape, gliding and hovering. Escape 

ouni.ist: of short duration {1-5 sees) episodes of 
ig: iQ^litade, high frequency ('- 30 Hz} wingbeat 

■ycles that propel the insect at speeds estimated 
.it > : -. . ec" . Gliding is a fur-ward, low angle 
flight rarely interrupted by wing notion. This 
node jont ir.ues for periods of '0 or more second?. 
'. relatively moderate speed of 1 m sec" is 
eatiaated, Hovering is stationary flight that 
shows remarkabi« spatial stability (<0.5 on) and 
uur'itiöibf of > 10 sec. Slow spatial corrections 
.■.•our with move cents in »11 planes and with 
tacit'-Mr Js ncvernents, a;; wail. We Judged that 
t; -.in. i'. jnj from one flight mode to another 
occurred in approximately 100 msec. During jnost 
f1ijfct aodc;, the dragonfly body remains oriented 
»iuhg the flight path and during hovering this 
berIdcft~orl«r.ted body position does not .hange 
-r-gar 11 r. ; of upward, Jcwr.ward, sideward or 
bö :kW4ld   ouVfCer.U. 

furing all cf our dragonfly observations, 
T.ly ufio flight instability apjeared to occur—a 
roll instability. In hovering, the dragonfly 
maintained its position in apace relative to a 
T.xrl landing site »top a .•-<.-i, tut often the 
. i .*• : a 1 stai il l ty gi/e way to a rotat ion of the 

iy ibo-t its long horizontal axis. The net 
:*-... 1 t, of :oura*, was that the 1 egr uvrr 

rfrlltäz rciiod «way from the landing ait» and 
f .: t!.':   flight  corroctichJ  «ere rejured. 

V;.rg high ;;>red fill ar.J natural lignting, 
-■<.• r-.^ t .g: a; ;-.«*d .-any ir:'.-;or.f 1 ic: iurir.g :.vv«ring. 
?}.-   ,holography   provides   a   ta*i:    f r   err; i: .!.g 

Flight Characteristics of Unrestrained 
Dragonflies 

Modes   Duration  Speed   Maneuvering 

1) Escape   <5 sec   >5m sec"'  modest; 
upward, 
forward 0 45° 
angle from 
body axis 

2) Gliding  >10 sec  -1m sec -1 

3) Hovering  >10 sec 

little;    low 
negative 
angle  glide 
path; 
occasional 
wing  use   ho 
regain 
altitude 

excellent 
but       slow 
movement   in 
virtually 
any 
direction in 
any plane 

i) feeding on the wing consists of brief bursts 
of directions, sharp turns and rapid 
reversals of direction; similar aerobatic 
displays observed in dragonfly disputes over 
territory 

ii)    roll instabilities seem prominent 

iii) aerobatic displays appear to be comprised of 
rapid (<100 msec) ch.,, from one flight 
mode to another 

Table    1.  observed  natural   ?   ight   :   haviors of 
dragonflies. Based upv.n ouserved major 
flight characteristics exhibited during 
feeding, patroling, territory displays, 
mating and predation avoidance, these 
general categories summarize the most 
reliably observed flight modes. 

-,he wing kinematics of tethered dragonflies to 
those of Jragonflies exhibiting natural flight. 
A f'.-w of tnese photographs are shown m Fig. 1. 
~h<: wing positions are quite similar to those 
;hotographed previously (Daitor, 137,; :.'orberg, 
: 9 T 5 ). A 1 a o , the sumo w i ;. g motion 
characteristics are seen in our laboratory tests. 
This comparison Is important since the lift 
generation mea ured in tethered specimens 
(whether using normal wing kinematics or not) was 
quite high. Undoubtedly, the wing-fluid 
interactions supporting such high lift are of 
prime importance but, in addition, it seems 
biologically unlikely that highly distu-ted wirg 
notions would be capable of high lift generation. 
In any event, the photographs of natural flight 
clearly show that the tethered iragonflies 
exhibit, at our present level :f analyris, normal 
wing kinematics. 

The   Libellula   lactucsa   specimen::   tested   in 
the   laboratory   for  : imul tar.eous  wir.g  motion  ar.d 



i Examples of wing positions photcgrapueii 
fei hovering iragör.f lies, The photographs 
were taken with i ' r.iec shutter speed 

■ i-.r.g i teldphötö -«ns and natural light. 
"'.-■:■ 12? auch phtitcjjraphü were used to 
iu •aB>!ht '.he a i ra 1 1 a r 11 i es in wing 
-. . ;. <■ -.. a t. ...■ s b e t H e e n free fly; r. .• a n d 
ti-Si.ered   iriigonf lier. 

ft  generation seasures  had  ir. average weight of 
*   :,'i r.g.    'he area of the four win»;:, averaged 

».  I   :a'   .:c  the  typical   wing  loading war. ?1 ♦, 1 
~' .     /..poet  ratios sf the front wings were  3- 

,hd j.f the rear wingi wvro t-".    The iragönfly 
r.t exhlEi-t-s   relatively   thick   venation  that 
:viie:: both structural  reinferceoeht a;-, well   is 
al    :acter'ing   jr   .'ou/:.r.e^..      7:.«   leading   edge 

rat; en :r tpar  :..   comparatively t .*; i -k ,  also, 
'. ler.ir.i the 1 ■ "■•   .:.<: '.  iccat: -n,  the venation 

*   .:..;:.  of  front   -nd   rear wings   ;;   ; r    . . .   '.   .:. 
win.;   ./••< r. try, 



    FRONT PAIR 

4 BACK PAIR 

j, Sinultaneous photographs of dragonfly wing 
notions and photodiode narked, lift 
generation. These frontal views of the 
dragonfly revealed wing stroke angles 
while side views (not shown) revealed 
caudal-rostral angles as well as the 
geometric angle of attack of the wings. 
In these photographs, the rear wings were 
narked to allow easier differentiation of 
front and rear wing angles. 

box both wing motions and oscillographic records 
could oe photographed simultaneously. A typical 
series of wing positions and associated lift 
tr?ses are provided in Fig. 3. Using these 
pr.otographs and Strobotach illuminated video 
tapes, it was possible to construct the summary 
of wing kinematics as shown in Fig. 1. As may be 
.'een, the wins tips trace out an oval during each 
cycle. Beginning at the top of this oval, the 
.. :r.g tips, move downward and forward, then upon 
reaching the bottom of the oval they twist upward 
■..hile moving backward to return to the top of the 
cval, Both the front and rear wing of the tandem 
r.Tir ..how similar motions, although the rear wing 
car. lead the front one by as much as 150° In some 
instancies, the wir.gr. are clearly 190° out of 
: ha..e with each other, so it is difficult to 
ietermlfle which wing leads through a typical 
v.igbeat cycle. The frequency of wingbeat cycle 
1J approximately 75-35 iiz and at any instant is 
'!.« same for both wings. Average wir.g tip 
:iLocities were about :<05 larger during upstrokes 
-   370  cm sec"')   than during   icwr.strokes (-260  cm 

The sold of w;rg ti; -oticn in F;g. c 

. »;:sari2es a; proxiest 2 ang 1 e; of a t i a c',: 
... c:.,ued with varicu5 ; i:a: es of a '.y; i - J 1 
«ingfceat cycle. The ir.^les indicated .»:-« . he vt 
f  r  inarecer.t:   of time  .f ato.t f aioc -u  fever 

0 5 10 15        20 2S        30 36 

time(msec) 

Fit?, i. Summary of two dimensions of the wing 
motions. Using video tapes and 35nm 
photographs, the typical wir.g angles are 
indicated across a full wingbeat cycle. 
Both front and rear w:ng motions are 
indicated such that phase angles between 
them can be determined. These notions can 
be summarized as a wing tip motion which 
traces out an ovoid path slanted downward 
and forward then upward and backward 
through a  complete wingbeat. 

angles are dericted on the upstroke than the 
dewnstroke. In these summaries, no attempt r.as 
been nade to represent wing twisting along the 
span; however, a modest ancunt of twisting 
propagates from the root to the wing tip each 
time the wing changes direction from upstrokes to 
downstrokes and  vice  versa. 

The lift generation recorded across all 21 
specimens and over a dozen elicited flight 
episodes each revealed a:; :r.stantineous peaic cr.ee 
during each complete wingbeat cycle 'Fig. (). 
The average amplitudes of such lift peaws was 
appro* irate 1 y ? gf 1 gf = S.fll * 10'*'- \\'. Thus, 
ji one lr.star.ee iurihg each wingbeat cycle, the 
tethered dragonf 1 ies ^rciucci lift Covrer. :f 
about rc t:ae.; the average body Weight. Beth 
•Sorters 'r*r> and »eis-Fogr. (197?) had eat::.«**-: 
■...,•    iragonflie;   swt   r.av>   a  »it.lsue   l.fr 
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1 Summary of geometric angles of attack 
throughout a wing beat. These angles *r<3 
indicative of wing tip characteristics and 
io not indicate a snail aaount of spanwise 
twisting. Hypothesized flow and thrust 
vectors are also indicated. The angle 
representations are indicated over a 
typical 40 asec uir.gte3t cycle duration at 
ajproxinately   5  msec   intervals. 

vff . :«•:.'., ?. , if 2.} to counteract gravity and 
.at tr.es« 1 i ft soeffigients were not possible 
ing appropriate Spy Reynold's rmrber, steady- 
..' rr aerodynamic calculations. To ^ooparc 
>x: ured lift with inese estimates, the average 
stained lift was obtained f :■■ a the force 
t lance r.« -aaures over jcnpleio wing beat cycles. 
til, the average Sustained lift exceeded twice 
'• dragonfly body weight. Thus, we estimate 

..i* the tethere 1 dr agon f 1 ies tested in our 

...:.<- s    au.11    be   exhibiting   C.    values   of 
x.mat e 1 y  -.*; snst antanecus   1 : ft   v a1 ucs 

larger 1 
•   .tep   :r. understanding n 
.<-:   are  generated,   -e  «-«a: 
ard    n-Jtii hs    pe.-i.il . .«.••    to    ! 
:-ear  '-'. rg  ! eg . r.:   tr.e   lew 

S   . ■ •     the   : w: .-.•.-  ..    : y   • 

1 if 

9 II 27 

time (msec) 
36 

Elga. & Summary of lift generation during a 
typical wingbeat cycle. All wingbeat 
cycles have been normalized to the 
indicated tine scale to eorrec; for 
variations in wingbeat frequency. As 
indicated, lift peaks of approximately 7 
gf are generated once during each wingbeat 
cycle. Such peaKS give rise to 
inordinately high apparent CT   values. 

wing maximum lift was recorded in all test 
episodes. Sometimes the lift peak even exhibited 
two components which we speculate might reflect 
the peak lift contribution of the two wings 
moving through the maximum lift production 
portion of the wingbeat cycle at slightly 
different times. Also, throughout a typical test 
episode variations in peak lift amplitudes 
occurred. Such variations appeared to relate to 
wingbeat stroke amplitudes but these 
relationships remain to be more carefully 
measured. The effect of wingbeat frequency was 
negligible in terms of instantaneous lift peaks 
but did, of course, have a iirect impact on total 
amount  of  lift  generated  per  unit   tiae. 

Anxious tc determine how these wing 
kmeaatics produce such nigh lift, we arranged a 
flew visualization test for tethered dragor.f 1 ies. 
Thick kerosene smoke delivered a short distance 
ahead of the dr ag o n f1 i e a in the 2e t • o flow 
apparatus was rapidly drawn toward trie insect, 
passed through the tandem wings and appeared as 
two discernible wikes behind the insect. With 
a&bient 111 ami rat ion, the laminar stream if :aoke 
appears to run into an eggDeater and to emerge A^ 
a af1i t, turbulent wake, With stro boacop i c 
illumination, however, the smcke shows * 
•or.r.i dorabi e amount of identifiable structure 
'Tig. 7}. The Upper wa*«< shows the effects of 
vortices which :>«ea to be decaying wh.le the 
lower watfo sh ws rather homogeneous flm o«ce 
dlvtritutlon: aa might te expected fror* t :\. 1 . y 
turb'.lefit :*. w. Video tape :<•:«.:•!.- suggested 

: *ex   vti uct.rr;   :..«.:• • ;...• w . r.g 
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2 Stroboscopic flow visualizations of wake 
structures about a dragonfly during a 
tethered flight episode. Smoke was 
Jeliyered immediately ahead of the 
Jragonfly wing at a  low velocity. 

CctW'-cn the source of the wake vortex structures 
Und possible wing tip vortices. The latter moved 
;:.to the .ou«r turbulent wake and were quite 
later*! -oopaj-ed to the former. Thus, we were 
«hie to Joou»«nt at least the residual evidence 
of j novel   fluid-wing  interaction. 

JnccurHtoJ by there findings, we sought a 
way to better understand the flow-wing 
::it»ractiöft3 employed by the dragonfly to achieve 
I Lgh lift. Twc approaches were tried: (1) the 
i:»g:.!.f'y was exploited to become in automation 
rüdei of its flight kinematics and (23 an 
oscillating flat platr- model was used for 
lidaotic flow visualisation. 3oth approaches are 
. r. their infancy but loth appear to have good 
;  tential. 

Tr.b automaton dragonfly appi oech employs 
electrical stimuli delivered directly to thoracic 
n e arc t. us c u 1 a r systems to elicit flight 
klr»Ratics. Appropriately placed electrodes can 
yield stimulus acplitade-de^endent control of 
-ir.gte*! amplitude and fre;uen»y-dej«sdoht 
-wütf>l of wirfcteat fr»t;ucncy. 7hu.', tic crucial 
:va-eter» of the wir./ .cir.ematlea car. be -ait tc 

; e r .» • e In» ; ■.; . ". a "z• ^ar.ic a '. f... r.. i r.. 
Til. •:•-:; f. :,gl /.    the   iragcr.flj   -.->   at    sn.y   •.-*• 

Fjg. 8 Multiple exposure flow visualizations 
about an automaton model of the tethered 
dragonfly. All but one forward wing have 
been removed. The vertex formation is 
clearly documented for a variety of wing- 
flow interactions throughout H. portion of 
the wing stroke cycle. The driven wing 
kinematics are quite similar to those of 
the unrestrained and tethered (nondriven) 
dragonflies. 

override the electrical stimuli and initiate 
flight kinematics of varying frequencies. The 
dragonflies tested to date rarely elect to 
disrupt our automaton procedures in this way. 
The result is a reproducible visuaiiration of 
wing-fluid interactions at any phase, in what 
appears to be, a rather normal wir.gbeat cycle. 
The preliminary results of this approach are 
encouraging. As may be seen in Fig. ?, the 
single front wing (others removed to provide flow 
simplicity) elicits reproducible vortices iuri.-.g 
certain portions of the driven wir.gbeat cycle. 
Since the visualisations r e \ r e s « r. t ^ - 5 
stroboscopic exposures taken at the sise tine 
delay between a stimulus puVs« and the on;.c. of 
illumination, both the automaton characteristic? 
of the wing motion and the reproducible 
structures of the flow are evident. 'We have rvt 
analysed the wir.g-flow interactions fully but we 
can definitely cite the preser.ee of ur.steaiy 
energized flc.wr. produced by dragonfly wir.g 
k.r.ema? ics. Such flows are char -ac ter i St i : a 1 ■ y 
seer. !:. the ^omjlete four wir.g automaton model as 
well. The siJie, shape and jositicn "f these 
structure.', JS suggested by the visualisations, 
raka it jleai that tn* flv?w-wing .i.'.eractioßs *r* 
•«-tsarkafcly :: ff. •:-:.' from ■>•<-.*• rostulated t r 
the Weis-T'j-h lift ^enerat; ■:-. mechanism :f., 
^Is-Fcgh, '}-;; Maavorir.y, ir« Sanv-i-Uy. 
*" ?. 1 *. 
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Flg. 2. flow visualization for an oscillating flat 
plate. In these photographs the vortex 
structures elicited by a thin (- 0.5 mm) 
plate are shown for a variety of stroke 
lengths and oscillation frequencies. 

In oar* second model approach employing an 
osculating flat plate, we simply sought a 
didactic indication of flow-plate interactions 
using a variety of thin plates. In these tests 
the effects of oscillation amplitude, oscillation 
rate and plate thickness were visualised. 
Aneraoaetry data were collected in a single 
dimension using an overheated miniature 
thernister. The experimental parameters were 
quickly reduced to those which produced cohesive 
vertex structures. Within this parameter range 
vortex cohesiveness was rated from the flow 
visualizations and then plotted in regard to the 
appropriate production parameters. The results 
were strikingly consistent (Fig. 9). Very 
cohesive structures occurred with extreaely thin 
plates {- O.fma). As plate thickness increased, 
both oscillation frequency and oscillation 
ar.pl itude improved flow cohesi veness. As plate 
thickness decreased, oscillation frequency had a 
large effect on flew cohesiveness but stroke 
length had little «rfect (Fig. 10}. The addition 
of small amounts of angularity to the oscillating 
pit I« did net charge this relation. But In 
instances of angularity that exceeded 20-25°, a 
definite  net  flow was  induced  in the flowfield. 

Overall, these observations substantiate an 
1;.formal bias obtained froa flow visual itations 
about dragonfly wings. First, the flow structure 
la exceedingly cohesive and, secondly, wingbeat 
amplitude has little effect upon such structures. 
The use of plate angles indicates that the 
oscillating iynamics (That induce an increased or 
decreased angle relative to flow} can «r.hanee 
vortex production and cohesi *• eness. ft zitturz 
that dragonfiies say be able to use similar flew 
control »eshahiaas. Other cnaracterist.es et 
this -cde1 .y;tea will bo presented elsewhere 
'Slisa art Luttges, !n preparation}, feme :f the 
r.or.dia«r.;lonaI   relationship:!  arc  :r.t.~.gu.-.g in 
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Fig.1Q Summary of strode length and oscillation 
frequency effects on vortex formation by 
an oscillating flat plate. Approximately 
160 test conditions were evaluated for 
flow structure cohesiveness prior to a 
quantification (ordinal scaling) of the 
relations depicted here. 

and of themselves. 

The relationships between dragonfly lift 
generation «nd wing kinematics have shown the 
presenct of high 1 ift once during each wingbeat 
cycle. Also, the total amount or lift generation 
measured was quite large. These observations are 
inconsistent with steady-state aerodynamics and 
indicate that the dragonfly must employ unsteady 
or energised separated flows to achieve lift. 
Suah direct empirical verification if the titec to 
employ alternative lift generation mechanism; has 
not  been achieved  for ether hovering  insects. 

The wing kinematics of the Iri^cr.r.y differ 
significantly from those repcrted for the Chal.id 
wu.p 'Vets-Fogh, '?73,\ Also« the front ar.i :«?».- 
aings operate independently in an #ur. 1 at chsd- 

evnf iguratloh ir.d the dragonfly tody rr-n:r.i 
horizontal   throughout    Jifferer.t   flight   aodes: 

I 

» 

l 

I 
I 

I 
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hovering, escape and gliding. These facts 
suggest that the dragonfly must utilize unsteady 
flows and related lift generation mechanisms 
which differ substantially from those of the 
Chalcid wasp. The flow visualization studies 
corroborate such a difference. Visualized 
vortex-dominated flows are immediately adjacent 
to the wing's mid-span. They persist in this 
spatial relation to the wing over an appreciable 
amount of the wingbeat cycle. And, these flows 
are lateralized such that each side of the insect 
interacts with a local flowfield that is somewhat 
independent of the flowfield on the other side. 
It is tempting to speculate that the 
lateralization of flowfields underlies the roll 
instabilities seen in the natural flight of 
dragonflies. 

Cne major conclusion may be drawn from the 
above observations: dragonflies use unsteady 
mechanisms that differ in many ways from those 
used by the Chalcid wasp. Further, it now 
appears likely that other biological organisms 
could utilize yet other unsteady flow 
characteristics to achieve lift and flight 
behaviors. This is not a deterrent to attempting 
to understand and, perhaps, emulate the use of 
suöh flows. Rather, it is encouraging that many 
exploitation possibilities may exist: each 
optimized for a range of different aerodynamic 
needs. 

For us, our work has just begun. Civen the 
data at hand, we oust determine how the dragonfly 
produces the unsteady separated flows ue have 
visualized. We must determine how these flows 
are controlled. And, we must determine how such 
flows interact with the dragonfly wings to 
produce the remarkable lift values we have 
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THEORETICAL STUDY OF NON-LINEAR UNSTEADY AERODYNAMICS OF A NON-RIGID LIFTING BODY 
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Abstract 

A recently developed general theory of 
aerodynamics is utilized in an investigation of non-linear 
unsteady flow problems involving a non-rigid lifting body. 
It is shown that this theory, developed on the basis of 
viscous flow equations, permits the important interactive 
fluid dynamic elements dominating the aerodynamics of 
non-linear unsteady flows to be identified and their 
contributions evaluated individually. Closed form 
expressions for the lift, the drag, and the power 
expenditure of the Weis-Fogh problem, considered as a 
special case of flexible lifting bodies, are presented and 
discussed. 

I.  Introduction 

The subject of unsteady aerodynamics has been, for 
Ticre than naif a century, an active field of fluid 
dynamics     research. Previous      theoretical      and 
experimental efforts have demonstrated that, under 
certain restrictive circumstances, unsteady flows can be 
approximated by small departures from steady or 
uniform behavior. The addition of unsteady phenomena 
to steady ones reasonably describe such flows. The 
resulting linearized equations describing the flews are 
often amenable to mathematical treatment. A large 
body of valuaole literature has been developed over the 
years dealing with various aspects of bnea/ unsteady 
flows. Most of the fundamental concepts of unsteady 
Hows that are adequately described by the linear theory 
are now well-understood. !n contrast, in the domain of 
non-linear unsteady flows, «here strong unsteady effects 
invalidate the linear simplifications, the mathematical 
and experimental difficulties attendant to a rigorous 
treatment of unsteady aerodynamic problems are 
immense. Many of the essential and unique features of 
♦fie '«n-hncar unsteady flows are not well-understood 
today , 

In recent years, there has been a iv.pid growtn of 
research activity in non-linc.»r (jnsteadv aerodynamics. 
Most v){ the iMrrent <esearrh topi s m non-linear 
.msteady aerodynamics ore motivated by applications in 
turoo-machines, marire propellers, helicopter rotors, 
«~T< ., ••v'vere strong flow unsteadiness :s an intrinsic part 
at vie overall behavior. The minimization or alleviation 
of lar^e adverse effects caused by flow unsteadiness is of 
primär. > ofvern m thes«* applications. A ujtnbcf of 
researchers have, however, undertaken resear>-'i efforts 
ait;; The aspiration of employing unsteady aerodyr.amic 
for es advantageously m -he Osign a* future airborne 
vehicle, ft ;s worthy of :*ote that the oc*i^n of aircraft 
>! the past and present generations are conceptualized 
mainly *IIJ in the tun ten >f steady and uuasi-st«*ad> 
aerodvna?Tucs. Sinte the proJuv ttor; of larie -instead'. 
!v>r-<-s jk tnvari.sbty associated with flows in the :x>n- 
hncai domain, an improved understanding oj rwn-krsear 
unsteady a^ro'vrunuv- phenomena ;s i p>er*q:u«tle. :o ;'.e 
.:".> aMageo^s utilization o! s ..• h !or< es. 

• *'r.ifrss.>r. 
••       v.'ior Kr-\rjf  h Eng-nrer. 

..; a Iviatr  rtfWjf» !.   \\S4Stant. 

The present paper describes some of the recent 
efforts of the present authors in establishing an adequate 
understanding of the various inviscid and viscous 
mechanisms of generating unsteady aerodynamic forces. 
The work described here is a part of a long range 
research program, underway since early 1970s, in 
computational aerodynamics and in theoretical 
aerodynamics. This research program has progressed 
through several stages. During its initial stages, 
computational and theoretical approaches designed 
specifically for non-linear unsteady flow problems were 
conceived, developed, calibrated, and thoroughly tested 
through analyses and numerical illustrations. Most 
recently, these approaches have been utilized in studies 
of several important problems of non-linear unsteady 
aerodynamics. These studies demonstrated that a 
genera! theory for aerodynamic forces and moments in 
viscous flows, developed previously by the first author of 
the present paper, is ideally-suited for non-linear 
unsteady aerodynamic problems. 

In previous papers ' , detailed and rigorous 
derivations of the general aerodynamic theory and 
preliminary results of a theoretical study of the 
vortex/air foil interaction problem have been presented. 
In the present paper, important concepts related to the 
application of this general theory are reviewed. In 
particular, it is shown that, with this general theory, the 
total air load on a solid body can be divided into several 
components, each representing the contribution ol a 
distinct physical process. This distinguishing feature of 
the general theory can be utilized in the establishment of 
a reasonable understanding of the detailed mechanism of 
production of aerodynamic forces. It is anticipated that 
such an understanding will m time provide a rational 
basis for the alleviation, control, or utilization of large 
non-linear aerodynamic forces in various applications. 

The contents of the present paper are centered 
upon the theoretical treatment of the *eis-Fogh 
problem. Extensive computational efforts, however, are 
being tarried out concurrently with theoretical studies. 
In fact, computational results \xvc provided in the past 
Ami are continually providing important physical insights 
*o     unsteady     aerodynamic     problems. Numerical 
procedures utilized m the present research program 
en>phas:^e integ'al-rep/escntat.'on formulations of tne 
viscous flow equations . This formulation permits the 
solution field co be confined to the vortical region of the 
«low. However, once tfwr vortioty distribution a 
computed, «hen the evaluate*! of the co-flowing 
potential 'low surrounding the vortical region u 
straightforward. The resuming numerical procedure .s 
particularly well-suited tor computing high Keyrvold* 
number external flows. For '.hese flows, the vortical 
region. which nay encompass boundary layer», 
recirculating flow-» i.->d wakes, --ompr;ses only a smai! 
part of the total flow field. The ritegrai-representatum 
formulation, TJ> confining the »lutton field, leads to 
-x'.f-.nely efficient numerical procr-'ore-i. Furthermore, 
the mtegral representation approach permits the 
Vnmdarv User ftortiofl .md the de-UM'hrd pcriioryot the 
vortical refi;tv^ to :*• romj}«?ed individually . Thus 
flitmvtttthg the iiiffi.-'alties >• vi?mUuh*ous|% 
»; rommotiat-.ng the .j^rrs«- length v ai<*s present in the 
two   :*yt;,>ns   ctt   the      vorti* al   flow* \',     Resent. 



parametric studies of two-dimensional flows can be 
performed economically using widely available 
computers such as the CDC-6600 computer. Three- 
dimensional computations have been carried out for 
several flows involving simple boundary geometries. The 
amounts of computation required for these flows are not 
unreasonable. Computed results for the unstea* y flow 
problems discussed in this paper and in Reference 3 will 
be presented in future articles. In th;s connection, it is 
worthy of note that the general viscous theory of 
aerodynamics used in trie present study relates the 
aerodynamic forces and moments acting on lifting bodies 
to their vortical environments. The general theory and 
the integral-representation approach are therefore 
ideally soited for one another in a combined theoretical 
and computational research program. 

Previous applications ' of the general viscous 
theory of aerodynamics are concerned with flows past 
rigid lifting bodies. The Weis-Fogh motion considered in 
this paper, however, involves two wings attached and yet 
moving relative to one another. The present study is, in 
this context, a precursor to a more comprehensive study 
of the unsteady aerodynamics of flexible (non-rigid) 
lifting bodies. It has been recognized !or a number of 
years that unsteady aerodynamics of flexible lifting 
bodies is inherent to aquatic propulsion and flight of 
animals. Obviously, a reasonable understanding oi the 
physical mechanisms of generation of unsteady 
aerodvnarnic forces accompanying large amplitude 
motions of flexible luting surfaces is, beyond its 
biological significances, of decisive import to novel 
designs of airborne vehicles utilizing large unsteady 
forces. 

2.   Vorticity Dynamics 

Unsteady incompressible motions of viscous fluid 
are governed by the law of mass conservation and 
Newton's laws of motion. The mathematical statements 
of these laws are familiarly expressed, in terms of the 
velocity vector v and the pressure p, as the continuity 
and :he Navier-Stokes equations. It is however, 
advantageous to introduce the concept of vortiaty 
vector  J defined bv 
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and to consider the vorticity transport equ».!ion 
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There are -several major advantages in the use of 
tne concept of vorticitv. In the first place, the 
remarkable success of the well-known circulation theory 
:n predicting »he lift force implies that the vorticity of 
lrw flow, which ultimately snould be responsible for the 
circulation, is accountable for forces exerted by the fluid 
on aerodynamic surfaces. Secondly, it is well known that 
viscous effects arc present only in the vortical part of 
trie flow. This fact suggests that it is possible, m 
striving flows about »lid body, to confine the solution 
to the viscous region of the flow through the use of the 
vorlicity concept. Thirdly, the concept of vorticitv 
per»wts the overall flow problem to be decomposed into 
a kinematic aspect and a kinetic aspect. This 
de* ompmttion facilitate» the identification o! important 
physical processes associated with various tvpes of flows. 
Tt^ese maior advantage* offered öy the use of the 
vorticity concepts have been employed by the prt-*-tit 
a itfvor» i-i studies of jnsteady ACTodtluim problem». In 
particular, the first advantage hav,»icided the general 
viscous theory of aerodynamics* and the v> ond 
advantage The integral representation approach Jo* 
computing viscous flows,    The third advantage 'us been 

utilized previously in studies of various steady and time- 
dependent flow problems. This advantage is briefly 
reviewed below. 

The kinematic aspect of the viscous flow problem 
is described by Eq. (1) and the continuity equation. This 
aspect expresses the instantaneous relationship between 
the velocity field and the vorticity field. The kinetic 
aspect of the problem is described by Eq. (2). This 
aspect is concerned with the redistribution of vorticity in 
the fluid through various kinetic processes. In studies of 
unsteady flows, it is convenient to follow the kinetic 
development of the vorticity field in the fluid. A 
knowledge of the velocity field is needed in the solution 
of the vorticity transport equation. This velocity field is 
kinematically a function of the vorticity field. The 
vorticity transport equation is non-linear and its 
mathematical analysis presents great difficulties. It is, 
however» possible to obtain a significant amount of 
understanding about the kinetic processes involved in 
unsteady flows without detailed mathematical analyses. 

Consider a finite solid body immersed in an infinite 
incompressible fluid with uniform viscosity. The solid 
body is initially at rest in the fluid which is also at rest. 
Subsequent prescribed motion of the solid body induces a 
corresponding unsteady motion of the fluid. It has been 
shown that vorticity is neither created nor destroyed in 
the interior of the fluid domain . Vorticity, however, is 
continually being generated at the solid boundary in 
contact with the fluid following the initiation of the solid 
motion. This vorticity spreads into the interior of the 
fluid by the process of viscous diffusion and, once there, 
is transported away from the solid surface by both 
convection and diffusion. Since the transport oi 
vorticity by convection is a finite rate process and that 
by diffusion is effectively finite rate, the vortical region 
of the flow is of finite extent at any finite time level 
after the initiation of the solid motion. Outside the 
vortical region, the flow is irrotational and therefore 
inviscid. If the flow Reynolds number is not small, then 
the effective rate of viscous diffusion is much smaller 
than that of convection. Therefore, a large region of the 
fluid, ahead and to the side of the solid, is free of 
vorticity and is inviscid. 

The general pattern of unsteady flow development 
can be briefly described as follows. \i a consequence of 
the soUd motion relative to tlie fluid, vorticity is 
generated continually at the fluid/solid interface. Once 
generated, the vorticity moves along the solid surface as 
long as the flow remains attached. That is, since the 
effective rate of viscous diffusion is much smaller than 
»hat of convection, the vorticity, generated on the solid 
surface, cannot penetrate far into the interior of the 
fluid domain before being carried downstream by the 
fluid motion. A thm layer of vorticity a,:acent to the 
solid boundary is tlverefore present. This layer is sjmplv 
the well-known boundary layer. The vorticity within the 
boundary layer continually moves downstream witn the 
fluid and, at me same time, is continually being 
replenished through the generation of vorticity on the 
solid surface. This process of replenishment is present m 
both steady and unsteady flows. In steady 'lows, the 
replenishment process And the vorticity transport process 
balance one another and the vorticity distribution in the 
boundary laver is independent of time m a reference 
fra ne attached to tne solid. In unsteady flows, the 
replenishment And transport processes do not balance one 
another And vorticity distribution in the boundary laver is 
tune-dependent. In both steady and unsteady flows, 
because the boundary lavers are thin, it a often 
convenient to represent The vorticity in the layers by 
vortex sheets. 

P>e representation of 4 boundary laver bv a vortex 
sr»eet :.•! tfie present .ortet? ooes -vot implv An WViscid 
fluid      assumption. Rather.      this      representation 
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approximates the location of the vorticity across the 
boundary layer by a given point adjacent to the solid 
surface. The strength of the concentrated vortex sheet 
is simply the integrated vorticity across the boundary lay- 
er. The vortex sheet moves along the solid surface. The 
distinction between the inviscid assumption and the 
present approximation is not merely a matter of 
semantics. While the two concepts often lead to the 
same conveniences in analyses and computation, the 
present approximation is based on a viscous flow 
viewpoint and experiences no conceptual difficulties 
associated with previous inviscid theories. 

The vorticity in the boundary layer eventually 
leaves the vicinity of the solid surface through several 
possible avenues. If no massive separation of the flow 
occurs on the solid surface, then the vorticity in the 
boundary layer eventually feeds Into a wake layer. This 
occurs, for example, in the case of a thin airfoil at a 
imail angle of attack. The two boundary layers at the 
two sides of the airfoil in this case merge at the trailing 
edge, with both layers feeding vorticit> into the wake 
layer. In steady flows, the total flux of vorticity entering 
ihe wake is zero. In unsteady flows, a net flux of 
vorticity enters the wake. Since the boundary layers are 
thin, the wake layer, which is a continuation of the 
boundary layers, is also thin 'nitially. As the vorticity 
layer moves away from the solid through the convective 
process, viscous ditfusion produces only a slow growth in 
the thickness of the wake layer. In consequence, it is 
reasonable in many applications to represent Ihe wake 
layer also by a vortex sheet. The wake layer is usually 
unstable. The velocity field associated with the vortjfrity 
in the wake layer causes the wake layer to "roll-up"^. If 
trie roll-up process tccurs at a large distance from the 
solid, then it is reasonable to represent the rolled-up 
vorticuy by a single vortex filament in analyzing the 
flo* neir the solid. If the roll-up process occurs near 
•he «lid, however, then detailed structure of the rolled- 
up vorticity may be necessary. In any event, the total 
strength of the rolled-up vorticity needs to be known in 
order to determine correctly the aerodynamic forces 
acting on the solid. For three-dimensional flows, the 
vorticity >n the boundary layer leaves the vicin.ty of the 
solid surfaces also through the formation of tip vortices 
which usually roll up. 

In applications \kt\cre flow separation is an 
important feature, '.he representation of the vorticity in 
the boundary layer part of the flow by a vortex sheet is 
■»till permissible. Quantitatively accurate solution to the 
flow problem in this case requires a knowledge of the 
detailed vorticity distribution in the separated 
(recirculating) part of the flow. This distributed 
vorticity is not accuratelv represented b> concentrated 
v'Wci. sheets or vorte* filaments. It is well known, 
however, that in unstrrau» llo-i-; v-»rf«*< assemblies often 
move more or less as an entitv. In consequence, 

onstderable physical insight can be gained through a 
vorte* sheet filament representation even m cases of 
flows containing massive separated regions. 

V.   Aerodynamic Theoi y for Viscous Flows 

Aerodynamic forces and moments acting on solid 
bodies immersed and moving in viscous fluids can be 
determined, in principle, through a quantitative 
knowledge of the detailed fluid motion around the bodies. 
The acquisition of deta.led information about the real 
:lowt>.eld associated with lifting surfaces, however, 
prevents immense, often insurmountable, mathematical 
and experimental difficulties. Historie ail., therefore, 
t'*- most re nofhoble advances in aerodynamics *crc 
brought about b> aertsdvnamtt mi *->o perceived 
Approaches lor the prediction oi aerodynamic ior^c* and 
moment!  Ä*t  avoid, as much .»s possible, e--: tangle-ncit 

with the details of the fluid motion. In particular, the 
circulation theory is known to predict the lift force 
accurately for certain types of lifting surfaces, e.g., thin 
cm toils with sharp trailing edges, under certain flow 
environments, e.g., small angles of attack. 

The circulation theory is today, as it WöS fifty 
years ago, the foundation of accepted theories of 
aerodynamics. Considerable      uncertainties     and 
conceptual difficulties, however, exist regarding ;he 
application of the circulation theory in cases where the 
lifting surface does not possess a sharp trailing edge or 
where more than one trailing edge is present, where 
massive flow separation occurs, and where the lifting 
surface is three-dimensional and its motion is time- 
dependent. These uncertainties arise mainly because of 
the perfect-fluid assumption in the mathematical 
development of the theory. The viscous origin of 
circulation has been long recognized and several well- 
known works, e.g., by Von Karman and Millikan by 
Howarth , and oy Sears , nave dealt with certain aspects 
of viscous phenomena that produce circulation. A 
thorough understanding of the viscous mechanisms of 
generation of steady and time-dependent aerodynamic 
forces, however, is not available and it is usually 
difficult to interpret the application of the circulation 
theory as an approximation of the viscous flow 
phenomena. _ 

A general theory for aerodynamic forces and 
moments in viscous flows was rigorously established 
recently on the basis of the Navier-Stokes and continuity 
equations. No simplifying assumptions, other than those 
contained in the Navier-Stokes equations, were 
introduced in the derivation of this theory. 

The general theory comprises the following three 
mathematical statements: 
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where R m is the infinite unlimited region^ jointly 
occupied by the fluid and the solid bodies: F is the 
aerodynamic force acting on the solid bodies; d is the 
dimensionality of the problem, i.e., d - 2 tor two- 
dimensional flows and d s 3 lor three-dimensional flows, 
r is a position vector; R is the region occupied by the 
solid bodies, and M is the* moment of aerodynamic force 
acting on the solid bodies. 

Equations (3), (V) and O) are valid for the 
incompressible motion of ^n infinite fiuid with uniform 
viscosity and with one or more «olid bod:e* immersed m 
the fluid- The motions are considered to sta't from rest 
and ^rr generally time-dependent. Steady flows, »hen 
they exist, Are considered to be approached 
asymptotically at large time levels after the onset of the 
motion. Equation (3) slates that the combined total 
vorticity of the fluid and the solid bodies ;s rero. The 
vorticity in the solid bodies, as defined bv Eq. (1), is 
simply twice the angular velocity of the *ol;d bodies. In 
cases where the region occupied by the solid bodies is 
negligibly small, or where the solid bodies undergo only 
translational motions, the v-ortiCtty ;n the solid vanishes 
and the total vorticity :n the fluid is zcfi. For these 
cases, el»ting iftvtsctd aerodynamic theories correctly 
require the total circulation of the »hole system, 
including the bound vortex, the starting vorte* and the 
*akr vortices, to be ieto. The effects of rotation of the 
solid bodies and o! distributed vorticilv, correct!)  given 



by Eqs. (3) are generally not included in inviscid analyses. 
Equation d) states that the aerodynamic force 

acting on the solid bodies is composed of two 
contributions. The first term on the right side of Eq. <<*) 
gives the contribution of tht time variation of the first 
moment of the vorticity. The second term gives the 
contribution of the inertia force of the fluid displaced by 
the solid bodies. Equation (5) states that the moment of 
aerodynamic force is composed of two contributions, a 
contribution of the total second moment of the vorticity 
field and a contribution of the momen. of inertia. The 
inertia terms in Eqs. (6) and (7) of ccurse vanish in 
cases where the solid region is negligibly small or where 
the flid bodies experience   no acceleration. 

As discussed earlier, it is convenient to divide the 
overall unsteady flow problem into its kinetic and 
kinematic aspects. The general theory described here 
relates the msteady aerodynamic forces and moments 
acting on the solid bodies to the kinetic development of 
the vorticity field. The task of analyzing the kinetics 
and the kinematics of the flow remains. 

It is clear from the general theorv, that all the 
information about aerodynamic forces and moments are 
contained in the time-dependent vorticity environment 
of the lifting body. No information about the potential 
field surrounding the vortical region is needed in the 
theorv. Under certain restrictive circumstances, it is 
po«sible to specify the vorticity field approximately 
without actually solving the vorticity transport equation. 
The general theory described above then permits the 
unsteady aerodvnamic forces and moments to be 
' -'.ermined in a straightforward manner. 

It i^eds to be emphasized, even at the risk of 
appearing repetitive, that the general theory described 
above .s exact in that it is an exact consequence of the 
viscous flow equation*. This .'act. however, does not 
inhibit the introduction of approximations to the 
equations given m this section. As discussed in Section 2 
of this paper, the word "approximation" .s used here to 
indicate that the prec;* • distribution of the vorticity in 
the fluid is compromised in exchange for convenience in 
the evaluation of unsteady aerudynamic forces and 
moments. Through this approximation, the general 
theory offers an opportunity of estaoüshing important 
physical insignt to tne mechanisms of generation of large 
unsteady aerodynamic forces. This opportunity is 
jvailaole even with relatively imprecise approximations 
of tne vortiv .tv distribution. Under circumstances where 
the vorticity distributions can be accurately 
approximated, the general theorv leads to accurate 
predictions of unsteady aerodynamic forces ^rui 
nomeivts      in Doth the linear and the non-linear domains. 

The approximations to the general theory, are 
conceptually different from the mviscio fluid assumpt.on 
which is the basis of classical theories. Since a truly 
inviscid !luiu Joes not exist in nature and since the limit 
of vanishing!) small viscosity is distinct from a zero 
viscosity* the success of the inviscid theories must 
depend upon the auspicious circumstance that inviscid 
conclusions coincide with certain approximations of 
viscous conclusions. The general viscous theory has been 
sho*n", indeed, to yield, at various levels of 
approximation, *ell-*nown conclusions of classical 
inviscid theories. 

For high Reynolds number external flows 
containing no appreciable regions of separation, as that 
described :.i Section 2, the vorticttv distribution in the 
fluid is accurately represented by vortex sheets and 
vortex filaments. The integrals in Eqs. \1), {'*), and (*>) 
o\er the region R then reduces to integrals over 
surfaces in tnree-diWnsional flows and over lines in 
two-„.mensional flows. I !nder these circumstances, the 
analyses become considerably simpler. To deter nine 
the aerodynamic  force,  the  following approximation of 
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Eq. 0) may be used: 
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where W is the wake surfaces (or lines) including rip 
vortex sheets and starting vortex where they exist, and 
S+ is a surface enveloping the solid surface S and at 
infinitesimal distance from S. The distinction between S 
and     S+    is    conceptually     important. With     the 
approximation discussed, the vortex sheet represents the 
boundary layer vorticity which is in the fluid domain. 
The velocity of the vortex sheet is different from the 
solid surface velocity. 

In Eq. (6), the vortex sheet on S approximates the 
boundary layer adjacent to the solid surface. The vortex 
strengtn y on S is therefore the integrated vorticity 
across the thickness of the boundary layer . To the 
accuracy of the boundary layer approximation, the 
vorticity is the negative of the normal derivative of the 
velocity component in the direction tangent to the solid 
surface. One therefore obtains, upon integrating the 
vorticity along the normal direction, 

y(s)  =  - vs(s, 5) ♦ vs(s, 0) (7) 

where s in die boundary layer coordinate tangential to 
the solid surface v is the tangential velocity 
component, 6 is the normal coordinate at the edge of the 
boundary layer and 0 is the normal coordinate on the 
solid surface. If v (s, 0) = 0, then y is s.mply the 
negative of the boundary layer edge velocity. 

Equation (7) is easily generalized to three- 
dimensional applications. According to Eq. (7), the 
vortex sheet on the solid surface represents a 
discontinuity in tangential velocity between the solid and 
the inviscid flow surrounding the boundary layer. This 
discontinuity is consistent with the approximation of the 
boundary layer, whici. possesses a finite albeit small 
thickness, by a sheet. This approximation of course is 
not suitable for the computation of the kinetic transport 
of     vorticity     within     the     boundary     layer. The 
approximation, nevertheless, is well-suited for the 
computation     of     aerodynamic     forces. In     many 
applications, distribution of the vortex stiength on the 
solid can be computed without actually performing 
boundary layer calculations. For example, if the 
vorticity distribution in the detached part of the flow is 
known, then the strength of the vortex sheet on S is 
aniquely determined, as discussed in Rel. 5, without 
computing the detailed flow within the boundary layer. 
It :s mentioned in passing that the concept described in 
Ret. 5 is similar to that used in the panel/vortex lattice 
methods currently receiving a great deal of attention 
vithm the aerodynamics community. In many existing 
panel codes, fictitious source-sink distributions over S 
are used. It is not difficult to show , however, that 
these source-sink distributions are equivalent to vortex 
distributions over S. The vortex distributions over S, as 
discussed earlier, are approximations of real vorticity in 
trie boundary laver. Computationally, the use of vortex 
distributions ov^r^S is as convenient as the use of source- 
sink distributions . Also, in vortex lattice methods, the 
vortices in the interior of the fluid domain are usually 
allowed to convect but not to diffuse. This restriction, 
however, is not necessary and can be removed in viscous 
computations . 

Once the vortex distributions over S and W are 
computed, Eq. (6) immediately gives the aerodvnamic 
force f. The use of Eq. (6) clearly offers distinctive 
advantages over the prevailing surface pressure-shear 
stress integration method since, with Eq. (6), both the 
unsteady drag and the lift can be evaluated in a 
straig1'forward    manner    directly    from    the    vortex 
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distributions. 
In general, the vortical region in the fluid is 

composed of a vortical system near the solid bodies and a 
vortical system trailing the solid bod:es. The near 
vortical system in general contains attached boundary 
layers and detached recirculating flows. The vorticity in 
the trailing vortical system represents the vorticity shed 
from the near vortical system at previous time levels. 
Shortly after the initiation of the motion of a solid body, 
the vorticity region is confined to thin layers near the 
solid body, m the case of a lifting body, a concentrated 
dose of vorticity, i.e., a starting vortex, leaver the 
vicinity of the body shortly after the motion's onset. The 
average velocity of this starting vortex is initially one 
half of the freestream velocity. This fact is consistent 
with the well-known Wagner's effect and can be shown by 
analyzing the vorticity distribution in the boundary layer 
as it leaves the solid body's trailing edge. With 
increasing time, the starting vortex moves in the general 
downstream direction, becomes diffused, and approaches 
the velocity of the freestream. Between the starting 
vortex and the near vortical system is stretched the 
remainder of the trailing vortical system which, for 
convenience, is called the vortical wake. The line of 
demarcation between the near vertical system and the 
wake need not be delineated precisely. The division of 
the overall vortical system into its several components is 
extremely useful since, with the general viscous 
aerodynamic theory, the contributions of each of these 
components to the aerodynamic force and moment can 
be considered individually. For example, with Eq. (<♦), 
the integral over R, can be written as the sum of four 
integrals over, respectively, the unsteady boundary 
layers, the recirculating regions, the vortical wake, and 
the starting vortex. By separating the overall 
aerodynamic force into contributions by the several flow 
components, considerable physical insights can be 
developed. 

In the case of a high Reynolds number flow 
containing no appreciable recirculating regions, Eq. (6) 
shows that the overall aerodynamic force is composed of 
four contributions. The first contribution, represented 
by the vortex moment integral over S+, is due to the 
development of the unsteady boundary layer. The second 
and third contributions are due to, respectively, the 
movements of the wake and the starting vortex, and are 
represented b> the vortex moment integral over W. The 
fourth contribution is due to the solid body acceleration. 

The preceding discussion concerning the 
aerodynamic force is applicable also to tne momenr .of 
aerodynamic force. In the case of a high Reyn^ls 
number flow containing no appreciable recirculating 
regions, Eq. (5) yields an equation expressing w*in terms 
of vortex sheft strengths over S* and W and the effects of 
solid Dody acceleration. 

^.  Weis-Fogh Mechanism 

It is well-known that, according to inviscid theories, 
steady lift force acting on an airfoil is proportional to 
the circulation around the airfoil. For an airfoil initially 
at rest and is set into motion impulsively, the circulation 
is developed through the shedding of a starting vortex. 
That is, because of the need to conserve total vorticity, 
the acquisition of a circulation around an airfoil is 
accompanied by the release of a starting vortex. The 
circulation around the starting vortex is equal in 
magnitude and opposite in sense to the circulation 
acquired by the airfoil. The process of vortex shedding is 
not difficult to understand in the context of viscous flow. 
Indeed, the starting vortex is a direct consequence of the 
unsteady boundary layer activities around the airfoil. 
There exist, however, conceptual difficulties in 
understanding   the   process   of   vortex   shedding  in   the 

context of an inviscid fluid, i.e., a fluid with a zero 
viscosity rather ,t^an a vanishingly small viscosity. 

Weis-Fogh observed that certain types of insects, 
e.g., Encarsia Formosa, with a pair of wings pivoted 
together at their trailing edge, rotate their wings 
individually in opposite directions. The rotation 
generates d circulation about each wing. If the two 
wings are identical in shape and their rotational speed is 
identical, then the circulation magnitude of each wing is 
equal to that of the other wing. The senses of the 
circulations of the two wings are opposite to one 
another. Because of symmetry, no trailing edge shedding 
of vortices occurs. In fact, if vortices were shed from 
the trailing edges of the two wings, they would annihilate 
one another because they are of opposite senses. 

Weis-Fogh described the above mentioned 
mechanism of generating circulation as the "fling" phase 
of a fling-clap cycle. At the beginning of the cycle, the 
two wings are close to each other. The wings' leading 
edges separate from one another as the wings fling apart, 
i.e., rotate about their trailing edges and open up into a 
V shape. After reaching a certain opening angK the two 
wings break apart and move in opposite directors around 
the body of the insect. The wings eventually flip and 
return to their initial position through a clap motion. In 
this paper, the fling, or opening, phase of the motion is 
examined. The analyses presented, however, is obviously 
also applicable directly to the clap phase of the motion. 

The two-dimensional definition of the Weis-Fogh 
motion is given in detail by Lighthill . The fling phase 
of the motion is shown schematically in Figure 1, where 
the wing pair is modeled by a pair of flat plates of chord 
c. The points A. and A2 are stationary and are the 
junctures of the two wings, with A-, on the upper 
surfaces and A. on the lower surtaces of the wings. 
During the fling phase, the wings rotate about the points 
A. and Aj with a angular velocity 

fj = n (S) 

where a is the half angle of the opening of the wing pair. 
The motion is symmetric about the line EF. The fluid 
infinitely far from the wing pair is stationary. Each of 
me two wings acquires a circulation during the fling 
phase. Since the two circulations of the two wings are 
euua) in magnitude and opposite in sense, the total 
circulation about the two wings is zero. At the moment 
of breaking apart of the wings, each wing possesses a 
circulation suitable for generating lift during its 
subsequent motion. It is easy to see that if the range 
0 < d < 2 corresponds to the fling phase, then the range 
■x < i < it corresponds to the clap phase of the Weis-Fogh 
motion. . 

Lighthill emphasued the absence of the trailirg- 
edge shedding of vortices in the Weis-Fogh motion. He 
indicated that it is remarkable that the Weis-Fogh 
mechanism works "for a fluid of zero viscosity; not 
simply in the limit of vanishing viscosity". He presented 
a two-dimensional inviscid analyses which showed that 
the circulation around each wing during the fling phase is 
proportional to the wings' angular velocity ft and to a 
function of the opening angle a of the wings. He 
expressed this function in the form of an integral and 
presented carnputed results for this function. Edwardi 
and Cheng recently extended Lighthill's work and 
presented a closed form expression for the wing's 
circulation during the fling phase. 

Mthough vortices are not expected to be shed at 
the trailing edges of the two wings during the fling 
?hase, the rotation of the wingsanay cause leading edge 
shedding of vortices. Lighthill examined this leading 
-»dge separation phenomenon and concluded that its 
effect  on   the   wing's  circulation  is weak.    Subsequent 



I 
lit experiments by Maxworthy , however, showed a 

substantial effect of the leading-edge separation. 
Results of a recent study by Edwards and Cheng are in 
general agreement with Maxworthy's observation   . 

Weis-Fogh suggested that the opening of the wing 
pair causes the necessary circulation to be generated 
immediately and thus avoiding any delays in the build-up 
of the maximum lift required by the well-known Wagner's 
effect. Also, in the case of the conventional wing, 
substantial work must be done by the wing on the fluid to 
provide the kinetic energy associated with the starting 
vortex. In consequence, the wing experiences a large 
unsteady drag immediately after the start of its motion. 
Since the starting vortex is absent, the Weis-Fogh wing is 
not expected to experience a large drag immediately 
after the breakup of the wing pair. To the present 
authors' knowledge, although the problem of generation 
of circulation on the wing pair has received the attention 
of previous investigators, the questions of unsteady lift 
force, unsteady drag force, and power expenditure 
experienced by the wings during the fling phase of the 
Weis-Fogh motion have not been resolved. Answers to 
these questions are important in establishing a 
comprehensive understanding of non-linear unsteady 
aerodynamics and in future utilization of large unsteady 
aerodynamic forces. 

For the problem under consideration, the processes 
Of generation and transport of vorticity described in 
Section 2 of this paper lead to an unsteady boundary 
layer wherever the flow near the solid surface is 
essentially tangential to the surface. The thickness of 
this boundary layer is comparable to the diffusion length 
( \)x)\ where t is the time duration of the fling phase of 
the Weis-Fogh motion. If tnis diffusion length is much 
smaller than the chord of the wings, then the boundary 
layer vorticity is accurately approximated by a vortex 
sheet. For the present problem, flow near the lower 
surface of the wing is expected to remain attached 
throughout  the  fling  phase. The flow is, however, 
expected to separate from the leading edge, resulting in 
I'.Mding-edge vortex shedding. 

Following Lighthill , the proolem is reformulated 
in a conformally mapped plane, £ :5*in, through the 
use of a Schwarz-Christoffel transformation. A closed 
form expression for the transformation fjnction 
presented by Edwards and Cheng is used. The 
transformation function is 

z   i   i k(l c>Ua/*(;-i) V" (5) 

where z ~ x . t y is the physical plane described in Figure 
1, and k is a constant given by 

-V" 
k-^c<*>        (I-*) 

l 
n 

(10) 

Tne transformation (9) maps the wing pair 
onto the straight line segment lying on the C-axis 

in the range -I < £ <1 as shown in Fig. 2, with me two 
wings, A.BA, and A.CA2» mapped respectively onto the 
lower M6 upper surfaces of the segment. The y-axis EF 
is mapped onto the remaining parts of the f, -axis, as 
shown in Fig. 2. 

During the fling phase, the line EF remains to be a 
line of symmetry. It is therefore necessary only to 
consider the left half "omplex z-pUne, which is flapped 
onto the upper hall complex :.-plane. The normal 
velocity of the wing A.BA, during the fling phase is 
4i111 j . The impermeable boundary condition on the wing 
A.BA* therefore gives the following boundarv condition 
for rhe stream function ;• . 

-5 - 
, 2 

HI) 

The stream function vanishes on the line of symmetry 
EA. - A2F and also infinitely far from the wing. 

It is simple to show that, with the potential 
function $ , the complex potential, W. a<fr. + i \|>j, 
expressed in terms of ; below satisfies these conditions 
for the stream function: 

wl "    £1 35 L fc . D2_2a/7T(5-i)2a/7r 
-5 _ 2Ü - ?3.)cJ 

02) 
In Eqs. (12) and the following equations, the subscript 1 is 
used to inoicate the omission of the leaaing-edge vortex 
shedding phenomena. The complex velocity in the ; - 
plane, V = dW/d C , is given by 

za L T 

-u 7T 
Ü3) 

The complex velocity in the z -plane is given by 
the right side of Eq. (13) divided by the derivative dz/d C • 
It is, however, more convenient to use a transformed 
version of Eq. (6) in studies of aerodynamic forces acting 
on the wings. 

In the present problem, the wing's cross-sectional 
area is negligibly small. The last integral in Eq. (6) 
therefore vanishes. The contributions of the unsteady 
boundary layer and the wake can be treated individually. 
One has therefore, with the wake, i.e., the shed vortices, 
omitted, 

" f 
where F, and F, are respectively the horizontal arid the 
vertical components of aerodynamic force acting on the 
wing pair due to the motion of the wing pair. 

Because of symmetry, the vortex strength on the 
right wing is equal in magnitude and opposite in sense to 
the vortex strength on the left wing. The lift force L. 
acting on each wing is therefore one half of the total 
vertical force F and is iiven by the time variation of 
the vortex moment on a s;igie wing. One therefore has 

1 Fly -"' o 3F fr Yl d s (If) 

Ll = PHBA, 
X y-dS (15) 

where   the  integration  is over both  the upper and  the 
lower surfaces of the left wing. 

Since the wing has no tangential velocity on its 
surface, the last term in Eq. (?) vanishes. The vortex 
strength y is therefore simply the negative of the 
tangential velocity at the fluid side of the vortex sheet. 
Since dz - d ; (dz/d ;), Eq. (20) can be rewritten as 

d   1 X  yr    dr 116) 

where    y,    is   the   negative   ol   the   f -component   of 
velocity, given by Eq. (13), on the <; -axis. 

On t;.e £ -axis, for the interval -I <!",<!, one obtains 
from Eqs. (9) and (13) the following expressions 

x = - sin* Ml . 0 i-a/" 
(1 -C) >/'i 

(17) 

and 

J      sin 2i L ' 

US) 
(- . ! - =J)i 

Placing Eqs. (|7j and US) into Eq. l.f>), one obtains, 

I 



after performing the integration, 

Li=Pc3dT^fi(o)] (19) 

where 

f,(ct) =   1 Wl-3ah(1 - S)"2 * 3a/TI 0 - -23) esc 2a 
1 J    IT TT IT /• (20) 

Equation (21) can be rewritten as 

-l 
= Af, ♦ a 

2dfl 
T- (2l) 
da 

where U is the angular acceleration of the wing. 
Equation (21) states that the unsteady lift 

component L. has two contributions. One contributor is 
the angular acceleration of the wing, its effect being 
directly proportional to the angular acceleration. The 
other contributor is the angular velocity of the wing, its 
effect being proportional to the square of the angular 
velocity. Both contributions are functions of the opening 
angle, a i of the wing pair, as given by f.(a) and its 
derivative. 

For convenience, the horizontal force acting on the 
wing A.BA2 is designated as an unsteady drag. This drag 
cannot be determined from the vorticity moment on a 
single wing alone. The total horizontal force acting on 
the wing pair is zero because of symmetry. The two 
wings are hinged together at their trailing edges. In Fig. 
3 is shown a free body diagram for the wing, with N. and 
S. representing respectively the normal and tangential 
components of the unsteady aerodynamic force acting on 
the wing. H. is the reaction at the hinge, i.e., the force 
exerted by the wing A.CA2 on the wing A.BA2. Because 
of symmetry, this reaction is directed horizontally. The 
free body diagram shows that the unsteady lift L. is the 
sum of the vertical components of S. and N.. The 
unsteady drag is the sum of the horizontal comooAents of 
S, and N. and is the negative of H.. 

The unsteady normal force N, 

IS given by 
acting on each wing 

= J       P.ds-j" 
"2 

A! B 
p. ds (22) 

where p. is the pressure acting on the wing. Since the 
boundary layer cannot support a significant pressure 
difference across the layer, it is permissible to let this 
pressure p be the pressure at the boundary layer's outer 
edge, where the vorticity is negligibly small and the flow 
is potential. From the inviscid momentum equation, one 
obtains 

7(0 3t   ' V (23) 

At the edge of the ixxjfdary layer, the normal 
velocity of the flow is negligibh small compared to the 
tangential velocity. The tangential velocity magnitude is 
equal to the strength y °f the vortex sheet representing 
the ooundarv layer. Using this information, one obtains 
fron Eqs. (22) and (23), 

V d     f1        dr -r-    5      I. -r- d f at [dr 

where 
P c 

3 =  ^[flfjUJjCsca -nfyaJctna     (25) 

8,(a ) ■ rCscW^Nl-^^ü-2^)2 
Tt TT TT 

(26) 

Equations 
expressions for 
unsteady drag 

(21)     and  (25)     gives   the   following 
the  unsteady tangential force and the 

Hj ~-  *\M (27) 

and 
PC 

—3  =   ^•[flf1(a)]ctn0- Q2g1(a)csca        (28) 

The normal forces can be expressed in the form 
N 

"8ni(a (29) &nlv 

where the subscript n indicates the fact that the 
functions f ,(a) and g_,(a) are related to contributions 
to N. ni ^ 

The forces L. and D. are easily expressed in forms 
similar to Eq. (29). The tangential force S. is independent 
of the angular acceleration and is proportional to the 
angular velocity, as is shown in Eq. (27). The physical 
significance of this rather remarkable feature of the 
tangential force is not yet explained. It is clear, 
however, that this tangential force is due to the well- 
known leading edge suction effect which is also present 
in steady flows past airfoils at non-zero angles of attack. 
In the case of a thin airfoil represented by a 
infinitesimally thin flat plate, this suction force can be 
determined through a limiting process. The procedure 
just described for the Weis-Fogh problem when 
applied to the flat plate, at an angle of attack 
and a free stream velocity u , gives a suction 
force value of -pu f sin3 ,*where r is the 

circulation (boundary layer°"vorticity) around the plate. 
This suction force corresponds to a zero drag as is 
expected for steady inviscid flows. 

The functions f ., g fl, f,., etc. are represented 
graphically in FiguresV, 5, % and 7. It is worthy of note 
that all these functions are easily expressible in terms of 
the two functions f. and g. and the derivatives of these 
two functions. 

!t is of interest to determine the power expenditure 
needed to maintain a prescribed motion of the wing. The 
power requirement P. for the case of no leading-edge 
vortex shedding is given by 

.tt A, 

S      Pj vn ds - i       ?ivnd$ ° Q) 

Since, on [he wing, v^ = ir, where r is the distance 
from the origin, one has, in the ; -plane, 

(3D 

•II 2, dr 
•'ei a? dr- m) 

*.",ere r :s the Jistance ffii'ws »ne origin .1 the z-planc. 
• sins' '-.qs. (\2) and US), st    an be itvown that 

Placing Eqs. (9), (|2),   jnd (IS) mto Eq. (3D, one 
obta.ns, after considerable manipulations, 

*.      H  r ■> 
(32) 

Pc' 

where 

W"J 



fn,(a)  = j(-) (1 - -) '   (1-TT)   esc   2a pi 8    TT TT TT ^33j 

Equation (33) can be expressed as 
Pl • 3 -\ = thatJan A gDl(ct)       (3^) 
pc ^ " 

where g . is the derivative of f  . with respect to a . 
Trce functions of f . and "g . are shown graphically 

in Figure 8. The function f . fs positive, as expected. 
The function g . is always negative. This suggests that, 
during the fling phase of the Weis-Fogh motion, if the 
wing is moving at a constant velocity, then the fluid 
performs work on the wing and not the other way around! 
It is likely that this apparent paradox is a consequence of 
the omission of the leading-edge vortex shedding 
phenomena. 

5.  Leading-Edge Vortex Shedding 

The analyses of the preceding section omits the 
presence of vortices shed from the wing's leading edge. 
Using the present general viscous theory of 
aerodynamics, the effects of the shed vortices on the 
aerodynamic forces, moments, and power requirement 
can all be expressed as functions of the distribution 
(location and strength) of shed vortices. 

To demonstrate the use of the general theory, 
consider a distribution of shed vorticity u)„ (5 ) in the t - 
plane. Because of symmetry, one has u)„ t*£ )/ = -u)r(£). 
A complex potential w\ associated vfoth this vorticity 
distribution exists in the region free of shed vorticity. 
This complex potential is 

ft- 5« 
w. 

w 

In 
C- t 

{; JdR.    (35) 
0       *o 

where R is the region occupied by the shed vorticity in 
the upper complex C-plane. 

It is easy to show that the imaginary part of W? 

vanishes on the £ -axis. The complex potential 
w' . W. ♦ W, therefore satisfies the boundarv conditions 
for v stated in Section k. This complex potential W 
therefore is the correct complex potential for the fling 
ohase of the Weis-Fogh motion, with vorticity shed from 
the leading edge of wings taken into account. The 
complex potential is invariant under a conformal 
transformation. The distribution of the vorticity field in 
the z-plane corresponding to w is obtainable through 
the transformation relation, Eq. T9). 

Equation (35) states that the effects of the shed 
vortices can be considered in a piecewise mariner. That 
is, the region ol integration R can be divided into 
segments and the effects of vorticity within each 
segment stud;ed individually and the results summed. To 
illustrate this proc. ss, consider the effects of vorticity 
in a small region, say 5R , around the point C --^. 
The total vorticity in this small region is designated 6f . 
Consider this total vorticity to be a vortex located at 
; -. * . By reason of symmetry, there exists a vortex of 
strength - 5 Tat C = C as shown m Fig. 2. The complex 
potential   S* for this vortex pair is 

r* -g Ji 
\;-l 

(36) 

I:   ts   easv   to   shoi*    thai   ne   strengths   4l   the 
orrcspotiding  pair   of   . orti<es   in   the   .'-plane  are   also 

respectively    * ? and - 5 T.    The location P'l ':t<* vorre* 
pair in the .:-;>|ane. as iketched in Pig. i, are expressible 

in terms of  5   and I    through Eq. (9). 
The vor?ex strength 6v on the wing in the 5 - 

plane is simply the negative^ of the E, component of 
velocity on the % -axis for -1<^<1. This velocity 
component is easily obtained from Eq. (36). The 
increment lift 5L due to the vortex pair 5 F and - 6T is 
related to 5y, through 

"--•&/ 
xo-^dS 

It can be shown that 

A 
J   x 6Y^ = kn0 sr 

-1 

(37) 

(38) 

where n0 is the r\ coordinate of the vortex 5 r and k is 
3 function of a defined by Eq. (10). It is clear from Eqs. 
(37) and (38) that the increment lift <5L2 is dependent 
upon the vortex strength 5 JJ the movement of 5 r in the 
n direction, and the opening angle of the wing pair 
through k. If all the shed vorticity in the flow is 
reasonably represented by a single pair of vortices with 
known strength and location, then Eqs. (37) and (3S) 
permit the lift due to shed vorticity to be evaluated 
simply. In general, it is possible to represent the shed 
vorticity by a series of pairs of vortices. The lift 
increment due to each pair of vortices can be determined 
using Eqs. (37) and (38). The sum of all the lift 
increments and L., given by Eq. (19) is the total lift 
acting on a Weis-Fogh wing during the fling phase. 
Indeed, with a distribution of shed vorticity, the total lift 
L is obviously the sum of Lj and 1_2» the contribution of 
the shed vorticity to the lift is given by 

t u 
L2 = PdT [k/no. U0)dR (39) 

The total normaJ force N and the total power 
requirements P are expressible in terms of the potential 
function and vortex strength in forms identical to Eqs. 
(24) and (31), with the subscripts "1" removed. In these 
equations, the potential function $ is the sum of $ and 
<j> j» the real part of W,* Tne form °* E9S* <2^ in° (31> 
states that the contributions of *> and j> 2 

t0 the norma^ 
force and the power can be individually evaluated and 
added together to give the contribution of $. The total 
vortex sheet strength > is the sum of >. and y ~, the 
vortex sheet strength due to W,. The vortex sheet 
strength, however, appears in Eqs. (2U) and (3D as 
squared terms. In consequence, the contribution of the 
vortex sheet y , which represents the unsteady boundary 
layer on the wing, is not simply the sum of the 
contributions of 7 , and   ■,■_.  If one let, for example, 

then 

N  = VNj-oj   y-,>o/£ d'C        W) :i * ;2'd7 

Similarly, one has 

P Pj '^2-vf      Y;|  Y:2r/$)d*:       1*2) 

Closed form expressions for \ and P have been 
obtained bv the present authors. Expressions ior 5 and D 
art- tMs.lv obtainable from those for L and \. Because of 
the length limitation v.f the present paper, discussions of 
these results ar»* postponed tor the future. 



6. Concluding Remarks 

The present work iias yielded useful results for the 
lift and the drag acting on a wing undergoing the fling 
and the clasp phases of tne Weis-Fogh motion. CloseH 

form expressions have been obtained ior the unsteady 
lift, the drug, and the power expenditure of the Weis- 
Fog'i wing. These results have led to the identification 
of major contributors to unsteady aerodynamic forces 
acting on the wing and the power requirement to sustain 
prescribed wing motions. 

It should be pointed out that, compared with 
aerodynamics of rigid lifting bodies, the Weis-Fogh 
problem is substantially more difficult to treat. For the 
rigid body problem, the use of the general viscous theory, 
as stated as Eqs. (3), (4) and (5) ji this paper, is 
particularly convenient since the overall vortical system 
can be divided into components and the contribution of 
each component to airloads can be studied individually. 
Even though the unsteady flow may be in the non-linear 
domain, the linear addition of the individual 
contributions gives the correct total aerodynamic force 
and moment acting on the rigid body. The line of action 
of the aerodynamic force and consequently the power 
expenditure are easily obtainable from the total force 
and moment. For the Weis-Fogh motion, the total force 
and moment acting on the wing pair can be determined 
also in a manner similar to that for the rigid body 
problem. The force and moment acting on each 
individual wing, however, cannot be evaluated using Eqs. 
(4) and (5), excepting that the lift on each wing, because 
of symmetry, happens to be one half of the total lift on 
the wing pair. In the present paper, the unsteady total 
normal force acting on the wing and the power 
expenditure of the wing are determined from the 
pressure distribution on the wing. The drag force and the 
leading-edge auction force are determined from the lift 
and the normal force. Since the pressure field is not a 
linear function of the voticity field, the total unsteady 
force and the power expenditure for each wing is not a 
simple sum of individual contributions of the several 
vortical flow components. Eqs. (41), for example, shows 
ttiat the total normal force is composed of three terms. 
The terms N. and N^ are respectively the individual 
contributions of the wing motion and the shed vorticity 
(wake). In addition to these two contributions, there is a 
third contribution due to the "interaction" of the first 
two contributors. This third contribution is expressed in 
the form of an integral in Eq. ^2). The integrand of this 
integral contains the product of y. and y-,. y. and y, are 
the vortex sheets representing the vorticity in unsteady 
boundary layers resulting from, respectively, the wing 
motion and the shed vorticity. From Eqs. (**2), it is clear 
that the wing motion and the shed vorticity both 
contribute to the power expenditure of the wing. In 
addition, there is a third contribution to the power 
expenditure due to the interaction of the first t*o 
contributors. 

The Weis-Fogh problem is a special case of the 
problem of non-linear unsteady aerodynamics of non- 
ngid lifting bodies. The present study is, in this context, 
a precursor to a more comprehensive study of unsteady 
aerodynamics of flexible lifting bodies. It is anticipated 
that the «levelopment of a routine capability for 
predicting unsteady aerodynamic behavior in tne non- 
linear Jomam will require extensive and persistent 
efforts <n^T a number of yean. The work described in 
this article represents onlv a few initial steps in search 
of this capability. In mat context, the results of :hc 
present studv are efuouraging in that the recently 
developed general viscous theorv >t aerodvnamirs is 
shown to be well suited for the theoreti. al <.: id\ of 
unsteady aerodwu'nir problems, including r'iose 
associate! *?ith flexible lifting bodies. 
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Figure 7.  Weis-Fogh Leading-Edge Suction Functions 
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Abstract 

An analytical study into the gust response of 
an airfoil is presented.  The momentum-integral 
equation for steady flow is extended into the 
unsteady flow regime to predict the behavior of an 
airfoil that experiences a constant-rate-of-change 
of angle-of-attack gust.  The von Karman-Pohlhausen 
method of integration is successfully modified to 
incorporate the additional transient flow terms; 
the equation of closure necessary to do this is 
also presented.  Finally, computation of the flow 
about a Joukowski airfoil using the new equalions is 
pertormed and the results art- presented and dis- 
cussed.  ItAftll be shown th.it these results are in 
agreement with existing experimental dati. 

I.  Introduction 

In 19)2, Max von  Kramer published the results 
of  wind-tunnel  experiments  simulating  a wing 
encountering a constant-rate-oi— change  of  angle-ot- 
attack,    i,   «use.»     His   results  demonstrated   that   the 
wing encountered  stall   .it   higher  anwies  01   attack 
than in the  static-stall   case and  the maximum 
coefficient   or   lift* C.        ,  was   increased  a pro- ■ max 
port xonate  amount to  the increased  stall  angle  ul 
attack'*     Since  that   time,   a number  of   empirical 
studies have  been undertaken  Li the  general  area ot 
uns'eady   : low  now  referred  to  JS  dynamic   stall. 
Few,   however,   have   concentrated   on   the   co.'.st anl-a 
ease.     One  el   these   !ew   is   the  work  oi  Deekens   and 
Kuebler",   which was   a   I Low visualization  study  and 
■Hire   recently  by  Daley which  was  a  combination   tlow 
-.■■ L sua 1 i/at l.'n-pressut e  measurement   study'.     These 
studies   quantified   only   the   stall   angle   01   attack 
as   a   üiüctun   ot   the   llow   and   the   constant    i.     A 
summary   ot   the   results   ,t   reterences   2   and   1   is 
»U vi   in  Figure   I.     It   is   interesting  that   the 
»".ram»*t   results  and  the   resuits     l   reterencva  J  arid 
!,  w!tile  agreeing   in  trend*  do noi   4*ree   in  the 
extent   to the  dynamiv -•■: al 1  -Meet;   the eitevt 
exhibited   in   uUrrmr-.    '   and   5   i ■>   approximately 
leu  times   that   ol   th>    Kramei   r*pe r inenI»   .      It    is 
important   J.:o   . ole   that    lhe»e   two  experiment»   Jilln 
:•:   .'.at    is   probably    i  critical   -ay.     Hie   •r.wr 
«•xpe i irrem   had   t :.■    wing   ::\ed   in  Newtonian   space 
•-.'.'i   i   rotating   ! re.-   jlrr.»»,   while   the   >-e*ms   a-'.d 
•  :eh!<r   and   Jtlev   experiment*   us.d   a   r   I.il.:,; 
vvi«?   in  a coivitant   velocity   ::<•<•  »(ream. 

Little .»nalvt :«. work has been pertorwd on 
■id. landing the physics o! the phenomena. That 
which   :.as,   has   been   . n   the   ar<-a   uj   tut)   \av.er- 
.luXes   »olut l. :\s*   which   amount   to   :rja<-! ; > al   exp« 1 :- 

■*<•.:>.     Such   vaiiseri   al   experiments   '«-ad   lo   tntot- 
-at .■•■• which   .*   similar   lo  that   oMaant-d   iron 
'->:;>« t ;»•:.: %   like   t:\se   -* • 1 . -netl   ab'Ve,   bat   N\.VJV 

:   intlusion  oj    ill   possible   .::.t!s,   ::.«    s...t. 

are      •    United    :M-    i:i   u •■'..-: st.1   U.    ,-   ■    .     :!<•:;! »v 

'!    the   physi- 4i    plietlOtnrha   tl at    »JV    >r       a.!«;•<*■    '. h< 
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Because oi their simplicity, inie. 
have been helptul in understanding the 1 
the physical phenomena leading to stall, 
now, however, these methods could not be 
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The introduction of the transient terms into the 
momentum-integral equation requires an additional 
equation which, until now, has not been knc<m. 
This closure equation, however, may be arrived at 
as follows for the case in which transients are' 
not too severe.  First the observation is made that 
the displacement thickness is reieated to the 
boundary layer thickness by 

Co 

Assuming C, is slowly varying in time, 

-' *■ l 

(>) 

Further,   for  all   l.inurui:   flows   Eli«  boundary   layer 
thi.-kness   is   related   EO  the  potential   l 1  '-  by 

<b> 
\ I!  x 

so   th.it. 

e e 

Sub*t: Lot ir.ff  i-q   !i?i   .uitl  i.<-   '<*■)   into  Kq   >'!   yield., 

such  that   the velocity profile   is 
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l.q (13) may now be used to evaluate ::and : „. from 
,, ,   F.qs (2) and (3) 

and 
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and 

K = 7A—* 
<X 

t 24 ) 

Eqs U2), M8), (iy), (20), (22), (23), and f 24) 
now constitute a modified sec pi equations similar 
to fehe steady state equations which may be step- 
wise numerically integrated in a manner equivalent 
to the von Karman-Pohlhausen method0. 

III.  Application to Constant-.! Gust 

The method outlined above was applied to the 
ivse or an 13" thick symmetrical Joukowski airfoil 
u  >*r giving a constant-! <;ust.  The unsteady poten- 
tial l low field, was solved for the Joukowski ait- 
toii ro provide the flow parameters L'(;, rV\      .x, 
and -!'e. I   it needed for tiie momentum-Integra 1 - 
method solution of the boundary layer.  The tran- 
sient potential field was approximated as pseudo- 
steady by neglecting the starting voittces, an 
effect, which we suspect is small but which is   the 
subject or a svttarate invent igat, ton to be published 
.it a tut ure date ' . 

In order to determine the sea!! angle, Separa- 
tion .it the quarter chord was defined ».s jtall tor 
tue purpose* ,.; this investigation,  The angle ol 
attack at stall was determined tor a number of flow 
■ ondii U):tH   and cr.n.stanf ('s, ,ind tiie results plotted 

a.»   I...;, vs the reduced angular rat»« where 
■rmiiied as th 

•tdy .i.ili-  eis 

u! it : at <■ , ., U ,; ven bv 

i   '  Was üete 
;* f a 1 

f!:..» TAT t!tt  *t««4l 
lew     . , 311 "tUS 

s t .i ! I . 
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IV.  Comparison tu Experiment 

Although the Kramer experiment used a differ- 
ent airfoil, the similarity of the leading edge 
geometries leads one to suspect that the r^sulcs 
.should be generally comparable.  The «ffect shown 
in Figure 2 was compared to the results of reference 
I as follows.  Kramer's result may be written as 

max dvn 
*t.*fft (26) 

where   a   is   in   radians   per  stcond.     The  results  of 
Figure   2  may  be written as 

'stall  d-n stall   st 
0,096 

tC  ! 

D (27) 

i:   Written   for   i   in   radians  per  seconds.     Since 
these   results   are   not   in   terms   of  C. they   are 
not directly comparable to Fq (26;; however, if wt 
assume that tiie effect of increasing a , , is to 
simply displace the Cj vs j curve by a'comparable 
amount   'see   Figure   3),   then C; may be  arrived  at 
by  simply multiplying by   the  slope  oi   the  unsta.'.led 
C.   vs   i  curve.     This  assumption   is   similar   to   tint 
oi   The   pseudo-stt idy-state  assumption   in   tnat   the 
effect   or   the   starting  vortices   is  assumed  negligi- 
ble.      If   'he   theoretical   slope   is   used   (i.e.,   J   i 
per   r.iui.int,   !£q   127)   predicts   a  Ci relationship r "max r 

of 

'max  dyn max   st 

I'ht-  cuwp.tr is on  to  Kramer's   result.  Kq   J'2-6}       is 
ren.-rkab ie . 
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In regard to the first, tnere is still work 
to be done in establishing the limits to the 
applicability of the assumptions leading to Eq (8), 
but the tools for such a ;tcdy are available in the 
solution itself, and work in this direction is 
already underway9.  Sensitivity studies carried out 
to date have shown that the worst case errors 
incurred from these assumptions change the slope of 
the curve of Figure 2 by l-'ss than 10%.  In regard 
to the second, we now have available in the 
unsteady momentum-integral method a tool to help 
understand the pieces of physics which are at piay 
in delaying the stall, and although not detailed 
here, it is clear from plotting the various modi- 
fied Pohlhausen parameters from the solution that 
the transient term in the external flow is balanc- 
ing the unfavorable pressure gradient to delay 
st-pd'-at ion.  Much more is to be learned from 
further exploitation of tie unsteady method because 
of the fact that our solution is not at all limited 
to constant-s  cases . 

Finally, it should be mentioned that we have 
aUo begun werk on trying to ddupt the method to a 
non-Newtonian boundary'-  It is too early to say 
whether this work will be successful, but the 
i'ltention is to address the discrepancies in the 
experiments so graphically demonstrated by a 
comparision of Figures I and 2. 
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Abstract 

• Preliminary results from an UnSTeady AiRfoil 
analysis In 2_ dimensions have been obtained from a 
computer code (USTAR2) developed by the present 
authors. This computer code Is based upon an anal- 
ysis which utilizes a doublet panel method to 
model the airfoil surface, an Integral unate?.iy 
boundary layer scheme to model the viscous 
attached flow, and discrete vortices to model the 
detached boundary layers which for« the airfoil 
wake region. This model has been used to success- 
fully predict steady lift and drag coefficients as 
weil as pressure distributions for several air- 
foils with both attached and detached boundary 
layers. In addition, calculations have been made 
for a limited number of cases for both attached 
and detached unsteady flow situations. These 

onlculatIons are compared in 
experimental data to point 
strengths and weaknesses 
formulation. 

a cursory way with 
out some of the 
of   the   present 

Introduct ion 

Unsteadv aerodynamics Is in Important phenom- 
enon which has been studied more Intensively In 
recent years. These studies have been made In 
connection with applications pertaining to heli- 
copters, axial flow turbines and compressors with 
Inlet distortions, vertical axis wind turbines, 
and missiles and f.xed-wing aircraft undergoing 
rapid maneuvers. Lifting surfaces subjected to 
t tie-dependent freestream velocity or tlae-depend- 
ent body notions may, Ln mvmt cases, ;ir.o »»••>«• 
sL^nfleant  stall  regions  on  their  surfaces. 

\ number of approaches have been taken with 
regard to the prediction of unsteady stalled air- 
tot Is. Most of these approaches have been 
reviewed by McCrcskey'•-. In general, these 
approaches range from empirical models->b to 
models based on the Savier-Stok.es equations •. 
The empirical models are generally applicable to 
«sail sinusoidal pitch oscillations about some 
relatively low angle of attack. The Navler-Stokes 
solutions tend to consume large amounts of com- 
puter ttae and are usually limited to low Reynolds 
vaaber solutions, Unfortunately, there are few 
models which can b* considered as representing 
something in he'veen the extrem« '-a*e* of almost 
total empiricism and the lengthy more exact solu- 
tions of the Navler-Stokes equations. There have 
been several bounJarv laver *-odea developed which 

•Professor, Dept . Mech. Kngr.. Member UAA 
••AssUt. Prof.. Oept. Mech. Kngr. 

".raduate *e*earch Assist.. Dept . Mcch. Kngr. 

can be used to predict some of the behavior asso- 
ciated with unsteady stall1****-. There have also 
been models of the potential flow behavior related 
to the shedding of leading edge vortlclty as 
typified by the work of Ham1-^. More recently, 
Katz1^ simulated the unsteady separated flow over 
a thin cambered airfoil. The models of both Ham 
and Katz required empirical information regarding 
tne appearance and position of the separation 
point. 

USTAR2 Analysis 

Recently, the present authors formulated and 
began development on an analytical mod-il1-"4 

which is potentially capable of predicting dynamic 
effects for stalled and unstalled airfoils 
undergoing arbitrary airfoil motions. This model 
does not require Input of airfoil section data and 
may thug be used to examine arbitrary airfoil sha- 
pes. An UnSTeady AiRfoil model in 7_ dimensions 
based on this analysis has been implemented via a 
computer code (USTAR2). Execution times for this 
code are short when compared to Navler-Stokes 
solutions and little empiricism Is required. In 
order to validate this analysis, however, com- 
parison between USTAR2 predictions and experimen- 
tal data mvst be made for a number of cases. 
This paper presents some of the preliminary com- 
parisons. 

The USTAR2 model is a two-dlaenelonal 
Incompressible formulation which Is based on 
state-of-the-art methods with some extension*. 
The potential flow regions near the airfoil are 
modeled using the doublet panel analysis of 
»*hley*> which consists of a Green's function 
representation of the potential ti-iii i«-aul;. l..ft 
from the motion of the airfoil and the presence of 
associated trailing wakes. This potential flow is 
based upon the Laplace equation for the velocity 

potential ;(r.O 

(1) 

which is valid for both steady and unsteady flow. 
Mv Green** theorem, a solution to (1) may V 
represented by Integrals over the 'boundaries' of 
the flow where those boundaries are replaced by 
surface* aero** which potential jump* occur. 
These surface*, a* depicted in Figure '. , are 
represented by the airfoil surface* and the wake 
sheet* which spring from the trailing edge and any 
separation point. With Green's theorem, the 
disturbance potential at any field point r, due to 
the airfoil and wake surfaces, may be written as 

•X. 

i 

\ 
1 dS 

dS 
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where o and ij are doublet distributions on the 
airfoil and wake surfaces S and W respectively, j 
Is the surface normal at the source point, and R 
Is the distance separating the field point and 
source point. Boundary conditions Include a kine- 
matic surfa-e tangency condition given by 

— + (u  - u,)-n - 0 on S (3) 

where i£» and if8 are the freestream and airfoil 
surface velocities respectively and A Is the out- 
ward normal to the airfoil surface. An additional 
boundary condition Is the "trailing edge flow 
condition " which, in the present model, requires 
i-hat the flow direction at the trailing edge be 
along the trailing edge bisector. Equations (2) 
and (3) are solved for j and $ by first elimi- 
nating ; to form a single equation In j. The alr- 
f.rttl and wake surfaces are then discretized to 
form a set of linear algebraic equations In terms 
of the unknown j. The potential } Is then 
obtained fron (2). The pressure distribution 
around the airfoil is obtained fron the unsteady 
Bernoulli equation. Details of this analysis .»re 
presented in reference14. 

while being an order of magnitude faster. The 
formulation for the laminar portion of the bound- 
ary layer is based upon the author's unsteady 
extension of Thwaites' method (see Cebecci and 
Bradshaw^. Transition is assumed to occur either 
due to laminar boundary layer separation or 
according to a natural transition criteria due to 
Cebecci and Smith-5. 

Experimental Data 

An abundance of data for steady flow over 
airfoils exists and can be used to check the abil- 
ity of the USTAR2 model to predict such flows. 
One such case Is shown in Figure 2 where the data 
of Sheldahl and Klimas26 are compared with USTAR2. 
Unsteady data are, on the other hand, relatively 
scarce. In the present paper the unsteady experi- 
mental data consists of some recently obtained data 
for an airfoil undergoing a pitch up motion from 
zero angle of attack. In each case the pitching 
rate, 5, remains constant. These data consist of 
airfoil surface pressure data, flow visualization 
dat-i, and surface hot-wire data. Ail data were 
obtained in the USAF Academy low-speed 2 ft r. 1 ft 
wind tunnel. The experimental arrangements will 
be briefly described. 

• • 
parated Sh««*t 

trail ::u; Ldac Sln-et 

Figur* 1, Schematic of boundary (Vortex^ Sheets 
foe "nsteady Pitching Motion with Sepa- 

ration 

The primary function of the bouuu« r- layer 

analysis Is to predict the presence and ocation 

of my boundary separation point on the "••'foil 

surface. The pressure gradient and edge velocity 

■list rlbut ions, which are used In boundary layer 

calculation», are obtained from the potential flow 

aodel which «ay include sheets of vortlcity shed 

*D» the Soundary iaver separation point. 

Therefore, a strong coupling h» ween the boundary 

laver analysis and potential flow analysis exist« 

' >r separated f lov situations. The turbulent 

boundary layer analysis used in the present work 

Is essentially that du» to Lvrlo, Fertiger, and 

•'line-V This unsteady Integral technique 

gives excellent results for the ateady flows of 

Tlllavan. Herring, and Sorbuty; Stratford. Sasme 1 

and loubert (see Coles and llrsl, reference i-TV; 

Kim'*; Simpson and St r ■ ck L nd'**; and Wlegharit 

(see Kim, reference 1*). w^re Importantly, this 

tethod predict» the unsteady houndry layer data <>? 

Karl son- and 'ioudeyi I le, et al.-* and compares 

well «It h the finite iitference methods >! 

"ic Cross ev and •"Hillpp«"* and '.tngleton and *Cai'".* ' 

i.'r- 
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Figure   :.     Lift      and     Drag     Coefficients      for      a 
NA.CA  OOH  \irfoll  with  *e   -  tt*J0ivu 

Airfoil surface pressure data were obtained 
by Francis, '.««*, And Retelle-'. Details of the 
test setup can be found in that reference. K com- 
puter controlled pitch oscillator was used to 
impact constant I pitching to a b-lnch chord 
SACA O0I2 airfoil. Pressure taps were located at 
19 positions along the surface of the airfoil. 
Approximates 2*> repetitions of each case were ryn 
so as to obtain ensemble averages >f the surface 
pressure voe'flclenls at the pressure ports. 
These data were then used to obtain lift an«! drag 
coefficients for »he airfoil as a 'unction of 
t law. 

Vlow visualirat Ion >tata were »b'alned Sv 
Jalker, Melin, and Strickland- . !n this work. 
the : Ir.w around a *~tnch chord \ACA "vk "• airfoil 
tf.«   examined   nine   »   smoke   wire   ;.;acej   across   the 

I 
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tunnel upstream of the pitching airfoil. The wire 
was placed lii a plane normal to the axis of rota- 
tion of the pitching airfoil. A smoke producing 
oil (Roscollne) was coated on a 0.005 inch 
diameter tungsten wire which was in turn heated 
electrically to produce a large number of smoke 
streaks in the flow. These streaks have a rather 
uniform spacing due to the regular spacing of 
smoke material droplets which are formed when the 
wire is coated. The smoke was illuminated by a 
high intensity strobe light placed downstream of 
the airfoil. The proper sequencing of airfoi' 
pitch commands with strobe light and smoke wire 
triggering was accomplished by computer control. 
A 35 mm camera looking along the pitch axis was 
used to record the visual data. 

In the work by Walker, Helin, and 
Strickland28, a NACA 0015 airfoil with a 6-inch 
chord was instrumented with aa array of hot-wires. 
As Indicated in Figure 3, seven hot-wires were 
aounted on the upper surface of the airfoil 
(suction side). The hot-wire sensing elements 
(TSI-10 hot films) were soldered to pairs of 
numher 9 sewing needles which protruded above the 
airfoil surface approximately 0.20 inches. The 
needle supports in turn were mounted in electri- 
cally insulated plugs which were machined flush 

-."  fi spaces l 0,3" = *.8" 

Figure J.  Scrface Hot-UIre Configuration 

with the airfoil surface. \ T°I model 1050 
hot-wire anemometer system, along with an in- 
heuse llnearlzer, were used to obtain velocity 
signals. Approximately 25 repetitions of 
fach case were run to obtain ensemble aver- 
ages of the velocity signal from each probe. 

p_lscus*J_o_n of Results 

Lift anci drag data are shown In Figure 4 
f« i NACA 0012 airfoil pitching up from a 
;<?ro angle of attack at a non-dlmenslonal 
pitching rate K of 0 089. The non-rero lift 
coefficient at tero angle of attack Is due to 
the so-called "pitch circulation." The slope 
>>f the lift curve In thla substall region can 
V- seen to be considerably less than for the 
steady case due to the downwash on the air- 
foil produced bv the vortex sheet springing 
from the trailing edge. The results from a 
simple analysis given In Reference 29 ate 
seen to agree with the experimental lift and 
drag verv well up to and a little beyond The 
stall angle which is approximately 10 degrees 

O  Experimental* 
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Figure 4. Lift and Drag Coefficient for a 
NACA 0012 Airfoil Pitching Up at 
Ccnstsnt i about the 31.7 Percent Chord 
for Re - 77,700 

for the present case. The USTAR2 analysis is 
seen to predict both lift and drag coef- 
ficients reasonably well below an angle of 
attack equal to about 25-30 degrees. The 
small, abrupt jumps observed in the USTAR2 
results can be attributed to the tendency for 
the boundary layer separation point to "lock 
in" on surface panel edges. This problem can 
be corrected in subsequent versions of USTAR2 
by making minor changes in the procedures for 
Introducing "edge velocities" Into the bound- 
ary layer subroutine. The lack of agreement 
at high angles of attack Is thought to be 
partially due to discrete wake vortex core 
growths which are excessively large In the 
11STAR2 analysis. This reduces the effect of 
the large scale vortex which grows on the 
suction side of the airfoil. The core growth 
parameter was arbitrarily selected In the 
past and should be reduced to represent 
realistic growth rates. Examination 
pressure coefficient data bears out the 
that the Influence of the vortex moving 
the airfoil Is too weak In the l'STAR2 analy- 
sis. The effect nn lift for two different 
pitching rites Is shown In 
coefficients for the cases 
similar to those measured 
Ftgure 4. 
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?lgure 5. Comparison of Lift Coefficients for a 
NACA 0012 Airfoil Pitching Up at 
Constant i about the 31.7 Percent Chord 

for Re 77,700 (K - ig ) 

The wake geometry obtained from the 

USTAR2 analysis is comparsd in Figure 6 to 
flow visualization data. The vortex sheets 
obtained In the USTAR2 analysis basically 
represent "streakllnes" in that most of the 
fluid particles which make up these sheets 
were either injected into the flow at the 
leading or trailing edge. While exact com- 
parisons between visual and calculated 
results are difficult to >;ake, It does apear 
that the predicted large scale vortex is not 
as tightly rolled up as thac Indicated bv 
flow visualization. This again indicates 
that the discrete wake vortex cores are 
growing at excessive rate9 in the USTAR2 
analysis. 

obtained from three of 
mounted hot-wire probes 

particular case In Figure 
of the airfoil (7Z chord) 

velocity measured by the probe rises until 
the probe becomes Immersed In the separated 
boundary layer which occurs at an angle of 
attack of about 19J. The probe Is located 
above the airfoil surface about 3Z of a chord 
length. The calculated edge velocity drops 
much sooner  since  the  separated vortex sheet 
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sev,:i  surface 
shown  for  a 
Near the nose 
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the 

passes  over  the IX 
immediately  after  the 
rates  from  the  nose. 
hetween  experiment  and 
qualitatively  correct 

chord  position  almost 
boundary  layer  sepa- 
Therefore,  agreement 

analysis  Is  at  least 
at  the  71 chord  posi- 

tion. For this particular flow situation, 
the experimental work Indicates that a signif- 
icant region of reversed flow first appears 
at an angle of attack of about 2*» to 30 
degrees somewhat downstream of the nose (20? 

chord). The magnitude of the reversed flow 
reaches a maximum at about the 60Z chord and 
his a value of about 1.5 times the freestream 
velocity.  Further downstream (872 chord). 

i 

Figure 6. Wake Geometries Obtained from Flow 
Visualization and USTAR2 (a - 45°, 
K - 0.109, Re - 62,500, Pivot Point - 
0.25 Chord, NACA 0015) 

the reverse flow due to the Initial large 
scale vortex passage Is reduced and occurs at 
a higher angle of attack. As can be seen 
from Figure 7> results obtained from the 
USTAR2 analysis at 60Z chord are In poor 
agreement with the experimental data above an 
angle of attack of 25 degrees. The predic- 
tion of reversed flow due to the vortex 
passage lags that of the measured data by a 
considerable length of time. The Immediate 
reasons for this lag are not clear, but may 
also be associated with an Incorrect discrete 
vortex core growth rote« 
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Figure 7. Velocities Obtained from Surface Moun- 
ted Hot-Wire Anemometers (K - 0.089, 
Re - 62,500, Pivot Point - .317 Chord, 
NACA 0015) 

Conclusions 

Preliminary results from the USTAR2 anal- 
ysis are encouraging, but indicate that 
additional requirements are necessary for 
satisfactory predictions at large angles 
of attack for the cases studied, 
correlations between the surface 
data, flow visualization data, and 
velocity data should be made In order 
completely  understand  the  constant 

In-depth 
pressure 
surface 
to more 

i  flows 
to  test  the  validity  of used  in this  paper 

the USTAR2 analysis. 
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Abstract 

•Experiments on turbulent boundary layers sub- 
jected to controlled unsteadiness have be«f per- 
formed in a special water channel.  The flow is 
steady in the development section upstream of the 
unsteady test section, where the boundary layer is 
subjected to an oscilLating adverse free-stream 
velocity gradient sufficient to induce flow rever- 
sal near the wall.  Measurements of the mean, 
oscillatory, and turbulence components of the 
streamwise velocity in the boundary layer Indicate 
that the mean velocity and mean turbulent stresses 
ire unaffected by the oscillation, whereas the 
periodic components of these quantities are 
strongly dependent upon frequency.  At low frequen- 
cies the boundary layer behaves quasistaticly;  at 
intermediate frequencies the boundary layer behav- 
ior correlates with the Strouhal number ba^ed on 
the length of the unsteady region; and at high 
frequencies the outer region of the boundary layer 
noves as a slug while the sublayer behaves as a 
Stokes layer described by laminar equations. 
Reverse flows occur in this Stokes layer, but the 
boundary layer remains thin and hence attached to 
the surface.  Although the boundary layer would 
separate from the surface at zero frequency, 
separat Un is prevented by rather slow oscilla- 
tions, and hence unsteadiness can be used as a 
neans far separation control. 

Nomenclature 

"l.U 
K.. 

^< 
St . 

araplitude  of   ü 

■ (v/üg)(dUg/dX), acceleration parameter 

length of unsteady region, 0.61 m 

n  /iit/v , Stokes layer thickr.ess, m 

phase of ü 

■■*  U.'■'/-, momentum thickness Reynolds Number 
.(x - *0)/U3 

-Uo 
streamwise  velocity,  m/s 

periodic  component   of   u 

- U,  mean component  oi   u 

j  *■ ü,   phase  average  of   u 

Local   tree-stream  velocity,   m/s 

tree-stream velocity .it  start  of   the 

unsteady  region,   m/s 

streamwise coordinate,   m 

x   it  start  of  the unsteady   region,  m 

- (x - x0)/L 

distance from surf ice, m 

•» 3 , boundary layer thickness (>les), m 

kinematic viscosity, m/s 

frequency* fad/s 

Introduction and Objectives 

Unsteady turbulent boundary layers have many 
important applications.  Prediction of the behavior 
of such boundary layers requires models, which need 
physical insight for their development and sound 
data for their evaluation.  The Stanford unsteady 
boundary layer research program is designed to meet 
this need. 

The objective of this program is the develop- 
ment of understanding of unsteady turbulent bound- 
ary layers and the collection of definitive data 
for the development and evaluation of predictive 
models.  This paper summarizes results pertinent to 
this workshop; for full details see Ref. (1). 

Experimental System 

The experiments are performed in a special 
water channel shown in Fig. 1.  Water was chosen as 
the workl.ig fluid for ease of flow visualization, 
laser aneraoraetry, and control of unsteadiness over 
a wide range of pertinent frequencies. 

A unique feature of our apparatus is the 
maintenance of steady flow In the region upstream 
of the unsteady flow test section.  This makes the 
boundary layer entering the test section a stan- 
dard, two-dimensional, flat-plate turbulent bound- 
ary layer, and gives the modeler a very well known 
Inflow condition.  The unsteady flow takes the form 
of oscillation (or step change) In the free-stream 
velocity gradient between zero (flat plate) and an 
adverse condition. 

In order to maintain the desired steady flow 
upstream of the unsteady test section, the channel 
flow rat»» must be held constant.  This is accom- 
plished by presenting a constant resistance to 
the flow and by fixing the Inlet and discharge 
pressures.  The fixed resistance Is provided bv 
slots In the disCharge plate (osc. plate In 

Ktg. 1), and a constant-head tank and open sump fix 
K\\e  pressures. 

The unsteady behavior in the test section Is 
created by control of the way in which the tlulJ 
leaves the test section.  A bleed plate on the 
channel wall opposite the test surface and t simi- 
lar plate at the end of the recovery section can be 
used to remove all or part of the flow.  By oscil- 
lating the slotted tlow-control plate back tnd 
forth, the relative amounts of flow extracted 
through these two bleed plates is oscillated, while 
maintaining the total flow fixed, iwd this provides 
the controlled unsteadiness.  With a uniform exit 
hleeJ from the wall opposite the test boundary 
layer, the free-stream velocity seea hy the test 
hound i ry layer decreases linetrty In the downstream 

Llrectiofl, ind with no opposlte-wal1 hleed the 
free—itreVim velocity regains uniform.  Hence, the 

(nominal) behavior >(  ehe f ree-sire in v<-l)citv «seen 



by the test boundary layer is as shown in Fig. 2. 
The actual variation deviates slightly from this 
design target, as we shall discuss shortly. 

The inlet section was carefully developed to 
produce a very two-dimensional, quiet inlet flow. 
Boundary layer suction removes the nozzle boundary 
layers, and suction from the wall opposite the test 
surface is used to maintain a uniform free-stream 
velocity over the test surface in the developing 
region. The side-wall boundary layers are removed 
at the entrance to the test section, the intent 
being to maintain two-dimensionality of the flow in 
the unsteady test section and downstream recovery 
region (see Ref. 1 for documentation). 

Measurements of the streamwise velocity compo- 
nent have been made using a single-component D1SA 
laser Doppler Anemometer with tracker.  The LDA 
signals are prefiltered to remove bias noise and 
then examined in real time with a dedicated MINC 
microcomputer. The mean, turbulence, and periodic 
components of the signal are extracted, and then 
t 'rae-ave. rages and phase-averages of these quanti- 
ties are formed. A shaft position encoder on the 
oscillating plate provides the timing signals 
required for phase averaging at 512 points in each 
cycle. 

Great care has been taken to make this a qual- 
ity experiment.  For example, the water temperature 
is maintained to within 0.5 °F of a set temperature 
by continuous refrigeration, an important feature 
that enables stable long-terra operation. The water 
is filtered to 5 microns to control the particle 
ii-ie (important for LDA).  Accelerometer measure- 
Bents and analysis have assured that there are no 
vibration problems.  All measuring equipment has 
been carefully calibrated and these calibrations 
have been periodically checked.  Degradation of the 
flow due to algae growth can be detected by appro- 
priate velocity measurements, and has been elimi- 
nated by a program of preventative cleaning and 
witer refreshing. 

The entire experiment operates under the con- 
trol of the MINC computer, which sets the frequency 
o,l oscillation, positions the LDA, and acquires and 
processes the data.  This enables us to program 
continuous runs, which is necessary because of the 
long time of   data acquisition, especially at low 
i requenc ies .  Continuous production operation for a 
week or two is now common. 

')ur first :na jor report (Ref. I) describes the 
extensive qualification experiments that were made 
I ) .-stahl ish the two-dimensionality of the flow, 
the steadiness of the upstream region, and the 
reliability ot   the unsteady data.  These will not 
bo repe ited here. 

Experiments 

To   dato  three  groups   <f   experiments   have  been 
■• oh due ted,   two  with  frequency osc i 11 it Ions  and  one 
with step changes.     The  low-amplitude oscillation 
itid  step experiments do not   produce  flow  reversal, 
rhe  high-amplitude  step experiment   does  show   flow 
reversal,   is  will   i  high-amplitude  step experiment 
low   In  progress.      In  this  paper  we  shall   report 
inly   Mi  those  aspects  ijf   the  high-amplitude  oscil- 
lation experiment   if   relevance  to this  workshop and 
some conclusions  that   ire  Independent  of  amplitude. 
The osclllitlon experiments   ir<-  described   In  full 
In He'.   1   nd  in  forthcoming  Journal  public it laws. 

The experiments were  run at a number of   fre- 
quencies over the range 0.1-2.0  Hz.     The  boundary 
layer parameters at  the entrance  to the unsteady 
region  for  these experiments  were: 

Free-stream velocity UQ 

Coles'  boundary layer  thickness 6 
Displacement  thickness  <5 
Momentum thickness 0 
Shape  factor H 
Momentum thickness  Reynolds No.   RQ 

Friction coefficient C 
Kinamatic  viscosity u 

f 

0.732 m/s 
3.55 cm 
0.59 cm 
0.4 2 cm 
1.42 
2790 
0.00322 
1.09xi0~6 m2/s 

Measurements were made at  four streamwise  locations 
designated  by X'.     The data cover the  Strouhal 
number ranges 

0.039 < St{  <  1.54 

0.22  < Stx <  15.7   . 

The oscillating plate mechanism produces a 
free-stream velocity oscillation that is very 
nearly sinusoidal, and the resulting boundary layer 
response is essentially sinusoidal, so for purposes 
of this discussion we shall treat them as such.  We 
decompose the velocity into three components, 

u ■ ü + a f u' 

where  G    Is  the  time-average,   Q  is   the  oscillating 
component,  and  u'   is  the  turbulence.    The  time- 
average   is extracted   by averaging over a   large 
integer number of  cycles,   and   the oscillating com- 
ponent   Is extracted  by  averaging over a   large 
number of cycles at  the same  phase angle.     See 
Ref.   I   for  procedural details. 

Ref.   I  and   Its associated  microfiche contain 
approximately  1000 graphs and  tables  of  data  from 
these  experiments.     A digital   tape   for  use  by 
modelers   Is also available. 

Free-Stream Dynamics 

Figure  3  shows  the  time-average  free-stream 
velocity   In  the  test   region over  the  range ot   t ro- 
quencies.     Mote  that   the   free-stream  velocity 
gradient   is   linear  as   Intended  and  essentially 
Independent   of   frequency.     The acceleration  parame- 
ter  corresponding  to this  gradient   is 

dU 
E 

K   -   -  — 
l'~  dx 

-1,95-10 

This   represents   i   strong adverse-pressure  gradient 
for  which,   in   i   steady   flow,    me   would  expect   lie 
development  of   j  separation. 

\n import.mt observation is thit the b 
layer remained attached during all of these 
unsteady experiments. However, when we set 
frequency to tero (at the me in Iree-stre •« 
shown in Fig. 3) i separitlon builds up ove 
period of i minute >r so, ind the boundary 
leaves the surface ind never reittaches in 
section. Therefore, we could not conduct ti 
■lents at zero I requencv lor this eise r *e ,- 
»lid for the low-r-impl it i.le eise (see Ref. 
is interesting that sepiritiin Is prevented 
experiment it the lowest »pent Ing Strouhal 
hers. 
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Figure 4 shows the amplitude of the unsteady 
component In the free stream.  Note that the ampli- 
tude grows linearly from the start of the test 
section, as per the design target (Fig. 2). 
However, unlike the design target the phase of this 
variation is not constant in the streamwise direc- 
tion.  Figure 5 shows the phase lag; note that the 
lag decreases downstream in the test section, and 
over the second half of the unsteady region is 
very small at all frequencies. These phase lags 
are probably not important in discussing the 
qualitative aspects of the boundary layer behavior, 
but probably should be considered by modelers com- 
paring i prediction to the data. 

Time-Averaged Behavior 

Figure 6 shows the time-average velocity pro- 
files in the boundary layer near the end of the 
unsteady section. The scales are staggered to 
prevent confusion; when these data are laid on top 
of one rinother, very little difference can be seen, 
indicating that the mean velocity profile is essen- 
tially unaffected by the oscillation frequency. 

Figure 7 shows the time-average of the stream- 
wise component of Reynolds stress, normalized on 
the local free-stream velocity it the outer edge of 
the boundary layer, near the end of the unsteady 
section.  Again we see that the time-average turbu- 
lence profiles ire essentially all the same, indi- 
citing lib significant effect of the oscillation on 
the time-averaged turbulence. 

The observation that the time-average flow Is 
not significantly affected by the oscillation Is 
consistent with other recent observations In 
unsteady boundary layers.  It also explains why 
prediction methods based on steady flow models 
at*ten do very well In predicting transitory stall 
phenomena. 

unsteady Component 

Figure  8   shows  the  amplitude  of   the  unsteady 
component   it   Che end of   the  test   section,   normal- 
ised  on  the   tree-stream amplitude.     Here   a   signifi- 
cant   variation  with  frequency   is  seen.     Note   that 
it   Low  frequencies  the  amplitude   is greater   In   the 
boundary   layer   than   In  t he   free   it ream,   by over  a 
: ictor   of   2   it  ■).!   Hz.     At   nigh  f requencles   the 
amplitude   is   uniform over   most   of   the   layer,   Indi- 
ra* lag   i  slug-like motion.    Note  the  log-linear 
region   it   tow  frequencies,   suggestive ot   ret a I tie J 
I tw->t-the-wal1   behavior   in   this   ringe. 

""ijiure  9 shows  the  phase or   the  unsteady c< ■ m- 
poueat.     Note  particularly   t.he  high-frequency 

ises,   where   the   outer   region  of   the   boundary   layer 
doves   in  phase  with  the   tree   stream,   and   there   is   a 
ripld   :hange   virlitlon   In   phase   near  ttie   surface. 
The   phase   lead   near   the   surface  approaches   '«"■"   as 
the   frequency   is   Increased;   It   is   Interesting  that 
this   is   the   theoretical   phase   leid   tor   i   laminar 
\i »kes   l.iye r. 

The  phase- iver aged  velocity  profile«     • u •  ■ 
"I   *   "i    .MI  he  computed   from  the  t I ae- IV-T t .;«•   IOJ 

,i.-rioii-    opponents   it    iny   ie-,ir*d   phase   ingle   'or 
1 i r«• • t l .•   by   phase- iver Igl'lfl   the   lit i * .      \t    '. <w 

: n-queu. l>s   these   ,>r >j i los   sh>w   ,n   flow   reversal 
i'-tr   the   wall.      ioweveT,    is   the   I requeue y   ts 
Iir.'ii.-t   the   : low  near   the  will   pfrl -nl-tf il lv 
reverses   ! a   i   th'l-.i   r-^1 in  a.'ir   the   surf ire. 

Figure 10  shows the  phase-average  profiles at  2  Hz 
over a portion of  the  cycle.     N'ote  that  the  lowest 
three curves display  reversed  flow near the wall. 
At  this   frequency and  location the  flow reversal 
occurs  from about  130°   to 210°,   and  Is greatest at 
about  165°,   consistent with the  phase  lead  shown  In 
Fig.   9. 

Flow Regimes 

Analysis of  the governing equations and the 
data  suggests  that  there are  three  regimes of  flow 
in unsteady  boundary  layers.    These can be  ex- 
orersed  in terras  of  the  time  scale  for  the oscilla- 
tion, 

T0  -   1/, 

the time scale for the unsteady region, 

and the time scale for the large eddies 

Te - S/U0 . 

The -ratios of these time scales define the two 
pertinent Strouhal numbers, 

T„/T„ • 

=  <* - *o>'L'o 

Sit stM 
When T is long compared to T and T , both 

the overall flow and the eddies have time to re- 
spond to the change, and the flow behaves quasi- 
staticly.  Since the zero-trequency flow here is a 
separated f'.ow, and the oscillating flows are not, 
it would seem that this regime was not reached in 
the experiments, and hence that the quaslstatlc 
regime requires Strouhal numbers at least as low as 

St, < 0.04 St  < 0.2 

When T Is comparable with Tu but long com- 
pared to T , the eddies have time to respond and 
the entire boundary layer should reflect the influ- 
ence of the oscillation.  As a result, Integral 
quantities such as the displacement thickness vary 
throughout the cycle.  The equations (Ref. 1) sug- 
gest that the behavior should correlate on Stx« 
Figure 11 shows the displacement thickness as a 
function of St , normalized by the amplitude of the 
tree-stream fluctuation, for the full set of hlgh- 
anilltude and low-amplitude oscillations.  Note 
that, for 0.S < Si <   3  the correlation on Stv Is 
excellent, Indicating that Stx Is indeed the cor- 
rect correlating parameter for this range of flows 
(a similar plot vs St, does not collapse the data). 
Note also that it higher frequencies the displace- 
ment thickness virlitlon becomes Independent ot 
St . < 

When   r     is   short   compared   to   I" .,    I.e.,   St.    is 
sut t■icle.'U lv   high,   the   eddies   do   not   have   time   to 
respond   to  the  oscillation.     Our   lit i  suggest   that 
this  occurs   approximate ly   tor   St,    '  (>.S.      it   is   I a 
tills   rtg'.On  that   l he  d i sp lie- neht   thickness   becomes 
independent   .if   SI   . 

Analysis   ot   the  equations    >t   motion   fRet*   I) 
suggest   that   at   high   frequencies   the   laminar   Stokes 
equations   should   lestrrlhe   the  unsteadv   -opponent    In 
the   buiindary   liver,    ind   we   huieel   ! lud   this   to  he 
the   i.iti'i      Figure   \2   shows   the    impllt'idt"    it    the 
periodic  component,   normall-ed  ,in  the   rree-streaa 
velacitv   impUtudf,   plot t-d   .-s   the  .11 v-'W lonl-'is 
Ulkes   co ir lli.ite   .■   ■ . •     '. >t e   the  excellent 
■itlipse    >t   t hi-   lit i   • >r   i   wile   r m.-e   »I    >t      rii.l 
the   .vxcelleil     i T.-.ie if     >•    f •.,'-.,•    In i   with   the 



analytical solution of the Stokes equation, 
same holds for the phase (fig. 13). 

The 

We conclude that the flow reversal encountered 
at high frequencies is simply the Stokes layer 
response of the viscous region near the wall, and 
that the dynamics of this layer is not coupled 
significantly to the turbulence for %%..  > 0.5. 

Concluding Remarks 

Three regimes of boundary layer behavior in 
unsteady flow have been identified, and bounda:ies 
for these regimes suggested.  Important work 
remaining to be done includes direct measurement of 
the turbulent shearing stress in unsteady boundary 
layers and direct measurement of the wall shear 
stress.  We are now beginning to conduct these 
measurements at Stanford, and in addition are 
exploring the interesting case of a sudden stup 
change in more detail.  We hope to extend our pro- 
gram to three-dimensional unsteady effects in the 
future. 

r 

Figure I.  Schematic of the apparatus 
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Figure  11«   Amplitude of   the periodic component of 
the displacement  thickness,   normalized 
on  the amplitude of   the   free-stream 
velocity oscillation,   for all oscilla- 
tory experiments 
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Abstract 

Unsteady separation is a problem of 
ureat technical importance but with little 
basic understanding.  A very limited a- 
mount of experimental data is available 
because of the difficulties involved in 
measuring the temporally evolving separat- 
ed flows.  In this presentation we first 
examine the flow field of a downstream 
moving separation in detail and then we 
explore the possibility of applying the 
learned physical mechanism to the upstream 
moving separation problems and to the un- 
steady separation on a lifting surface. u 

Introduction 

The unsteady separation was recogniz- 
ed to be intrinsically different from 
steady separation in the mid 1950's. RottJ- 
Sears^ and Moore^ pointed out that the 
vanishinu of the wall shear stress could 
not be the criterion for unsteady separa- 
tion,  instead separation should occur at 
the zero shear stress location in a co- 
ordinate system convected with the separa- 
tion speed.  This has been called the MRS 
criterion since then.  The obvious problem 
in this criterion is that the separation 
.speed is not known a priori.  Larqe amounts 
>f "heoretiral effort have been spent on 
this challenging topic.  The most complete 
summary is the mcnograph by Teleionis.'1 

Extensive experimental works are available 
in studying the effects produced by un- 
steady separacion on lift inn surfaces.3 

Experimental investigations on the proc- 
esses involved in unsteady separation how- 
ever are very few.  The main problem is 
•hat the velocity field needs to be well 
iocurentad but severe limitations exist in 
measuriho the time evolvinu separated 
velocity field.  Separation usually in- 
volves two ar even three spatial variables, 
in the unsteady erase, :. irve is an addition- 
al variable,  rherefprc the rueasuremenr s 
r--::i:<- the jse o' many probes as well as 
;ar-.:o .«nd fast J..\> A   storage systems.  Fur- 
*:>e r more ,   reve r se   r 1   w K-oura   in  : lO s *. 
separat i op.s   an :   t he  we 1 .    !. »velope 1    v      . 

wire   aner.omet rv   c.r.r.ot   ! >0      ;-.«  i     to meas 
the   levers«.:   ! l.,w.      The«. -fore  the .136 f 
Lloj.pler   veloc-tmeter   is   : seeded,    ■:•! vese 
• : c.; i • i «• s  s i ;h iif i ci r 11 y hamper   th, <' * - 
ress   m   the   technically :•*;oitans iP.St 
:.<•;  i: at :o:i   ;.: cL 1 «v. 

.:.   tin S   ;.: es en* *tt< n  ■«•<•  w 111 * I : -i 

: i ■:>• :n:i   the   unstt-adv   s«-j t: .t' l >n   w! . . ,-.» 
«• • • J ! 

.tr. : 

the surface pressure fl 
surveyed in detail. Th 
several important issue 
point in this flow move 
then attempted to apply 
learned from the downst 
ment point to a case of 
detachment point, e.g. 
cylinder or the airfoil 
oromising. 

uctuations were 
e data clarified 
s.  The detachment 
s downstream.  We 
the mechanisms 

ream moving detach- 
upstream  moving 

separation on the 
The results are 

Unsteady Separation With Downstream Moving 
Detachment Point 

Moore  pointed out that the flow re- 
versal will not occur in a situation with 
the downstream moving detachment point 
(Fig. 1) . 

SEPARATION POINT 

Fivj. 1.  Separation with downstream moving 
detachment point  Moore 195:8), 

This advantageous characteristic allows us 
to invest wate the velocity in -re.it de- 
tail by usin.; hot-wire probes.  An inter-' 
estinu unsteady separation occur:»»: irt the 
imbimtina jet case.  When the coherent 
structure in the shear iaver. 
ma.ry vortex, approaches the wall, a 
counter-rot at:r. :   secondary Vortex inside 
the viscous region is induced by the 
perturbations in the mviacid region Fi :. 
2).  The election o! the secondary "ortex 
-.iKrs the boundary abruptly thicker. 
A! • <•: t he pass i n u a : t he vgr t i ces the 
boi.:ni'. >r'.' • >«*i*o*se'.. re a • '. ache :. 

From the ensemj l«.- avtrraaed velocity 
"<-.iÄ :: «vents , vor* ;.'uy contours '.tr.  be 
constructed*  The features ,r .r.steaiy 
.•;<•; a: a! ;. •:: ithe «-;<•."* t on :*   .rti.ity, 
thickvnint •* the boundary layer »nd th« 
MB:: ciiteriün  v:< all observed.'  luth 

: •«•)( i-:- >e>.x<<> » with •:..- insr. a [■ 
■'■:  \: %'. : '.%:.   : «• i lent '. ! i'4 l : v t sna: ■ 
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adverse presaure gradient,  A shear 1 ayer 
was created at the viscous and inviseid 
interface.  The vOrtieity in the unstable 
shear layer was lumped and forced the 
secondary vortex.  Subsequently, the 
boundary layer thickened and the : low 
separated. 

Upstream Movi: ' ■ n s t eady .'epg rut ion 
Det:achment Po i nt 

In the impülsi vt'iy started cylinder 
the detachment point moves upstream... * 
local shear layer wad also detected.   In 
the initial stage [3f\ig', 5-a) , several vor- 
tices similar to those in the free shear 
layer were observed near the rear side 
surr ace or the cylinder.  Eventually, two 
lar :e vortices were formed at oach  si ie oi 
the stagnation streamline fFi-Ji 5-b'. 

j* r 

unsteady üCve'se 
pressure grJCier'  . 

S£PARAT:ON 
wCCAT ICN 
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Fiq:, 6.  Ensemble averaged pressure tra- 
ces of a plunering airfoil 

U  = IB. 6 ai/sec 

k = 0.2" 

'. 35* 

unsteady   acderse 
pressure   qrjaien! 

L'n steady   Separation   on   tre   1.1 :" 11 r. ;   i-ur face 

:i  the  unsteady   airfoil   a   Larje  hys- 
teri^is   ?!   il'tj    ira :   and  ."".orient  wer»? 
r'üjfj    ;-;rir. ;  one   cycle  o:   osci 1 lat ion . 
.veil   iocuf.entei  vir»...!1 i:.itiür.   and   surface 
pressure   r.e a OUT events   showed   that   the   flow 
near   the   Ivadin i  edae  was  disturbed   by   the 
..".steady  separation   vortex?     Sue   to   prac- 
tical    lifricul tli-S,   iniorrition   öuncemir. ; 
■ el    ■; *■     * : t.-1 :   arotftd   the   unsteady  wirsa   i .s 

- t: :•.   i   : :11   ii " ;:r    ::    • he   ; m *. »a 1   st a*je 
■   •'::••   srUHAti JR,      "•    !••• JI 1«  i   Look   .i'   the 

* ," >'S     ........       ...       •     .i ....... i ... . 

..;•■: . ar   ■      ■ \.i ■    i:.   I :. ;.    1   aid      '• d '"3 • -s~ 

i.-. * ■ei"«-*;t::; :   feature   ss   * nat   the   a.'.verr'v 
: ress_:re    rr a dient   was    ie^ectte i   Lt»:>.i»;   'he 

'.il   ':% :   sh   wn   * ha?    * he   :;■■' u.ir io::   vertex 

T.   ' ree   :d:-- t:    I i ■«•« ,    •    i • i: 1<-   s- .\1 1    Vo: • : "<-.-; 
\::.i   -T-:  ;•:.:     ■•    tr.<•::«•   v   :';  •<••-,    .1! •;      have 

:';:.      .      --nsteaay   adverse   press-re    ;■ v.:i- 
ent   en   a  ;-1 .:. :; n :   .u : :    i. 

1 - . 0   :•    sec *    ". 

fc   ■ 

'.::   an    instead'.'   sep.vtateJ   :1   -   «: t:.   „» 
:cwnstrea~  ^r.'ir. :    ietachrvh*   ;.:::•,   the 
separation   is  developed   ' :   :■■ ^i   ■ joa 
r'diear   Lave?   : reduced   Ly  a::  unsteady 

A:: :. i; ,   the  i?.echar.isr      :   the   svpaiataon 

vi<-: ;tt--   :..: or r a' i on   .. f   '!•.«■   veloe.'y 

• •.:>.:      ■r.* :•    ::::.'.«••     th.i«    the    ::.:.*<-.t:\ 
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I 
process and significantly modify the a*.D 
dynamic properties of the unsteady air- 
foils. 

Acknowledgment 

The. author would like to thank N. 
Didden and S.H. Chen Tor their great help 
during the course of this research. 

The work is supported by AFOSR Con- 
tract No. F49620-32-K-0019. 

References 

1. Rott, X.  Unsteady Viscous Flow in 
the Vicinity of a Stagnation Point. 
a. Appl. "MatTi. ll,   444-45. (1956). 

2. Sears, W.R.  Some Recent Development 
in Airfoil Theory.  J. Aerosp. Sei. 
2J_, 4S0-499 (1956). 

3. Moore, F.K.  On the Separation of the 
Unsteady Laminar Boundary Layer. 
Boundary-Layer Research ed. H. G. 
Sortier, L'°- 296-310 Berlin, Springer 

: L9*Öi . 

4. Tel.ioniSi D.P.  Unsteady Viscous 
flows, Sprinaer, view York (1981) . 

5. y-Croskev, W.J.  Unsteady Airfoils. 
Ann. Rev. Fluid Mecft. 14, 2 8 5-Jil 
"r^yr    "~ 
DiJdpn, N. and Wo,   CM.  Unsteady 
S*paratio:n; in the Boundary Layer 
Produced by an Impinqinu Jet.  In 
preparation.. 

Brcuard, R* and Ccutanoeau, M.  Tne 
Early Stage of Development of the 
Wake Behind an Impulsively Started 
vv.lir.der for 40 Re 104,  J. Flui.i 
*a.ch. 101_, 5 8 3 - rOT i 19 8 0) . 

s,     .'ones, G.S., Tel ion is, D.P. and : arbi, 
Separation and Wake Interaction 

of a Pulsatinu Laminar Flow.  AI A A 
Paper Mo. 8 1-005 )      i'«91 ' . 

'.  !!o, CM. and i!uan>:, I. .S.  Subh irron- 
lcs an.i Vertex Mer.nna in MiJcinu 
Layers.  C Flu; Mech. 119, 44 "-4M 

! . :•::, CM. in: Chen, S.:!. Unsteady 
Separat rt-n or J Plunvurvi Air'oil. 
1964 AIAA Aerospace Science Meet ma. 

11.  McAlister. .-..w. and Carr, L.w.  Water 
Tunnel Visualisations o:   Dynamic 
.-all.  Nonsteady Fluid, lynamlcs < !. 
: ->••., 0. E . , Miller, J . A. , r p . 1 0 3-110 

; ;. . /*SME, New York { i^"C 

l 

I 


