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Separation Control on a Cantilever Wing
with a Self-Excited Vibrating Rod

Rong F. Huang¤ and Shih W. Mao†

National Taiwan University of Science and Technology, Taipei 106, Taiwan, Republic of China

The surface-� ow characteristics and aerodynamic performance of a cantilever wing model subjected to the
in� uence of a leading-edge control rod are studied in a wind tunnel. Circular rods of various materials and
diameters installed at various distances from the leading edge of the wing are tested at low chord Reynolds
numbers. Some selected small-diameter rods present a self-excited transverse vibration when they are placed very
close to the leading edge. Through the surface oil-� ow technique, the natural wing displays complex surface-� ow
patterns, which are commonlyobserved at a Reynolds-numberrange of 104 –106 . Under the action of rod vibration,
turbulent boundary-layerbehaviors usually found on a wing surface at large Reynolds numbers are observed. The
separation resistance of boundary layer on the vibrating-rodcontrolled wing is remarkably larger than the natural
and rod-wakedisturbed wings.Measurements ofaerodynamicloadsusing aPC-based force/momentsensing system
show that the stall angle can be postponed by around 80%, the maximum lift-coef� cient can be increased by about
20%, and the lift/drag ratio mightbe increased by approximately50% at large angles of attack. The improvements
of lift and stall angle of attack are closely related to the modulationof surface � ow, which is caused by the vibration-
induced transverse velocity � uctuationssuperimposed on the boundarylayer. Details of the in� uences are discussed
and illustrated.

Nomenclature
A = vibration amplitude of rod
b = span of wing, 30 cm
CD = drag coef� cient (D D=qbc)
CL = lift coef� cient (D L=qbc)
CL max = maximum lift coef� cient prior to stall
CL max;o = maximum lift coef� cient of natural wing
c = chord length of wing, 6 cm
D = drag force, measured by balance

in freestream direction
fs = nominal vibration frequency of rod
L = lift force, measured by balance in cross

free stream direction
l = minimum distance between rod surface

to leading edge of wing model
q = dynamic pressure of freestream (D 0:5½w u2

w
)

Rec = Reynolds number based on chord length of wing
(D uwc=ºw )

Sts = Strouhal number of rod vibration (D fs c=uw )
uw = freestream velocity in wind-tunnel test section
x = streamwise coordinate, originated from

leading edge of wing
y = spanwise coordinate, originated from leading edge

of wing on root plane
® = angle of attack
®stall = angle of attack at stall
®stall;o = stall angle of attack of natural wing
ºw = kinematic viscosity of air in test section

of wind tunnel
½w = density of air in test section of wind tunnel
Á = rod diameter
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Introduction

I N the range 104 < Rec < 106 where � ying animals, large model
airplanes, man-carrying hang-gliders, human-powered aircraft,

remotely piloted vehicles are categorized, many complicated phe-
nomena take place within the boundary layer of the airfoils.1¡11 The
laminar boundary layer, transition, separation, reattachment, sepa-
ration bubble, etc. characterize the � ows on the lifting surface in
this range of Reynolds number. At low chord Reynolds numbers
and angles of attack, the separationbubble generallyextendsover a
large portion of the chord length and signi� cantly changes the pres-
sure distribution by tremendously altering the shape of the outer
potential stream � ow. The aerodynamic performance in this range
of Reynolds number is usually low because of the characteristicsof
surface � ows.

A variety of passive and active techniquescan be used to change
the complex surface � ows on the airfoils and thus the aerodynamic
performancein the range104 < Rec < 106 . Gad-el-Hak3;12 has made
a detailed review on the � ow phenomenaas well as the methodsand
mechanisms of � ow control. Most of the methods currently used
are primarily aimed to prevent the boundary layer separating from
wing surface.For instance,tripping13;14 and shaping15 are among the
simplest passivemethods, whereas the fence,16;17 spoiler-like� ap,18

wall transpiration,19 heat transfer,20 acoustic excitation,21¡23 etc.
are examples of active control methods to ensure � ow attachment
beyonda criticalangleof attackand thus, an improvedperformance.
The ultimate goal of all of these methods is to improve the airfoil’s
performance by increasing the stall angle and/or lift-to-drag ratio.

When using the acoustic excitation,Zaman et al.22 found that the
most effectiveseparationcontrol is achievedat frequenciesin which
the acousticstandingwaves that form in the test section inducetrans-
verse velocity � uctuations (rather than pressure � uctuations) in the
vicinityof theairfoil.They surmisedthat effectiveseparationcontrol
could be obtained by direct introduction of velocity disturbances.
Bar-Sever24 used a 0.1-mm tungstenwire to introducetransverseve-
locity � uctuations into a separated shear layer on an LRN(1)-1010
airfoilat high incidences.The wire was located1.5mm upstreamand
parallel to the airfoil’s leading edge. The airfoil had a 15-cm chord
and 30-cm span. The transverse oscillation of the wire was driven
by an ac-current modulated horseshoe-shapedpermanent magnet.
At Reynolds number 1:5 £ 105 forcing increased the maximum lift
coef� cient from 1.43 to 1.60, shifted the angle of attack from 11 to
20 deg, and moved the separation location from the leading edge
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to about 80% chord length. A wide band of forcing frequencies
(55–275 Hz) was found to be effective.

In this paper a passive self-excited, transversely oscillating-rod
technique for the separation control of the boundary layer on a
NACA 0012 wing model is developedand studied.The results show
that improvements in the separation, stall angle of attack, and lift-
to-drag ratio are remarkable.

Experimental Setup
The experiments were performed in a closed-returnwind tunnel

as shown in Fig. 1. The wind tunnel had a test section of 60 £
60 £ 120 cm, made of one polished aluminum alloy plate as the
� oor and three high-transparency Plexiglas® panels as the ceiling
and side walls for photography and visualization. The contraction
ratio of the nozzle was 10 to 1. The stable operation velocity in the
test section was between 0.7 and 60 m/s. The freestream turbulence
intensitywas less than0.2%in theexperimentalrange5–45m/s. The
nonuniformityof the average velocity pro� le across the test section
was lower than 0.5%. During the experiments, the average velocity
of the approaching� ow was determined with a pitot-static tube. An
aluminum plate with sharp leading and trailing edges was placed
5 cm above the � oor of the test section for control of the boundary-
layer thickness.The experimental range of chord Reynolds number
is 6 £ 104 –1:6 £ 105 .

The installation mechanism of wing model and control rod was
shown in Fig. 2. The rectangular wing model with a NACA 0012
airfoil pro� le was made of stainless steel. The chord length and
span are 6 and 30 cm, respectively, giving an aspect ratio 5. The
wing model protruded vertically through the aluminum � oor of the
test sectionand theboundary-layerthicknesscontrolplate.The wing
model was mounted on a JR3 UniversalForce-MomentSystem. The
pivoting axis was located at one-fourth of the chord from leading
edge. The assembly of wing model and balance was mounted on
a rotary support. The JR3 balance had a monolithic six-degree-of-
freedom force sensor. The output electronic signals of the sensor
were sampled by a PC-based high-speed data-acquisition system.
The control rod was installed vertically on the chord plane at a
distance l upstream and parallel to the leading edge of the wing
model. The upper end of the rod was � xed on a circular disc with a
screw nut. The circular disc was attached to a set of worm gears and
in turn connected through the upper shaft, upper gear, chain, lower
gear, lower shaft, and coupler to the shaft of the rotary mechanism.
The lower end of the control rod was � xed on the � angeof the rotary
jig, so that the rod and the wing model can rotate simultaneously.
The tightness (tension) of the rod could be adjusted via the screw
nuts at two ends. The rod materials tested included iron, copper,
and stainless steel. Rod diameter Á ranged from 1 to 4 mm. The
distance l from the leading edge of the wing to the nearest rod
surface was varied from 6 to 1 mm. Some selected small-diameter
rods proceededto a self-excitedtransversevibrationwhen they were
placed very close to the leading edge. By adjusting rod tension via
the screw nuts, the vibration frequency could be changed.

Fig. 1 Experimental setup.

Fig. 2 Installation mechanism of wing model and control rod.

A diffusion-scantype Yamatake-Honeywellphotoelectricswitch
was used to detect the vibration frequencyand amplitudeof the rod.
The photoelectricswitch consisted of a small-diameteroptical � ber
transmitter/receiver (model HPF-D018) and a high-responsephoto-
electricampli� er (model HPX-F1). The 0.75-mm-diamtransmitter/
receiver produced a beam of modulated infrared light and received
the target-re� ected optical signals. Maximum sensing distance and
minimum target size were 15 and 0.2 mm, respectively.The photo-
electric ampli� er had a frequency response limit of 20,000 Hz. The
current outputs were shunt with a 1.2 kÄ resistor to convert into al-
most square-wavevoltagesignals.The voltageoutputswere fed into
a fast Fourier transform analyzer to extract the frequency informa-
tion. The optical transmitter/receiver was connected to a precision
stage through a L-shaped extension rod. Moving the photoelectric
sensor across the vibration direction of the rod with the precision
stage and recording the limiting positions where the square waves
of output signals disappeared, the amplitude was obtained by sub-
tracting the rod diameter from the measured distance between two
limiting positions.

The surface oil-� ow technique as described by Huang and Lin25

was employed to detect the characteristics of � ow modes. Mineral
oil mixed with a small amount of blue dye powder was blush coated
on the suction surface of wing model. Dark traces on the wing sur-
face are located where the massive dyed-oil accumulated.The � ow
direction on the suction surface was observed in situ from the trace
of oil-� ow motion. The positions of separationand reattachmentof
boundary layer on the suction surface of the wing were taken from
the recorded video images of the surface oil-� ow patterns.

The accuracyof measurementof freestreamvelocitywas affected
primarily by the alignment of pitot tube and the calibrationof pres-
sure transducer. With the help of an on-line micropressure calibra-
tion system and careful alignment of pitot tube, the uncertainty in
the freestream velocity was estimated to be no larger than §1.5%
of reading. The rotary support for the wing model had a resolution
of 0.012 deg. The largest uncertainty in CL is at near zero lift, that
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is, at low angles of attack. It was estimated to be within §1.5% of
reading. The largest uncertainty in CD appeared at zero angle of
attack, where the drag was a minimum for about §2.0% of reading.
The accuracy of the vibration frequencies depends not only on the
responseof photoelectricampli� er but also on the record length and
sampling rate of the FFT analyzer.The uncertaintyof the frequency
detection was estimated to be within §0.75% of the reading in this
experiment. The uncertainty of the vibration amplitude measure-
ment was around §5%.

Results and Discussion
Self-Excited Vibration Characteristics of Control Rod

Rods made of iron, copper, and steel with diameters ranged from
1 to 4 mm were tested. The distance l from leading edge of wing to
the nearest rod surface was varied from 6 to 1 mm. A self-excited
transverse vibration was observed when the small-diameter rods
were placed very close (for example, 1 mm) to the leading edge.
The self-excited vibration can be induced by the interaction be-
tween the elastic rod and the complex � ows, which combine the
jet through the gap between the rod and the leading edge of wing
model, the wake behind the rod, and the boundary layer on the wing
surface. The vibration frequency can be varied when the rod ten-
sion is changed via the screw nuts. For instance, the 1-mm iron rod
placed at l D 1 mm can vibrate transversely at different “nominal”

a) Domain of vibration

b) Effect of Reynolds number

c) Effect of angle of attack

Fig. 3 Vibration frequency characteristics of control rod.

a) Effect of Reynolds number

b) Effect of angle-of-attack

Fig. 4 Vibration amplitude characteristics of control rod.

frequency fs if the Reynolds number and angle of attack are larger
than the values locatedon the curves of Fig. 3a. In the lower left part
of the curves, the rod remains static. The vibration frequency fs is
describedas nominal because it decreasesslightlywith the increase
of Reynolds number and angle of attack under a � xed tension, as
shown in Figs. 3b and 3c. Because the variations are insigni� cant,
the nominal vibration frequency is used hereafter.

In Fig. 4a the vibration amplitude increases with the increase
of Reynolds number, but decreases with the increase of frequency.
For example, at high frequency of 137.5 Hz the vibration ampli-
tude is about three rod diameters smaller than that at 67.5 Hz. At
fs D 67:5 Hz it attains a large value of about 5.7 rod diameters at
Rec ¸ 105. Resonance can occur at fs D 67:5 Hz and Rec D 105 be-
cause the vibration amplitude is abnormally large. The vibration
amplitudes become remarkably large when the angle of attack is
higher than about 8 deg, as shown in Fig. 4b. The vibration am-
plitudes attain maximum at ® ¼ 14 deg, then decrease slowly with
the increase of angle of attack. The stall angle of the NACA 0012
wing is about 10 deg. The control rod can set out a large vibration
as ® > 8 deg, which makes a perfect match.

Surface Flow Patterns

The typical patterns of surface oil � ow for the natural wing at
Rec D 105 are shown in Fig. 5. The corresponding hand sketches
shown in Fig. 6 delineate the locations where massive dyed-oil ac-
cumulates and the in situ observed oil-� ow directions. The bold
lines delineate the separation or reattaching lines, whereas the thin
lines with arrows indicate the paths and directionsof the oil � ow on
the suction surface. The hand sketches at the bottom part delineate
the side view of what is assumed to be the surface � ow patterns
in the two-dimensional area.

At ® D 4 deg, as shown in Figs. 5a and 6a, two dark lines appear.
The left line is where the boundary layer separates, whereas the
right one represents where the separated � ow reattaches. Direction
of the oil � ow in the two-dimensionalregion shows the existenceof
a separationbubble between these two lines. The separationbubble
moves toward the upstream area and becomes smaller with the in-
crease of the angle of attack. At ® D 8 deg, as shown in Figs. 5b and
6b, the separation bubble becomes very small and is located very
close to the leadingedge.At ® D 10 deg, as shown in Figs. 5c and 6c,
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a) ® = 4 deg b) ® = 8 deg c) ® = 10 deg d) ® = 12 deg

Fig. 5 Typical surface oil-� ow patterns on suction surface of natural
wing at Rec = 105.

Fig. 6 Hand sketches of surface � ow patterns corresponding to Fig. 5.

the reattached turbulentboundary layer separatesand forms a sepa-
ration line near the trailing edge. This separationline moves quickly
toward the upstream as the angle of attack increases.At ® D 12 deg,
as shown in Figs. 5d and 6d, the separation of the turbulent
boundary layer occurs at the leading edge, accompanied by two
large surface vortices26 (one near the root area and the other near
the wing tip). All of these surface oil-� ow patterns are similar to
those reported by Huang et al.10 and Huang and Lee.11

When the wing model is subject to the in� uence of the vibrating
rod, the surface � ows are altered drastically,as shown in Figs. 7 and
8. The behavior of the surface � ows becomes similar to the typical
turbulent boundary layer,3;12;27 that is, attached � ows at low angles
of attack (Figs. 7a and 8a), separation from trailing edge (Figs. 7b
and 8b), and leading-edge separation (Figs. 7c and 8c).

a) ® = 3 deg b) ® = 13 deg c) ® = 20 deg

Fig. 7 Typical surface oil-� ow patterns on suction surface of vibrating
rod-controlled wing at Rec = 105.

Fig. 8 Hand sketches of surface � ow patterns corresponding to Fig. 7.

Characteristic Flow Regimes

Figures 9a and 9b show the characteristic � ow regimes of natu-
ral and vibration-controlledwings, respectively. It is obvious that
the surface � ows on the natural wing operated in the current experi-
mental rangeofReynoldsnumbersare characterizedby thecomplex
� ow modes of laminar separation, separation bubble, leading-edge
bubble, turbulent separation,and leading-edgeseparation.They are
commonly observed at low Reynolds numbers 104–106 (Refs. 2, 3,
10, and 11).

As controlled by the vibrating rod, the turbulent boundary layer
attachesto thewing surfaceat ® ¼ 7 deg.As ® > 7 deg, theboundary
layer starts to separate from the trailing edge. The separation line
attainsthe leadingedgeat ® ¼ 18degfor Rec ¸ 105 . For comparison,
thecaseof rod-wakedisturbedwing is shownin Fig. 9c.The distance
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Fig. 9 Characteristic � ow regimes: a) natural wing, b) vibrating rod-
controlled wing, and c) rod-wake-disturbed wing.

l between the rodand the leadingedge is comparativelylarge (6 mm)
so that the rod does not vibrate. Under the disturbance of the rod
wake, the surface � ows on the wing model also display typical
characteristics of the turbulent boundary layer, which is similar to
those shown in Fig. 9b. However, the characteristic modes cover
different regimes. The boundary layer remains attached to the wing
surface for ® < 12 deg. Once it separates, the separation line moves
to the leading edge very fast when the angle of attack increases to
about 15 deg.

In Figs. 9a and 9c the regimes of turbulent separation in com-
mon cover a narrow range (2–3 deg) of angle of attack. However,
in the case of vibrating rod, as shown in Fig. 9b, separation starts
at ® ¼ 7 deg, then proceeds slowly toward the leading edge with
the increase of angle of attack, � nally attains the leading edge
at ® ¼ 18 deg, which is quite different from the natural and rod-
wake disturbedwings. Apparently,the resistance to the separationis
signi� cantly improved when the wing is under the action of a vi-
brating rod. The boundary layer on the wing surface is drastically
disturbedby transversevibrationof the rod.The boundarylayercon-
taining large turbulent kinetic energy as a result of the strong trans-
verse velocity� uctuationscan overcomemoderate adversepressure
gradient22;24 and defer the angle of attack at which the boundary
layer separates from the leading edge.

Aerodynamic Performance

Natural, Rod-Wake Disturbed, and Vibrating-Rod Controlled Wings

Figure 10 shows the lift coef� cient CL , drag coef� cient CD , and
lift-to-drag ratio CL =CD in three situations at Rec D 105 . As shown
in Fig. 10a, CL without control presents distinct slopes in different
characteristicregimesof the surface� ows,whichare completelydif-
ferent from the conventional results27 for Reynolds numbers larger
than 106. The stall occurs at ® ¼ 10 deg, where the boundary-layer
separationoccurs.When subjectto the in� uenceof rod wakewithout

Fig. 10 Aerodynamic performance of natural, rod-wake-disturbed,
and vibrating rod-controlled wings: a) lift coef� cient, b) drag coef� -
cient, and c) lift-to-drag ratio.

vibration,CL increaseswithoutsevereslopechange,which is similar
to theperformancecurvecommonlyobservedin the high-Reynolds-
number regime.27 The stall is a little deferredto ® ¼ 12:5 deg, where
the turbulent boundary layer starts to separate. This value is very
close to the stall angle 12.2 deg, which was measured by Abbott and
von Doenhoff27 at a high Reynolds number 6 £ 106 for a standard
roughnessNACA 0012 airfoil.At stall,CL decreasesnot so abruptly
as the natural wing does. In the case of the vibrating rod, the lift
coef� cient before stall is lower than that of the natural wing. How-
ever, because of the large separation-resistance induced by strong
transverse turbulence � uctuations the separation line of the turbu-
lent boundary layer proceeds slowly to the leading edge with the
increase of the angle of attack, as mentioned in Fig. 9b. The stall
angle is deferred tremendously to ® ¼ 18 deg, where the leading-
edge separationoccurs. It increasesabout80% when comparedwith
the natural wing. Maximum value of CL is increased by about 20%
from 0.8 of the natural wing to 0.97 in current case.

Variations of the drag coef� cient CD are shown in Fig. 10b. The
drag generallyincreaseswith the increaseof angleof attack.At stall,
the slope of the drag curve increases appreciably as a result of the
increase of the apparent form drag, which is induced by separation.
The turbulent boundary layers create a large skin friction on the
suction surface so that the drag coef� cient in the case of turbulent
surface � ows is inevitably larger than that in the laminar case.

Before stall, the natural wing has larger lift-to-dragratios than the
rod-controlled ones, as shown in Fig. 10c, because the lift coef� -
cients of the controlledcases are lower than that of the naturalwing.
At stall,CL =CD decreases drasticallyfrom 4.5 to 2 as a result of the
abrupt loss of lift. After stall, the lift-to-dragratios of the controlled
ones are larger than that of the stalled natural wing. Particularly,
the vibrating-rod controlled wing does not have an abrupt drop in
CL =CD around the stall angle ® ¼ 18 deg.

Effects of Reynolds Number

The variation of maximum CL with Reynolds number is shown
in Fig. 11a. Maximum lift coef� cient of the natural wing increases
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Fig. 11 Effects of Reynoldsnumberon a) maximumlift coef� cient and
b) stall angle of attack.

Fig. 12 Effects of Reynolds number on lift-to-drag ratio: a) maximum
lift-to-drag ratio and b) comparison of lift-to-dragratio before and after
stall.

almost linearly with the increase of Reynolds number. Maximum
CL of the vibratingrod-controlledwing in general is about0.1 larger
than thatof thenaturalwing, exceptat Rec D 105, wherea peakvalue
0.97 appears. Extraordinarily large vibration amplitude, as shown
in Fig. 4a, possibly induced by resonance at this Reynolds number
can cause such a high lift performance. The stall angle of attack
of the vibrating rod-controlled wing is signi� cantly improved by
6–8 deg when compared with that of the natural wing, as shown in
Fig. 11b.

The maximum lift-to-drag ratio increases with the increase of
Reynolds number for both the natural and vibration-controlled
wings, as shown in Fig. 12a. The vibration-controlled wing has a
lower maximum lift-to-drag ratio than the natural wing. Figure 12b
shows the variation of the lift-to-drag ratios subject to the changes
of the Reynolds number at low and high angles of attack. The lift-
to-drag ratio generally increases with the increase of the Reynolds
number. At low angle of attack, the vibration-controlled wing has

Fig. 13 In� uences of vibration frequency on a) normalized maximum
lift coef� cient and b) normalized stall angle of attack.

lower lift-to-dragratio than thenaturalwing.At largeangleof attack,
however, the situation is reversed.

In�uences of Vibration Frequency

The in� uences of the vibration frequencyon the normalizedmax-
imum lift coef� cient at Rec D 105 are shown in Fig. 13a. The nor-
malization factor CL max;o in the denominator is the maximum lift
coef� cient of the natural wing. At fs D 67:5 Hz the normalized
maximum lift coef� cient increases to a maximum value 1.2, then
decreaseswith the increaseof frequency.The decreaserate becomes
insigni� cantas the vibrationfrequenciesare larger than 100 Hz. The
in� uences of the vibration frequencyon the stall angle of attack, as
shown in Fig. 13b, behave similarly to those of the maximum lift
coef� cient. The normalized stall angle of attack increases to about
1.8, then decreases with the increase of vibration frequency. The
in� uences become saturatedat the vibration frequencies larger than
about 100 Hz.

Conclusions
By installing a selected small-diameter metallic rod at a short

distance ahead of the leading edge of a wing, a self-excited vibra-
tion of the rod can be induced. The natural, rod-wake disturbed,
and vibrating rod-controlled wings show fundamental differences
in the surface � ow patterns and aerodynamicperformance.The nat-
ural wing presents complex surface � ow patterns, which are com-
monly observed at the Reynolds numbers between 104 and 106.
Under the disturbancesof the rod wake and rod vibration, the turbu-
lent boundary-layer behaviors commonly found on a wing surface
at large Reynolds numbers are obtained. The rod-wake disturbed
boundary layer attaches to the wing surface without separationuntil
an angleof attack is a little higher than the stall angle of attack of the
natural wing. Once it separates, stall occurs, and the separation line
moves to the leading edge with just a little increment of the angle of
attack. The strong transverse velocity � uctuations induced by the
vibrating rod make the boundary layer resistive to separation—the
turbulent boundary layer separates slowly with the increase of
the angle of attack. The stall occurs when the separation proceeds
to the leading edge. The stall angle of attack can be deferred by
about 80%. The maximum lift coef� cient can be increasedby about
20%. The Reynolds number as well as the vibration frequency and
amplitude are determinants of the surface � ows and aerodynamic
performance.
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