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ABSTRACT
Validation and improvement of numerical results obtained nowadays on helicopter rotor blade aerodynamics need
more and more accurate and suited experimental data. Particulary, phenomena occuring in the region very close to the
blades, like transition, separation, and dynamic stall require local and detailed informations on the boundary layer (BL)
characteristics. Among these informations, visualization and instantaneous velocity profiles remain one of the main
useful and suitable tools for analyzing the behaviour of the boundary-layer.
The main goal of the present work is to study qualitatively and quantitatively the physics of unsteady separated flows
around a NACA0012 airfoil oscillating in pitch through stall conditions. A particular attention is payed to the dynamic
structure of the flow field when a bubble is formed, grows and bursts as the angle of attack is increasing and
decreasing. Moreover, formation and shedding of vortices generated by the dynamic stall is studied. The purpose of
this research is also to show that the visualization technique developped at LABM is well suited to the characterization
of the flow physics features generated by the dynamic stall phenomenon occuring on retreating helicopter rotor blade.
The dynamic stall of the retreating blade is simulated by the unsteady separation occuring on the upper side of an
airfoil oscillating in pitch.
The light sheet is produced from an optical system mounted flush with the wind tunnel wall in order to avoid light
reflection. The model, a NACA 0012 airfoil, 0.3m in chord, is spanning the entire test section (0.5 m) in order to
simulate a 2D flow configuration, and the light sheet is adjusted to illuminate the middle horizontal plane of the wind
tunnel. As shown in Figure 1, the flow on the uppper side of the airfoil is visualized by smoke filaments emitted from
upstream. The characteristics of the S2Luminy Wind-tunnel are the following: open circuit wind-tunnel with
rectangular closed section (1mx0.5m) 3m in length, free stream velocity variyng from 2.5m/s to 25m/s, natural
turbulence intensity less than 0.5%. The model oscillates in pitch around a mean angle of incidence αο , with a reduced
frequency of oscillation k = 0.188, and an angular amplitude ∆α = 6deg. The Reynolds number referring to the model
chord will be fixed to the two values : Re = 105 and Re=2.105. A particular effort has been also performed on
visualization tests concerning the steady airfoil set at both unstall and stall incidences. Pictures of the flowfield close to
the airfoil are taken from a digital camera which was synchronized on the motion of the airfoil when oscillating.
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1. NOMENCLATURE
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Airfoil chord, m
Frequency, Hz
Airfoil span, m
Reduced frequency, k=Cω/2U∞
Reynolds number, Re=U∞C/ν
Wind tunnel velocity, m/sec
Tangential normal and longitudinal velocity, m/sec
Curvilinear abscissa, m
Time, sec
Tangential normal and spanwise coordinate at the airfoil surface, m
Angle of attack of the airfoil, deg
Μean angle of attack, deg
Amplitude of the pitching oscillation, deg
Thickness boundary layer, m
Reduced normal coordinate, η=y(Rex)1/2/x
Rotational frequency, rad/sec

2. INTRODUCTION
Understanding of lifting surface unsteady aerodynamics has been strongly developed during the past decades to
improve their performance. In a wide range of practical flows encountered in both nature and aeronautical applications,
a better knowledge of the boundary layer response to either natural or forced unsteadiness is of major interest. An
increased understanding of flow physical mechanisms will contribute to improve numerical models and thus to provide
a better prediction of performance and handling characteristics of future engines.
For instance a better physical knowledge and numerical prediction of the periodic separation and reattachment process
of boundary layers is of major interest for both fundamental research and aeronautical applications. The unsteady
boundary layer separation is indeed at the genesis of complex flow mechanisms giving rise to the dynamic stall
phenomenon. Such a highly unsteady stall phenomenon occurring for example on the retreating blade of a helicopter
rotor in forward flight, remained for more than two decades and is still a challenging problem difficult to predict
accurately (Mc Croskey (1977), Carr (1988), Bousman (2000)). This is maily why much more fundamental
experimental investigations conducted in 2D and 3D flows and providing much more data suited for unsteady flow
features characterization are still needed for both improvement and validation of prediction models. A few examples of
basic data suited for guiding such an unsteady flow characterization will include mean and fluctuating parts of the
boundary layer velocity flow field close to the surface, as well as skin friction and surface pressure distributions (Goody
and Sympson (2000), Lee and Basu (1998)).
Within this scope, the present investigation focuses on application of a Laser Sheet Visualization method (Maresca et al.
(2000)) for studying the boundary layer behavior and the periodic separation/reattachment process occurring on a
NACA0012 airfoil oscillating in pitch. Unsteady boundary-layer characteristics will be also studied from instantaneous
velocity components measured by means of an ELDV method (Berton et al. (1997)) on the upper surface of the model
oscillating in pitch and in a 2D flow configuration.
The following sections will first give a short description of the experimental setup and the measurements method.
Some typical results obtained on the cyclic separation/reattachment process of the boundary layer submitted to
unsteadiness due to the pitching motion are then reported in 2D flow configurations for two Reynolds number values
Re = 105 and Re = 2 105.

3. EXPERIMENTAL FACILITIES AND MEASUREMENTS PROCEDURES
Experiments have been conducted at LABM in the S2-Luminy subsonic wind tunnel (rectangular cross section: 0.5m x
1.0m; length: 3m; velocity U∞ ≤ 25ms-1) as sketched in Figure 1. The pitching motion of the model is performed by
means of an oscillating device located beneath the wind tunnel test section. The model is thus mounted vertically in
the test section and linked to the oscillating frame by means of a support shaft located at the quarter chord axis. In such
a way, the pitching motion is generating instantaneous incidence variations according to the periodic law :
α(t) = α0 + ∆α(cosωt)
where α0 is the mean incidence and ω the rotational frequency.

(1)

In order to simulate a 2D-flow configuration, the NACA0012 airfoil is 30cm in chord and 49.5cm in span and thus
spans the entire test section heigth.
3.1. Visualization
The flow is visualized by the use of small particles illuminated by a laser sheet light clearing up the mid-span of the
airfoil. Seeding particles are emitted upstream through a tube rake. Illuminating light is produced from a laser source
(Spectra-Physics 12 Watts) and transformed into laser sheet trough an optical system mounted flush with the wall of
the wind tunnel in order to avoid light reflection. The optical system, manufactured by Dantec, is composed of a glass
cylinder and a converging lens connected by an optical fiber to the laser source. Figure 1 shows the set-up installed in
the S2L wind-tunnel. It can be seen that the light sheet has been adjusted to illuminate the middle horizontal plane of
the wind tunnel. During tests, pictures of the flowfield close to the airfoil are taken from a digital camera (Olympus
Camedia C-2500L) synchronized on the motion of the oscillating airfoil. These pictures are processed through “Adobe
Photoshop“ software in order to capture the features of the flowfield. Moreover, movies have been realized from the
pictures shot at different instant of the oscillating period.
3.2. Velocity measurements
For each selected chordwise section, the flow survey is performed along the local normal to the wall surface (the
altitude Y ranging from about 0.3 mm to 100mm). The Embedded Laser Doppler Velocimeter (ELDV) (Berton et al,
1997) used for this survey has an optical head mounted on a supporting turntable linked to the oscillating frame as
sketched in Figure 2. Moreover, it is equipped with a beam-expander to increase the focal distance to 400mm. This
optical head is installed on an automated 2D-displacement device mounted itself on the turntable. The laser beams are
so focusing from a 45deg mirror in the boundary layer at the span wise locations considered. The supporting turntable is
linked with the oscillating frame, so that U and V velocity components can be directly measured in the same reference
frame than the oscillating BL. A teledriven system allows the adequate positionning of the measurement volume at any
point of the airfoil surface (30cm in chordwise displacement). An angular sector provides the selection of the surveying
normal direction, and the laser measurement volume can be displaced along the local normal to the surface from y =
0.3mm to y = 145mm with a displacement accuracy of 0.1mm. Due to the periodicity of the flow, each period is
considered as a specific sample of the same phenomenon. So, each velocity component is recorded at each phase angle
ωt comprised between 0deg and 360deg by step of 1deg over a large number of periods.
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Fig. 2. ELDV : Embedded Laser Doppler Velocimeter system
Data acquisitions are made on a microcomputer from two Burst Spectrum Analyser delivering the values of the two
components U and V and the arrival validation time for each frequency measurement. The software used for
acquisition and data reduction (COMBSA) has been developed at LABM under Apple LabVIEW system.

4. RESULTS AND DISCUSSION
Main goal of this study is to evaluate aerodynamic phenomena induced by the pitching motion, relatively to steady
flow, using laser light sheet visualization method. This is why, emphasis has been placed on qualifying the presence of
bubbles (vortex) in which very little particles are present, and which is thus characterized by a rate of very weak ELDV
data validation. The visualizations have been performed owing to the technique described above. The experiments have
been duplicated in S2L, in order to investigate 2 Reynolds number values Re = 105 and 2.105.
Both steady and unsteady cases have been studied. In the steady case, pictures of the flow on the upper side of the
airfoil were taken from the digital camera (Olympus Camedia C-2500L) for values of the incidence angle varying from
0deg to 21deg by step of 1deg. In the unsteady case, pictures of the upper side flow field were shot at different instant
of the period when the airfoil oscillated in pitch through dynamic stall and movies of successive pictures have also
been realized.
4.1. Unsteadiness influence
As examples, Figures 3 to 6 shows steady and unsteady results at two values of the angle-of-attack. One of them
(α0=10deg) corresponds to unstalled regime, the other (α0=14deg) to stall regime. In each figure, the upper picture
corresponds to the steady case, the middle one to the pitching airfoil at the same incidence during downstroke, the
lower picture to the airfoil during upstroke.
Figures 3 and 4 are relative to Re=105 and Fig 5 and 6 to Re=2105. Useful comparisons can be made from these Figures
: for the range of variation presented here, it appears that the effect of Reynolds number on the phenomenon seems not
to be significant.
Reattachment of boundary layer during downstroke occurs from leading edge to trailing edge and is very close to the
steady flow configuration (Figures 3 to 6), though during upstroke, for the 2 Reynolds numbers studied (Fig.3 and 5),
separation seems to occur at 10deg with the formation of a high vortical flow, sustaining as it is well known a high
level of lift until the maximum incidence value is reached.

Steady case, α = 10deg

Pitching case, incidence downstroke, α = 10deg

Pitching case, incidence upstroke, α = 10deg
Fig. 3. Flow visualization around a NACA0012 airfoil at Re=105

Steady case, α = 14deg
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Pitching case, incidence upstroke, α = 14deg
Fig. 4. Flow visualization around a NACA0012 airfoil at Re=105
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Pitching case, incidence downstroke, α = 10deg

Pitching case, incidence upstroke, α = 10deg
Fig. 5. Flow visualization around a NACA0012 airfoil at Re=2 105

Steady case, α = 14deg

Pitching case, incidence downstroke, α = 14deg

Pitching case, incidence upstroke, α = 14deg
Fig. 6. Flow visualization around a NACA0012 airfoil at Re=2 105
Two movies showing the successive phases of the period of oscillation have been realized : one when the airfoil
oscillates in a like “quasi-steady” flow, the other when the airfoil undergoes the unsteady dynamic stall. The deviation
from steady behavior due to unsteadiness effect involved by dynamic stall is underlined by comparison between the
two movies.

4.2. Separation bubble characterization
Visualizations have shown that separated flows occurring on the upper side of the oscillating airfoil at high angle-ofattack result from the bursting of a leading edge bubble. On the other hand, when the airfoil oscillates through lower
incidences with no separated flow (α≤12deg), a bubble remains located close to the leading edge, but its size is too
small to be well captured by the image processing. However, it will be shown here after that the analysis of velocity
profiles recorded by ELDV through the boundary layer can provide a quantitative definition of the laminar separation
bubble.
The analysis is based on the fact that when the flow is seeded upstream, only very few particles are entering into the
bubble. Thus, when the measuring volume is inside the bubble, the rate of data acquisition over several periods remains
close to zero resulting in a no data zone observed on the velocity records. This no data zone allows determining the
height of the bubble and the incidence at which the bubble enters into the measuring volume location.

Fig. 7. Velocity profile measured by ELDV
Pitching motion: x/c=0.1
α0= 6deg; ∆α=6deg; k=0.188; Re=105

As described above, the lack of data on time-velocity records reveals the presence of a bubble. Velocity components
U=U(ωt) and V=V(ωt), have been recorded by ELDV for different location Y of the measuring volume (Ymm=100; 80;
60; 40; 30; 20; 10; 8; 6; 4; 2; 1; 0.8; 0.6; 0.4), at different chord location x/C=0.1; 0.2; 0.3; and 0.67.
Figure 7 gives an example of cumulative (more than 300 periods) velocity records at x/C=0.1 obtained at different
distance from the wall. When approaching the wall (from Y=3mm to Y=0.6mm), a zone of “no data” significant of a
separation bubble is indeed observed during downstroke and upstroke. It has thus been possible to determine the
height of the bubble at a given incidence for different chord locations varying from 0.1 to 0.67.
The dimensions of the bubble deduced from velocity records are presented by white segments in Figure 8 for the
incidence values α=12; 16; and 18deg. These results compared to instantaneous visualizations show a good agreement
although they concern averaged (velocity records) and instantaneous (visualizations) values. Bubbles as high as
100mm (Y/C=0.3) have been thus exhibited.

BUBBLE DIMENSION DEDUCED FROM VELOCITY RECORDS
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Fig. 8. Separation bubble: Visualization and thickness deduced from velocity records, α0= 12deg; ∆α=6deg; k=0.188;
Re=105

5. CONCLUSION
Flow visualizations were carried out on a NACA 0012 airfoil. This study was realized in both a steady flow case, with
different steady incidence values, and in the unsteady case flow. In unsteady flow, the airfoil was oscillating in pitch in
2D configuration at Reynolds Number values of 105 and 2.105.
Smoke filaments emitted from upstream visualized the flow on the upper side of the airfoil, illuminated by a laser sheet.
Pictures of the flowfield were taken at different instants of the oscillating period by use of a numerical camera and
movies were realized from the pictures.
The different flow features around the oscillating airfoil have been analyzed both from visualizations and velocity
measurements. It has thus been possible to quantitatively characterize a separation bubble close to the leading edge
when the wing oscillates at low incidence (less than 12deg).
At higher incidence, pictures and velocity measurements have shown the different features experienced by the flow
during downstroke and upstroke as reattachment, large separation bubble, and high vortical flow.
This study has clearly shown that Laser sheet visualization is a suitable and useful tool to investigate unsteady boundary
layer and dynamic stall regime occurring on oscillating airfoils.
6. ACKNOWLEDGEMENT
This material is based upon work supported by the European research office of the US Army under contract No
N68171-99-M-6670. The authors are particular thankful to Dr. Chee Tung from the Aeromechanics Branch of Army
NASA Rotorcraft division.
7. REFERENCES
Berton, E., Favier, D. and Maresca., C. (1997). “Embedded L.V. methodology for boundary-layer measurements on
oscillating models”, A.I.A.A., Proceedings of the 28th Fluid Dynamics Conf., A.I.A.A. paper n 97/1832, Snowmass.
Bousman W.G. (2000). “Evaluation of airfoil dynamic stall characteristics for maneuverability”, Proccedings of the
26th European Rotorcraft Forum, pp. 38.1-38.1, The Hague.
Carr L.W. (1988). “Progress in analysis and prediction of dynamic stall”, Journal of Aicraft, Vol. 25, No. 1, pp. 6-17.
Goody M.C. and Simpson R.L. (2000) “Surface pressure fluctuations beneath two- and three-dimensional turbulent
boundary layers”, AIAA Journal, Vol. 38, No. 10, pp. 1822-1831.
Lee T. and Basu S. (1998) “Measurement of unsteady boundary layer on developed on an oscillating airfoil using
multiple hot-film sensors”, Experiments in Fluids, Vol. 25, pp. 108-117.
Maresca., C., Berton, E., and Favier, D. (2000) “Embedded LDV measurements in the boundary layer of moving
walls”, NASA Report document CN68171-99-M-6670.
Mc Croskey W.J. (1977) “Some current research in unsteady fluid dynamics” – The 1976 Freeman scholar lecture,
Journal of Fluids Engineering, Vol. 99, pp. 8-38.

