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Oscillatory Blowing: A Tool to Delay
Boundary-Layer Separation

A. Seifert,* T. Bachar,t D. Koss,J M. Shepshelovich,§ and I. Wygnanskit
Tel Aviv University, Ramat-Aviv 69978, Israel

The effects of oscillatory blowing as a means of delaying separation are discussed. Experiments were carried
out on a hollow, flapped NACA 0015 airfoil equipped with a two-dimensional slot over the hinge of the flap.
The flap extended over 25% of the chord and was deflected at angles as high as 40 deg. The steady blowing
momentum coefficients could be varied independently of the amplitudes and frequencies of the superimposed
oscillations. The modulated blowing was a major factor in improving the performance of the airfoil at much
lower energy inputs than was hitherto known. Optimum benefits in performance were obtained at reduced
frequencies, based on the flap chord, of an order of unity. Significant increase in lift as well as cancellation of
form drag were observed. The increase in Reynolds number did not have an adverse effect on the data.

Nomenclature
Cd = airfoil total drag coefficient
Cdp - airfoil pressure drag coefficient
C/ = airfoil lift coefficient
CM = combined blowing momentum coefficient, (CM; (c^j)
c = airfoil chord
cf = flap chord, 0.25C
CM = steady blowing momentum coefficient, = (J/qc)

=* 2(H/c)(Uj/U00)2

(c^) = oscillatory blowing momentum coefficient,
= 2(H/c)((u)f/U00)2

F+ - dimensionless frequency, = (/c/)/l/«>
f - predominant frequency of the imposed fluctuations, Hz
H = slot height
/ = mean jet momentum near the nozzle exit, = pUfff
(/') = phase-locked oscillatory momentum near the nozzle

exit, = p\Q(u)f
2 dy

q = freestream dynamic pressure, = (l/2)pU00
2

Rc = chord Reynolds number, = UwC/v
Uj = average exit velocity of the jet, =
Ux = freestream velocity
u ' = rms of the streamwise component of the velocity

fluctuations
(Uf) = phased-locked amplitude of oscillatory blowing
x/c - normalized streamwise location
a - airfoil angle of attack, deg
df - flap deflection, deg
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Introduction

T HE prevention of separation and the generation of high
lift is an important aspect of boundary-layer control.

Traditionally, separation was delayed by proper geometric
design and by steady transpiration either through slots or
through porous surfaces. There is increasing evidence that an
introduction of periodic perturbations into the boundary layer
may also delay separation, even when the upstream flow is
turbulent.1 External acoustic excitation delayed2"4 the occur-
rence of stall on airfoils, thus increasing the maximum lift
generated by them. Since the most effective frequencies of
excitation corresponded to the wind-tunnel resonance fre-
quency,2 the applicability of this type of excitation is question-
able. Furthermore, sound pressure levels of approximately
150 dB (measured on the surface of the airfoil3) required to
delay the stall by 3-4 deg of incidence were prohibitively high.
Some increase in lift was noticeable when the level of phase-
locked perturbations measured in the boundary layer near the
leading edge was about 40% of the freestream.4 Internal
acoustic excitation emanating from a slot located near the
leading edge of the airfoil5'6 is more effective in delaying the
stall and in moderating its adverse effects, but the maximum
lift generated in this manner was hardly improved.5

Liu7 observed that a Wortmann FX 63-137 wing designed to
operate at Reynolds numbers exceeding 1 x 106 performed
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Fig. 1 Vibrating flaperon effect on poststall lift of an NACA 0015
airfoil.
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better when the freestream was highly turbulent. Since some
of the turbulent scales encountered in this experiment were
commensurate with the chord of the airfoil, one may expect
that controlled vorticity fluctuations of similar length scale
may enhance the performance of the airfoil even further.
Active mechanical devices located inside the boundary layer
(i.e., a vibrating flaperon attached to the surface8 or an oscil-
lating fence9 or wire10) also provide vorticity fluctuations that
are amplified by the shear flow near the surface and effectively
delay separation. For example, the maximum lift coefficient
generated by an NACA 0015 airfoil8 was increased by 30%
(Fig. 1) because the angle of incidence at which the airfoil
stalled was increased from 12 to 16 deg. On another airfoil9

(the IAI P-255 sketched in Fig. 2a), where the location of
natural separation crept slowly upstream with increasing inci-
dence, an active mechanical device located near the leading

Vibrating
Rap

edge prevented this type of drag creep at 2<a<\2 deg and
delayed the deep stall by Aa = 4 deg (Fig. 2b). This can
be deduced best from the drag polar measured at Rc ~
0.2 x 106 (Fig. 2c) where a constant drag was maintained
between 0.6<C/<1.6 as a consequence of the active flow
control. In both examples mentioned, the control mechanism
consisted of a small flap that was forced to oscillate up and
down at a prescribed frequency and amplitude. The effective-
ness of this device depends on its size, inertia, and location on
the airfoil surface in addition to the particular characteristics
of the airfoil and its angle of attack. In short, there is a close
coupling between the airfoil geometry and the device. All of
these experiments suggested that separation can be delayed
and at times prevented by introducing strong oscillations of
the appropriate frequency to the region of incipient separa-
tion.

x/c=075
(x/c-075)/H=2

H

Fig. 2a Vibrating flaperon installation on an IAI P255 airfoil.
Fig. 3a Flapped and hollow NACA 0015 airfoil.

O

Fig. 2b Vibrating flaperon effect on the lift of an IAI P255 airfoil.
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Fig. 2c Vibrating flaperon effect on the drag of an IAI P255 airfoil.
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The details of the physical mechanism responsible for the
adherence of the flow to the surface are not fully understood.
It is known that turbulent, large coherent structures, which are
considered to be synonymous to the most unstable modes
existing in shear flows, alter the entrainment capability of such
flows, which in turn enhances the mixing between the outer
and inner regions of these flows. The existence of large oscilla-
tions, therefore, will bring intermittently high momentum
fluid to the surface, enabling the flow to withstand (on the
average) the adverse pressure gradient without separating. The
introduction of oscillations to the flow accelerates, regulates,
and enhances the generation of large coherent structures, par-
ticularly when the mean flow is unstable and amplifies the
forced oscillations. Since the effectiveness of the system is
largely determined by the instability of the flow, the right
types of disturbances have to be introduced at the right place.
This is hard to achieve solely by a mechanical device unless the
entire design is set for very specific flow conditions.

Recent experiments on wall jets11'12 indicated that the region
of amplification of a prescribed forced oscillation depends on
the velocity distribution in the jet and in particular on the
momentum excess provided by the blowing. Consequently, a
perturbation provided by any device (be it pneumatic, me-
chanical, electromechanical, or acoustic) located on the sur-
face of an airfoil can be amplified by the flow and propagated
(or advected) by it to the location where it is needed most,
provided a small but regulated amount of steady blowing is
added to the flow. This concept is explored experimentally in
the present paper as a means of controlling separation.

the phase-locked coherent amplitude of the modulation at the
forcing frequency (uf) only (Fig. 3b), and by integrating (u}2

f
one obtains a number representing the momentum of the
oscillations at the nozzle (j). In the presence of a freestream,
the blowing was characterized by the two independently con-
trolled momentum coefficients (CM) and CM.

Since the system had to operate at various frequencies and
amplitudes superimposed on various steady momentum coef-
ficients, a calibration had to be provided for a broad range of
these parameters. Needless to say, the complex geometry of
the blowing system and the plenum chamber did not respond
linearly to a controlled change in each parameter. The entire
system was therefore treated as a "black box" whose output
was calibrated by a hot wire anemometer against known and
controllable input parameters in the absence of an external
stream (i.e., mass flow of the steady blowing; the rate of
rotation of the valve that determined the frequency of the
input oscillations; and the rpm of the blower connected to the
valve that controlled the amplitude of the oscillations). An
example of this calibration procedure is given in Fig. 3c, where
a scan of the jet oscillations was made for all of the frequen-
cies of interest, whereas all other inputs remained fixed. The
ensuing amplitude decreased with increasing frequency but it
did not do so uniformly. The system resonated at some spe-
cific frequencies, particularly around/=110 Hz. Using a
fitted transfer function, the output amplitude remained ap-
proximately constant at a preselected value (Fig. 3c). The
fitted calibration curve was stored in the laboratory computer

Brief Description of the Experiment
The tests were done on an NACA 0015 airfoil at chord

Reynolds numbers ranging from 1 x 105 to 1 x 106. The 365-
mm chord airfoil is equipped with a trailing-edge flap of
length equivalent to 25% of its chord (Fig. 3a). The wall jet
emerged from a two-dimensional slot whose height isH = 1.5
mm. The slot is located on the upper surface above the hinge
of the flap (i.e., at x/c = 0.75). A large fraction of the internal
volume of the airfoil serves as a settling chamber for the jet.
Compressed air provided a steady source of momentum. The
oscillations were supplied by a small centrifugal blower whose
inlet and outlet both were connected to the airfoil plenum
chamber by a T-type tube junction containing a rotating valve.
By situating the valve inside a T-type tube connection, one
opens the airfoil plenum chamber either to the outlet of the
blower or to its inlet, thus providing oscillatory suction or
blowing without a net mass flow. The dominant frequency of
the oscillations was determined by the rate of rotation of the
valve whereas its amplitude was determined by the pressure
supplied by the blower and hence by its revolutions per minute
(rpm). Each input was independently controlled and moni-
tored by a computer. The total jet momentum was separated
into two components: a steady component based on the steady
blowing only and an oscillatory component based on the max-
imum amplitude of the velocity oscillations. The total momen-
tum coefficient is given by the sum CM + 0.5^}, provided most
of the energy of the velocity perturbation is contained at the
excitation frequency. The entire system was calibrated in the
absence of an external stream for various mean exit velocities
and various amplitudes of the imposed oscillations. The veloc-
ity profile of the jet across the slot was essentially uniform as
was the amplitude of the controlled velocity perturbation.
Detailed calibration measurements of the jet were carried out
at a stream wise .location of 2H jfrom the _no_zzle where the uni-
form core of the jet and the amplitude of the perturbations are
clearly visible (Fig. 3b). One may also observe, however, the
development of the boundary layer near the surface as well as
the mixing layer downstream of the outer lip of the nozzle; in
both of these shear layers the turbulence level is higher than in
the core (Fig. 3b). A strong rms coherent modulation of the jet
(Fig. 3b) generated approximately equal amplitude distribu-
tion across the nozzle. From this forced data, one may extract

O

a)

£..t\'

2.2
2

1 Q-i .0
•\ ft1 .O

1.4-
1.2-

1-
O Q

.O'

n ftc

0.4;

0.2
0^

,G
/

* /
'/
k

/' 5

/

c

V
'/
i

'"' .̂
/

;
i ' /
'/
i

-•'/ *
/

^
1

/*

/̂

/
1
/

/
>

/
L

/A

c
..-•''

3"

/

/^
k.

.,--"

<^

;.-•'
{ 7
/

/
s

/

y

.c
f"
/
/

^ 5

s^

r~*

/

f

r""'"

r^

\s
\

rf

~-~-~

T;J>
\

VftM^
r"

"°'2-8 - 6 - 4 - 2 0 2 4 6 8 10 12 14 16 V
(X [°]

2.2-
2

1 Q-1 .01
H ft

1.4
_ 1.2
° 1

n Q-u.o
n ft

0.4-
0.2-

0

?
f

V\

f/
/

*z
\ f
\\Av X

^
^

u
V

I
A

\3~-^

^

/*

/"

^T"^
'"x

V
•-,,

....-{

--

.....

^

\ \
X

3-— — -^L .^~*±:

Cp=(. 001,0)

Cp=(. 008,0)

Cp=(.001,.010) F+=2

Cp=(.008,.016) F + -2
Vu, V s<

°-t).01 6 0.01 0.02 0.03 0.04 0.05 0.06 0.6"
b) Cdp

Fig. 4 a) Lift and b) form drag of NACA 0015 airfoil, 6/ = 20 deg
and/?c= 0.15 xlO6.



SEIFERT ET AL.: BOUNDARY-LAYER SEPARATION 2055

so that the required (c^) and c/could be "dialed in" in the
range of frequencies calibrated. The frequency of the oscilla-
tions were determined to within 1 Hz, whereas the mean
amplitude could be predetermined with an accuracy of 15% of
the maximum amplitude attainable.

The experiment was carried out in a closed-loop wind tunnel
having a rectangular test section 150 cm high, 61 cm wide, and
450 cm long. The speed in the test section can vary between 4
and 80 m/s with a representative turbulence level of 0.03%
measured at a mean speed of 20 m/s at a bandpass of 5 Hz to
2 kHz. The wind tunnel is equipped with a large heat ex-
changer to keep the temperature in the test section constant at
all operational speeds. The fan has a variable pitch, whereas
the rpm of the motor is independently adjustable. Both fea-
tures are coupled to the data acquisition and control system so
that the speed in the test section is maintained at a constant
value regardless of the drag of the airfoil, which changes with
«, (CM), c^ or/. The mean velocity in the tunnel was main-
tained within 1% of its nominal value. The lift, moment, and
pressure drag are calculated from static pressure measure-
ments taken on the airfoil surface. The repeatability of the
average C/ was 0.01. The total drag is calculated from travers-
ing the wake some three airfoil chords downstream of the
trailing edge. At this cross section the variations in static
pressure were sufficiently small to have a minimal effect on
the standard corrections applied to the data while determining
the profile drag. The entire experiment was fully automated
and controlled by a computer.

Discussion of Results
The efficiency of the oscillatory blowing at 20-deg flap

deflection may best be deduced from Fig. 4, where the depen-

x/c-0.70 x/c«=0.80 x/c=0.88 x/c-0.98

-0.050.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05
a) X/C

-0.050.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 1.05
b) X/C

Fig. 5 Pressure coefficients at a) a = - 2 deg and b) a = 4 deg vs x/c,
same conditions and captions as in Fig. 4.
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dence of the lift coefficient on incidence is plotted (Fig. 4a)
together with the pressure drag polar (Fig. 4b). The basic
airfoil characteristics at this flap deflection are also shown in
this plot. A steady blowing at CM = 0.001 has no significant
effect on either the lift or the pressure drag at angles of
incidence a>4 deg. There is a slight anomaly in Cdp and C/
that is associated with the presence of a separation bubble
above the flap hinge at this Reynolds number between a = - 2
and 4 deg. Modulating this steady blowing at (CM) = 0.010 at a
reduced frequency based on the flap length F+ = 2 increased
the lift generated at a prescribed a. by AC/ ^ 0.5 and approx-
imately halved the minimum pressure drag. Increasing CM to
0.008 in the absence of any modulations increased the maxi-
mum lift attained by the basic airfoil by no more than 15%.,.
whereas the minimum Cdp was only reduced from 0.022 at
CM = 0.001 to 0.015 at CM = 0.008. Consequently there is no
reduction in drag, if one accounts for the additional CM as
contributing to thrust. The improvement in this case is clearly
inferior to the improvement attained by using the amplitude
modulated blowing at a combined momentum coefficient of
(0.001; 0.01). The intensity of the steady blowing had to be
increased to CM = 0.100 to eliminate pressure drag in the oper-
ating range of 1.0<C/ < 1.6. A similar pressure drag distribu-
tion was realized between 0.8 < C/ < 1.5 when the steady jet of
CM = 0.008 (discussed earlier) was modulated by an amplitude
corresponding to (c^) = 0.016 (Fig. 4b). The maximum lift
coefficient attained in both cases is also similar and is about
C/ = 2.3 for a flap deflection of 20 deg at Rc = 0.15 x 106.
Thus, a total saving of 84% in CM was realized for the same
incremental improvement in the performance of the airfoil
as a consequence of the superimposed oscillations. The saving
in the energy required to achieve similar improvements in
performance is much more significant. The lift increment re-
sulting from the added oscillations only (i.e., comparing the
two curves measured at CM = 0.008) exceeds AC/ = 0.5 at
small angles of attack and increases to AC/ = 0.7 before stall
(Fig. 4a).

The complete reattachment of the flow to the surface of the
flap is the main reason for the improvement in the airfoil
performance (Fig. 5). The comparison of pressure coefficients
drawn in Fig. 5 was made at a. = 4 and - 2 deg; the latter angle
was chosen because the performance characteristics of the
basic geometry are slightly anomalous in the vicinity of a. =
0 deg (Fig. 4). The anomaly stems from a separation bubble
that exists at this Reynolds number between 0.68<#/c<0.83.

At CM = (0; 0) and (0.001; 0) the flow is entirely separated
over the deflected flap. Steady blowing at CM '= 0.008 reduces
the extent of the separation that still occurs at x/c>0.8'8 (i.e.,
it extends over 50% of the flap surface, Fig. 5a). Modulating
the blowing at CM = (0.001; 0.01) eliminated the separated
region entirely. This may be inferred from the pressure gradi-
ent that increases on the entire upper surface of the flap and
results in a positive pressure coefficient at the trailing edge.
The reattachment of the flow to the flap increases the circula-
tion around the airfoil and with it the pressure distribution on
its entire surface and not just over the flap. Increasing the
modulated blowing to CM = (0.008; 0.016) results in integral
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parameters that are not much different from theoretically
predicted potential-flow solutions yielding Cdp - 0 and C/ =
1.14 at a= -2 deg. This lift coefficient is predicted by the
thin airfoil theory for a symmetric airfoil having a 25% flap
that is deflected 20 deg relative to the chord. The ideal dC//
dee = 2ir is maintained in this case for - 8 < o: < - 2 deg; there-
after the slope drops to 1.647T for angles of incidence
-2<o:<8 deg (Fig. 4a). This is attributed to a thickening of
the boundary layers, mostly over the flap and the degradation
in the pressure gradient on the upper surface (Fig. 5b). Blow-
ing at a steady momentum coefficient of 0.100 shows typical
effects of supercirculation that are manifested by the existence
of the very low pressure peak near the blowing slot (Fig. 5).

To understand and to exploit the effects of modulated blow-
ing on the performance of the airfoil, mean velocity profiles
were measured in the boundary layer at three streamwise
locations above the upper surface of the flap and one above
the main body of the airfoil just upstream of the injection slot.
The flow upstream of the flap was fully turbulent at this Rc
and a with maximum of u' >QAU00; therefore, tripping the
flow artificially had little effect on the separation from the
flap. The data shown in Fig. 6 were measured at incidence
corresponding to C/max of the basic configuration (i.e., a. =
10 deg). The solid line represents data taken at C^ = (0; 0), the
dashed line represents steady blowing at CM = (0.008; 0), and
the dotted line represents modulated blowing results at
CM = (0.008; 0.016). The blank gaps in the velocity profiles
correspond to velocities that were below the calibration veloc-
ity of the hot wire. These blanks represent (although they do
not exactly correspond to) the region of reverse flow. Al-
though the boundary layer upstream of the nozzle (measured
at x/c = 0.70) is always attached at this a, the strength of the
entrainment caused by the tangential blowing at x/c =0.75
thins the boundary layer and accelerates the freestream just
outside it. The velocity at the edge of the boundary layer in the
absence of blowing is approximately £/«,; steady blowing in-
creases it to 1.1 (/a, at this location, whereas the added modula-
tion results in 1.2C/oo. The thickness of the boundary layer was
also reduced by approximately 25% between CM = (0; 0) and
(0.008; 0.016). The flow is entirely separated over the flap in
the absence of blowing. The depth of the separated region
increases with *, whereas the freestream above the boundary
layer decreases slightly in the direction of streaming. Steady
blowing eliminated the separation at x/c = 0.8 where a strong
thin jet can also be observed near the surface. The excess
momentum of the jet dissipates rapidly with increasing x by
entraining the low momentum fluid in the wake above it.
Midway over the flap (at x/c = 0.88) the wake may contain a
reverse flow region that increases in size toward the trailing
edge; nevertheless the width of the reversed flow region is
approximately halved by the steady blowing at the trailing
edge. Although separation from the surface of the flap was
eliminated by the steady blowing, a large deficit wake contain-
ing a region of reverse flow was not. Oscillating the jet (dotted
line) increased the entrainment of fluid from the freestream
that slowly eradicated the upstream wake until it was hardly
visible over the rear 50% of the flap. On the other hand, a new
and thick boundary layer developed near the surface down-
stream of x/c = 0.88. The elimination of the thick wake by the
imposed oscillations is mostly responsible for the effective
elimination of the pressure drag and the increase in lift ob-
served in Fig. 4.

The observations made at a flap deflection of <5/ = 40 deg
were qualitatively similar. However, some of the effects ob-
served at df = 20 deg are accentuated by the severe pressure
gradients imposed by the larger flap deflection. The depen-
dence of Ci on a at Rc = 0.15 x 106 is plotted in Fig. 7. Effects
of steady blowing are shown in Fig. 7a, whereas effects of
additional modulation at (CM) = 0.016 are shown in Fig. 7b.
The difference in the lift coefficient generated as a conse-
quence of the modulation is plotted in Fig. 7c. In the absence
of steady blowing (i.e., CM = 0), the flow over the flap is
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entirely separated, even at negative angles of attack, and thus
introducing the oscillations at a - - 8 deg increases the lift
coefficient AC/ by 0.7 by forcing the flow to reattach at all
times. The oscillating boundary layer becomes thicker and
may even partially separate over some fraction of the forcing
cycle when the angle of incidence is increased. Thus the differ-
ence between the basic characteristics of the airfoil and the
data obtained with {CM) = 0.016 diminishes with increasing a.
and attains AC/ — 0.4 at a = 0 deg. This differential in lift is
approximately maintained through the stall (i.e., until a = 14
deg). The oscillations are entirely ineffective at a. = 16 deg, as
is the addition of the steady blowing within the range of
parameters considered.

At a relatively weak steady blowing (i.e., for CM<0.020 in
this case), the consequences of the added oscillations are simi-
lar to the ones discussed in the absence of CM, but whenever the
steady blowing increases the circulation of the basic airfoil,
the net benefit of the oscillations at small angles of attack is
reduced (Fig. 7c). Increasing the steady momentum coeffi-
cients increases the extent of attached flow over the flap but
leaves a thick wake above it. This increases the circulation at
all angles of incidence before the occurrence of deep stall,
which is associated with separation near the leading edge of
the airfoil. The increase in the steady blowing in this case
reduces the incidence at which C/max occurs (e.g., it occurs at
a. = 10 deg at c^ = 0, at a = 8 deg at CM = 0.020, and at a =

6 deg when CM = 0.040; Fig. 7a). This is attributed to the fact
that steady blowing does not eradicate the boundary layer
generated upstream of the slot; it simply removes it away from
the surface, generating a large deficit wake that might even
include a region of flow reversal (Fig. 6). The increased circu-
lation due to steady blowing at moderate incidence moves the
stagnation point near the leading edge backward, thus thick-
ening the boundary layer generated on the upper surface up-
stream of the nozzle. Since CM remains constant throughout
each sweep in a, a thicker boundary layer will separate at
lower incidence, thus reducing the angle at which C/max occurs
at higher values of CM. Therefore, modulating the jet at large
angles of incidence (i.e., beyond the a at which C/max occurs)
generates large coherent structures that span the upstream
wake and enhances the mixing between the attached wall jet
on one side of the wake and the ambient flow on the other
side. It is in this poststall region that the modulations of the
strong steady jet again become beneficial (Fig. 7c). It might be
remarked that for the case of (CM) = 0.016 the maximum lift
coefficient occurs at a = 10 deg regardless of the value of CM
(Fig.7b).

The effect of steady and modulated blowing on pressure
drag is plotted in Fig. 8 for the same set of independent
parameters as discussed in conjunction with Fig. 7. The mini-
mum pressure drag of the basic configuration is 0.08 in com-
parison with 0.02 when 6/ = 20 deg. Since both results occur at
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comparable C/ - 1, the additional flap deflection contributes
mostly to the drag coefficient. The steady CM required to elim-
inate pressure drag at S/ = 40 deg exceeds 0.04; however,
increasing CM to 0.100 has only a marginal effect on the pres-
sure drag. Thus, if one assumes that the entire jet momentum
is manifested as thrust and one adds CM to Cdp (Fig. 8c), one is
led to conclude that the most efficient steady blowing from
this point of view occurs around CM = 0.04 which resulted in an
added reduction in Cdp of 0.036. Blowing at CM = 0.1 did not
yield a beneficial effect on Cdp (Fig. 8c). Pure oscillations
introduced through the slot at (CM) = 0.016 reduced Cdp by a
factor of 6 after discounting 0.5^} as thrust (i.e., from its
basic minimum value of 0.080 to 0.005 + 0.008 = 0.012; see
Fig. 8b) while simultaneously boosting C/ at the minimum Cdp
by approximately 50% (i.e., from C/ - 1 to C/ = 1.5). The
most efficient modulated blowing may be regarded as the one
that makes (Cdp + CM + 0.5{cM}) vanish for minimum CM. This
occurs approximately when CM = (0.008; 0.016) and yields a C/
= 1.7 at minimum Cdp (Fig. 8d). Any additional increase in
the steady component of the modulated blowing increases
Qmax and C/ corresponding to (Cdp)min but also increases the
minimum value of the quantity (Cdp + CM + 0.5{cM}).

The primary effect of the pressure recovery over the de-
flected flap stems from the oscillatory component of the per-
turbation at small a. and weak CM, or at large a. and fairly
strong CM. Since the data described were taken at 0.5 x 106, one
may have the impression that at these low Rc the oscillations
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simply trip the laminar boundary layer, thus increasing its
resistance to separation. If this were so, the net effect would
be sensitive to Rc, a hypothesis that was tested within the
range of capabilities of the oscillatory blowing system. The
improvements in Cdp and C/ resulting from an increase in CM,
whereas CM = 0 at a prescribed reduced frequency F+ and flap
deflection are shown in Figs. 9a and 9b. The most effective
reduced frequency depends on the angle of incidence, and
therefore the value of F+ = 0.8 should have been chosen for
a = 0 deg and F+ > 2 for a. = 12 deg. The data presented in
Fig. 9 were taken at F+ = 0.3, and it is far from being opti-
mal. The choice was made to assess the effect of Rc on C/ and
Cdp while keeping all other parameters constant, and this
could not be achieved at high values of Rc (i.e., at
Rc>0.6 x 106) because changes in wind speed affected F+ as
well as (c^. The reduction in Cdp and the concomitant increase
in C/ are strongly dependent on (CM) and almost entirely inde-
pendent ofRcm the range 105<jRc < 106. The general trend of
the data is not adversely affected by the limitations imposed
on (CM) and F+, however further improvements in the system
generating the oscillations are desirable.

It is difficult to define the most appropriate reduced fre-
quency (F+) for this problem, as such definition represents a
ratio of two length scales: one that is the wavelength of the
oscillation and the other that should represent a characteristic
thickness of the shear flow that is most unstable to this wave-
length and thus most capable of amplifying it. What this
length is and how it scales with the many independent parame-
ters of this flow remain to be determined. We know, however,
that a characteristic thickness of the boundary layer upstream
of the slot should affect it, as should the adverse pressure
gradient above the flap. On the other hand, the distance
between the slot from which the oscillations emanate to the
trailing edge of the airfoil is also an important length scale that
determines the number of waves or large eddies one may
expect to see on the upper surface of the airfoil and defines
F+. The chord of the airfoil, traditionally used in this defini-
tion, is not relevant unless the slot is located at the leading
edge. In the present experiment the slot was located above the
hinge of the flap, and therefore the chord of the flap was used
as reference but this is not generally the case. One cannot
expect that either C/ or Cd will scale simply with F+; they may
be dependent on a, S/, Rc, CM, and (c^). It was hoped that this
dependence is sufficiently weak so that general guidelines may
be provided by using F+ to determine the most effective
frequencies of oscillation.

The dependence of C/ on F+ measured at prescribed S/, RC9
and CM but varying a. is plotted in Fig. lOa. One may observe
that the mq$f effective F+ decreases with a provided the latter

is smaller than 4 deg. By assuming that the boundary layer
retains its shape over the range -2<a<4 deg, but only
increases in thickness with increasing a, one can understand
the trend because the controlling parameter might be fB/U^
(6 being the momentum thickness of the upstream boundary
layer) rather than F+. By increasing a beyond 6 deg, the
adverse pressure gradient may change significantly the shape
of the velocity profile and with it its sensitivity to the specific
frequencies of the perturbation. One may observe therefore a
broadening of the frequency range that most effectively en-
hances C/. Increasing the Reynolds number at a = 0 deg re-
duces the thickness of the upstream boundary layer, fouling
once again the assumed "simple" dependence of C/ on F+

and bringing forth the second parameter fd/U^ (Fig. lOb).
The effect of Rc is much less significant when steady blowing
is added to the oscillations (Fig. lOc) removing the separa-
tion bubble otherwise located above the flap hinge at Rc =
O.lSxlO 6 .

Although the conditions leading to the data plotted in
Fig. lOc were quite different than in Figs. lOa and lOb [i.e.,
df = 20 deg, a = 0 deg, and CM = (0.002; 0.006)] and the con-
clusions about the most effective reduced frequency are ap-
proximately the same, F+ < 1 gives reasonable results at low
incidence (ct< 6 deg). At higher incidence the optimum value
of F+ increases and is between 1 and 3 (see also Fig. lOa). The
broad peak in the C/ distribution vs F+, as a consequence of
the change in frequency, reinforces the suggestion that the
leading phenomenon is linked to hydrodynamic instability and
amplification of perturbations associated with mean shear
rather than acoustics.

The significance of CM on the velocity distribution on the
upper surface of the flap was discussed earlier (Fig. 6), but its
effect on improvement of lift coefficient AC/ is not straight-
forward. At low (CM), the added speed advects the perturba-
tions to the region where they keep the flow attached to the
surface; it does so by altering the velocity profile and thus by
changing the spatial amplification rate of the disturbances in
the direction of streaming. At high values of (c^ the increased
efficiency resulting from changes in the advection of the dis-
turbance is not necessary and may be dispensed with. The
intermediate amplitudes of the oscillations require optimiza-
tion provided by the addition of small values of CM. The de-
pendence of AC/ on (CM) for a variety of cfJL<2% is plotted in
Fig. 11. The data presented correspond to Rc = 0.15 x 106,
a = 12 deg, F+ = 2, and CM ranging from 0 to 0.008. The effect
of CM is most significant in the range 0.006 < (c^) < 0.014 when
all other parameters were constant. At (CM) = 0.010, for exam-
ple, the addition of the smallest amount of mean momentum
almost doubles the lift increment generated by the airfoil
(Fig. 11).
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The oscillatory boundary-layer flow is capable of negotiat-
ing much larger pressure gradients than even a turbulent, but
principally steady, boundary layer. "Form drag," therefore,
was reduced to a minimum and in some instances mostly
eliminated even at large flap deflections. One may legitimately
ask how much the total drag is reduced as a result of the added
oscillations. We measured the drag by traversing the wake
with pitot tubes located three chord lengths downstream of the
trailing edge. These measurements are not very accurate in
spite of the corrections applied to the data because of the
relatively large amplitude of oscillations existing in the flow,
either by imposition or as a consequence of vortex shedding at
stall. Furthermore, the addition of steady blowing complicates
the accounting procedure because not all of the momentum is
recovered as thrust (some of it increases the skin friction drag
and some of it contributes to lift); therefore no steady blowing
was applied in this case. Drag polars comparing the perfor-
mance of the flapped airfoil at 5/ = 20 deg with and without
oscillations but without steady blowing are plotted in Fig. 12.
The level of oscillations shown is low ((c^ = 0.008) because
the accuracy of the drag measurement is better in this case.
The overall drag was reduced by approximately 0.03 for
C/<1.2, and most of this reduction is manifested in "form
drag." The large decrease in the total drag for this configura-
tion is attributed to the maintenance of attached flow.

Conclusions
The efficiency of flapped airfoils can be greatly increased by

the addition of relatively low momentum oscillations that are
superimposed on a small amount of steady blowing. This
efficiency is measured by the enhancement of lift and the
concomitant reduction in drag at all angles of incidence and
Reynolds numbers considered. The amount of blowing and
power required to achieve these effects is at times an order of
magnitude smaller than the amount required to achieve com-
parable gains by using steady blowing. The improvements
achieved are attributed not only to attaching the flow to the
surface but also to effectively eliminating a large wake region
existing above the attached flow when the steady blowing
coefficient is weak. There are many parameters governing the
flow and they all have to be optimized to keep the flow
attached at minimum input of momentum. The influence
of the leading dimensionless parameters was determined and
discussed.
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