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Abstract 

Leading-edge separation on a wing model was automatically controlled by a closed-loop 
system which was composed of a flow-direction discriminator, a controller and disturbance 
actuators.  The discriminator made use of MEMS technology works well as a stall warning 
device.  The separation was prevented by exciting the shear layer using periodic blowing and 
suction.  A computer controlled these elements by using a simple algorithm. Results of the 
demonstrations of the integrated control system for pitching motion of the wing showed the 
effectiveness of this system toward the smart wing.       
 
 

1. Introduction 
Control of flow separation has been obviously one of the most noticeable fluid engineering subjects.  The 

potential advantages of applying separation control are expected to be greatly useful for various systems such as 
air, land, and sea vehicles; turbomachines; diffusers; and a variety of other technologically important systems 
involving fluid flow (Gad-el-Hak 2000).  There are large numbers of investigations on actuation methods of 
control of flow separation.  Ahuja and Burrin (1984) and Hsiao et al (1990) used acoustic excitation for control.  
Neuburger and Wygnanski (1987) used vibrating ribbon to delay separation.  By using synthetic jet technique, 
Glezer’s group (1999, 2001) has carried separation control and virtual-shaping of airfoils.  For practical 
applications in civil aircrafts, the attempting of pneumatic flow control to high-lift systems is predicted to have 
the greatest impact by McLean et al (1999).  In such a case, feedback control methods may not necessarily be 
required, however, other new types of air vehicles such as unmanned aerial vehicles and micro aerial vehicles 
have come to be in the limelight as application objects using flow control recently.  As stated by Greenblatt and 
Wygnanski (2000), these aerial vehicles possibly give many new subjects involved flow control.  McCormick 
et at (2001) pointed out that packaging of a self-contained actuator inside the confined leading edge of the airfoil 
represented a significant challenge.  Establishing a compact control system which can be installed in a small 
wing seems to be more important. 

One of the goals in the MEMS subgroup is to establish the basis of smart, i.e. feedback and/or feedforward, 
control system of flow separation around wings.  So far, this subgroup has investigated the possibility of 
thermal multi-sensors as separation detector on circular cylinder body and airfoil (Takagi et al. 2001).  Takagi 
et al. (2002) and Nishizawa et al. (2003) investigated the techniques of separation-detection and 
separation-prevention with the use of a new small surface sensor (Ozaki et al, 2000), which has been originally 
developed for a model of wind receptor hairs of insects.  Abe et al (2001) are studying micro jet vortex 
generator (MJVG) instead of former solid fin type VGs.  The present study aims to integrate the separation 
detector, actuator and control algorism which have been studied in our group and to apply them to an actual 



wing model.   
 
2. Experimental Apparatus 
2.1 Wind tunnel and wing model 

A suction type of wind tunnel was used for the present experiments.  The maximum flow speed is 18 m/s.  
The turbulence intensity of the free stream is less than 0.3% at a free stream velocity of 10m/s.  A schematic 
view of the test section is shown in Fig.1.  The size of test section is 1500mm in length, 600mm in height, 
300mm in width.  A NACA0015 wing model was placed at the center of test section.  Its chord length, c, is 
400mm, width, b, is 300mm and   aspect ratio, b/c, is 0.75.  The angle of attack, α, is set by a rotary table.  
The free-stream velocity, U∞, is defined as the velocity where the Pitot tube is located.  The experiments were 
conducted at U∞=10m/s and the Reynolds number, Re, based on the chord length and U∞ is nominally 2.8×105.  
Uncertainty of the Reynolds number due to ambient temperature drift is kept within ±8%.  In the coordinate 
system, x and z’ are the chord wise and vertical direction respectively.   

Figure 2a shows the picture of smart wing model.  The Plexiglas-made model has two thin plates near the 

both sides to eliminate the influence of the boundary layers developed on the test section wall.  Three loud 
speakers were installed at 90mm spacing in spanwise direction as shown in Fig.2b.  Five 0.5 mm diameter 
holes were drilled at the leading edge (x/c=0) at 10mm spacing in spanwise direction for each speaker.  These 
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Fig.1 Experimental setup (unit:mm). 
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speakers are connected in series.  Pressure ports are located on the center line of the upper surface at 40mm 
spacing except near the leading edge.  
2.2 Separation detector 

A cantilever sensor (CS) as shown in Fig.3, was 
used as a reverse-flow detector. The CS was installed 
at x/c=0.7 off the centerline.  This sensor was made 
use of MEMS technology and consisted of five 
independent cantilevers. They are 0.23mm in width 
and 0.01mm in thickness.  Each element has a strain 
gauge at the root near the base so as to interpret flow 
direction: the sensor output for reverse flow indicates 
the negative sign, and vice versa.  In this experiment, 
the longest cantilever was used together with an 
amplifier (TEAC Model SA-59) with an excitation 
voltage of ±0.6V and a DC gain of 2000.  The effect of thermal drift due to variation of the ambient 
temperature was eliminated by observing the output at no wind before and after the measurements.  However 
unavoidable offset is retained within ±3mV through the measurements. More details on the gauge are given by 
Ozaki et al. (2000).  
2.3 Control System 

To examine an active control of the leading edge separation, the boundary layer on the wing surface was 
excited by periodic disturbance at the leading edge.  As mentioned above, three small speakers which were 
applied sinusoidal voltage through a function generator and an AC amplifier were used as actuators.  Figure 4 
shows an example of time trace of the hot-wire output measured above the hole for no wind at disturbance 
frequency of 100Hz.  The trace indicates that the strong blowing and weak suction repeated at the period of the 
speaker oscillation. Since the hotwire cannot detect the flow direction, blowing and suction phases are assumed.  
The magnitude of the disturbance, Vj’, is defined by the root mean square of the fluctuating velocity.  
Parametric study of the disturbance frequency and magnitude enabled us to optimize the control condition.   

The closed-loop control system consisted of three simple procedures as shown in Fig.5: acquisition of CS 
output, discrimination of the flow direction and excitation of the boundary layer.  For the discrimination of the 
reverse flow, time averaged voltage of CS output was used: if it is positive the speaker is not driven and vice 
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Fig.4 Time trace of the hot-wire output, Vj, 
measured above the ejection hole (z’=0.5mm) 
for no wind at f=100Hz. 
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Fig.5 Schematic view of the control system. 
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versa.  The durations of acquisition and excitation can be independently adjusted.  The durations of 20ms for 
the acquisition and 50ms for the excitation were used in the present experiments. 
2.4 Data acquisition and analysis 

Profiles of the mean and fluctuating velocities in flow around the wing were measured by a conventional 
constant-temperature hot-wire anemometer and a single-wire probe.  The anemometer output was analogously 
linearized using a pressure transducer connected to a Pitot static tube in uniform flow.  The hot-wire sensor 
mounted on a 2-D traversing mechanism was automatically moved by a computer.  Time averaged Cp 
distributions were measured by a SCANIVALVE and a high sensitive pressure transducer.  The Pitot static 
pressure, ps, was used as the reference pressure in calculating the Cp=(p-ps)/(pt-ps), where p and pt are the surface 
pressure of the model and the total pressure of Pitot tube respectively.  The Cp distributions on upper surface in 
negative angle of attack were substituted for ones on lower surface in positive angle of attack. 

The outputs from the anemometer, pressure transducer and a separation detector acquired by 16 bit A/D 
board installed in the computer.  The uncertainty of velocity measurements is ±2% of the local velocity.  Lift 
coefficient, CL, was calculated by integration of the interpolated Cp distributions on both surfaces. The 
uncertainty of CL is kept within ∆CL =±0.05. 
 
3. Result and discussion 
3.1 Characteristics of basic flow 

Figure 6 shows the streamwise variation of free-stream velocity and the boundary layer profile at x/c=0.3 for 
α=0°.  The flow is highly accelerated around the wing, indicating that the blockage effect of the wing on the 
uniformity of the free stream is not negligible in the present experiments.  For this reason, Cp distributions are 

Fig.6 Velocity profiles at α=0°. (a) Streamwise distribution of the 
free-stream velocity at z=170mm and y=0, (b) vertical profile of the mean 
velocity at x/c=0.3 and y=0. 
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Fig.7 Cp distributions at (a) α=0° and (b) α=5°. 



not in agreement with theoretical ones calculated by panel 
method as shown in Fig.7.  The purpose of this study, 
however, is to establish the active control system rather than 
to investigate the flow field around a NACA0015 wing.  
Figure 8 shows the CL distribution for various angles of attack 
without any separation control.  These plots indicate that the 
stall angle is about 19 degree.  Generally, two dimensional 
NACA0015 wing has much smaller angle of stall.  This 
delay of stall seems to be due to very low aspect ratio of only 
0.75.  Inspite of these imperfect conditions, the effects of 
control system on the lift can be verified as described below.   
3.2 Static control by a roughness element 
   Figure 9 shows the comparison between natural case and 
the case that the flow was disturbed by a 0.7mm diameter 
circular cylinder placed on the surface near the leading edge.  
The streamwise location of roughness element 
was varied from x/c=0.0 to 0.075.  For the 
location of x/c=0.05 and 0.075, the roughness has 
no effect on the CL distribution.  The roughness 
located x/c=0.0 or 0.025 enhances the stall 
however the CL took larger values than the 
natural case after the stall.  These results reveal 
that the disturbance should be introduced near the 
leading edge to affect flow around the wing.  
Consequently, the periodic disturbance was 
decided to be introduced from the leading edge.   
3.3 Active control by periodic disturbances 

Figure 10 shows CL distributions for variation 
of the disturbance magnitude and frequency.  As 
shown in Fig.10a lager magnitude of the disturbance brings better effect on the lift recovery but the increment of 
magnitude finally results in saturation of the effect.  On the other hand, the lift recovery effect does not depend 

Fig.8 CL distributions for various angles of 
attack. 
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on the frequency as shown in Fig.10b.  In all cases for the 
frequency and magnitude, the active excitation method has no 
negative effect as seen in Fig.9.  Because of the results for 
parametric study of frequency showed no difference, all of the 
following results are represented with the case of f=100Hz and 
Vj’=1.9m/s. 

Figure 11 shows Cp distributions at α=20°.  The plot for 
natural state looks almost flat on the upper surface indicating 
that the flow separated from the leading edge.  For the case 
with active control, the Cp distribution on the upper surface 
has clearly recovered.  These results indicate that the present 
control method is effective for stall due to leading 
edge separation.  Figure 12 shows the profiles of 
velocities and turbulence intensities in the flow on 
the upper surface at x/c=0.7 and α=20°.  The 
large-scale reverse flow seems to occur in the 
range of 0<z’<100mm for the natural case since 
the velocity is increased toward the wall.  When 
the control is applied the velocity becomes to 
decrease monotonically toward the wall and the 
thickness becomes thinner, implying that the 
reverse flow is prevented by the control.  Figure 
13 directory shows this behavior.  For natural 

case, the cantilever sensor output is always 
negative in Fig.13a, meaning that the flow is 
reverse, while the averaged sensor output 
becomes almost positive in Fig.13b for the 
controlled case.  These results support the result 
by hot-wire measurements. 
3.4 Demonstration of closed-loop control 
system 

 To demonstrate the automatic control system 
it was operated when the angle of attack was 
continuously changed by the rotary table at 
constant speed of about 0.2°/s.  Figure 14 shows 
the time traces of CS output signal and speaker 
driving pulse in both cases with and without control.  In case of the natural state, the CS output decreases with 
increase of the angle of attack and the reverse flow appears before the stall angle of α=19°.  Needless to say, 
the first appearance of the reverse flow depends on the streamwise location of the CS.  Although the location 
was not optimized yet in the present study, the CS works well as a warning device of the stall.  When the 
control system is operated the speaker driving pulse is generated by detecting the reverse flow. The flow 
direction, however, does not change to forward up to the stall angle.  After the stall angle, this system controls 

Fig.11 Cp distributions at α=20°. Control 
conditions are f=100Hz and Vj’=1.9m/s. 

Fig.12 Profiles of (a)mean velocity, U, and 
(b)turbulence intensity, u’, at α=20° and x/c=0.7.
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the reverse flow well.  Figure 15 shows the extended waveforms of Figs14b and c.  The speaker is driven 
when the flow direction is reverse while it is not driven when the flow direction is forward, indicating that the 
automatic detection and control system works well even for short-time flow phenomenon.   

  
 
4. Concluding remarks and near future plan 

In the present study, the active separation control system developed for the simple flow field in the previous 
work was applied to a wing model.  The system is composed of the flow direction sensor, the actuator which 
excites the separated shear layer and the computer controlling these elements.  The discriminator made use of 
MEMS technology works well as a stall warning device.  The system integration was established for the wing 
model and the smart control system was demonstrated for the pitching motion of the wing.  It is verified that 
the present control system can prevent leading edge separation and delay the stall.   

Although the present system employed the simple actuator which generates periodic blowing and suction, 
they can be easily replaced by the new actuators developed by coauthors in AIST.  By using their micro jet 
vortex generators it is expected that the control system can be applied to the cases of higher Reynolds number 
and give birth to higher lift. 
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