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In recent years it has been demonstrated that with Higher Harmonic Control (HHC) technol­
ogy the Blade-Vortex Interaction noise (BVI) level of a helicopter rotor in descent flight con­
dition could be reduced by as much as 6dBA. Utilizing Individual Blade Control (IBC) systems 
even more benefit could be achieved. In the present joint program RACT (Rotor Active Con­
trol Technology) between Eurocopter Deutschland (ECD), Deutsches Zentrum fiir Luft- und 
Raumfahrt (DLR) and Daimler-Benz Research Institute (DB), an important further step is en­
visaged: Each blade is to be controlled individually by a moving trailing edge flap located at a 
limited radial section with high aerodynamic efficiency. 
Before applying this complex technology to a full size rotor a windtunnel model has been de­
veloped representing a two~dimensional section of the blade with an active trailing edge flap. 
A system of piezoelectric actuators is installed inside the model to operate the flap. In addition 
to the flap motion the complete wind tunnel model is allowed to oscillate in pitching mode to 
simulate cyclic pitch of the rotor blade. 
Overall forces and moments, pressure and flow field data have been measured instantaneously 
during tests in the Transonic Windtunnel Gottingen (TWG) of DLR. 
In addition to the experiments numerical calculations have been carried out at DLR to 

1) Provide steady and unsteady force and moment data for design of the actuator system, 
windtunnel model and model suspension rig, 
2) Recalculate experimentally measured parameter variations for code validation pur­
poses, 
3) Gain insight into the complex physics of the flow and obtain new guidelines for the 
improvement of the codes. 

1. Introduction 
After the successfull application of Higher Harmonic 
Control (HHC) and Individual Blade Control (IBC) 
concepts the consequent further step is to influence a 
rotor blade individually at a position of high aerody­
namic efficiency. 
This Local Blade Control (LBC) concept can be uti­
lized in different ways: either by deforming the leading 
edge of the blade if dynamic stall is to be influenced fa­
vorably [1], or by deforming the blade trailing edge as 
a measure to reduce locally steady and/or unsteady air­
loads for either noise reduction or vibration minimiza­
tion. A moving trailing edge flap is a reasonable means 
to reduce both high speed impulsive noise (HSI) and 
blade vortex interaction noise (BVI) levels. This has re­
cently been demonstrated by different groups of re­
searchers i.e. [2], [3]. 
In Germany the concept to equip the blade with a mov­
ing trailing edge flap has been envisaged in the joint 
project RACT (Rotor Active Control Technology) be-

tween Eurocopter Deutschland (ECD), Daimler-Benz 
Research Institute (DB) and Deutsches Zentrum flir 
Luft- und Raumfahrt (DLR) [4]. 
A windtunnel model has been developed including a 
trailing edge flap system driven by a set of piezoelectric 
actuators integrated inside the windtunnel model. The 
model itself is installed in the dynamic test rig of the 
DLR Institute of Aeroelastic in Gottingen. 
A system of numerical codes has recently been devel­
oped in DLR to calculate the flow on oscillating airfoils 
including dynamic airfoil deformation [1]. In the 
present investigations these numerical tools will be ap­
plied to a typical helicopter airfoil section oscillating in 
pitching mode with additional oscillations of the trail­
ing edge flap up to the 5th harmonics of the basic fre­
quency of the blade (7Hz). 
It will be shown that good correspondence between nu­
merical and experimental data has been achieved. The 
effectiveness of the code for getting detailed insight 
into the complicated steady and unsteady flows in­
volved will be demonstrated. 
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Fig. 1: Test Setup in the DLR Transonic Windtunnel Giittingcn (TWG) 

2. Wind Tunnel Test. 
Fig.l shows schematically the test setup in the 
lmxlm test section of the DLR TWO windtunnel. 
The model of c=0.3m chord and I m span is suspend­
ed in the dynamic test rig of DLR-Institute of Aeroe­
lastic, [5]. The model is driven by hydraulic actuators 
on both sides of the rotation axis from outside the tun­
nel. The rotor blade section is equipped with an active 
trailing edge flap with 15% chord. The span wise ex­
tension of the tlap is 0.5m. The tlap is detlected by a 
system of four piecoelectric actuators integrated in­
side the blade model. The aerodynamic measure­
ments are obtained using 

pressure sensors with a set of 49 in-situ pressure 
transducers (Kulites) distributed along the mid­
section of the model, 
a piezoelectric balance system arranged outside 
the model (see Fig.!) to measure steady and 
unsteady force- and moments of the complete 
model, 

the DLR PIV measuring system of the DLR Insti­
tute of Fluid Mechanics for the measurement of 
the instantaneous flow field at selected model 
parameter settings [6]. 

Further details of the comprehensive tests are outlined 
in [5]. 
3, Numerical Code Development. 
In recent years a concept has been proposed by DLR 
to dynamically deform the leading edge of a helicop­
ter airfoil. Utilizing this "nose-droop" concept the dy­
namic stall phenomenon could favorably be 
influenced or even completely suppressed [I]. Nu­
merical tools have been developed for this purpose 
and the efficiency of the device has successfully been 
demonstrated. 
In the present study a dynamically moving trailing 

edge flap is used. The flap is sealed, i.e. the surface 
between the airfoil and the flap is smooth at each in­
stant of time and no pressure compensation between 
upper and lower surface is possible, Fig.2. 
Before numerical calculations on an airfoil with oscil­
lating trailing edge flap can start, a set of airfoil 
shapes including the instantaneous flap positions 
have to be specified by means of the Geometry Gen­
erator System ofDLR, [7]. 
This set of shapes represents the movement of the flap 
during a complete cycle of flap motion. Once the 
shapes have been specified the present grid genera­
tion procedure can be used to calculate complete grids 
about the instantaneous airfoil/flap geometries. 
With this preparation the actual flow calculation can 
start. For the numerical flow calculation a 2D-time­
accurate Navier-Stokes code is used which has suc­
cessfully been applied to a variety of flow cases [8]. 
To apply the code for the present purpose of an airfoil 

0.05 

ylc 
P= oo 

....... ~=+50 

P=·5o 

---------

·0.05 L....------~----------' 
0.8 0.9 x/c 

Fig. 2: Scaled Flap, Definition of Flap Deflection 
Angle 
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including a moving trailing edge tlap several addi­
tional options had to be implemented: 

- airfoil fixed, flap in periodic motion 
- airfoil in pitching motion (!/ret), flap in addi-
tional motion with 2/ref ... 5/ref. 
-both airfoil and flap in motion, variation of 
phase between airfoil and flap motion. 

Since the windtunnel model is equipped with these 
additional options the numerical code should be able 
to simulate these cases as welL 
In recent years specific concern was attributed to the 
problem of turbulence and transition modeling. In the 
present case of rather high Reynolds number flow it is 
assumed that the flow is fully turbulent. However it 
must be emphasized that this assumption is not valid 
in all cases (see [9]). Due to the fact that no informa­
tion concerning transition behavior was available 
from the test the calculations were done with the fully 
turbulent assumption. 
With the implementation of different turbulence mod­
els into the code a choice of more sophisticated mod­
els was possible. The Spalart-Allmaras one-equation 
model [10] was chosen for the present investigations. 
This model has proven to be superior to other models 
in cases of unsteady separation (dynamic stall) as well 
as in flow cases where strong shock waves occur. Lo­
cation and strength of shock waves could be deter­
mined more accurately compared with results from 
the Baldwin-Lomax model. 

Fig.3: Calculated and Measured Lift 
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4. Results 
The experiments in the TWG windtunnel were carried 
out at Mach numbers M=0.33, M=0.54 and M=0.74 
respectively to cover retreating, neutral and advanc­
ing azimuthal blade positions. 
During the tests the tunnel test section with the perfo­
rated walls was installed. This test section has an open 
aerea of the side walls of 6%. A corresponding wind 
tunnel wall correction.[l1],[12] (see next section) 
was necessary to transfer to free flight conditions. The 
correction of steady airfoil incidences is straight for­
ward. However in the present oscillating airfoil and/ 
or tlap cases a suitable correction procedure is not 
known from literature. In the present comparisons 
with numerical data only the steady mean incidence 
has been corrected. The amplitudes of oscillation re­
mained unchanged. 
In future tests in the TWG windtunnel it is recom­
mended to use the available adaptive test section of 
the tunnel instead. In this test section the steady mean 
incidence can be corrected in an optimal way. 
Fig.3 shows calculated and measured lift curves ver­
sus incidence for the three Mach numbers frequently 
investigated during the present tests. In the calcula­
tions the Spalart/Allmaras turbulence model was ap­
plied in aH cases. The lift distributions show some 
deviations in the small Mach number case (M=0.33): 
the predicted maximum lift is not reached in the test. 
The reason is not completely understood but may be 
due to the rather large wind tunnel correction in the 
high incidence regime. In the higher Mach number 
cases the correspondence between calculation and ex­
periment is satisfactory. 
In the highest Mach number case M=0.745 a Mach 
number correction was applied in addition. The dot­
ted curve in the lower Fig.3 shows improvements of 
CLmax compared to experiments. 
The following parameter cases have been investigat­
ed: 

-airfoil fixed, flap fixed (with/without steady flap 
deflection) 
-airfoil oscillating (7Hz), flap in steady position 
-airfoil fixed, flap oscillating (7Hz-35Hz), differ-
ent flap deflection amplitudes 
- airfoil oscillating (7Hz), flap oscillating (7Hz-
35Hz) 
- airfoil oscillating (7Hz), flap oscillating (7Hz-

35Hz), 60°-steps of phase shift between airfoil 
and flap motion 

From the large amount of data only some few results 
have been selected for the present paper. The follow­
ing discussion of results is subdivided into three parts 
in reference to the three Mach numbers investigated. 
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4.1 \Vindtunncl correction. 
The perforated test section was used for the wind tun­
nel experiments in the TWG. For this test section cor­
rections in both incidence and Mach number are 
necessary. Following [II],[ 12] the incidence correc­
tion has to be: 

with 

'A, = (c · C L)/(2h) 

c =chord of airfoil 
2h =wind tunnel height 
CL =lift coefficient 

Mach number correction: 

with 

(!) 

(2) 

and 
rls = -0.50 
A= d. I (d=airfoil thickness: 0.012m, 
I= span: lm) 

as the Prandtl factor. 

4.2 Machnumber M=0.33. 
Figs.4a-c display forces. moments (4a). airfoil and 
flap deflections (4b) as well as pressure and skin fric­
tion distributions (4c) at selected azimuthal angles 
for a case of fixed airfoil and oscillating flap. Fig.4d 
shows details of the pressure distributions in the tlap 
area. Legends in both Figs.4c and 4d are compatible. 
In Fig.4d the full symbols characterize the airfoil 
lower surface. 
Comparisons of calculated and measured results are 
indicated in the graphs. The experimental force and 
moment data were integrated from 49 in situ pressure 
sensors (Kulites), indicated by "cp" in the graphs and 
directly measured by the piecoelectric 

Fig.4: Airfoil FLxed, Flap in Motion 
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Fig.4a (left): CL,Co,CM Versus Azimuth, Fig.4b (right): Airfoil and Flap Deflection 
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balances installed outside the windtunnel (see Fig.!) 
indicated by "Bal" in the corresponding graphs. The 
total drag coefficients could only be measured by the 
balances. A difference between integrated data from 
pressure sensors and results from the balances is to be 
expected due to the fact that the balances measure the 
aerodynamic forces of the complete model including 
effects from the windtunnel side walls and from the 
final spanwise extension and the side edges of the 
flap. These three dimensional effects are not consid­
ered in the numerical calculation which is strictly two 
dimensional. 
The correspondence between calculation and experi­
ment is very good except for the drag-coefficient in 
Fig.4a: the experimental data obtained from the 
piecoelectric balances show the well known offset in 
the steady mean value. The pressures in Fig.4c are in 
good agreement as well. This can be detected from 
Fig.4d showing the details in the flap area. The meas­
ured pressure coefficient at 15% chord upper surface 
seems to have a slightly wrong value as can be found 
also in following figures. 
The slightly reduced CLmnx and CLmin values of the 
test datas compared to calculation (Fig.4a,upper) can 
be attributed to a missing correction of the flap ampli­
tude in the calculation. To apply a kind of "unsteady" 
correction to find the effective flap amplitude is not 
an easy task and has therefore not been tried. In future 
investigations the development of a corresponding 
correction procedure should be envisaged as well. If 
the adaptive wind tunnel test section is used the 
steady mean incidence and Mach number can be cor­
rected in an optimal way. Only the additional ampli-

Fig.4c (left): Pressure- and Skinfriction at 
Selected Azimuth Angles. 

Fig. 4d (down): Pressure Details in Flap Area 
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tude effect has then to be corrected at least in a quasi 
steady manner. 

Figs.Sa-c show a case of the oscillating airfoil (1/ref, 
corresponding to 7Hz) with 2/ref (14Hz) oscillating 
flap. 
Fig. Sa includes again lift-, drag- and pitching mo­
ment distributions with respect to azimuthal position. 
The right upper figure (Fig. Sb) shows measured and 
calculated flap angle variation. The lower figures 
(Fig.5c) show force and moment variations versus in­
cidence. The movement of both airfoil and flap is in 
phase: with increasing incidence from start of the pe­
riod the flap is deflecting downwards (negative p, see 
Fig. 2). 
Comparisons of the two different experimental data 
sets show the expected differences as can be seen in 
the CL versus azimuth curves in Fig. 5a: The extreme 
values of the lift are measured slightly lower with the 
balances compared to the results integrated from the 
Kulites.The latter data are closer to the two dimen­
sional limit and compare therefore better with the nu­
merical data. 
The calculated data show higher maxima in lift which 
must again be attributed to the applied wind tunnel 
correction procedure: In the present case the nominal 
mean incidence in the tunnel was 9.1°. After correc­
tion this mean value was reduced to 5.7°. However 
the amplitude was not corrected at all due to the miss­
ing of a suitable correction procedure for the dynamic 
incidence variation as discussed before. 
The moment distribution in Fig.5a shows very good 
correspondence between experiment ("cp'') and cal­
culation. 
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Fig.5: Airfoil in Motion (1/Ret"), Flap in Motion (2/Ref), Airfoil and Flap in Phase 
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It is obvious that the lift versus azimuth behaves like 
the 1/ref motion of the aitfoil whereas the moment 
curve is mainly affected by the oscillating flap and 
therefore shows a 2/ref variation. The moment graph 
in Fig.5a includes also the calculated flap moment CR 
(referred to the flap hinge position). The CR-distribu­
tion indicates that indeed the larger contribution of 
the overall moment is created at the flap. 
The drag coefficient in Fig.Sa shows identical un­
steady behaviors for both calculation and measure­
ment but the results from the balances are shifted to 
higher values which again must be attributed to the 
known steady offset of the piecoelectric balances 
which has not completely been compensated. 
Similar good correspondences between calculation 
and measurement can be observed in Fig.Sc display­
ing the hysteresis curves of forces and moment versus 
incidence. 
The Cm·loops in Fig.5c include the experimental data 
measured from the balances. These data show consid­
erable oscillations similar to the Cd-loop. The CM­
loop obtained from the cp-data again compares very 
well with calculations. 
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Fig.6: Airfoil in Motion (1/Ref), Flap in Motion (4/Ref), Airfoil and Flap in Phase 
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Corresponding results compared to Fig.5 are included 
in Fig.6a-c: Now the flap is oscillating with a fre­
quency of 4/ref i.e. 28Hz in the experimental case. 
Airfoil and flap are again assumed to move in phase. 
The lift curve in Fig.6a shows again a 1/ref variation 
however a 4/ref modulation of this time dependency 
can clearly be detected. The corresponding moment 
curve shows the 4/ref time dependency alone. The 
correspondence between calculation and experiment 
is very good. The measured drag curve shows again 
the typical offset as has been discussed before. Simi­
lar to the 2/ref case discussed in Fig.5a a small differ­
ence in flap amplitude (1'>~=2.5° in the experiment 
compared to 1'>~=3.0° in the calculation, Fig.6b) may 
be the source of some small deviations. 
The Cm hysteresis loop as indicated in Fig.6c does 
now show a double-eight structure compared to a sin­
gle eight in Fig.Sc. Also the hysteresis loops of the 
forces and moment are in good correspondence with 
the experimental data. 
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Fig.7: Airfoil in Motion (1/Ref), Flap in Motion (2/Ref), Airfoil and Flap in Phase 
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4.3 Machnumber M=0.54. 
Figs.7a-c show a 2/ref case again with airfoil and flap 
motion in phase (see Fig.5.b) at the medium Mach 
number M=0.54. The nominal mean incidence in the 
windtunnel was a=4.02°. This value has been correct­
ed to et=2.04° for the 2d- calculations. Again the am­
plitude for both airfoil and flap motion has not been 
changed from their wind tunnel values. 
The tendencies for force and moment variations with 
respect to azimuth are similar as discussed in Figs.5 
for the low Mach number case. However as can be de­
tected from Fig.7c the pressure distributions clearly 
show the development of a shock wave over a part of 
the oscillatory cycle. The shock strength reaches its 
maximum at about \j/=270° (Fig.7c,upper). At this in­
stant of time the airfoil incidence and the flap deflec­
tion have their maximum values with the maximum 
lift production (see Fig.7a.7b). The corresponding 
skin friction distribution shows a strong reduction 
close to zero behind the shock wave (nearly shock in­
duced separation). Along the flap surface the flow is 
definitely separated for this instant of time (see cr­
distribution at \j/=270°, Fig.7c lower). 
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4.4 Machnumber M=0.74. 
Increasing compressibility effects are expected at the 
highest Mach number investigated, i.e. at M=0.74 re­
ferring to the advancing rotor blade. In addition the 
question of wether the piecoelectric actuators would 
do their job to oscillate the flap with the requested 
amplitudes and frequencies at this high Mach number 
could be answered positively. 
As a typical example the case of the fixed airfoil with 
oscillating flap (I/ ref. 7Hz) has been selected. Figs. Sa 

and Sb display Mach number contours for the airfoil 
at a fixed incidence of a=-1.18°, corrected from the 
nominal wind tunnel value of o:=-0.85° (Equation ( 1)) 
Fig.8a shows Mach number contours at ~=-3° and 
Fig.Sb the corresponding result at ~=+3°. A surpris­
ingly strong effect of the moving flap on the ~1ach 
number distribution can be detected from these field 
data: With the flap in its most downward position (left 
tigure) a very strong shock wave is terminating a 
large supersonic region extending over almost 40% of 
the front part of the airfoil. With the flap in its most 

Fig.8: Airfoil Fixed, Flap in Motion (1/Rel) 
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Fig.Sd(right): Airfoil and Flap Deflection 
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Fig.8e: Pressure and Skinfriction at Nominal o:,IVI 
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upward position (Fig.Sb) the upper surface shock 
wave has almost disappeared but a small supersonic 
region also terminated by a shock is developing on the 
airfoil lower surlace close to the leading edge. 
Fig.Sc shows the corresponding lift-, drag- and pitch­
ing moment distributions for this flow case. Again a 
good correspondence between calculation and exper­
iment can be detected. However in this case the lift 
curve shows a smaller amplitude in the data compared 
to the calculation. 
The reason for this compared to the previous results 
unusual large discrepancy has to be investigated more 
in detaiL 
Fig.Se shows first pressure and skin friction coeffi­
cients for a selected number of time steps of the oscil­
latory cycle at the nominal Mach number M=0.745. 
As has been mentioned already before the pressure 
distributions show the development of a shock wave 
on the airfoil upper surface which reaches its maxi­
mum strength and its most downstream position at 
maximum lift and correspondingly for the maximum 
downward flap deflection. With upward moving flap 
the shock is moving upstream and weakens. 
Reaching the most upward flap deflection a shock is 
developing on the airfoil lower surface adjacent to the 
leading edge. 
However comparing calculated and measured pres­
sures for the present high Machnumber a larger dis­
crepancy is observed: A strong shock wave as has 
been predicted over part of the oscillatory cycle can 
not be found in the experimental data. 
The previous discussions have shown that at higher 

Fig.Sf: Pressure and Skinfriction at Effective a,M 
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yo.. 0.5 
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Fig.Sg: Pressures at Flap Aerea 
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incidences a wind tunnel wall correction is necessary 
to obtain comparable free flight conditions for both 
calculation and measurement. 
It is well known that the perforated walls used in the 
present experiment make in addition to the incidence 
correction a Mach number correction necessary. Us­
ing the procedure in [11] the correction of the present 
nominal Mach number M=0.745leads to the effective 
Machnumber M=0.719 (Equation (2)). 
Fig.Sf includes numerical data for the reduced Mach 
number compared to experiment. 
Compared to Fig.Se a strong shockwave is now miss­
ing. The correspondence between calculation and ex-
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periment is considerably improved. The details in the 
flap area (Fig.Sg, symbols are compatible with Fig.8t) 
show this improvement as well. 
In future wind tunnel tests the :Nlach number correc­
tion has to be taken into account in advance to reach 
the necessary effective Mach number. 
Due to the lower effective Mach number in the ex per­
iment the maximum lift (at the maximum downward 
t1ap detlection (\j/=450°, see fig.Sd) is considerably 
reduced. 
Very good correspondence however is achieved for 
both drag and moment distributions respectively 
(Fig.Sc). 

4.5 Animation of Unsteady Field Data 
In addition to the present paper a video movie has 
been developed utilizing the "comadi"-software [ 13] 
of the DLR Institute of Fluid Mechanics. The movie 
shows time dependent periodic flow field data during 
the motion of the airfoil and/or trailing edge tlap. 

5. Conclusion. 
Within the joint project RACT (Rotor Active Control 
Technology) between Eurocopter Deutschland 
(ECD), Deutsches Zentrum flir Luft- und Raumfahrt 
(DLR) and Daimler-Benz Research Institute (DB) a 
two dimensional wind tunnel model (blade section) 
for the transonic wind tunnel facility of DLR-Gottin­
gen (TWG) has been built and tested. The model was 
equipped with a set of four piecoelectric actuators de­
veloped by DB and placed completely inside the 
blade section. The actuators were driving a sealed 
trailing edge !lap of 15% chord length and 0.5m span 
(half the model span). The model was built and 
equipped with pressure sensors (Kulites) by the DLR 
Institute of Flight Mechanics in Braunschweig and 
suspended in the dynamic testrig of the DLR Institute 
of Aeroelastic in GOttingen. In addition to the experi­
mental efforts corresponding numerical investiga­
tions have been carried out in the DLR Institute of 
Fluid Mechanics to: 
l) Calculate airloads on airfoil and !lap for actuator 
and model design. 
2) Recalculate measured steady as well as unsteady 
flow data in the complete Mach number regime. 
3) Investigate the details of the complicated unsteady 
flows to gain insight into the flow physics involved 
and to get guide lines for code improvements. 
In addition to the numerical efforts the DLR Institute 
of Fluid Mechanics has carried out some selected 
tests utilizing the Particle Image Velocimetry (PIV) in 
particular in the high incidence regime. The PIV 
measurements were the first of their kind done in the 
TWO environment. 
Model and equipment, actuators, windtunnel test rig 
and hydraulic model driving system. worked perfectly 
together during the comprehensive wind tunnel test 
campaign. The main reason for this success was the 

perfect cooperation between the various test teams of 
industries and different research institutes of DLR. 
In particular the actuator system was able to create 
amplitudes and frequencies to drive the tlap as want­
ed and did a perfect job during the whole two weeks 
campaign showing the effectiveness of the actuator 
system. 
As has been outlined in the present paper the corre­
spondence between calculated and measured tlow 
data is very good in all parameter cases investigated 
so far. 
Some major differences had to be attributed to wind 
tunnel wall intluences of the perforated side walls of 
the test section used for the present test campaign. It 
has been outlined that a suitable correction procedure 
known from literature leads to good correspondence 
between calculation and experiment. In high Mach 
number tlow the nominal Mach number has to be cor­
rected as well and gives a lower effective Mach 
number which in the present study does not show the 
compressibility effects predicted by the code. Howev­
er doing the calculation with the reduced Mach 
number the correspondence again is good. 
In future tests it is recommended to use the available 
adaptive test section of the TWG to adapt at least both 
mean incidence and Mach number to free flight con­
ditions. However a correction of the unsteady motion 
of either flap or airfoil is not straightforward and 
needs further intensive investigations. 
For the future a continuation of the successfull work 
is envisaged: 
The proposal ofDLR to dynamically deform the lead­
ing edge of a rotor blade to favorably influence the 
dynamic stall characteristics of the blade has been ac­
cepted by industry and corresponding efforts are al­
ready underway to realize this idea with a similar 
actuator technology as has been utilized in the present 
RACT test. 
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