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Abstract

The effect of compressibility on dynamic stall is
assessed, based on a review of past research in this
area. A careful discussion of recent research is pre-
sented focusing on both model rotor, and 2-T) dy-
namic stall studies where compressibility effects have
been quantified. Examples from the various research
efforts are discussed, and detailed analysis of the in-
fluence of compressibility on the dynamic stall process
is presented. Differences between incompressible and
comnpressible dynamic stall physics are identified, and
the role of computation in the modeling of the com-
pressible dynamic stall process is discussed.

Nomenclature

Cy lift coefficient
Cloan maximum lift coefficient
Cr pitching moment coefficient
C pressure coefficient
C{:mm peak suction pressure coefficient
c airfoil chord
f frequency of oscillation, Hz
k reduced frequency = %E
M. local Mach nurnber

o free stream Mach number
PDI point diffraction interferometry
Re Reynolds number based on chord
Uso free stream velocity
X,y chordwise and vertical distance
x/c nondimensional chordwise distance

! Group Leader, Unsteady Viscous Flow, Member
AIAA.

2 Asscciate Director and Research Associate Profes-
sor, Assoc. Fellow, ATAA.

This paper is declared a work of the U.S. Gov-
ernment and is not subject to copyright pro-
tection in the United States.

z spanwise distance

et angle of attack

g mean angle of attack

m amplitude of oscillation

¢ phase angle of oscillation

w circular frequency, radians/sec
o* e

1. Introduction

Dynamic stall effects play an important role
in defining the flight boundary of helicopters, and
the maneuver boundary of fixed-wing aircraft. Re-
search in this area initially focused on global dynamic
stall behavior, measuring dynamic lift and pitching-
moment excursions caused by the rapid motion of air-
foils and wings pushed past the static stall angle. It
quickly became clear that dynamic motion changed
the character of separation on airfoils. Figure 1(Carr
et all) shows the change in the development of stall
on an airfoil that occurs due to dynamic motion. This
suppression of the wake region, and presence of flow
reversal over much of the airfoil without distortion of
the surrounding flow, will be important to the analy-
sis of the impact of compressibility on dynamic stall,
since this progression of flow reversal from the trailing
edge with no external flow distortion formed the basis
for much of the benefits that accrue from incompress-
ible dynamic stall.

In fact, it is useful to review the development of
dynamic stall as observed in incompressible flow as a
basis for showing the effect of compressibility. Figure
2, from a water tunnel test at Reynolds number of
20,000(McAlister and Carr?), shows the flow over a
oscillating airfoil experiencing dynamic stall. In this
case, the airfoil experienced flow reversal near the sur-
face over much of the airfoil befere any distortion of
the external flow was detected. Figure 3(McAlister
and Carr?), shows the progression of flow reversal on
the airfoil, which is followed by the initiation of the
dynamic stall vortex, which moves down the airfoil
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as the angle of attack increases. Note the range of
angle of attack where flow reversal was observed on
the airfoil prior to dynamic stall vortex formation.
This same pattern of flow reversal followed by dy-
namic stall vortex creation and movement can be seen
at high Reynolds number, as shown 1n Figure 4(Carr
et al') for tests at Re = 2.5x10°% where flow rever-
sal is again observed over most of the airfoil prior to
dynamic stall onset. This figure shows both the dra-
matic increase in lift that occurs during dynamic stall
at low free-steam Mach numbers, as well as the se-
vere pitching moment excursions that result from dy-
namic stall. Very large suction peaks accompany the
pitching airfoil excursion beyond static stall; Figure
5(McAlister et al3) shows that the C, at the suction
peak can approach -30 before separation oceurs.

Development of techniques to suppress the for-
mation of the dynamic stall vortex has shown signif-
icant potential in incompressible flow. For example,
the installation of a leading-edge slat on an oscillating
airfoil (Figure 6, from Carr and McAlister?) resulted
in complete elimination of dynamic stall in the op-
erating range of helicopters(Figure 7, from Carr and
McAlister?). Boundary layer control through blow-
ing has also been shown to be very effective: Figure
8 from McAlister and Carr® demonstrates that dy-
namic stall can be completely suppressed through use
of only moderate blowing along the airfoil surface.
Thus, dynamic stall at incompressible flow speeds
seems amenable to flow control, is relatively easy to
study in the laboratory, and would be a very attrac-
tive candidate for application of modern flow control
techniques such as neural nets combined with smart
materials and/or advanced surface-flow sensors. It
will be seen that this picture changes dramatically as
the free-stream Mach number increases.

2. The Effect of Moderate Compressibility

Study by helicopter aerodynamicists of airfoil ge-
ometry and its influence on dynamic stall loads has
suggested that airfoils that stall from the trailing edge
in steady flow offer less severe dynamic loads in the
dynamic stall environment. This insight has resulted
in emphasis on trailing-edge steady-flow stall in de-
sign of helicopter rotor airfoils. This trailing-edge
stall behavior continues in the dynamic stall envi-
ronment. Figure 9 from Carr et al® shows the flow
reversal character of eight airfoils tested in dynamic
stall at low free-stream Mach number under identical
unsteady conditions; this flow reversal behavior was
detected by hot-wire and hot-film anemometer probes
located very close to the airfoil surface. Note that five
of these airfoils show that flow reversal first appears at
the trailing edge, followed by a progression toward the
leading edge as the angle of attack increases(the pat-
tern associated with trailing-edge stall). Note that no
distortion of the outer flow occurs until this flow rever-
sal appears at the leading edge of the airfoil; in fact,
the presence of the dynamic stall vortex is signalled
by the appearance of flow reversal at the leading edge
of the airfoil. For example, although flow reversal is
first detected at 80% chord at 16.7° angle of attack
on the Hughes HHO2 airfoil at Mo, = 0.076, dynamic
stall does not occur until o= 21.4° when flow reversal

is observed at the leading edge of the airfoil. Compare

this to the results for the NLR-1, where the dynamic\j

stall vortex appears at o= 17.7°, coincident with the
first appearance of flow reversal on the airfoil(at the
leading edge, an example of leading-edge-stall initi-
ated dynamic stall).

Clearly, trailing-edge stall is the dominant flow
behavior for these airfoils at low free-stream Mach
number. However, flow reversal behavior on these air-
foils at Mo = 0.30 shows dramatic differences from
that observed at M., = 0.10. Figure 10 shows flow-
reversal results obtained at M., = 0.30 overlayed on
the low Mach number results; virtually all the airfoils
which experienced trailing-edge-stall behavior at low
Mach number now showed flow reversal to first appear
at the leading edge of the airfoils. Note that this also
indicates that the dynamic stall vortex has formed at
this dramatically lower angle of attack. There are sev-
eral possible causes for this change; two main possibil-
ities are the increase in Reynolds number and Mach
number. For example, these results were obtained in
a wind tunnel vented to atmosphere; therefore, in-
crease in Mach number also results in an increase
in Reynolds number, suggesting that the change in
behavior could be directly associated with boundary
layer changes caused by the increase in Reynolds num-
ber. To better assess this possibility, consider Figure
11, from Gault?, where airfoil stall type is mapped
as function of Reynolds number and an upper-surface
coordinate of the airfoil(which is a measure of curva-
ture at the leading edge%< The specified ordinate for
the NACA 0012 is marked on this figure; at Re -

1.45x10%( M = 0.11 for the McCroskey et al® tests), —

the figure shows the possibility for combined leading
edge and trailing-edge stall. This compares favorably
with the flow reversal patierns observed in Figure 9.
However, at Re = 4.5x10°(M., = 0.30), the graph
shows trailing- edge stall to be the dominant type;
thus, increase in Reynolds number increases the prob-
ability of trailing-edge stall in steady flow, a pattern
contrary to that observed in the experiments on dy-
namic stall as shown in Figure 9.

A much more likely cause of this abrupt change
in stall type can be deduced from Figure 12, from
McCroskey et al®. This figure documents the maxi-
mum local Mach number that appears near the nose
of the airfoil during the dynamic stall process as a
function free-stream Mach number. Note that at M.
= (.3, the local Mach number shows the flow to be
strongly supersonic near the leading edge; Reference
9 shows that M, = 1.4 is the highest local Mach
number that can exist without a strong shock end-
ing the supersonic region. It will be shown that this
local supersonic flow region dramatically changes the
dynamic stall environment from that observed at in-
compressible speeds. For example, the maximum Cp
that can be attained during dynamic stall is very sen-
sitive to this free stream Mach number. As was shown
in Figure 5, the suction peaked near -30 during dy-
namic stall in incompressible flow. Compare this to
Figure 13(McCroskey et al®), which shows C,
be limited to less than -18 at M., = 0.185; qure 1

shows that C'pm is limited to -10 at M, = 0. 295(&11(1\—/

work at My = 0.45, presented later in this paper,
will show €, limited to -3.8 before dynamic stall oc-
curred). Thus, a boundary layer that could with-
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stand the adverse pressure gradient associated with
C, of -30 that resulted from dynamic stall delay at
M. = 0.09 cannot withstand adverse pressure gra-
dients an order of magnitude smaller at M, = 0.40,
even though the corresponding increase in Reynolds
number should have made the boundary layer more
capable of withstandimg adverse pressure gradients.

3. Review of Past Research

The results discussed above clearly suggest an ef-
fect of compressibility on the dynamic stall process.
This is not an isolated example; there are a wide
range of studies related to compressibility effects on
dynamic stall which offer similar examples(Carr and
Chandrasekharal?). For instance, increase in C_,
due to rapid pitch rate has been demonstrated on
fixed-wing aircraft, where the dynamic overshoot of
static stall can be significant. Figure 15, based on the
work of Harper and Flanigan'!, shows a 90% increase
of ¢ .. for a model wing performing a ramp- up
maneuver, as rate of pitch mcreases for tests at My
= 0.10. Figure 16! shows the corresponding behav-
ior at progressively higher free-stream Mach numbers;
note how quickly the dynamic performance degrades
at M., increases. This increase in Cj___ as pitch rate
increases was also observed by Gadeberg!?. In this
case, the maximum lift of a fighter atrcraft increased
by 30% at M., = 0.18(see Figure 17). This 30% in-
crement of Cj, . due to pitch-rate was also present
at Mo, = 0.49; however, at My = 0.49, the (1, at
the highest pitch-rate was less than the static ¢,
at M. = 0.18, showing the dramatic impact that
compressibility can have on the dynamic overshoot of
Ci,... that occurs during dynamic stall.

The impact of compressibility has also been ob-
served on oscillating airfoils. For example, Fig-
ure 18a(Dadone and Fukushima!®) shows differential
pressure coefficients plotted vs phase angle for an air-
foil oscillating in pitch at Mo = 0.30. This figure
shows Cp . of -7.0, with smooth variation of the
C, as the cycle progresses. Compare this to Figure
lgb, at M, = 0.50; here, the suction pressure drops
abruptly as the angle of attack increases, reflecting
the separation that occurs on this airfoil during os-
cillation at this Mach number. Figure 18¢, at M, =
0.7, shows the significant change that has occurred at
this high Mach number. Note that the leading edge
pressures remain unstalled through the high angle of
attack part of the cycle; pressure transducers down-
stream of the leading edge show a loss in suction which
the authors!® suggest is associated with the presence
of a shock on this airfoil. Note the drop in G,
even for attached flow, that is shown in this figure.

The effect of Mach number has also been doc-
umented on 2-D airfoils performing ramp-type mo-
tion, as shown in Figure 19 from Lorber and Carta!?.
The decrease in C;, . that occurs as M, Increases is
clear in this figure, which was obtained for an airfoil
operating at Re = 4.0x10%, M, = 0.4. Thus, the re-
sults for an airplane model at Re = 0.9x10°%(Reference

11). a wing in ramp motion at 4x10%(Reference
14}, and a fighter aircraft during flight test at Re=

13.3x10% Reference 12) all show the same trend of

a decrease in (1, with an increase in Mach num-
ber, reinforeing the dominance of Mach number ef-
fects ove¥ Reynolds number effects in the develop-
ment of dynamic stall. This relative insensitivity to
Reynolds number also implies that regardless of how
dynamic stall occurs, the integrated lift may not show
major changes in behavior. The sensitivity to Mach
number implies that the separation process can be
due to significantly different physics and underlying
process(shock/boundary-layer interaction, etc}, but
similar dynamic lift behavior is still obtained.

4. Recent Research on Compressible
Dynamic Stall

Past research!®has suggested that global dynamic
stall behavior(e.g. lift and pitching moment histories)
observed on model rotors can be replicated by 2-D dy-
namic stall tests. Based on this demonstration of the
utility of 2-D tests, two major experimental programs
have recently been pursued, focusing on the impact of
compressibility on 2-D dynamic stall: one focusing on
2-D representation of dynamic stall effects as observed
on model rotors, and one directed towards full-scale
Reynolds number and Mach number effects.

4.1. Low Reynolds Number, Compressible
Dynamic Stall Studies

The present authors have obtained a consider-
able body of experimental data on the development
of dynamic stall under compressible flow conditions
over both an oscillating and a transiently pitching
NACA 0012 airfoil at model-rotor-scale Reynolds
numbers’®1738  Measurements were made using
Point Diffraction Interferometry(PDI}, which pro-
vides instantaneous density contours in the flow; the
PDI images were subsequently processed to yield the
surface and global pressure distributions. The study
covered a Mach nurnber range of 0.2 to 0.45 and, for
the oscillating airfoil, a reduced frequency of 0 to 0.1
depending upon the Mach number; the corresponding
chord-based Reynolds number ranged from 360,000
to 810,000. A typical result for the onset of dynamic
stall will be discussed below for M = 0.3, k = 0.075
for oscillating motion with o = 10° — 10° sinwt.

Fig. 20a shows an interferogram at o = 8.77°.
In this image, the stagnation point is located at the
center of the region on the lower surface near the lead-
ing edge where the fringes are nearly circular. As the
flow accelerates around the leading edge, the fringes
radiate outwards and then gradually turn toward the
trailing edge. Near the suction peak, the fringes turn
immediately, and return to the surface close to their
origin, as can be seen in the picture defining the x/c of
maximumsuction. As the flow negotiates the pressure
gradient here, some fringes are seen to turn down-
stream parallel to the airfoil surface. Further down
the surface, three or four of these fringes abruptly
turn towards the surface once more(at about 5-6%
chord location}, where they the merge with the local
boundary layer. The pressure distribution obtained
by processing this image is shown on the right(Figure
20). The plateau seen in this image downstream of
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the suction peak represents the classical laminar sepa-
ration bubble which forms as the shear layer scparates
due to the adverse pressure gradient downstream of
the suction peak, undergoes transition and then reat-
taches. The bubble persists in the flow over a con-
siderable angle of attack range sweep. Eventually at
o = 12.48°, the bubble begins to burst. This cvent is
seen as vertical fringes in Fig. 20b, at the the down-
stream end of the bubble. At o = 13.247, in Fig. 20c¢,
the images show a full dynamic stall vortex, whose
downstream end has already reached x/c = 0.2. This
rapid evolution of the dynamic stalf vortex with the
bursting of the laminar bubble in a very short angle
of attack range is typical for the cases studied. It can
be seen from the pressure distributions in Figure 20e,f
that the flat pressure region extends over the airfoil
as the vortex moves down the airfoil, giving rise to
enhances 1ft until it passes the trailing edge of the
airfoil.

4,2, Flow at M = 0.45, k = 0.05

For Mach number greater than 0.45, multiple
shocks were observed in the flow for both transiently
pitching and oscillating airfoil dynamic stall flow. Tig.
2118 presents an interferogram for M = 0.45, k =
0.05 at @ =10 deg. for the oscillating airfoil, where it
can be clearly seen that a series of shocks form near
the airfoil leading edge. The A-shocks seen are char-
acteristic of low Reynolds number flow behavior; as
the airfoil is pitched, the flow first forms one shock,
and as the angle of attack is further increased, more
shocks form. Interestingly, the flow does not sepa-
rate immediately once a shock forms. It seems to be
able to withstand the local adverse pressure gradi-
ent caused by the shock for a small range of angle
of attack before separating. This leads to the con-
clusion that the shock strength remains small until
a larger angle of attack is reached. The pictures for
these experimental flow conditions showed that flow
separation at the foot of the last shock coincided with
formation of the dynamic stall vortex. The cause of
the multiple shocks is believed to be due to the inter-
action of the first shock with the laminar leading edge
boundary layer, which seems to introduce a waviness
in the boundary layer sufficient for producing the ex-
pansion waves and compression waves necessary for
the system to sustain itself during a small angle of
attack sweep of the airfoil.

Fig. 22'® shows the global pressure distribution
for the above case obtained by processing the PDI
image. The leading edge region has been magnified
so that the flow variations due to the shocks can be
more accurately analyzed. It is clear that the flow be-
comes supersonic near the surface and that a region
of M > 1 (the sonic line corresponds to C, = —2.76)
which is significantly wider than previous?y thought
exists in the flow. For this condition, five shocks are
present which terminate in the sonic line; the outer
flow is subsonic. Eventually, a dynamic stall vortex
appears, at the foot of the last shock. The x/c loca-
tion at which this happens is about 0.05 - (.08, indi-
cating that the dynamic stall vortex does not form at
the leading edge.

The above two sections show that the 2D, com-

pressible dynamic stall flow features measured for
model-rotor-scale Reynolds numbers are dominated
by the presence of the local laminar boundary layer
over the airfoil, Since the boundary layer at the chord
location of stall onset on a full-scale model or heli-
copter rotor is likely to be either transitional or tur-
bulent, it was decided to trip the boundary layer in
an attempt to simulate these real life conditions. In
what follows, some representative results of the study
will be presented.

4.3. Flow Over Tripped Airfoil

It is important to recognise that tripping leading-
edge-stalling unsteady airfoll flows is inherently diffi-
cult and hence very challenging. Since the transition
point moves towards the leading edge and the transi-
tion length decreases with increasing angle of attack,
there is no completely satisfactory method of selecting
a trip. Further, the boundary layer thickness changes
with Reynolds number of the experiment. This is
further complicated by the fact that even in a full-
scale system, the state of the boundary layer near
the dynamic stall onset location could still be early-
turbulent and hence, the turbulent flow may not have
fully reached equilibrium. With these limitations in
mind, several trips were tested. A trip was consid-
ered satisfactory if it eliminated the laminar separa-
tion bubble, produced larger suction pressure coeffi-
cients under the same test conditions and also delayed

</

dynamic stall onset. The most effective trip for fulfill- \j

ing these criteria was found to have roughly the same
height as the laminar boundary layer at the stall on-
set point. It was made from roughness elements dis-
tributed from 0.005 < 2/¢ < 0.03. It was glued to
the airfoil by a thin lacquer with a combined height
of about 45um.

Fig. 23'® compares the development of the airfoil
peak leading-edge suction as a function of angle of at-
tack for the untripped and tripped airfoil flows at M
= 0.3,k = 0.1. It can be seen that the tripped airfoil
suction peaks are always higher than that for the un-
tripped airfoil. The C, value reaches -6.5 just before
the formation of the dynamic stall vortex. Further,
a delay of about one degree in the angle of attack
at which the vortex forms can be seen{14.0° for the
tripped case and about 12.8¢ for the untripped case).
Although the vortex convection period over the air-
foil does not appear to be different, the delay in onset
has resulted in stall delay to higher o for the tripped
airfoil; the trends were similar for the case of M, =
(0.45. The higher suction peaks meant that the super-
sonic velocities were higher in the tripped flow.

Fig. 24'® presents the global pressure coeffictent
data for M., = 0.45, k = 0.05 and a@ = 10.0° for the
oscillating tripped airfoil. For this case, two shocks
were found to be present. Also, the supersonic flow
region enveloped by C, = -2.76 was wider than the
corresponding untripped case discussed in Fig. 22.
The outer flow was also considerably modified as can
be inferred from a comparison of C, = -1.77 lines.
This shows the quantitative differences between the
untripped and tripped flows.

A perfect trip would be able to simulate the high
Reynolds number test data well. In an effort to assess
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the performance of the trip from this point of view,
Fig. 25is drawn. In it, the tripped airfoil surface pres-
sure distribution is compared with the data of Mec-
Croskey et al® at Re = 3,000,000 along with that for
the untripped model-scale airfoil. It can be seen that
there is still a noticeable difference between the high
Reynolds number data and the tripped low-Reynolds-
number airfoil data, although the latter does not have
a bubble. This comparison exemplifies the challenges
that are faced in extrapolating model-rotor-scale trip
data to full-scale-Reynolds-number data.

5. 2-ID Dynamic Stall at Flight Mach
Number and Reynolds Number

A recent study by Lorber and Carta *° excel-

lently demonstrates the complex interaction that oc-
curs as Mach number and Reynolds number are in-
creased simultaneously for an airfoil experiencing dy-
namic stall. In a benchmark experiment performed on
a 17-inch-chord airfoil, dynamic stall tests were per-
formed for a range of Mach numbers and Reynolds
numbers. Results of these tests documented both the
dynamic loads and the flow behavior at the surface
of the airfoil during dynamic stall, and offer critical
insight into the interactions between compressibility
and transition that occurs during compressible dy-
namic stall at high Reynolds number. Figure 26a,
at Mo, = 0.20, Re = 2.0x10%, shows surface hot-film
outputs at various chord locations as this airfoil is put
through a ramp motion from 0°-30% angle of attack,
as well as the instantaneous pressure distributions at
critical peints in the flow development. Note first the
signals for gages near the leading edge. As the an-
gle of attack increases, transition first appears at x/¢
=0.302, as an abrupt rise in the hot-film ouiput, cor-
responding to the increase in heat transfer associated
with turbulent flow. As the angle of attack increases,
transition moves to x/c = 0.192; the instantaneous
pressure distribution associated with this condition is
labeled “17. As angle of attack continues to inerease,
transition moves progressively closer to the leading
edge of the airfoil.

Compare these results to those of M, = 0.30(Fig-
ure 26b). Transition now appears first at x/¢ = 0.192;
as angle of attack increases, transition again moves
toward the leading edge. Note that the signal at x/c
= (.026 shows a new pattern just prior to transition
- the signal drops before experiencing the rise nor-
mally associated with transition to turbulent flow.
The authors!® state that no laminar separation bub-
ble was present in this case, and suggest this is the
first evidence of compressibility effects; they indicate
that this is an example of compressibility effects on
the physics of the boundary layer structure itself. In-
deed, this effect is more evident in the M. = 0.40
data shown in Fig 26¢; the drop in signal strength
prior to transition can be seen at point “1” in this
figure. The authors found a supersonic region existed
on this airfoil which extended past x/c = 0.060, with
a maximum local Mach number of 1.27. followed al-
most immediately by separation of the airfoil flow.
The next set of results(Figure 26dP show the charac-
ter of the flow at M., = 0.50. The maximum local
Mach number reaches 1.40 at @ = 122, and a shock

now terminates the supersonic region. The boundary
layer starts to separate at the shock at o = 13.6°, and
the airfoil almost immediately stalls.

5.1. Effect of Free-Stream Turbulence

Thus, 2-I dynamic stall research, both at model-
and at full-scale Reynolds numbers, shows the strong
effect that compressibility has on the dynamic stall
process., There are clear differences between the
model-scale and full-scale 2-1) results; the next step
would seem to be to compare the model-scale 2-D
data to model-scale rotor data, and to make the cox-
responding comparisons for full scale. Model-rotor-
scale tests have recently been performed at full-scale
Mach number by Lorber®®. After review of these
model- rotor results, Lorber?! found that the air-
fol) stall that is observed on the model rotor more
closely resembles full-scale 2-D dynamic stall data
than model scale 2-D dynamic stall. Lorber sug-
gests that one possible contributor to this disparity
is the influence of rotor-induced “free-stream” turbu-
lence. Conventional laminar separation bubble be-
havior does not seem to appear on the model rotor,
possibly because the “free-stream” turbulence is so
high that the laminar separation bubble is abruptly
closed. Therefore, transition effects are present on the
model-rotor, but the effects mimic transition at much
higher Reynolds number because of the high turbu-
lence level in the surrounding flow. Studies of airfoil
stall where Jaminar/transitional effects are important
show dramatic increases in C_,_ as free-stream tur-
bulence is increased. For instance, Figure 27 from
Hoffman?? shows the impact of major free stream tur-
bulence on the Ci,,,, of a NACA 0015 airfoil at Re
= 250,000. As can be seen from the figure, the airfoil
stall characteristics change dramatically as the free-
stream turbulence is increased.

There are concerns about effective tripping of the
airfoil at model-scale Reynolds numbers, where any
trip placed on the surface of the small model-rotor
airfoil may result in interaction between the trip and
the inviscid flow, rather than simply creating an in-
stability within the boundary layer as occurs at larger
scale. In addition, the fact that 2-D dynamic stall
tests performed at the same Reynolds number and
Mach number as model-rotor tests do not match the
character of the stall on the model rotor suggests the
presence of additional physics that is not presently
being properly included. One possible way to address
this issue would be to introduce high free stream tur-
bulence(IIFST) into both computations and experi-
ments as a practical way to more accurately reproduce
the helicopter rotor environment. This complex com-
bination of flow- and airfoil-unsteadiness indicates the
difficulties faced by engineers and scientists hoping to
develop insight and technology directed toward con-
trol of dynamic stall. When this HFST condition is
combined with the effects of compressibility, it is clear
that low-speed, low-Reynolds number studies are not
extendable to the full-scale rotor without major effort
to include these effects.
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6. Calculation of Compressibility
Effects on Dynamic Stall

Although there has been significant research ef-
fort focused on calculation of dynamic stali us-
ing Navier-Stokes-equation representation of the un-
steady flow field, relatively few calculations have fo-
cused specifically on the effect of compressibility on
the dynamic stall process; even these are spread over a
wide range of Reynolds numbers. Very low Reynolds
number (gRe = 5000) calculations were performed by
Sankar and Tassa 22 which showed that the dynamic
stall vortex was delayed at M., = 0.4 when com-
pared to that at M., = 0.2. A similar result has also
been obtained by Choudhuri and Knight?? at a higher
Reynolds number of 100,000. These grid-resclved cal-
culations were able to capture the shock that forms
at the higher Mach number as well. The calculations
also showed that increasing the Reynolds number at
a constant Mach number caused earlier onset of local
flow reversal and hence stall inception. It is of inter-
est to note that experimental results discussed ear-
lier show that the dynamic stall process is promoted
as the Mach number is increased under compressible
flow conditions.

Visbal®® computed the effects of compressibility
over a ramping NACA 0015 airfoil using unsteady tur-
bulent Navier-Stokes-equations computations. These
moderately high Reynolds number(200,000) calcula-
tions showed a supersonic flow region near the nose
of the airfoil. Results at M, = 0.4, Qt = 0.045,
Re = 1 x 10°% are presented in Figure 28%°, which
shows that the supersonic region is terminated by a
normal shock Visbal attributes the shock/boundary-
layer interaction as being a mechanism for dynamic
stall delay. The observation of a laminar bubble in
the experiments of Chandrasekhara and Carr'® at
a similar Reynolds number showed the presence of
the multiple shocks as has already been discussed.
The complexity of the problem limits any direct com-
parison between experiments and computations un-
der these conditions; however, the same impact of
compressibility was also determined by Visbal, as il-
lustrated in Figure 29, where C vs o« is presented
for a range of free-stream Mach numbers, showing
the progressive decrease in stall angle associated with
increase in Mach number., Ekaterinaris®® also ad-
dressed the effect of compressibility for an SSC-A09
airfoil section at Reynolds number of 2 x 10°% once
again using Navier-Stokes equation modeling of the
dynamic stall process. Figure 30 shows a comparison
between calculation and the experiment of Lorber and
Carta'® which shows the decrease in dynamic stall
angle that oceurs as free-stream Mach number is in-
creased. Geissler?? in his computations also found the
presence of a supersonic region. He also observed that
the fully turbulent calculations showed a higher stall
inception angle when compared to the experiments of
Chandrasekhara and Carr'®, pointing to the role of
transition on the problem. Srinivasan et al®® studied
the dependence of the results on turbulence model.
The results were found to be very sensitive to the
model used, with none of the models giving full agree-
ment with the data of McCroskey et al®. VanDyken
et al®? show that to obtain reasonable agreement with

the data of Chandrasekhara and Carrl®, it is neces-

sary to include the influence of transition. u

This section shows that matching the 2-D exper-
imental results on compressibility effects on dynamic
stall is still a challenge. Such an effort for the model
rotor is even more formidable, since the effects of rotor
induced turbulence needs to be included. Thus, much
work still needs to be done in the area of experiments
and computations to produce results of practical in-
terest.

7. Discussion

The results reviewed in this paper show that as-
sessing the impact of compressibility on dynamic stall
is a very difficult task to perform quantitatively. How-
ever, several aspects of the problem have been quali-
tatively identified. For instance, it is now clear that
icrease in Reynolds number at incompressible flow
velocity will not properly represent dynamic stall at
flight Reynolds number and Mach number. In a sim-
ilar way, increase in Mach number at low Reynolds
number does not capture the change in flow physics
that results from lift-induced compressibility at high
Reynolds number. The 2-D character of the flow at
flight Mach and Reynolds number has been experi-
mentally determined(Lorber and Carta!®), but only
for the isolated and singular case of the SSC-A09 aix-
foil; documentation of the dynamic behavior of other
airfeils will require similar tests. Compressibility ef-

fects have been observed for several airfoils at lowe. \j

Mach number®, but the effects are limited by the rela-
tively low free-streamm Mach number of that test. The
performance of the NACA 0012 airfoil has been ex-
plored at model-rotor-scale conditions!®, but no test
has fully bridged the gap from model to full scale.
The reality of the research environment for the
foreseeable future is that there will not be many
opportunities for tests at flight Mach numbers and
Reynolds numbers. Therefore, the most probable ap-
proach to quantification of the effect of airfoil shape,
flow control, etc, on dynamic stall in compressible
fiow will be on model-scale helicopter rotors. At the
same time, future developments in flow control, smart
materials, surface sensors for detection of stall pre-
cursors, etc, will most likely be developed in the lab-
oratory at low Mach number and Reynolds number,
on fixed airfoils, reinforcing the need for techniques
to bridge the gap between laboratory and flight. As
shown above, compressibility effects must be consid-
ered before any flow-control technique can be pro-
posed for application to the rotor. This does not mean
that full-scale Mach and Reynolds numbers must be
obtained. Nor does it mean that transition, and
the difficulties associated with modeling of separa-
tion bubbles necessarily need to be included. Rather,
the focus may best be placed on modeling of model-
Reynolds-number, fully turbulent flow, in a flow with
high free-stream turbulence representing the flow that
oceurs on airfoils in the helicopter rotor environment
It should be possible to develop turbulence model.

that can bridge the gap between this model-scale tur-™>~—"

bulent flow and full-scale turbulent flow on airfoils.
When this bridge is built, prediction of dynamic stall
at flight Mach numbers and Reynolds numbers could
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be made based on model-scale compressible studies,
thus allowing helicopter aerodynamicists the opportu-
nity to quantitatively optimize rotor behavior through
the use of model rotor experiments.

8. Concluding Remarks

Compressibility effects have been shown to play
a critical part in the dynamic stall of helicopter ro-
tor blades, both on model rotors and full-scale heli-
copters. Research quantifying the influence of com-
pressibility has been performed in two dimensions,
both at model-, and at full-scale Reynolds numbers,
but attempts at extension of these 2-D results to
the rotating environment has shown that not all the
physics of the rotating environment has been cap-
tured in research conducted to date. The survey of
past research performed in this review has shown that
compressibility must be included in any study of dy-
namic stall associated with the helicopter rotor, and
that increase in Reynolds number without inclusion of
compressibility effects will definitely not capture the
stall-generating physics that appear on the helicopter
rotor in flight.

At the same time, there is evidence that properly
performed 2-D tests can reasonably represent the de-
veloping dynamic stall flow field, especially when the
high free-stream turbulence level that occurs in the
helicopter rotor environment is reproduced in the 2-
D non-rotating environment. It is thus recommended
that future 2-D dynamic stall tests should consider
inclusion of high levels of free stream turbulence. In
order to quantify the dynamic stall behavior, tests
should match the airfoil geometry that has been used
in existing model and full-scale rotor tests. In this
way, truly quantitative comparisons between 2-D and
rotor tests can be performed. Once this quantita-
tive comparison can be made, evaluation of control
techniques can be performed in the non-rotating en-
vironment with higher probability that the results will
apply in flight.
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Figure 21. PDI Interferogram of Airfoil Showing Presence of Multiple Shocks at Mo, = 0.45, k
= 0.05, and & = 10°{from Reference 18).
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Figure 26. Instantaneous Surface Skin Friction and Pressure Distributions Obtained on

An Airfoil Experiencing Ramp-Type Motion at Hi
(b)Ms = 0.30(from Reference 19).

gh Reynolds Number, (a) M., = 0.20;
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Figuve 27. Effect of Free Stream Twr-

bulence on Maximum Lift Coefficient of
Low-Reynolds Number Airfoil(from Refer-
ence 22).
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Figure 30. Computed Maximum Lift Co-
efficient as Function of Free-Stream Mach
Number Compared to Experiment{from Ref-
erence 26).
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Figure 28. Development of Supersonic Re-

a0

gion on Leading Edge of Airfoil During

Dyuamic Stall as Calculated Using Navier
Stokes Equations, Mu = 0.40(from Refer-
ence 25},
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Figure 29. Calculated Maximum Lift Coeffi-
cient as Function of Free-Stream Mach Num-
ber(from Reference 26).
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