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

1.1ntroduction.
The unsteady and separating flow on a retreating helicopter rotor blade at high forward speed flight
limits the maximum speed of the flight-vehicle and may even lead to dangerous stall fiutler. On
the one side numerical methods based on the two-dimensional, time-accurate Navier-Stokes
equations [1).[2] have been developed to calculai0 these flows. On the other side new non-intrusive diagnostic techniques like interferometry [3] and panicle image velocime\ry (PIV). [4] have
been improved and recently applied successfully to measure instantaneous density and velocity
fields about oscillating models.
These effons gained new insight into the complex unsteady separating flows involved. II has been
shown in [5] that compressibility effects may play a key-role in the initiation and shedding of the
dynamic stall voriex.
In the present paper first steps are carried out towards suitably influence the dynamic stall process
by dynamically controlled airfoil deformations. The idea to influence these flows is not new.
•

With a leading edge slat [6] the dynamic stall vonex could almost be eliminated and the
neg alive peak of the pitching moment could be avoided.

•

Wilh blowing [7] the dynamic stall effects could be reduced and the performance of I he airfoil
was improved significantly

However in these cases the improvements on the one side were mair·,ly compensated by negative
effects (additional drag of the slat-system. additional rower for blowing, etc) on the othn side.
The present study follows a different strategy: The airfoil is allowed to deform its shape dynamically
during the oscillatory motion. This strategy has the advantage to improve some positive effects nf
the dyn8mic stall process. i.e. increase the maximum lift and simultaneously reduce some negn\\ve

effects. i.e shifl the drag-rise and moment-stall events to higher incidences or even renuce or
avoid thern

The present paper gives results of some systematic numerical investigations of the flows about
deforming airfoils including a visualization olthe flow by some video movie sequences. In addition
first results of experimental flow field investigations about a deformable airfoil model using panicle
image velocimetry (PIV) will be discuBSed and compared with the numerical data

2. Numerical investigations.

The flows under investigation are characterized by viscous and unstnody effects with limited
regions where compressibility effects are imponant as well. Due to the shedding of concentrated
vortices viscous effects are not confined \o the eirfoil boundary layer. These flow complexities
make it necessary to base the numerical code on the complete equations, i.e. the Navier-Stokes
equations. The calculations heve 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-derendent 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 eigenvalue-scaled numerical damping terms have been added to sufficiently 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 t11e curvilinear coordinate mesll
used in the calculations The mesh is fixed to the moving airfoil as well as to the space-fixed outer
boundary: So in the considered space-fixed frame of reference the mesh is allowed to deform
dynamically. This feature is important because it also allows to treat cases where the airfoil is
oscillating (i.e. in pitching mode) and in addition changing its shape dynamically. To avoid excessive increases of computing times the mesh is only calculated numerically at special time points
which are prescribed by the deformation strategy (section 2 31 At arbitrary times the mesh is calculated simply by an interpolation procedure.

Fig.1: Calculated mesh in extreme incidence positions.

NACA0012 at •

=

5' (left). NACA0018

at~

=

25' (right)

In the present study a linear interpolation procedure with respect to incidence
interpolation rules are possible but have not yet been treated. Fig.1 shows two
extreme incidence positions of the pitching oscillation about the quarter chord: a
NACA0012 at a = ~' (left) and NACA0018 at a = 25' (right). During oscillation
extreme incidences the airfoil is smoothly changing its shape.

is used Other
meshes in the
= 5' /25' with
between these

The airfoil deformations are applied to infiuence dynamic stall characteristics of the retreating rotor
blade. It has been shown in [5] that compressibility effects in form of a small supersonic bubble
occur at the airfoils leading edge during upstroke. This bubble initiates the dynamic stall process.
I\ is the aim of tt1is study to avoid or at least shift the supersonic bubble to higher incidences. This
will be accomplislled by a thickening of the airfoil during its upstroke motion with a reduction of the
curvature within the nose region
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 t11e important events of
dynamic stall like begin of vortex shedding. lift- and moment-stall, etc. are preferably related to the
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instantaneous incidence during up/down-stroke of thP. airfoil rather than to the instant of time or
phase of the oscillatory motion.
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Fig.2: Deformation strategies.
Several deformation strategies have be8n usecJ for r:nlculation and their inf!tJcnces on the overall
forces and moment as well as on the develorment of the flow-fields t1ave bPcn studied in detail.
Fig.2 shows the five different cases which have hef':n treC~t~d e;;:wh '"1i\h the incidence variation:
rt

=

15" + 10'=' sin

rn·

T

(')

and the parameters

'"

2 rr r c

= 0.3. Ma =

0.28. Re

=

3 · 10c

(2)

In case 1 \he airfoil changes its shape from a = 5" lo" = 25' between NACA0012 and NACA0016.
In case 2 the NACA0012 airfoil shape is kepi unchanged between 5' ::; c ::; 15' and changed between 15' < a ::: 25' between NACA0012 and NAC/10016 or in case 3 between NACA0012 and
NACA0018
Case 4 includes a case where NACA0012 is again kepi unchanged between " = 5' and a. = 15'
but thickens ils shape between " = 15' and " '" 20' upstroke to NACA0016 and reduces its
thickness again between o = 20' and a = 25' upstroke. In \he whole downstroke phase I he airfoil
is again NACA0012 unchanged. In this cese t11e eirfoil thickening is limited to a short period during
upstroke
Case 5 finally shmt..'S 8 complete loop of 8irfoil d~form(J\ion within the higher incidence regime.
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For the interpolation procedure mentioned above coordinate meshes have only been calculated
et edge-points of the deformation loops. In case 1 only two meshes have to be calculated: at
" = 5' (NACA0012) and at 'l = 25' (NACA0016) In case 213 thr·ee mesl1es must be calculated at
a = 5' /15' (NACA0012) and at" = 25' (NACA001fi/18). Corresponding more meshes are necessary in case 4 {4 meshes) and cAse 5 (5 mrshes)
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Fig.3: Machnumber contours.
NACA0012 rigid (left). NACA0012-0016 (case 1) (right).
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NACA 0012 between
o: = 5' and o: = 15•1
NACA 0018 at a :: 25'
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a= 15' and (f.= 5'!

2.3 Results.
The deformation cases discussed in the previous section have been used for numerically calculating the fiowfields with the incidence variation (1) and the set of parameters (2). This is assumed
a deep dynamic stall case with severe vortex shedding and a locally embedded supersonic bubble.
Fig.3 shows Machnumber contours for two instantaneous incidences (" = 18.09', 23.09') during
upstroke. For the rigid NACA0012 airfoil reference case the supersonic bubble is detected at
a
18 09'1 which is not found in the deforming case 1 at the same incidence. At a = 23.09'1 the
dynamic stall process has already been started with shedding of a concentrated vortex in the rigid
case whereas in the deforming case the fiow is still attached. However if one looks into the details
of the leading edge flow. a supersonic bubble is also developing on the deforming airfoil but to a
later time (higher incidence).

=

Fig A shows vorticity contours for the three cases: rigid I case 1 I case 3 during the upstroke motion
of the airfoil. In the rigid case the voriex formation starts already at about " = 20'1. In the two
deforming cases no sign of separation is visible. At" = 23'1 tile dynamic stall vortex has already
been fully developed in the rigid case whereas the two deforming cases still do not show any sign
of vortex formation. At a = 24.5'1 the vortex has already traveled half the airfoil chord in the rigid
case. The smoothly deforming airfoil (case 1, middle figures) shows first concentration of vorticity
at the leading edge In case 3 (right hand figures) the fiow is still attached. At the maximum incidence (a = 25') the vortex has already been separated from the airfoil in the rigid case and a
counter-rotating vortex is developing at the trailing edge. In both defonning 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 pitching-moment distributions as is displayed in Fig.S. Hysteresis loops of forces and
moment with respect to incidence are shown and compared with the NACA0012 rigid case (dashed
curves) In bolh cases (1.2) the lift-stall has slightly been shifted to a higher incidence. In the
post-stall (down-stroke) regime the hysteresis loop in lift is changed considerably: the lift remains
on a higher level and reaches attached values 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 about" = 20'1 in the rigid case to a = 23'1 in
the deforming airfoil case (case 1). Here it must 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 tl1e case is aerodynamically damped or undamped. Due to a shift of momentstall to about" = 23"1 a hysteres1s loop is formed (case 1, left hand figure) which signets negative
damping (see shaded area). This effect is meinly suppressed in deformation case 2 (right hand
figure) but both cases show still a strong negative (nose-down) peak nf tlw rdrhing moment
Drag rise and shift of moment-stall can also be observed in deformation rase 4 (Fig 2) where only
a sho1i term deformation during upstroke is verified (between " = 15' and ' = 25'. with a peak
thickness at " = 20'). In this case the post-stell behavior is very similar compMed to the dnirl
airfoil case.
Case 5 finally (not displayed) shows a similar bel1avior as case 1: Beside of a favorable shift of
drag-rise and moment-stall events to higher incidences a considerable amount of negative damping is created as well.
The results show that the influence of dynamic stalt characteristics by dynamic airfoil deformation
can be of remarkable benefit but does not always lead to a complete success. The reason for this
is the applicalion of prescribed deformation rules which should be assumed as a first step towards
a more rigorous solution of a design problem. i.e. \o change the slope of the airfoil dynamically in
such a way that a supersonic bubble is completely avoided. These goals remain to be solved in the
future.
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Fig.5: Hysteresis loops of lift-, drag- and pitching- moment-distributions as functions of incidence.

3. Experimental investigations.
The numencal results discussed so far give alreildy impotianl insiqhls inlo the possibilities how
to influence dynamic s1rl!l by .:::Jirfoil deform81ion However it is a cliffcrent nncJ complicated task to
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le~t

verify such a deformation Rt leas\ in a wind-tunnel
the problem by
•

deformations by mechanical means

•

pneumatic deformations

•

application of smar1 materials

sln~legies

Different

In a preliminary study a 2d-wind-tunne! mode! hc:Js been designed to
deformation by a pneumatic device.

are possible to solve

r~chicvc

the dynamic airfoil

3.1 Flexible model design.
To investigate newfields under deep dynamic stall conditions corresponding severe incidence variations with amplitudes up 1o rt = 10° in conll)ination with oscillation frequencies of up to 10Hz
have to be realized. Adding additional structures inside the mode! (i e. actuators) to achieve the
deformation mechanically means additional ineriia forces and thus !irnHrllion of the frequency
range. A pneumatic device as sketched in Fig.6 has considerable advantages No additional weight
has to be added inside lhe model. Pressure supplies are already AVailable at wind-tunnel facilities.
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Fig.6; Flexible model design.

The present model consists of a flexible shell which forms the datum airfoil shape (NACA0012).
Inside this shell a deformable air-cushion is placed (Fig.6) whicl1 is connected to the compressed
air-supply via pipes and a control unit. The control unit allows the dynamic compression and decompression of the air~cushion with a frequency and phase direcl!y connected to the pitching oscillation of the model
A part of the air-cushion (see detail in Fig 6) is culled out and closed by a neoprene diaphragm at
the leading edge upper surface of the airfoil Due lo the much larger flexibility of the neoprene
sheet the airfoil leading edge reg1on Ciln be thickened without too much effecting the remainder
of the airfoil model. In compressed condition a thickening of the ilirfoils leading edge to approximately NACA0016 has been achieved. Due to the flexibility of t11e outer shell the model reduces its
shape back to NACA00i2 if 1he pressure insicJf:) 1h0 air-cushion is reduced.
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3.2 Laboratory test.
The flexible model described in the previous section was first investigated in a functional test. The
movement of the flexible shell 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 displacement of about 4.2mm has been achieved with a pressure difference of 1 bar from the
pressure supply. The deformation frequency was adjusted to 6.6Hz corresponding to the pitching
oscillation frequency of the model in the ISL-windtunnel test. Fig.7b displays the airfoil shapes in
the undeformed and maximum deformed stages as detected by a video camera combined with a
stroboscopic light source. It has already been pointed out in section 3.1 that the air-cushion should
deform only the upper surface of the airfoil leaving the other pans nearly unchanged. Fig.?b shows
that this goal has been realized in good approximation.

a.)

~ Airfoil Displacement at x!c:0.15 (upper surface)
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a) Displacement distribution from pick up.
b) Achieved airfoil deformation.

3.3 Windtunnel tests on oscillating models using P/V.
For the investigation of unsteady flowfields about oscillating airfoil models the experimental set
up of the French-German Institute St. Louis, France (ISL) has been used within a joint effoli
between DLR and ISL. The test set up is described in detail in [9]. In the low speed ISL windtunnel
a maximum airspeed of about 35 m/s could be achieved. With the driving mechanism for the airfoil
models a maximum frequency in pitching motion of nearly 10Hz could be realized with maximum
amplitudes of aboul 10'. To get comparable resuils willl the numerical data a reduced frequency
m· = 0.3 was prescribed and realized with f = 6.6Hz oscillation frequency and U~ = 28m/s
mainfiow velocity (mooel chord c = 0.2m).
However due \o \he low speed conditions the now is assumed to be subsonic during the whole
oscillatory cycle. i.e. compressibility effects could not be studied during the present tests
On the other hand the ReynoldsnumbPr was only about Re = 400000. In [3] it has been shown that
for 2 slightly higher Reynolrlsnumber of Re = 600000 a laminar separation bubble is formed close
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to the leading edge upper surface with a severe impact on the
process.

beginning of the dynamic stall

Instantaneous flow measurements about an airfoil by particle image velocimetry (PIV) have been
published in [4]. This non-intrusive diagnostic technique is able to measure time accurate velocity
fields within a 2d laser-light sheet. The PIV-technique is therefore very suitable to measure complex highly unsteady flows as in the present dynamic stall cases. To the knowledge of the authors
the ISL-measurements were the first PIV-application to flows undN dynamic stall conditions in a
windtunnel
Due to the fact that unsteady separated flows with vortex shedding include strong reversed flow
components the PIV-system has been further developed to include the possibility of image shifting
by means of a rotating mirror in front of the camera, [4]. With this device a known constant 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 [10] is applied to the PIV-images to get a
final corrected velocity vector field.

Fig:B:

Instantaneous velocity field
measured by particle image
velocimetry (PIV), with vorticity
contours, left figures. Calculated vorticity contours
(ex = 24.69'1' ), right figure.
NACA0012

o. = 15° + 10° sin Ct)*T
w' = 0.3 , Ma. = 0.1 , Re

rigid

= 400000

3.4 Results
a) Rigid airfoil

Fig. 8 (left) shows a vector field measured by PIV about a rigid NACA0012 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: lift- and moment-stall have not yet been started. The equivalence between
measured and calculated vorticity contours is obvious. The velocity fields have been measured and
plotted for a complete oscillatory cycle in incidence steps of 1°. From each vector plot the corresponding vorticity 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.

Up to" = 20°1 the flow is attached to the airfoil upper surface.

2.

For rr > 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 at about " = 24'1
(Fig 8)

4.

The primary vortex lifts off the surface (at about "m"' = 25') and is shedded into the wake at
the beginning of the downstroke movement.

!i

Strong interaction occurs between the clockwise rotating leading edge vortex and a counter
clockwise rotating vortex emanating from the trailing edge.

5.

During the downstroke motion the area of strong vortex interaction is moving furiher downstream into the wake. During \his phase \he vorticity stariing at the leading edge reattaches
to the airfoil upper surface.

At later times during \he oscillatory cycle. i.e. in the post-stall area, the PIV-data show remarkable
fluctuations within the velocity vector 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 now behavior during post stall (down stroke) it is concluded that the now is very sensitive 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 averaging process (i.e of pressure distributions) is smoothing out wiggles in the force and moment
loops (see Fig.5) which are physically 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 model described in section 3.1 has been used for a first test under dynamic stall
conditions. For these tests the compressed air inlets of the model were connected to the ISL
pressure supply system. The airfoil deformation was controlled in such a way that the maximum
thickness (approximately NACA0016, Fin 7) was obtained at the maximum incidence of" = 25'1
during \he oscillatory cycle.
It has been mentioned before that during these tests 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 data in section 2.
One important effect is the influence on the post-stall behavior of the unsteady flow. The calculated
hysteresis loops of lift-. drag- and pitching moment (Fig.5) show a considerable reduction of the
hysteresis area due to airfoil deformation. The flow reattaches at ~arlier times in the deformation
cases This behavior is also obvious for the experimental dala
Fig. 9 shows measured velocity fields and the corresponding voriicity contours for two different
time-instants during the down stroke motion of the airfoil at " = 19 5' j (upper figures) and at
" = 15' j (lower figures). The left hand figures show results of the rigid model, the right hand figures display results of the deforming airforl model. The region of flow separation is considerably
reduced in the deforming case. The reattachment occurs at earlier times with strongly reduced
voriicity sl1edding compared to the rigid case.
These experimental results look very promising for future investigation. It is planned to develop a
test stand for oscillating models installed in a windtunnel facility operating in the more realislic
Machnumber regime 0 2 :s; Ma~ :s; 0.4 to also study compressibility effects.
4. Video movie
The numerical data of case 1 have been prepared for a video movie \o show several sequences
of the deforming airfoil and comparisons 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 to show comparisons of these data for both \he 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 unsteady flows better understandable. Focusing of interesting flow
areas as well as slow motion sequences are easy achieved. The development of video movies will
therefore be a guiding activity in future investigations
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5. Conclusions.
For detailed investigations of nows under dynamic stall conditions a numerical method based on
the time accurate solution of the Navier-Stokes equations as well as experimental non-intrusive
instantaneous now field measurements with particle image velocimetry (PIVI have been applied.
To favorably inOuence the dynamic stall numerical and experimental studies on deforming airfoils
have been carried out. It has been shown that the influence of deformation on the dynamic stall
process can be of considerable benefit. Future investigations are necessery and envisaged to
study these problems in further details.
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