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Effects of Periodic Excitation on Turbulent Flow
Separation from a Flap

B. Nishri¤ and I. Wygnanski†

Tel-Aviv University, Ramat-Aviv 69978, Israel

The effects of periodic perturbations on delaying separation or promoting reattachment of initially separated
� ow were experimentally investigated. The leading parameters affecting the � ow are the � ap de� ection, the input
momentum, and its reduced frequency. The sensitivity of the � ow to the imposed oscillations depends on its initial
state, and this leads to hysteresis with respect to changes in any of the aforementioned parameters. For example,
the most effective frequency required to attach the � ow to the surface is much lower than the one required to
prevent its separation. The amplitude needed to force reattachment may be an order of magnitude larger than the
amplitude required to prevent separation at a given inclination of the � ap. Nevertheless, periodic forcing is much
more effective than steady blowing for boundary-layer control.

Nomenclature
C p = pressure coef� cient, ( p ¡ pi )/ q
C l = combined momentum coef� cient, ´(cl I hcl i)
cmh = hinge moment on a � ap
cn = normal force on a � ap
c l = steady blowing momentum coef� cient,

´(J / q £ L) D 2(g/ L) £ [U j / Ui ]2

hc l i = oscillatory momentum coef� cient,
´2(g/ L) £ [hu0i f / Ui ]2

FC = dimensionless frequency, ´( f £ L)/ Ui

f = predominant frequency of the imposed oscillations
G = step height at the trailing edge of the splitter plate
g = gap between the trailing edge of the splitter plate and the

� ap
H = boundary-layershape factor, d ¤/ h
J = mean jet momentum near the slot, ´ q U 2

j g
hJ i = phase-lockedoscillatory momentum near the actuator,

´ q
1

0
hu 0i2

f dy
L f = � ap length
q = freestream dynamic pressure, 1

2
q U 2

i
ReL = � ap Reynolds number, Ui L / m
Ui = freestream reference velocity
U j = average exit velocity of the slot, 1

0
UJ dy

U v = phase velocity
u 0 = rms of the streamwise component of the velocity

� uctuations
hu 0i f = phase-locked rms amplitude of the velocity at the forcing

frequency
x = distance along the � ap
xcp = center of pressure location, cmh/ cn

y = distance normal to the � ap
a = � ap de� ection angle
d ¤ = boundary-layerdisplacement thickness
h = boundary-layermomentum thickness
m = kinematic viscosity
q = density

Subscripts

i = reference location far upstream
r = conditions at reattachmentwith forcing
r0 = conditions at naturally reattached � ow
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s = conditions at separation with forcing
s0 = conditions at natural separation
1 = local freestream conditions

I. Introduction

P ERIODIC perturbations introduced at the knee of a highly de-
� ected � ap (Fig. 1) are very effective in delaying or reversing

the separationover the � ap,1 , 2 because they evolve into large eddies
transporting momentum from the freestream to the surface. When-
ever these perturbationsare introduced after the occurrence of sep-
aration, they have to be large enough and robust enough to span the
recirculating zone and transport momentum across it (Fig. 2). This,
in turn, forces the � ow to resume its original direction and appear
as a regular, thick boundary layer in the mean.1 Thus the additionof
periodic motion enables the � ow to withstand or to generate more
severe adverse pressure gradients than otherwise possible. It en-
hances the lift and reduces the drag of airfoils,3 , 4 enabling them to
be thicker or more inclined to the oncoming � ow; it also increases
the effectivenessof diffusersby enabling them to be shorter without
the concomitant loss of mean kinetic energy.

When separationis to be preventedat large � ap de� ections,active
� ow control should overcome all known indicators of impending
separation, such as excessive bubble dimensions, boundary-layer
momentum thickness, or shape factor. Steady tangential blowing
provides excess momentum (changing at times the sign of the re-
sulting momentum thickness) but relies on entrainment for its redis-
tributionacrossthe � ow. When the � owis detachedfrom the surface,
a mixing layer is formedbetweena constantvelocitystream above it
and the dead-waterregion adjacent to the surface.The mean stream-
lines in the freestreamdo not curve or diverge, indicatinga total loss
of the reactionforce and pressurerecovery.Thus the goal in this case
is to generate a pressure difference across the mixing layer, forcing
it toward the surface. The most obvious way to attain it is by bring-
ing the surface closer to the mixing layer, thereby limiting the total
mass of � uid available for entrainmenton its low-velocityside. One
may also achieve a similar result by enhancing the entrainment rate
of the mixing layer from the limited reservoir of � uid bound by it
and by the solid surface. The downward momentum generated by
the reattachmentcreatesa reaction forcenormal to the surface of the
� ap. The � ow resulting from forced reattachment may differ from
the � ow prevailing before separation. Thus, the procedure used to
de� ect the � ow is only a � rst step in a control strategy whose pur-
pose is to get the largest possible de� ection of the surface using the
smallest momentum input.

A large number of parameters govern the control of separation
over a complex airfoil. Therefore, this study endeavors to determine
the signi� cance of each parameter. The detachmentof the � ow over
a straight � ap can be controlled easily because it is simple, there
is no curvature involved, it is sensitive to small changes in pres-
sure gradient, and it has a well-de� ned location of separation. By
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Fig. 1 Sketch of the � ap and the region around the � ap shoulder.

increasing the de� ection angle (Fig. 1), the ideal adverse pressure
gradient negotiated by the � ow increases until the � ow separates.
At small angles of de� ection a bubble, which grows rapidly with
increasing a , is formed, leading to a complete detachment of the
� ow when a threshold in a is surpassed.Special attention was paid
to optimize the parameters delaying separation or enhancing reat-
tachment of separated � ow.

II. Experiment and Data Acquisition
A schematic drawing of the generic � ap experiment is provided

(Fig. 1), and a detailed description of the apparatus and calibration
proceduresis given in Ref. 2. The � oor of a cascadewind tunnelwas
used to impose the adverse pressure gradient while the presence or
absenceof the tunnelceilingdeterminedwhether the simulated � ow
representeda two-dimensionaldiffuseror a trailing-edge� ap. In this
experiment the entire stream was de� ected, representing the � ow
over a � ap. Boundary-layercoordinateswere used, and the traverse
mechanism was inclined accordingly.The turbulent boundary layer
approaching the trailing edge of the upstream plate was carefully
documented across the entire span. Coarse, randomly distributed
roughnesswas placedon thisplate to tripand to thickenthe upstream
boundary layer and to assess its effect on the ensuing � ow on the
� ap. The mean � ow is two dimensional,and the velocitypro� les are
typicalof a turbulentboundarylayerhavinga shapefactor H D 1.46.
The Reynolds number based on the reference momentum thickness
h i varied from 103 to 8 £ 103.

The imposed phase-lockedvelocityperturbationswere measured
very close to the actuator (or the slot) and were expressed in terms
of hc l i. An identical calibration procedure was used for periodic
blowing on airfoils.1, 4 The procedure was repeated not only for a
variety of inputs (frequencies and amplitudes) but also for a vari-
ety of upstream (for different boundary-layerthickness) and down-
stream (separated or attached) � ow conditions. This provided the
ability to maintain constant amplitude at various frequencies and
� ow conditions whenever required. The oscillatory component of
the jet momentum is based on its rms value; thus, in the presenceof
steady blowing, the total momentum coef� cient is given by the sum
C l D [cl C hcl i] as de� ned in Ref. 4.

III. Dimensional Analysis of the Flow
The leading independentparameters governing the � ow over the

de� ected � ap in the absence of steady blowing, U j , are a , L f , G,
x , d ¤

i , Ui , f, hu 0
j i, m , and q . The dependent parameters of interest

are the pressure distributionalong the � ap, the characteristicsof the
boundary layer or the mixing layer over it when the � ow is either
partiallyor entirely separated,and the resulting forces and moments

Fig. 2 Reconstructed streakline pattern showing a forced � ow over
the � ap: F+ = 1:2, Lf = 200 mm, and Re = 165 £ 103 (courtesy of A.
Darabi).

Fig. 3 Comparison between the measured and calculated pressure dis-
tributions over the � ap at small angles of inclination: F+ = 0, ® = 24
deg, C¹ = 0, and G = 1:5 mm.

on it. The local cp or d ¤ depends on the following dimensionless
parameters:

d ¤ D d ¤ D a , F C, Re, x / L f , G/ L f , d ¤
i / L f , hc l i (1)

where D a refers to de� ection angles in excess of those at which
separation or reattachment occurs naturally, i.e., D a s D ( a ¡ a s0 )
and D a r D ( a ¡ a r0 ).

In this way the initial condition of the � ow is accounted for be-
cause the � ap de� ection a is either referred to a s0 or to a r0 . The
number of independentparameters is further reduced in the absence
of external control because F C and hcl i drop out. The geometry
consideredmay resemble the classical corner � ow, provided the to-
tal height of the step G and the upstream boundary-layer thickness
d ¤

i are vanishingly small, i.e., G/ x ¿ 1 and d ¤
i / x ¿ 1 in the range

of x distances of interest. In this case, cp D cp[ a , Re, x/ L f ], which
tends to be independentof viscosity at high Reynolds numbers and
may, at large values of x , be approximatedby the ideal � ow solution

cp D 1 ¡ (U/ Ui )
2 D 1 ¡ X [¡2 a / ( p C a )] (2)

where X D (x ¡x0)/ L f , and x0 representsthe locationof the virtual
origin. The use of x0 is necessary to account for the bubble located
near the leading edge of the � ap and for its � nite length.

The agreement between the cp predicted and measured is good
(Fig. 3), provided that one excludes the pressure coef� cients mea-
sured near the bubble.The relative lengthof the virtualorigin x0/ L f

used for the comparison increases with increasing a because the
length of the bubble increases as well. The potential � ow solution
provides the leading terms in the hierarchy considered. Thus, the
most signi� cant parameters affecting the control of separation or
reattachmentby periodic excitation are

cp D cp a , x / L f , FC , hcl i (3)
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as long as the discontinuities at the � ap leading edge and the up-
streamboundary-layerthicknessare not large.The � rst threeparam-
eters representa ratioof lengthscales,where the lengthof the � ap L f

is chosen as the primary independentlength, i.e., a D sin¡1(h/ L f ),
where h is the vertical distance of the trailing edge of the � ap rela-
tive to the upstream surface, and FC D L f / k , where k is the wave
length of the harmonic perturbation, k / Ui / f . The choice of L f

in the de� nition of FC is justi� ed only when the perturbations are
introduced at the leading edge of the � ap; otherwise L f should be
replacedby the distancebetween the actuator(or slot throughwhich
the perturbations are introduced) and the trailing edge of the � ap.
This point was proven while active control was used on airfoils.4

The effects of viscosity may be discarded at high Reynolds num-
bers and reasonably high frequencies, making the viscous length
scale ( m / f )1/ 2 insigni� cant. These limitations are of no concern in
most aeronauticalapplications.The fourth parameter represents the
amplitude of excitation in terms of the momentum added to the
� ow. It is analogousto a steady momentum coef� cient c l so widely
used in association with blowing. Thus, the effectiveness of this
type of boundary-layer control can best be shown by comparing
it with steady blowing where the combined momentum coef� cient
C l D (c l C hc l i) is the controlling parameter.

The minimum C l required for maintaining attached � ow or, al-
ternately, for causing reattachmentof separated � ow at a prescribed
a dependson FC , whose magnitudecan be estimated by simple rea-
soning.Considera fullyseparated� owoverade� ected � ap at a D 30
deg. In this case, the freestream is parallel to the upstream surface.
The � ow might reattach to the � ap when the large eddies in the mix-
ing layer come in contact with the trailing edge of the � ap because
then the entrainment into the mixing layer will pump out the � uid
trapped between it and the � ap. Consequently, the scale of the large
eddies k should be commensurate with h, i.e., k ¼ L f sin a . Be-
cause the phasevelocityin a classicalmixing layer between a steady
streamandquiescentsurrounding� uid is approximatelyU v ¼ 1

2
U1,

FC D f L f / U1 D [(U v / k )L f / U1] D (U v / U1)/ ( k / L f ) ¼ 1. An-
other estimate of the most effective FC may be derived from ex-
periments aimed at controlling the mixing layer. It was shown that
perturbationsintroducedat the origin of the layer were ampli� ed as
long as ( f x / U1) · 1 (Refs. 5–7). Thus maximum amplitudes are
attained at x D L f when FC ¼ 1.

Upon reattachment, the � ow contains a large bubble whose di-
mensions are commensurate with, but smaller than, the length of
the � ap. It can be maintained as long as the excitation hcl i provides
a suf� cient margin of safety to prevent the recurrence of separa-
tion. Because the � ow bounding the bubble is the familiar mixing
layer8 (at least over the initial 50% of its length, which is known for
having a constant pressure), an increase in the excitation frequency
will shorten the distance x over which the imposed perturbations
amplify, and it will hasten their rate of ampli� cation. This, in turn,
will further reduce the size of the bubble. There must be a limit
to this procedure because the amplitudes imposed will decay over
ever-increasingdistancesbetween the reattachmentlocationand the
trailing edge of the � ap. A separation is bound to recur when the
local amplitudeof the oscillations transferringmomentum from the
outer stream to the surface falls below a threshold level required for
that de� ection (provided a > a s0

). Such separationwill presumably
recur near the trailing edge where the anticipated amplitudes of the
imposed high-frequencyoscillations were dissipated most.

IV. Results
A. Some Features of the Base Flow over the De� ected Flap

The mean distributionsof pressureon the surface of the de� ected
� ap in the absence of externally imposed oscillations are plotted in
Fig. 4 for a variety of � ap de� ections starting, with attached � ow,
at a D 20 deg and ending with separation at a D 30.5 deg. The total
height of the step at the � ap leading edge was maintained at G D
0.006L f (Fig. 1), and no � ow was allowed through the slot, which
was attached to a sealed plenum chamber or blocked by an insert.
The extent of the negativepressure region increasedwith increasing
a because the streamline leaving the trailing edge of the upstream
surface reattached, enclosing a bubble whose length increased with
increasing a , until the � ow separated around a D 30 deg. The size
of the bubble could not be estimated from pressure distributions;

Fig. 4 Dependence of the pressure distributions over the � ap on
the angles of inclination: F+ = 0, Re = 450 £ 103, Lf = 740 mm, and
G/Lf = 0:6%.

Fig.5 Upstream effect of separationon the pressure distribution:F+ =
0, Re = 450 £ 103 , Lf = 740 mm, G/Lf = 0:6%, and ®s0 = 30:5 deg.

thus other criteria were establishedwith the aid of hot wires, linking
the mean locationof reattachment Xb with the most easily observed
feature in the mean pressure distributions,i.e., the locationat which
( ¶ 2 p/ ¶ x2) ´ p00 D 0 to give 0.45 · (X p 00 D 0/ Xb) · 0.50. The
x location at which p00 D 0 is pointed out in Fig. 4. The length of
the bubble, according to this criterion, is almost proportional to a
provided a > 24 deg. At this angle Xb > 0.45L f , and it becomes
0.96L f before complete separation.The size of the bubble depends
on a , L f , and G andon the thicknessof theupstreamboundarylayer.
The streamwise distribution of cp was insensitive to the changes in
Reynolds number. At a D 30.5 deg the � ow separated and the low-
pressure region generated by the bubble collapsed.The variation of
the bubble length with a was gradual and reversible, but the burst
of the bubble was abrupt and irreversible. The detached � ow was
unaffected by small decreases in a ; it eventually reattached, quite
abruptly as well, when a was reduced to approximately 25 deg.

Pressure distributions showing the upstream effect of the � ap
de� ection are plotted in Fig. 5. The distance x is measured along
the surfacerelative to thediscontinuity(x > 0 is on the � ap,whereas
x < 0 is on theupstreamsurface). The datapresentedweremeasured
at a D a s0 § 1.5 deg; thus in one case the � ow was separated,
whereas in the other it was attached. The cp measured at a > a s0

was almost constant throughout, except for a slight discontinuityat
the step. At a < a s0 , the downstream � ow enclosed a large bubble
extending over 85% of L f before adhering to the surface near the
trailing edge.The minimum cp ¼ ¡0.5 was almost constantover the
leading 25% of the bubble length. This implied that the upstream
� ow accelerated as it approached the � ap, and the acceleration was
felt at least 300 mm upstream. This accelerationwas also measured
with hot wires. The favorablepressuregradientapproachingthe � ap
shoulder at a D 29 deg thinned the boundary layer, particularly the
one that was arti� cially thickened upstream of the test section. The
measured cp distributions were not affected by large differences
in the upstream boundary-layer thickness or by differences in the
freestreamvelocityUi and therefore by Reynolds number. Even the
spreading rate of the mixing layer created by separation was not
affected by either parameter.

To provide a simple assessment of the state of the � ow, the
pressure distributions at each a were integrated, and the data are
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a)

b)

Fig. 6 a) Dependence of the normal force acting on the � ap on ® and b)
location of the center of pressure as a function of ®: F+ = 0, Re = 450 £
103 , Lf = 740 mm, and G/Lf = 0:8%.

presented in terms of a normal force coef� cient cn (Fig. 6a). An-
other, perhapsmore sensitive,parameter is the locationof the center
of pressure,xcp D cmh/ cn , which is almost a constant(xcp/ L f ¼ 0.2)
independentof a , provided a < a r0 (Fig. 6b). The sequenceat which
the data were accumulated is indicated by arrows on both � gures in
view of the differences between the detachment and reattachment
angles. An increase in a beyond a D a r0 D 24 deg resulted in a con-
comitant increase in the size of the bubble, which was manifested
by an increase in cn and a slight move of xcp to the rear of the � ap.
At a D 30 deg and just before separation of the � ow, xcp was lo-
cated near 0.3L f . Detachment was marked by a sharp drop in cn

and a discontinuous jump in xcp to the center of the � ap. Neither
the angle of separationnor that of reattachmentwas affected by the
thickness of the upstream boundary layer that was also altered as
shown in Fig. 6. Changing the upstream Reynolds number through
a change of velocity did not affect the process either. The insen-
sitivity to Reynolds number is demonstrated by the mean pressure
distributionalong the � ap, which collapsesonto a single curve at all
values of Reynolds number measured.

Shortening the � ap from 740 to 320 mm enabled examinationof
the effect of L f on the � ow, either directly or through its depen-
dence on Reynolds number. The results proved to be independent
of Reynolds number, but they accentuated the signi� cance of the
height of the discontinuity G at the � ap’s leading edge. The angles
at which separation or reattachment occurred are very sensitive to
G, in spite of the fact that the ratio G/ L f was generally smaller
than 1% (Fig. 7). For example, a reduction of G/ L f from 1 to 0.6%
resulted in an increase of a s0 from 21 to 30 deg, while at the same
time increasingthe hysteresis angle (a s0 ¡ a r0 ) from approximately
1 to 5 deg. The observations made on the unperturbed base � ow
indicate the following.

1) The primary variable determining the � ow condition at oth-
erwise identical geometry is a , and the crossover from attached to
separated � ow and vice versa involves hysteresis in a .

2) The reattachment and separationangles are sensitive to G/ L f

at the leading edge of the � ap.
3) The separation and reattachment of the � ow are insensitive to

the upstream d ¤
i and to Reynolds number.

4) The mean velocitydistributionin the mixing layer surrounding
a bubble is similar to the mean � ow observed in the classicalmixing
layer evolving between two parallel streams.

Fig. 7 Dependence of ®s0 and the hysteresis loop (®s0 ¡ ®r0
) on the

relative step height: Re = 300 £ 103 and F+ = 0.

a)

b)

c)
Fig. 8 Dependence of the normal force on a) F+ and ® at hh c¹ ii =
20 £ 10¡ 5 and b) hh c¹ ii and ® at F+ = 1:2: Re = 450 £ 103, G/Lf = 0:6,
and Lf = 740 mm.

B. General Behavior of the Flow Under Active Control
The dependence of cn on a and on FC is shown in Fig. 8a for

a constant hc l i D 20 £ 10¡5 , whereas its dependence on hc l i at
FC D 1.2 is plotted in Fig. 8b. Both � gures also contain the base
� ow that might be regarded as a limiting case corresponding to
FC D 0 in Fig. 8a or to hcl i D 0 in Fig. 8b. All measurementsbegan
at a low � ap de� ection at which the unperturbed � ow was attached.
After the periodicperturbationswere applied,the � apde� ectionwas
gradually increased until the � ow separated at a D a s . Separation
was accompanied by an abrupt decrease in the � ap loading.

A gradualdecreasein thede� ectionangleresultedin reattachment
at a D a r , which was smaller than the separationangle a s as shown
in the schematic sketch of the process (Fig. 8c). Active excitation
increased the separation and the reattachment angles, making a s >
a s0 and a r > a r0 . The maximum difference ( a s ¡ a s0 D 8 deg)
occurredwhen FC D 2.5, whereas the largest differencebetween a r

and a r0 was 10 deg and corresponded to F C D 1.25. The increase
in the intensity of forcing resulted in a correspondingincrease in a s

and a r , which attained a s D 40 deg at hc l i D 30 £ 10¡5.



NISHRI AND WYGNANSKI 551

a) hh c¹ ii = 20 ¡ 5 and Re = 450 £ 103

b) F+ = 1:2 and Re = 450 £ 103

Fig. 9 Dependence of the separation and reattachment angles on F+

and hh c¹ ii relative to their natural state.

The dependence of ( a s ¡ a s0 ) and of (a r ¡ a r0 ) on F C and on
hc l i may be observed in Fig. 9. It is clear that the frequencies cor-
responding to the most effective achievement of reattachment are
lower than the frequencies at which separation is most effectively
prevented while increasing the � ap de� ection (Fig. 9a). Also, the
range of frequencies at which separation might be prevented at a
given hc l i and a is broader than the range at which the � ow might
be forced to reattach. Both (a s ¡ a s0

) and ( a r ¡ a r0
) increased with

increasinghcl i within the range of amplitudesused (Fig. 9b); there-
fore saturation of the control mechanism was not achieved at the
maximum de� ection angle of 40 deg attainable in the present ex-
perimental setup. Both a s and a r increased linearly with increasing
hc l i, provided the latter exceeded 10¡4 in this case.

One may investigate the effects of frequency on cn at a given ge-
ometry and hc l i with the objectiveof determiningthe most effective
FC for enforcing reattachment or for delaying separation at these
conditions, i.e., at a given a , L f , and hc l i (Fig. 10). The maximum
valueof cn attainedbefore separationis cn ¼ 0.24 (see Fig. 8); how-
ever, it dropped to approximately0.05 after the � ow had completely
detached itself from the surface. These values of cn were indepen-
dent of a . The introductionof oscillationshaving hcl i ¸ 10£ 10¡5

at ( a ¡ a s0 ) D 1.5 deg increased cn from 0.05 to ¼ 0.22 (Fig. 10a).
The frequencyat which this increaseoccurredwas sensitive to hcl i.
At the highest hcl i a jump in cn was observed at the lowest fre-
quency used, i.e., at FC D 0.4, but at hcl i D 10 £ 10¡5 it occurred
only at F C D 1.25. After reattachment, the value of cn decreased
very slightlywith increasing FC due to a reduction in the size of the
bubble enclosed by the reattaching � ow. Repeating the experiment
while maintaining FC constant and increasing hcl i from zero to its
maximum prescribed value, as noted in Fig. 10b, accentuated the
preferenceof the reattachmentprocessfor FC ¼ 1.2. An increasein
the maximum hcl i levelmade the frequencybandat which reattach-
ment occurred broader; consequently,when hcl i D 30 £ 10¡5 , the
� ow remained attached at 0.4 < FC < 2.5. The dependenceof air-
foil performanceon the frequency of excitation was weak provided
the latter was within the range of 0.3 < F C < 1.5 (Ref. 1), while all
other parameters were kept constant. These results are consistent
with the present observations. It transpired that � ow reattachment
was more sensitive to the selected value of F C than � ow separation,
e.g., while at hc l i D 10£10¡5, the � ow that reattachedat F C D 1.2
did not separate as long as F C < 8; it requireda hc l i D 30£10¡5 to
reattach it between FC D 0.5 and 2.5. Thus control effectiveness is
sensitive to the initial state of the � ow, i.e., whether it is separated.

C. Parameters Affecting Flow Reattachment
Upon realizingthat reattachmentof separated� ow canbe induced

by periodic oscillations, the following optimization procedure was
initiated.

a) Frequency scan

b) Amplitude scan

Fig.10 Dependence of cn on the initial � ow conditionsat a given hh c¹ ii or
at a given F+ : Re = 450 £ 103, Lf = 740 mm, G/Lf = 0:6%, and ® ¡ ®r0 =
8 deg.

Fig. 11 Dependence of the minimum momentum coef� cient hh c¹ ii r (re-
quired to force reattachment) on F+ and on additionalparameters such
as Reynolds number or Lf : minimum hh c¹ ii required for reattachment,
® ¡ ®r0 = 8 deg.

1) The � ap de� ection was increased beyond a s0 , whereupon sep-
aration was observed.

2) Active control of the � ow at a given FC was initiated.
3) The intensity of the imposed � uctuations was gradually in-

creased until the � ow reattached at some threshold value of hc l i D
hcl ir .

At the optimum frequency, the � ow reattached to the surface at
lowest hcl i.

The accuracy at which hc l ir can be determined is probably no
better than 20% because the � ow on the verge of reattachment is
extremely sensitive to extraneous, uncontrolled perturbations, e.g.,
buildingvibrations,noise level, etc. Therefore,each experimentwas
repeated a number of times, but the waiting time for establishing
reattachment was limited to 3 min. The reattachment process itself
was abrupt and irreversible; however, after reattachment, the � ow
was very stable, and the level of perturbationscould be signi� cantly
reduced.

The dependence of hc l ir on FC is shown in Fig. 11 for various
Reynolds numbers, for two � ap lengths L f D 740 and 320 mm, and
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Fig. 12 Dependence of hh c¹ ii r on F+ for various (®r ¡ ®r0
): £ , 1 deg; ,

4 deg; , 6 deg; and , 10 deg. Lf = 320 mm, Re = 200 £ 103–300 £ 103,
G/Lf = 1%, and ®r0 = 20 deg.

for two differentvalues of a that correspondto almost identicalval-
ues of ( a ¡ a r0 ) ¼ 9 deg. The optimum frequencyfor reattachmentis
approximately 1.2 < FC < 1.5, and the minimum hc l ir ¼ 12 £
10¡5 . The shorter � ap required a much more precise determination
of the optimum frequency than the longer one. The results were
independent of Reynolds number provided Re > 2 £ 105. Thick-
ening of the upstream boundary layer had no effect on hc l ir , but
the increase in the height of the geometrical discontinuity G did.8

When G/ L f D 0.01, hc l iat ¼ 12 £ 10¡5, whereas doubling G/ L f

resulted in doubling the hc l i required for reattachment.
The inclination of the shorter � ap (Fig. 12) had a major effect

on the minimum value of hcl i required for reattachment, hc l ir .
Whereas at ( a ¡ a r0 ) D 1 deg, hc l ir ¼ 1 £ 10¡5, it increased to
hc l ir ¼ 5 £ 10¡5 at 6 deg and to hcl ir ¼ 13 £ 10¡5 at 10 deg.
This represents an increase of an order of magnitude in hcl i for
a change of a D 8 deg. The optimum frequency band at which the
� ow reattaches broadens signi� cantly with decreasing ( a ¡ a r0 ).
Whereas at ( a ¡ a r0 ) D 8 deg, the range of effective FC was small
(1.3 < FC < 1.6), it increased to 1.2 < FC < 4 at ( a ¡ a r0 ) D 1 deg;
nevertheless, the optimum FC for reattachment remained around
FC D 1.3 regardless of the de� ection angle. The broad frequency
band at which reattachment is observed at small ( a ¡ a r0

) is at-
tributed to the inherent sensitivityof the � ow to the level of ambient
disturbances that might be of amplitude comparable to hcl ir .

To understand the cause for reattachment and for the preferred
frequencyof FC ¼ 1, the velocity in the mixing layer was measured
while the � ow was excitedat low levels insuf� cient to force reattach-
ment at any frequency.The mean velocity pro� les were integrated8

to provide a measure for the spreading angle of the � ow in terms
of (d h / dx ). These data revealed that the mixing layer was thickest
opposite the trailing edge of the � ap when FC ¼ 1 and the product
( f ¢ h / U1) ¼ 0.035. This roughly corresponds to the location at
which the mixing layer ceases to spread6 and where the mean � ow
becomes neutrally stable to the imposed harmonic perturbations.
Frequencies on either side of FC D 1 proved to be less effective;
the lower frequenciesdid not complete their ampli� cation cycle by
the time the perturbationsarrived in the vicinityof the trailing edge,
whereas the higherones started to decay much too early. Indeed, the
local axial component of the total unsteady momentum coef� cient
(c l )0

x (due to forcing and turbulence) attained its highest value at
the trailing edge when FC D 1. In this case (c l )0

x had undergonean
ampli� cation by an order of magnitude between x / L f D 0.2 and 1.
Power spectra indicated8 that the amplitude of all of the frequen-
cies whose FC < 1 increased with increasing x , as also happened
in the canonical mixing layer. When the shear layer was excited at
FC D 2, the frequencies in the neighborhood of the excitation fre-
quency started to decay at x / L f D 0.5. The amplitudedistributions
of the phase-locked,streamwise velocity � uctuations � ltered at the
forcing frequency resemble the amplitudes measured by Gaster et
al.9 in the forced mixing layer. When the forcing frequency corre-
sponded to FC D 1, the amplitude distribution was very similar to
the calculated neutrally stable mode (Fig. 13). This gives the crite-
rion for the optimum periodic forcing, which generates a mode that
becomesneutrallystableat the trailing edge of the � ap. Such a mode
extracted most of its energy from the � ow and therefore required
the smallest input hc l ir necessary to cause reattachment.

Fig. 13 Mean velocity pro� le and amplitudedistributionof the stream-
wise component of the velocity perturbation in the mixing layer oppo-
site the trailing edge of the � ap. The forcing frequency corresponds to
F+ = 1: separated � ow at Re = 200 £ 103 , F+ = 1, hh c¹ ii = 10¡ 5, and
® ¡ ®s0 = 8 deg.

a)

b)

Fig. 14 a) Pressure distribution over the � ap after a forced reattach-
ment at various values of F+ and b) location of the center of pressure
over the � ap and the thickness of the boundary layer at mid� ap loca-
tion as functions of F+ : hh c¹ ii = 20 £ 10 ¡ 5, ® = 25 deg, ® ¡ ®s0 = 5 deg,
Lf = 320 mm, G/Lf = 1%, and Re = 200 £ 103 .

D. Parameters Determining the Delay of Separation
The pressure distribution realized on the � ap after a forced reat-

tachment of the � ow at optimum FC (Fig. 14a) is similar to the
pressure distribution observed before separation in the absence of
forcing (see Fig. 4). It occurs, however, at smaller a . The effect of
separation or reattachment on the upstream � ow is no less signif-
icant than on the pressure distribution over the � ap, even without
excitation (see Fig. 5). This implies that reattachment of separated
� ow, or vice versa, represents a change of state both upstream and
downstream of the separation location. It is also a process in which
hysteresis is unavoidable.

In the absenceof external excitation, the state of the � ow is deter-
mineduniquelyby the sizeof the bubblethat alsoprovidesa criterion
for the impending separation.The addition of periodic forcing adds
new degrees of freedom requiring additional criteria to de� ne the
state of the � ow because a burst of a bubble is no longer the sole
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Fig. 15 Dependence of ± ¤ /Lf , measured at 40% of Lf , on F+ : x/Lf =
40% and hh c¹ ii = 10¡ 5 . Re and Lf (mm) are given, respectively, as , 120
and 320; j , 200 and 320; £ , 300 and 320; 4 , 300 and 740; , 450 and
740; and ² , 700 and 740.

mode of separation. Separation at high FC (Fig. 10b) may not in-
volve a bubble at all, as it may be initiated from the trailing edge,
whereas a small bubble locatednear the leading edge is not affecting
the process.Consequentlythe effectivenessof the excitationmay be
measured either by the location of the center of pressure or by local
boundary-layer parameters, e.g., skin friction, shape factor, or d ¤,
re� ectingon the ability of the � ow to withstand the adversepressure
gradient.

The effect of the excitationfrequencyon the pressuredistribution
over the shorter � ap (L f D 320 mm) may be deduced from Fig. 14a.
In this experiment hcl i D 20 £ 10¡5 while FC ranged from 1 to 4.3.
There was a very large bubble when FC D 1, which shrank with in-
creasing FC and seemed to disappear around F C D 2.8. Increasing
the forcing frequency resulted initially in a small reduction in cp ,
to be followed by separation initiated from the trailing edge until it
coveredmost of the � ap.The centerof pressure(Fig. 14b)moved up-
stream when FC was increased between 0.7 < FC < 2, it remained
around its minimum value while 2 < FC < 3.2, and it crept down-
streambeforetheoccurrenceof separationaround FC D 4. The forc-
ing frequency had to be reduced to FC D 2.8 before reattachment
was realized. Thus, the control of separation and reattachment by
changingthe excitationfrequencycontainsanother form of hystere-
sis. The displacement thickness measured at the center of the � ap
tracked the movement of the center of pressure (Fig. 14b), suggest-
ing that the most effective forcing for separation delay was around
FC D 2.8. Although the center of pressureand d ¤ were continuously
monitored, only one criterion will be discussed in conjunctionwith
any variable.

The dependenceof d ¤/ L f on F C is plotted in Fig. 15 for the two
� aps used and for a variety of Reynolds numbers. Large differences
in Reynolds number had little effect on the dimensional value of d ¤

measured on a given � ap because the mechanism responsible for
most of the turbulence production is inviscid and is associatedwith
the in� ection point in the mean velocity pro� le. Separation did not
take place on the longer � ap up to FC < 8. One should note that the
values of ( a ¡ a s0 ) ¼ 1.5 deg for both � aps and the dimensional
value of the step height G were identical. In both cases the most
effective forcing frequencies, i.e., those that thinned d ¤ the most,
were between 3 < FC < 4. Neither the increase in G nor that in
( a ¡ a s0 ) had any signi� cant effect on the optimum values of FC

used in delaying separation. An increase in either factor, however,
reduced the FC at which separation occurred and increased the
minimum value of d ¤ measured at a prescribed location on the � ap.
However, provided FC

s > 4, then the most effective frequencies to
delay separation remain unchanged, i.e., 3 < FC < 4. The value
of d ¤

min increased almost linearly with either G or ( a ¡ a s0 ); thus
the effect of either variable on the � ow is similar. An increase in
hc l i did not change the most effective FC but rather increased F C

s .
It appears that increasing hc l i above a certain threshold level led to
saturation and ineffectiveness.Thus, the most effective prevention
of separationby oscillatorymeans occurs at 3 < FC < 4, provided
the available hcl i is adequate.

a) F+ = 0:7: hh c¹ ii sat = 50,
hh c¹ ii r = 25, and hh c¹ ii sep = 2

b) F+ = 1:5: hh c¹ ii sat = 40,
hh c¹ ii r = 15, and hh c¹ ii sep = 2

c) F+ = 3: hh c¹ ii sat = 20,
hh c¹ ii r = 30, and hh c¹ ii sep = 2

d) F+ = 7: hh c¹ ii sat = 60,
hh c¹ ii r = 130, and hh c¹ ii sep = 5

Fig. 16 Dependence of the hysteresis loop in xcp on F+ and on hh c¹ ii :
® = 32 deg and ® ¡ ®s0 = 1:5 deg.

Changing hc l i while keeping all other parameters constant also
affectsthe � owover the � ap.The dependenceof xcp on hc l i is plotted
in Fig. 16. At ( a ¡ a s0 ) D 1.5 deg, the � ow is naturally separated,
and it remains in this condition while hc l i is carefully increased
(arrow 1) until it exceeds a threshold value (arrow 2) and the � ow
reattaches.After reattachmentone may reduce hc l i and increase the
size of the bubble or increase hcl i and reduce it even further. The
process is entirely reversible (arrow 3) unless hcl i is reduced below
2 £ 10¡5, resulting in separation. Separation and reattachment due
solely to changes in hcl i also contain a hysteresis loop. The ratio
between hc l ir / hcl is ¼ 12.5 when forcing at FC D 0.7 (Fig. 16a).
The decrease in the bubble size with increasing hc l i results in an
upstream movement of xcp . The dependence of d ¤ (measured at
x / L f D 0.5) on hcl i decreasedasymptoticallywith increasinghc l i
after reattachmentoccurred.It is entirely saturatedat hcl isat ¼ 50£
10¡5 (Fig. 16a) or at hc l isat ¼ 20 £ 10¡5 (Fig. 16c). The saturation
amplitude and the thickness of the boundary layer at saturation d ¤

sat
were determined for a variety of Reynolds numbers, G, and L f , and
for ( a ¡ a s0 ).

It is interestingto note that the minimum hc l i needed to maintain
the � ow attached was approximately constant, independent of F C.
The accuracy at which hcl is can be determined is low because it is
close to the resolutionlimit of the experiment,i.e., hcl is D 2£10¡5.
It is clear that the size of the hysteresis loop describing the forces
and moments acting on the � ap as a functionof hcl i is dominatedby
the hc l i required for reattachment (Fig. 16). The smallest hystere-
sis loop corresponds to hcl ir / hc l is ¼ 7.5 and occurs at F C D 1.5
(Fig. 16b). Repeating the experiment at FC D 7 required an order
of magnitude larger hc l i to close the loop (Fig. 16d). The minimum
values of hcl isat (mentioned in the labels of Figs. 16a–16d) corre-
spond to FC D 3 and not to the value of FC controlling the size of
the hysteresis loop. The minimum value of d ¤

sat was also realized at
FC D 3.

The pressure distributionover the � ap when the amplitude of the
imposed perturbationswas decreased to the minimum level neces-
sary to keep the � ow attached, i.e., hcl is ¼ 10¡5 , was very sensitive
to FC . Two limiting cases are shown in Fig. 17. At FC D 0.7, the
reduction in amplitude generated a bubble whose dimensions were
commensurate with the length of the � ap. Thus, a small additional
increase in the bubble length caused it to burst. In this case the
� ow is already separated over most of the � ap in spite of the large
cn it generated. At FC D 7 the size of the bubble was insigni� cant
(d2cp / dx2 D 0 at x / L f < 0.1; Fig. 17), but the boundary layer at
the trailingedge was thick and depletedfrom momentum. Thus a re-
duction in hcl i caused the separation to propagate from the trailing
edge upstream.
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Fig. 17 Pressure distribution over the � ap on the verge of separation
at F+ = 7:5 and 0.7: hh c¹ ii sep + 10¡ 5 , Re = 450 £ 103 , Lf = 740 mm, and
® ¡ ®s0 = 1:5 deg.

Fig. 18 Ampli� cation and decay of the local hh c¹ ii x , measured at four
locations along the � ap, with F+ : Re = 450 £ 103, hh c¹ ii = 20 £ 10¡ 5,
® ¡ ®s0 = 1:5 deg, Lf = 740 mm, and G/Lf = 0:5%.

The ampli� cation and decay of the phase-locked oscillations in
the direction of streaming are assessed by measuring the local

hcl ix D 1
L f U 2

i

Z 1

y D 0
[hu 0(x)i]2 dy (4)

for various forcing frequencies at a constant input amplitude of
hc l i D 20 £ 10¡5 (Fig. 18). At x / L f D 0.2, the perturbations
correspondingto FC D 2.5 had undergonethe highestampli� cation
of almost sevenfold.Perturbationsat other frequencieson eitherside
of F C D 2.5 were ampli� ed less, and perturbations at FC > 6.5
did not even sustain their original value of 20 £ 10¡5 by the time
they propagatedto x / L f D 0.2. The frequencycorrespondingto the
most-ampli� ed wave decreased with increasing distance from the
leadingedge and droppedbelow FC D 1.2 at x / L f D 0.8. The decay
of hc l ix with increasing FC is exponential.It appears,therefore,that
the strategies for delayingseparationby periodicperturbationshave
two con� icting requirements:1) a need for high frequencyto reduce
the size of the bubble and 2) a need for maintaining a minimum
threshold value of hc l ix at the trailing edge.

Excessive hcl ix at the trailing edge is a waste that could be di-
verted either to increase a or to reduce the size of the bubble and
hence to improve the overall pressure recovery.One may infer from
Fig. 18 that an input of hcl i D 20 £ 10¡5 and 3 < FC < 4 decays at
the trailingedgeby an orderofmagnitudeand that suf� ces to prevent
separation(Fig. 16). A reduction in the frequencybelow a threshold
FC may cause a bubble to burst and lead to separation from the
leading edge. An increase in FC beyonda prescribedthresholdmay
result in separationbeing initiated at the trailing edge and creeping
upstream with increasing FC .

The dependence of hc l ix on ( f ¤x / U v ) is shown in Fig. 19 as
it reinforces the notion that the dominant ampli� cation process in
the � ow surrounding a bubble is inviscid and similar to the one
observed in the plane turbulent mixing layer. Forcing the � ow at
various frequencies FC generated perturbations whose maximum
amplitude was attained at ( f ¤x / U v ) D 1, where the � ow becomes
neutrally stable at a streamwise distance x D (U v / f ) as it does in

Fig. 19 Variation of the local hh c¹ ii x with (fx/Ui ) and F+ ; the arrows
point to the locations at which X/Lf = 0:5: hh c¹ ii = 20 £ 10¡ 5, Re = 450 £
103 , ® ¡ ®s0 = 1:5 deg, Lf = 740 mm, and G/Lf = 0:5%. F+ : , 2.5; ,
4; and £ , 7.

a) x/Lf = 25% b) x/Lf = 50% c) x/Lf = 70% d) x/Lf = 90%

Fig. 20 Effect of F+ on the mean velocity pro� les and on the amplitude
distributions at four locations along the � ap. Attached � ow: Lf = 740
mm, ® = 29 deg, hh c¹ ii = 20 £ 10¡ 5 , and Re = 450 £ 103; , F+ = 1:2,
and ² , F+ = 2:5.

the canonical mixing layer.4, 5 However, whereas a representative
phase velocity in the mixing layer is the average velocity of the two
streams participating in the mixing process [U v D 0.5(U1 C U2)],
a representative phase velocity in the present � ow is lower (U v D
0.4Ui , where Ui corresponds to U1 , and whereas U2 is assumed to
vanish). It is possible that U v is affected by the reverse � ow inside
the bubble requiring that U2 < 0 or by the adverse (dp/ dx ). The
maximum amplitude attained and the ampli� cation rate of hc l ix

with ( f x / U v ) were independent of F C, whereas the spatial rate of
decay of hc l ix at ( f x / U v ) > 1 was not (Fig. 19). Arrows marking
the location of the midchord point are drawn on Fig. 19 to help
the reader identify the amplitude prevailing at various streamwise
locations.Only at FC ¼ 2.5 is there still some signi� cant hcl ix left
near the trailing edge of the � ap.

Mean velocity pro� les and normalized amplitude distributions
representing data collected at four streamwise locations and two
forcing frequencies are plotted in Fig. 20. The measurements were
carried out at a < a s0 , and thus, in the absence of excitation, there
was a largebubbleover the � ap.The meanvelocitypro� leswere eas-
ily distorted by the imposed excitation.Higher frequencyof forcing
increased the skin friction at the wall and made the velocity pro-
� les fuller, i.e., changed the traditional integral parameters used in
boundary-layeranalysis.Forcing at FC D 2.5 was more effective in
transportingmomentum to the surface and reducing the mean strain
(dU/ dy) over most of the boundary layer with the exception of the
wall region. The large (dU / dy) accompanying FC D 2.5 near the
surface results in a high intensity of u 0 observed in this region. The
production of velocity � uctuations at FC D 1.2 is in the outer re-
gion, and it is stimulated by an inviscid instability associated with
the in� ection point in the mean � ow. Thus the maximum amplitude
of the fundamental frequency coincides with the location at which
d2 NU / dy2 D 0 (Fig. 20). The turbulence intensity near the surface is
negligible when the � ow is forced at FC D 1.2, whereas it is very
high at FC D 2.5. An inert surface layer was also encounteredin the
Stratford ramp experiment representing a boundary layer, which is
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Fig. 21a Reduction in the wake component of the velocity pro� le with
increasing distance in the direction of streaming: ® ¡ ®s0 = 2 deg,
F+ = 3, hh c¹ ii = 30E¡ 5, and Re = 450 £ 103 .

Fig. 21b Unique dependence of the wake-component constant on
the skin-friction coef� cient and its independence from all other pa-
rameters considered: F+ = 1–8, hh c¹ ii £ 105 = 10–100, x/Lf = 20%–80%,
Re = 200 £ 103–700 £ 103 , ® ¡ ®s = 1–8 deg,Ui = 6–14 m/s, and Lf = 320–
740 mm.

constantlymaintainedon thevergeof separation.10 It is interestingto
note that forcing at different frequenciesdid not alter the boundary-
layer thickness (Fig. 20). This is in clear distinction to the effects of
excitation in free shear � ows, which altered the local width of the
� ow and its rate of spread rather than distortingthe form of the mean
velocity pro� le. A dimensional ordinate is retained in Fig. 20 in or-
der not to mask the effectsof excitationon the velocitydistributions.

The imposed two-dimensional perturbations increase the span-
wise coherence of the large structures controlling the � ow. The
spanwiseextentof these eddieswas assessedby measuring the cross
spectra of the u0 � uctuations at various separationdistancesD z and
calculating the coherence and the phase from the data. The plots
obtained are similar to those in the forced turbulent wall jet,11 sug-
gesting that the effect of two-dimensionalforcing is signi� cant near
the solid surface.The phase scramblingat all frequencieslower than
the frequency of forcing was also suppressed by the excitation.

When the mean velocity pro� les are plotted in the wall co-
ordinates (Fig. 21a), the universal logarithmic distribution, i.e.,
U C D A log(yC)CB), remainsunchangedregardlessof the forcing
frequency or hc l i. The maximum value of yC � tting the universal
logarithmic distributiondependsnot only on a and on x , i.e., on the
pressuregradient,but also on the parametersrepresentingtheexcita-
tion. It canbe bestcorrelatedwith the dependenceof the shape factor
H on these parameters. The general representationof the law of the
wake also applies in all cases considered,2 i.e., W D C sin2( p y/ 2 d ),
where the constant C depends on x , a , hc l i, and FC . The constant
representing the wake component in the mean velocity pro� le cor-
relates well with skin friction. In fact, C / (C f )¡0.5 regardlessof all
of the aforementionedparameters(Fig. 21b). Furthermore,a similar
experiment performed in a diffuser yielded identical results, which
are also plotted.

E. Some Effects Associated with Steady Blowing
Steady blowing through the slot provides a benchmark for prov-

ing the ef� cacy of the present method because blowing is still used
to control separation. For example, a steady c l of 200 £ 10¡5 was
required to get the � ow to reattach (Fig. 22), whereas reattach-
ment by forced oscillations was attained by hcl i D 12 £ 10¡5 at

Fig. 22 Effect of steady blowing on the pressure distribution over the
� ap in the absence of periodic perturbations: F+ = 0, Re = 450 £ 103,
Lf = 740 mm, G/Lf = 0:5%, and ® ¡ ®s0 = 2 deg.

Fig. 23 Effect of adding steady c¹ to a prescribed hh c¹ ii = 20 £ 10¡ 5 on
the boundary-layer thickness measured at X/Lf = 0:4: F+ = 2:5, hh c¹ ii =
20 £ 105, Re = 450 £ 103, ® ¡ ®s0 = 2 deg, Lf = 740mm, and G/Lf = 0:5%.

FC D 1.5 (see Fig. 11). To reduce the ensuing bubble by steady
blowing required an additional increase in the steady value of cl to
500£ 10¡5, whereas a simple increase in FC at the reattachment
value of hcl i D 12£ 10¡5 did better. Reducing slowly the inten-
sity of the blowing resulted in total separation at cl D 180 £ 10¡5.
Steady blowing is therefore very inef� cient in controlling reattach-
ment or separation.

Separation was prevented at FC D 3 at the amazingly low
hcl i ¼ < 2 £ 10¡5. A combinationof steadyandoscillatoryblowing
was not very effectivein this case either,becausethe slot was located
at the placewhere natural separationoccurredand therewas no need
to advect the imposed oscillations farther downstream. For exam-
ple, a combined C l D [180I 20] £ 10¡5 is required to achieve, in
this case, the same results as the oscillatoryblowing alone. Another
measure re� ecting the state of the � ow is the displacementthickness
d ¤, which was thinner everywhere when C l D [0I 20] £ 10¡5 than
it was at C l D [100I 20] £ 10¡5 or when cl D [400I 0] £ 10¡5.
Measuring d ¤ at a single streamwise location for various intensities
of combined C l reveals clearly the detrimental effect of the addi-
tion of steady blowing, provided c l < 180 £ 10¡5 . Only above this
threshold does an increase in c l result in reduction of d ¤ (Fig. 23).

V. Conclusions
The introduction of two-dimensional, periodic oscillations into

a turbulent boundary layer enables it to resist larger adverse pres-
sure gradients without separating. It therefore increases the perfor-
mance of airfoils at incidence exceeding natural separation. The
optimum frequency for reattachment of the � ow to a straight sur-
face is at FC D 1. After reattachment, however, the � ow encloses
a large bubble that may be reduced by increasing F C. The most
effective frequency to prevent separation is around 3 < FC < 4. At
high forcing frequencies the � ow separates from the trailing edge
because FC is so high that the imposed oscillationsdissipatebefore
reaching the end of the � ap. Hysteresis between attached and sepa-
rated conditionsis typical to this bistable � ow, and it may be induced
not only by a (which is a well-known phenomenonat low Reynolds
number) but by FC and hcl i as well. Steady blowing at low mo-
mentum coef� cients was found to be detrimental to this method of
separation control.
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