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Dynamic Stall Control by Ajrfoil Deformation
by
W.Geissler M.Raffel

Abstract

With combined numerical and experimental investigations of the dynamic stall process on retreating
helicopter rotor blades new insight info the complex unsteady flows involved have been achieved
recently. With these new experiences in mind it is of increasing inferest to suitably influence the
flow, f.e. by dynamic airfoil deformation. The present paper describes first steps towards an
improvement of the dynamic stall effects with respect (o the time-dependent flows and overall forces
by both numerical and experimental fools.

1.Introduction.

The unsieady and separaling flow on a retreating helicopter rotor blade at high forward speed fiight
limits the maximum speed of the flighl-vehicle and may even lead to dangerous stall flutler. On
the one side numerical methods based on the two-dimensional, time-accurate Navier-Stokes
equalions [11.027 have been developed 10 calculate these flows. On the other side new non-intru-
sive diagrostic techniques like interferometry [3] and particlte image velocimetry (PIV). [4] have
been improved and recently applied successfully to measure instantaneous density and velocily
fields about oscillating models.

These efforls gained new insight into the complex unsteady separating flows involved. It has been
shown in [5] that compressibility effects may play a key-role in the initialion and shedding of the
dynamic stall vortex.

In the present paper first steps are carried out towards suitably infifeence the dynamic stall process
by dynamically controlted airfoil deformations. The idea to influence these flows is not new.

*  With a leading edge slal {8) the dynamic stall vortex couid almost be eliminated and the
negative peak of the pitching moment could be avoided.

¢ With blowing [7] the dynamic stall effect= could be reduced and the performance of the airfoil
was improved significantly

However in these cases the improvements on the one side were mainly compensated by negative
effecis {additional drag of the slat-system. additional power for blowing, elc) on the other side.

The present study follows a different strategy: The airfoil is allowed to deform its shape dynamically
during the oscillaiory motion. This strategy has the advantiage lo improve some positive effects of
the dynamic stail process. i.e. increase the maximum {ift and simultaneously reduce some negalive
effects. ie. shifi the drag-rise and moment-stall events to higher incidences or even reduce or
avoid them,

The present paper gives resulls of some systematic numerical investigations of the flows about
deforming airfoils including a visualiization of the fiow by some video movie sequences. In addition
first results of experimental flow field investigations about a deformabie airfoii model using particie
image velocimetry (PIV) will be discussed and compared with the numerical data

2. Numerical investigations.

The fiows under investigation are characterized by viscous and unsteady effects with limited
regions where compressibilily effects are important as well. Due to the shedding of concentrated
vortices viscous eflects are not confined to the airfoll boundary layer. These flow complexities
make il necessary o base the numerical code on the complete equations, i.e. the Navier-Siokes
equations. The calculations have to be carried out in a time-accurate manner. The computing times
even in the present 2d-case are therefore large.
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2.1 Navier-Stokes code

The numerical method to solve the time-dependent 2d-Navier-Stokes equations for accelerated
moving {oscillating) airfoils has been described in detail in [2].[5]. The approximate factorization
implicit method of Beam and Warming [8] has been applied using central differencing for the
spatial derivatives. Special eigenvaive-scaled numerical damping terms have been added 1o suf-
ficiently control the stability of the code. The simple algebraic turbulence model of Baldwin and
Lomax has been used throughout these investigations.

2.2 Dynamic mesh deformation.

A special feature of the present numerical code is the treatment of the curvilinear coordinate mesh
used in the caiculations. The mesh is fixed 1o the moving airfoii as well as to the space-fixed outer
boundary: 8o in the considered space-fixed frame of reference the mesh is allowed to deform
dyramically. This feature is imporiant because il also allows to treat cases where the airfoil is
oscillating (i.e. in pitching mode) and in addilion changing its shape dynamically. To avoid exces-
sive increases of computing times the mesh is only calculaled nuimericaily at special time points
which are prescribed by the deformation sirategy (section 2.3). At arbitrary times the mesh is cal-
culated simpty by an interpolation procedure.
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Fig.1: Calcufated mesh in extreme incidence positions.
NACAQ012 at x = 5° (left), NACADOQ18 at « = 25° (right)

In the present study a linear interpclation procedure with respect to incidence is used. Other
interpolation rules are possible but have not vel been ireated. Fig.7 shows two meshes in the
extreme incidence positions of the pitching osciilation about the quarier chord: & = 5°/25° with
NACAQOD12 at o = 5° {left) and NACADG18 at o == 25° (right). During oscillation belween these
extreme incidences the airfoil is smoothly changing its shape.

The airfoil deformations are applied to influence dynamic stalf characteristics of the retreating rotor
blade. It has been shown in [5] that compressibility effects in form of a small supersenic bubble
occur at the airfoils leading edge during upsiroke. This bubble initiates the dynamic stall process.
It is the aim of this study to avold or at least shift the supersonic bubble to higher incidences. This
will be accomplished by a thickening of the airfoil during its upstroke motion with a reduction of the
curvature within the nose regicn

For the numerical calculations the interpolation rule for the deforming mesh is related to the highly
changing incidence of the airfoil. This procedure seems suitable because the important events of
dynamic stall like begin of vortex shedding. lift- and moment-stall, etc. are preferably related o the
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instantaneous incidence during up/down-stroke of the airfoil rather than 1o the instant of lime ar
phase of the oscillalory motion.
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Fig.2: Deformation strategies.

Several deformalion siraiegies have been used for calculation and their influences on the overall
forces and momeni as well as on the development of the flow-fields have been studied in detail
Fig.2 shows the five different cases which have heen treated each with the incidence variation:

ao= 15" 4+ 10" sinm” T )
and the parameters:

= E_ELQW — O3M{? - 02890 - 3 10r (2)

In case 1 the airfoil changes its shape from &« = 5% 10 « = 25° between NACAQ012 and NACAQO1S.

In case 2 the NACAQCO12 airfoil shape is kept unchanged between 5% < » < 15° and changed bet-
ween 15° < » < 25° between NACAG012 and NACAQ016 or in case 3 belween NACAOMZ2 and
NACAQO18.

Case 4 includes a case where NACAOD12 is again kepl unchanged between o = 5% and o = 15°
but thickens its shape between ~ = 15% and ~ = 20° upstroke to NACAQD1E and reduces iis
thickness again between » = 20° and » = 25° upsiroke. in the whole downsiroke phase the airfoil

is again NACAQ012 unchanged. In this case the airfoil thickening is limited fo a short period during
upstroke.

Case 5 finally shows a complete loop of airfoil deformation within the higher incidence regime.
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For the interpciation procedure mentioned above coordinate meshes have only been calculaled
at edge-points of the deformation loops. in case 1 onbly two meshes have to be calculasted: at
o = 5% (NACADO12) and at » = 25° (NACAQU16). In case 2/3 three meshes must be calculaled: at
a = 5%[15° (NACAQU12) and al » = 25° (NACAQG16/18). Corresponding more meshes are neces-
sary in case 4 (4 meshes) and case 5 {5 mesheas).

Fig.3: Machnumber contours.
NACAQO012 rigid (left), NACADD12.0016 (case 1) (right).
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Fig.4: Varticity distributions gn deforming airfoils,
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2.3 Results.

The deformation cases discussed in the previous section have been used for numerically calcu-
lating the flowfields with the incidence variation (1) and the set of parameters (2}. This is assumed
a deep dynamic siall case with severe vortex shedding and a locally embedded supersonic bubble,

Fig.3 shows Machnumber contours for two instanianeous incidences (» = 18.09%, 23.08°) during
upstroke. For the rigid NACADD12 airfoil reference case the supersonic bubbie is delecled at
a == 18.09°1 which is not found in the deforming case 1 at the same incidence. At & = 23.087! the
dynamic stall process has aiready been started with shedding of a concentrated vortex in the rigid
case whereas in the deforming case the flow is still attached. However if one looks into the details
of the leading edge flow, a supersonic bubbie is also developing on the deforming airfoil but to a
later time (higher incidence).

Fig.4 shows vorticity contours for the three cases: rigid / case 1/ case 3 during the upstroke motion
of the airfoil. In the rigid case the vortex formation staris aiready at about » = 20°]. In the two
deforming cases no sign of separation is visible. Al « = 23°{ the dynamic stall vortex has already
been fully developed in the rigic case whereas the iwo deforming cases still do not show any sign
of vortex formation. At ¢ == 24.5%1 the vortex has aiready traveled half the airfoit chord in the rigid
case. The smoothly deforming airfoil {case 1, middle figures) shows first concentration of vorticity
at the Jeading edge. In case 3 {right hand figures} the flow is still attached. At the maximum inci-
dence (v = 259 the vortex has already been separaled from the airfoil in the rigid case and a
counter-rolating voriex is developing at the trailing edge. In both deforming cases the vortex is still
attached to the airfoil surface.

These flow behaviors for the different deformation cases have a severe impact on the overall lift-,
drag- and pilching-moment distributions as is displayed in Fig.5. Hysteresis lfoops of forces and
moment with respect {o incidence are shown and compared with the NACAQGD12 rigid case {dashed
curves). in both cases (1.2) the lifi-stall has slightly been shifted to a higher incidence. In the
post-stall {down-stroke} regime the hysteresis loop in lifi is changed considerably: the lifl remains
on & higher level and reaches attached vailues at earlier times as the rigid case.

The drag-curves show in the deforming case a severe shift of the drag rise to higher incidences.
A similar behavior can be observed for the moment-stall: The steep decrease of the pitching
moment (nose-down moment) is also shifted from aboul ¢ = 20°7 in the rigid case to ¢ = 23°% in
the deforming airfoll case {case 1). Here it musi be pointed out that the areas between the moment
curves are a measure of the aerodynamic damping and the direction of traversing these curves
indicates whether the case is aerodynamically damped or undamped. Due to a shifl of moment-
siall to about « = 237{ a hysleres:s lgop is formed {case 1, left hand figure} which signzais negalive
damping (see shaded area). This effect is mainly suppressed in deformation case 2 (right hand
figure} but both cases show slilt a strong negative {nose-down) peak of the pitrhing moment

Drag rise and shift of moment-siall can aiso be observed in deformation case 4 (Fig 2) where only
a short term deformation during upstroke is verified {between « = 15° and » = 25° wilh a peak
thickness at « = 207%). In {his case the post-stall behavior is very similar compared fo the rigid
airfoil case.

Case 5 finally {notl displayed) shows a similar hehavior as case 1: Beside of a favorable shifl of
drag-rise and moment-stall events {o higher incidences a considerable amount of negative damp-
ing is created as well.

The results show that the influence of dynamic stall characteristics by dynamic airfoil deformation
can be of remarkable benefit but does not always lead 1o 3 complete success. The reason for this
is the application of prescribed deformation rules which should be assumed as a first step towards
a more rigorous sofution of a design problem. i.e. lo change the slope of the airfoil dynamically in
such a way thal a supersonic bubble is completely avoided. These goals remain to be solved in the
future.
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Fig.5: Hysteresis loops of Jift-, drag- and pifching- mement-distributions as functions of incidence.,

3. Experimental investigations.

The numerical resulls discussed so far give already imporiant insighis inlo the possibililies haw
lo influence dynamic stall by airfoil deformation. However it is a dilierent and compiicated task to
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verify such a deformation al teast in a wind-tunnel test Differen strategies are possible to solve
the problem by

s delormations by mechanical means
* pneumalic deformations
* application of smart materials

In a preliminary study a 2d-wind-lunneif model has been desighed to achieve the dynamic airfoil
deformalion by a pneumatic device.

3.1 Flexible model design.

To investigate flowfields under deep dynamic stall conditions corresponding severe incidence va-
riations with amplitudes up to » = 10° in combinalion with oscillation frequencies of up to 10 Hz
have to be realized. Adding additional structures inside the model (i e. actuatars) lo achieve the
deformation mechanically means additional inerlia forces and thus limilation of the frequency
range. A pneuymatic device as sketched in Fig.6 has considerable advaniages: No additional weight
has to be added inside the model. Pressure supplies are already availahle at wind-tunnel facilities.

axis of refation

air cutiet
supply pipes

Deformed airfoil

o

josGame gL Ty

ECEEED hecpreor
Fig.6: Flexible model design.

The present model consists of & flexible shell which forms the datum airfoil shape (NACAQ0012).
Inside this shell a deformabie ajr-cushion is placed (Fig.6) which is connecled {o the compressed
air-supply via pipes and a contro! unit. The contrel unit allows the dynamic compression and de-
compression of the air-cushion with a frequency and phase directly connecled to the pitching os-
cillation of the maodel

A part of the air-cushion {(see detail in Fig 6) is cutled cut and ciosed by a neoprene diaphragm at
the leading edge upper surface of the airfoil. Due to the much larger flexibitity of the neoprene
sheet the airfoil ieading edge region can be thickened without too much effecting the remainder
of the airfoil modei. In compressed condilion a thickening of the airfeils leading edge to approxi-
malely NACAOQ1E has been achieved. Due to the flexibility of the ouler shell the model reduces its
shape back to NACAND1Z if the pressure inside the air-cushion is reduced.
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3.2 Laboratory test.

The fiexible model described in the previous section was firs! investigated in a functional test. The
movement of the flexible shetl was measured by a displacement pick up at one position (x/c=0.15)
on the upper surface. Fig.7a shows the time dependent displacement as measured by the pick up.
A displacemenrd of about 4.2mm has been achieved with a pressure difference of 1 bar from the
pressure supply. The deformation frequency was adjusted to 8.8Hz corresponding to the pitching
osciliation freguency of the model in the ISL-windlunne! test. Fig.7b displays the airfoil shapes in
ihe undeformed and maximum deformed stages as delected by a video camera combined with a
stroboscopic light source. It has already been poinled oui in section 3.4 that the air-cushion should
deform only the upper surface of the airfoil leaving the other parts nearly unchanged. Fig.7b shows
that this goal has been realized in good approximation,

@) - Airfoil Displacement at x/c=0.15 (upper surface)
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Fig.7:
a) Displacement distribution frem pick up,
b) Achieved air{oil deformation.

3.3 Windtunnel tests on oscillating models using PIV.

For the investigation of unsteady flowfields about oscillating airfoll models the experimental set
up of the French-German instifute St. Louis, France (ISL) has been used within a joint effort
between DLR and iSL. The test set up is described in detail in [91. (n the low speed ISL windiunne!
a maximum airspeed of about 35 m/s couid be achieved. With the driving mechanism for the airfoil
models a maximum freguency in pitlching motion of nearly 10Hz could be realized with maximum
amplitudes of about 10°. To get comparable resuits with the numerical data a reduced frequency
m* = 0.3 was prescribed and realtized with f = B6.6Hz oscillation frequency and U, = 28m/s
mainflow velocity (model chord ¢ = 3.2m).

However due to the low speed conditions the flow is assumed to be subsonic during the whole
oscitlatory cycle, i.e. compressibility effects could not be studied during the present tests.

On the other hand the Reynoldsnumber was only about Re = 400000 In [3] # has been shown that
for 2 slightly higher Reynoldsnumber of Re = B0000C a laminar separation bubble is formed close

c2-9



to the leading edge upper surface with a severe impact on the beginning of the dynamic stall
process.

Instantaneous flow measuremenis about an airfoil by particie image velocimetry {PIV} have been
published in [4]. This non-intrusive diagnostic technigue is able to measure time accurate veiocily
fields within a 2d laser-light sheet. The PlV-technigue is therefore very suitable io measure com-
plex highty unsteady flows as in the preseni dynamic stall cases. To the knowledge of the authors
the ISL-measurements were the first PiV-application to flows under dynamic stall conditions in a
windiunnel.

Due to the fact that unsteady separated flows with vortex shedding include strong reversed flow
components the PlV-system has been further developed to include the possibiiity of image shifting
by means of a rotating mirror in front of the camera, [4]. With this device a known constani velocity
{corresponding to the rotation speed of the mirror) is added to the measured field thus obtaining
velocity vectors which are all directed into the same mean direction. During postprocessing this
artificially added constant velocity is again subtracted to give the final correct velocity field.

A complex and sophisticated postprocessing procedure 110] is applied to the PlV-images to get a
final corrected velocily vector field.

/%ég;ﬂf
/;’ Fig.8: Instantaneous velocity field
Z measured by particle image
= velocimetry (PiV), with vorticity

contours, left figures. Calcula-
ted vorticity contours
(o = 24.69°T), right figure.

AR RN

NACADG12 tigid
o= 15° & 10° sinw*T
w = 03,Ma,. = 0.1, Re = 400000

3.4 Results
a) Rigid airfoil.

Fig. 8 {lefl) shows a vector field measured by PIV about a rigid NACAOC12 model at about
a = 24°1. Below this figure the corresponding vorticity contours are displayed. The right hand
figure shows vorticity contours evaluated from numerical data. At this instant of time the dynamic
stall vortex has been developed and is moving along the airfoil upper surface. The vortex is still
attached to the airfoil: 1ift- and moment-stail have not yel been started. The equivalence between
measured and calcuiated vorticity contours is obvious. The velocily fields have been measured and
plotted lor a complete oscillatory cycle in incidence steps of 1°. From each vector pict the corre-
sponding verticity field has been calculated {one example is displayed in Fig.8), From these results
a number of informations can be extracted which are important to understand the dynamic stall
process:

1. Upto~ = 207 the flow is atfached to the airfoil upper surface.

2. Fora > 20° a formation of the dynamic stall vortex starts at the leading edge.
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3.  The vortex moves along the airfoil upper surface and reaches midchord al about « = 24°{
{Fig.8).

4.  The primary voriex 1ifis off the surface {at about a.,.., = 25°% and is shedded into the wake at
the beginning of the downstroke movement.

5 Strong interaction occurs between the clockwise rotating feading edge vortex and a counier
clockwise rotating vortex emanating from the trailing edge.

8. During the downstroke motion the area of strong vorex interaction is moving further down-
stream into the wake. During this phase the vorticily stasting at the leading edge reattaches
to the airfoil upper surface.

At later times during the oscillatory cycle. i.e. in the posti-stall area, the PlV-data show remarkable
fluctuations within the velocity vecior fields: for this important information always four images have
been taken at the same phase angle. The differences between these data are very small before the
vortex shedding starts but they are severe in the post stall regime.

Due to this flow behavior during post stall {down siroke} it is concluded that the flow is very sen-
sitive under separated conditions. Therefore it seems to be necessary to look into the details of
only one single cycle instead of making ensemble averaging over a number of cycles. The aver-
aging process {i.e. of pressure distributions) is smoothing out wiggies in the force and moment
loops {see Fig.5} which are physicaliy relevant.

The experimental results have also been compared with numerical data. The calculations show
all the different features discussed above {see also Fig 8. right,as an example).

b) Deforming airfoil.

After successful application of the PIV-method on a rigid airfoil model during the dynamic stall
event, the flexible mode! described in section 3.1 has been used for a first tes! under dynamic stall
conditions. For these tests the compressed air inlets of the model were connected {o the ISL
pressure supply sysiem. The airfoil deformation was controlled in such a way that the maximum
thickness (approximately NACAOQ16, Fia 7) was oblained at the maximum incidence of « = 25°%
during the oscillatory cycle

It has been mentioned before that during these tesis compressibility effects do not play an
important role. But the airfoil deformation has other remarkable effects on the dynamic stall char-
acteristics as has been shown in detail for the numerical dala in section 2.

One important effect is the influence on the post-stall behavior of the unsteady flow. The calculated
hysieresis loops of lift-. drag- and pilching moment (Fig.5) show a considerable reduction of the
hysteresis area due to airfoil deformation. The flow reattaches at earlirr times in the deformation
cases. This behavior is also chvicus for the experimental dala

Fig. 9 shows measured velocity fields and the corresponding vorticity contours for two differemt
time-instants during the down stroke motion of the airfoil at » = 19.5%] {upper figures) and at
o = 15°] (lower figures) The left hand figures show results of the rigid model, the right hand fig-
ures display results of the deforming airfoil model. The region of flow separation js considerably
reduced in the deforming case. The realtachment cccurs at earlier times with strongly reduced
vorticity shedding compared fo the rigid case.

These experimentat resuits look very promising for fulure investigation. It is planned to develop a
test stand for oscillating models instailed in a windtunnel facility operating in the more realislic
Machnumber regime 0.2 £ Ma_, < 04 to also study compressibility effects.

4. Video movie

The numetical data of case T have been prepared for a video movie {o show several seguences
of the deforming airfoil and compariscns with the rigid airfoil case. Vorticity-, pressure- and
Machnumber-contours are displayed for the deforming airfoil in a space fixed frame of reference,
The leading edge area is focused 1o show comparisens of these data for both the deforming and
the rigid case in more detail. The medium video movie has proven to be an excellent tool to make
the physics of the complicated unsieady flows better understandable. Focusing of inleresting flow
areas as well as slow motion sequences are easy achieved. The development of video movies W|H
therefore be a guiding activity in fufure investigations
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5. Conclusions.

For detailed investigations of flows under dynamic stall conditions a numerical method based on
the time accurate solution of the Navier-Stokes equations as well as experimenial non-intrusive
instantaneous flow field measurements with padicle image velocimetry (PIV) have been applied.

To favorably influence the dynamic stall numerical and experimental studies on deforming airfoils
have been carried out. { has been shown that the influence of deformation on the dynamic stall
process can be of considerable benefil. Future investigations are necessary and envisaged to
study these problems in further details.
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