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The effects of compressibility and excitation slot location on active separation control at high Reynolds numbers
are explored. The model, which was tested in a cryogenic pressurized wind tunnel, simulates the upper surface
of a 20% thick Glauert–Goldschmied-type airfoil at zero angle of attack. The boundary layers on the model are
turbulent because the tunnel sidewall boundary layer � ows over it. Without control, the � ow separates at the highly
convex area of the model and a large turbulent separation bubble is formed. Periodic excitation was applied to
control the separation bubble. Two alternative blowing slot locations, as well as the effect of compressibility and
steady suction or blowing, were studied. During the test, the chord Reynolds numbers ranged from 1.1 ££ 107 to
3 ££ 107 and the Mach numbers ranged from 0.25 to 0.7. It was found that excitation must be introduced slightly
upstream of the separation region at low Mach number. Introduction of excitation upstream of the shock wave is
more effective than at its foot. Compressibility reduces the ability of steady mass transfer and periodic excitation
to control the separation bubble, but periodic excitation has an effect on the integral parameters, which is similar
to that observed in low Mach numbers. Blowing becomes more effective than suction at transonic speeds, whereas
the opposite was found in low Mach numbers. The data presented provide a proper validation case for unsteady
numerical design tool that will enable exploring the full potential of unsteady � ow control.

Nomenclature
Cdp = pressure drag coef� cient
Cm = moment coef� cient
Cn = normal force coef� cient
C p = wall pressure coef� cient, .P ¡Ps/=q
C p;min = minimum pressure coef� cient
C¹ = combined blowing momentum coef� cient, (c¹; hc¹i)
c = model chord
c¹ = steady blowing momentum coef� cient, J=cq
hc¹i = oscillatory blowing momentum coef� cient, hJ 0i=cq
FC = reduced frequency, . f xsp/=U1
f = oscillation frequency, Hz
h = slot height or width
J = momentum at slot exit, ½hU 2

j
M = Mach number
P = pressure
q = freestream dynamic pressure, 1=2½U 2

1
Rc = chord Reynolds number, U1c=º
T = temperature
U , u = average and � uctuating streamwise velocity
X sp = distance from baseline separation to reattachment
x=c = normalized streamwise location
z = spanwise location
1C p;rec = pressure rise from C p;min to C p;S

º = kinematic viscosity
½ = density
h i = phase locked values
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Subscripts

b = baseline � ow conditions
c = cavity
crit = sonic conditions
d = derecti� ed hot-wire data
j = conditions at blowing slot
N = normalized according to text
R = reattachment
S = separation
1 = freestream conditions

Superscript

0 = root mean square of � uctuating value

I. Introduction

B OUNDARY-LAYER control (BLC) research dates back to the
turn of the 20th century, for example, that of Prandtl (see

Ref. 1). However, low ef� ciency, complexity, and maintenancedif-
� culties prevented the utilization of laboratory-proven BLC tech-
niques, such as blowing or suction. Forced oscillations superposed
on a mean � ow that is on the verge of separating are very effec-
tive in delaying turbulent boundary-layerseparation.2 Experiments
performed on various existing airfoils at low and high Reynolds
numbers3¡5 demonstrated that even if the � ow is not fully attached,
the lift could be signi� cantly enhanced by the introduction of pe-
riodic excitation into the separated shear layer. This is achieved by
exciting the � ow at frequenciesthat generate from two to four span-
wise coherent vortices over the length of the separated region, that
is, FC ¼ 1. The periodicexcitationincreasesthemomentumtransfer
across the shear layer, enhancing its resistance to separation under
an adverse pressure gradient. The techniquewas also demonstrated
at high Reynolds number, compressible speeds.6 Though demon-
strated experimentally, active separation control using periodic ex-
citationis still a challengefornumericalsimulation,anddesign tools
are not available.

The appropriate use of active BLC should enable simpli-
� ed, cheaper, more ef� cient, and more reliable systems, while
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maintaining performance. A multidisciplinarydesign optimization
process should allow simpli� ed high-lift systems, thicker airfoils
with lighter structures and greater internal volume, shorter aft bod-
ies, size reduction, and even elimination of conventional control
surfaces. Existing design tools are capable of reproducing steady
� ows, including steady mass transfer, but the inclusion of unsteady
BLC effects into computational � uid dynamics (CFD) tools has
not been performed yet. The development of a proper CFD design
tool is dependent on the availability of a comprehensive database
at relevant conditions, that is, � ight Reynolds numbers, to allow its
validation.

Flow separation at compressible speeds typically occurs down-
stream of a shock-wave/boundary-layer interaction. The pressure
jump across the shock either causes immediate separationor thick-
ens the boundary layer and reduces its momentum such that it sep-
arates further downstream. Once the � ow separates downstream of
the shock,the unsteadyseparationand subsequentreattachment(if it
occurs) induceunsteadinessin both the shock positionand strength.
This phenomenon is known as buffeting. The low-frequency oscil-
lations can cause structural damage, if coupled with the resonance
frequenciesof the structure.Several passivemethods for controlling
compressible separation exist,7 and unsteady BLC at compressible
speeds was demonstrated6 on a NACA 0015 airfoil. Introduction
of periodic excitation upstream of the shock wave improved the
performanceof the airfoil and reduced the unsteadiness in its wake.

The present experiment is intended to supplement the airfoil
experiment6 by providing additional � exibility in the control pa-
rameters and more detailedmeasurementsof the mean and � uctuat-
ing wall pressures, allowing improved understandingof controlling
separated� ows at � ight Reynolds number compressible speeds and
providinga comprehensivedatabasefor validationof unsteadyCFD
design tools. Effects due to the location for introductionof the con-
trol input are also considered over a wide range of Mach numbers.
A previous publication8 presented some of the experimental results
for incompressibletwo-dimensional� ow over the same model. Sec-
tion II of this paper provides a brief descriptionof the experimental
setup. Section III presents the experimental results, initially of the
baseline � ow and, thereafter, those of the controlled � ow and the
effect of the excitation slot location.

II. Description of the Experiment
The setup of the experimentwas described in detail in a previous

publication.8 Only vital details will be provided here.

A. Hump Model

The model simulates the upper surface of a 20% thick, Glauert–
Goldschmied-typeairfoil (see Ref. 8). The model, with a reference
chord of 200 mm, was installed on the right-side tunnel turntable.
The original location of the airfoil leading edge is de� ned as the
reference leading edge (Fig. 1). This area was faired smoothly from
x=c D ¡0:05 to 0.05 to eliminate a slope discontinuity. Two alter-
native excitation slot locations are available: x=c D 0:59 and 0.64.
The position of the upstream slot was selected such that it would
be upstream of the expected position of a shock wave. The slots
were about 0.25% chord wide (0:50 § 0:05 mm) and allowed an

Fig. 1 Cross section of the humpmodel, as mountedon the tunnel side-
wall; actuatorcavity shown centered on x/c = 0.6 with the two alternative
slot locations.

Fig. 2 Top view of the hump model: k, location of the end plates; ££,
unsteady pressure sensors; and other symbols, static pressure taps.

almost tangential downstream introduction of momentum (Fig. 1).
The � oor and ceiling boundary layers did not affect the spanwise
uniformity of the � ow over the model that is installed on the side-
wall, due to the use of a pair of end plates (vertical thick lines in
Fig. 2). The gap between the end plates and the tunnel walls was
12.7 mm, which was deemed suf� cient based on the availablewind-
tunnel boundary-layerdata.9 Data acquired during this experiment8

verify that this gap was suf� cient. The tunnel cross-sectionalblock-
age due to the model and end plates is 0.0836. The distribution of
the pressure taps is also shown in Fig. 2. The internal diameter of
all pressure tap ori� ces was 0.254 mm. The model was also in-
strumented with 12 unsteady pressure transducers (indicated by £
symbols on Fig. 2). The transducers are installed under the model
surface, inside small-volume cavities. The cavities are connected
to the surface of the model by 0.254-mm-diam ori� ces. The ef-
fect of this installation on the frequency response of the unsteady
pressure transducersis complex, and it was studiedusing a compre-
hensive bench-top calibration.In addition,one transducerwas � ush
mounted near the trailing edge of the turntable next to a recessed
pressure transducer, and its readings are compared to those of a re-
cessed pressure transducer. One unsteady pressure transducer was
installed inside the model cavity, midway between the end plates
and about 30 mm from the slot exit. It is used to monitor the cavity
pressure oscillations in the wind tunnel and to correlate the wind-
tunnel data with the bench-top calibration8 of the slot exit velocity
vs the imposed cavity pressure oscillations.

B. 0.3-Meter Transonic Cryogenic Wind Tunnel

The experimentwas conductedin the 0.3-MeterTransonicCryo-
genic Wind Tunnel at the NASA Langley Research Center. It is a
closed-loop, fan-driven tunnel with a test cross section of 0.33 by
0.33 m. The tunneloperatesat stagnationpressuresrangingfrom 1.2
bar up to 6 bar and total temperatures from 78 up to 327 K (Refs. 10
and 11), using gaseous nitrogen is the test medium. A fully au-
tomatic control system maintains the test conditions, providing a
high level of repeatability.The � oor and ceiling of the tunnel were
slightly diverged near the model to reduce blockage resulting from
boundary-layer growth on the test section walls. In certain runs,
a turntable that was instrumented with static pressure ori� ces was
placed opposite the test model to evaluate wall interference.

C. Oscillatory Blowing System

The oscillatory blowing system is capable of generating a wide
range of combinations of steady and periodic momentum transfer
between the cavity inside the model and the external � ow. More
details can be found in Ref. 8.
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D. Bench-Top Experiments

A bench-top calibration was performed to correlate the � uctuat-
ing slot velocities u0

j;d with the cavity pressure � uctuations p0
c . This

calibrationwas performedfor the x=c D 0:59 and 0.64 slots and cov-
ered the entire frequency range, as well as most of the normalized
amplitude .p0=½/c range that was used in the cryogenicwind-tunnel
tests. The frequency response of the present excitation system (os-
cillatory blowing valve–manifold–cavity) is signi� cantly simpler
than the one used previously.5 This allows the generation of a sin-
gle correlation between u0

j;d and .p0=½/c for each slot calibration.
The slot width changed by as much as §10% (0.05 mm) between
different runs due to the modular nature of the model and also due
to cryogenic cycling. This is accounted for in the uncertainty level
of hc¹i, that is, §25%. More details on the slot calibrationare given
in Refs. 5, 6, and 8.

The frequency response of the unsteady pressure transducers
was modi� ed due to the difference in the installation of individ-
ual transducers. To quantify this effect, all of the transducers un-
derwent a bench-top calibration,before installationand as installed
in the model, at ambient conditions. This was performed with the
model outside the test section as well as when the model was
installed in the tunnel. A sound source and a microphone were
placed close to the model. The output of all transducers and the
microphone were recorded. The correction procedure is tempera-
ture dependent6 because the resonance frequency is proportional top

.Twind tunnel=Tbench top/. Because the majority of the installed sen-
sors resonated at a frequency of about 2.5 kHz, and the frequency
response up to 2 kHz was � at, only the � at portion of the frequency
range is presently considered.

E. Experimental Uncertainty

Most of the experimentswere conductedat cryogenicpressurized
conditions (at T ¼ 100 K), close to the lower limit of the tunnel ca-
pability.Most of the data were obtainedwith separated� ow regions
on or downstream of the model. Table 1 contains the relevant in-
formation regarding experimental uncertainties.These values were
calculated using §3 standard deviations of the various experimen-
tal conditions and calculated parameters (including repeated runs).
All of the test instruments were operated with valid calibrations.
The uncertainty of the calculated aerodynamic parameters at
M D 0:25 are listed in Table 2 (in absolute values and related to
� ow condition on the model):

These values typically increase in a proportionalmanner with the
increase in the Mach number and should be roughly doubled for
M D 0:65 data.

Table 1 Uncertainty of � ow and control parameters

Uncertainty, % Full scale and
Item of full scale condition

Slot width 10 0.5 mm
Static temperature 0.3 300 K
Static pressure 0.25 77 psi
Rc 1 M > 0:2
M 2 M < 0:3
FC 2 2
c¹ 0.01 or 10 The larger
hc¹i 25 Local values
f 0.3 800 Hz
C p 1 M < 0:3
C p 3 M D 0:65
C 0

p 15 M < 0:3
C 0

p 30 M D 0:65

Table 2 Uncertainty of
aerodynamic parameters

Parameter Baseline Controlled

Cn 0.010 0.015
Cdp 0.0005 0.0010
Cm 0.005 0.010

F. Experimental Conditions

The experimentswere conductedat Mach numbers ranging from
0.25 to 0.70 and chord Reynolds numbers ranging from 11 £ 106 to
30 £ 106.

III. Results
A. Overview

The resultspresentedin thispartof the paperare dividedinto three
sections. The � rst section describes the effects of compressibility
on the baseline � ow over the model. The second section describes
the controlled � ow in compressible � ow conditions, and the third
sectiondescribeseffectsof theexcitationslot location.The Reynolds
number, the excitation frequency and magnitude, and the effect of
steady mass transfer, are all considered.

B. Compressibility Effects on the Baseline Flow

The Mach number has a signi� cant effect on the � ow characteris-
tics over the model, as shown by the integral parameters that are pre-
sentedin Fig. 3. Thesedatawere acquiredat threedifferentReynolds
numbers because the available tunnel test conditions do not allow
coveringthe requiredMach numberrange in a singleReynoldsnum-
ber sweep.10 However, theReynoldsnumberwas shownto haveonly
a weak effect on the � ow over the model at incompressiblespeeds,
presumably due to the elimination of laminar/turbulent transition
from theproblem.8 Indeed,the smoothtransitionof the databetween
the different Reynolds numbers demonstrates that point in com-
pressible � ow conditions also (Fig. 3). Consistent, but weak, Mach
number effectscouldbe seen at M · 0:6. For higher Mach numbers,
Cn , Cm , and Cdp vary rapidly (Fig. 4). The form drag (Cdp, pressure,
and wave) increases fourfold between M D 0:6 and 0.7, and it is
doubled between M D 0:675 and 0:7, whereas the quarter-chord
moment is also doubled in that narrow range of Mach numbers.

The reasonfor thesevariationsof the integralparametersbecomes
clear when observing the steady [solid lines, left-hand side (LHS)
ordinate]and � uctuating [broken lines, right-hand side (RHS) ordi-
nate]wall pressuresfor Rc D 30 £ 106 and a rangeof Mach numbers
(presented in Fig. 5) and observing several � ow indicators corre-
sponding to that data, shown in Table 3. The � ow at x=c < 0:2 (not

Table 3 Several � ow indicators of
the data shown in Fig. 5

M C p;crit C p;min 1Cp;rec

0.600 ¡1.29 ¡1.08 ¡0.56
0.625 ¡1.14 ¡1.12 ¡0.62
0.650 ¡1.01 ¡1.29 ¡0.76
0.675 ¡0.89 ¡1.56 ¡0.93
0.700 ¡0.78 ¡1.68 ¡0.70

Fig. 3 Baseline integral parameters of the model at compressible � ow:
——, Cn and - - - -, Cdp.
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Fig. 4 Baseline integral parameters of the model at compressible � ow,
Rc = 30 ££ 106 .

Fig. 5 Mean and � uctuating wall pressures at compressible � ow, Rc =
30 ££ 106: ——, Cp with LHS ordinate; - - - -, C0

p with RHS ordinate;
and , x/c = 0.64 slot location.

shown) is insensitive to the Mach number. It was noted that the � ow
acceleration in the range 0:2 < x=c < 0:5 increases with the Mach
number. This trend started at M > 0:2 (not shown). For M > 0:625,
the � ow around the suction peak is supersonic. The sharp pressure
rise (recovery), centered on x=c D 0:6 at all of the subcritical � ow
conditions,coincideswith the locationof the shockwave that termi-
nates the supersonic � ow for M ¸ 0:65. The pressure jump across
the shock (1C p;rec, Table 3) increases with M up to M D 0:675.
Note that C p at separationdecreases as the Mach number increases
(again this trend starts for M > 0:2), indicative of a limit to the
baseline � ow pressure recoveryof about one. The decreaseof C p at
separation as the Mach number increases is the main cause of the
integral parameters divergence,which can be seen in Figs. 4 and 5.
The negative C p downstream of reattachment is attributed to tun-
nel blockage. This is because the reattachment region, as indicated
by the location of C 0

p max , does not change for M < 0:675 (Fig. 5).
The wall pressures opposite the model (plotted in Fig. 6) show that
the tunnelblockageincreasessigni� cantly for M > 0:65. Therefore,
control was applied at M D 0:65, where tunnel wall interference is
relatively weak. The shock wave does not turn the � ow subsonic at
M D 0:7 and a supersonic separation takes place (Fig. 5). The � ow
reattachment for M < 0:7 does not change considerably because
the separation is subsonic. A good approximation of the reattach-
ment location is one separation height downstream of the location
of C 0

p max (Ref. 8). For M D 0:7, the � ow reattaches downstream of
the measurementdomain, and there are indicationsof buffeting and
prohibitivelyhigh drag. The effect of the Mach number on the � uc-
tuating wall pressures for M < 0:675 is weak, as shown in Fig. 5.

Fig. 6 Mean pressures on the wall opposite the model at compressible
� ow, Rc = 30 ££ 106.

Fig. 7 Spanwise distribution of Cp on the model at compressible � ow,
Rc = 30 ££ 106 .

A small downstream movement of C 0
p max at M D 0:7 is indicative

of delayed reattachment. The C 0
p distribution for M D 0:7 differs

from the lower Mach numbers in that it does not peak at x=c ¼ 1:1,
but has a lower � at peak centered at x=c ¼ 1:3. A comparison of the
spectralcontentsat M D 0:65 and 0:7 reveals that the power spectral
density at the higher Mach number and F C < 1 increases by about
an order of magnitude without showing any distinctive peak in that
FC range.

The spanwise distributionsof C p at compressible speeds are pre-
sented in Fig. 7 (not shown). Note that for x=c D 0 and 0:95, the
pressures are uniform (§0.01) at least over the range z=c D §0:55.
For x=c D 0:49, the maximum deviation of the local C p from the
mean C p across the span is §0.03. This larger deviation can be at-
tributed to minute changes in the contourdue to the modular nature
of the model as well as cryogenic cycling that are manifested as
C p variations in locally supersonic speeds, but overall the spanwise
uniformity of Cp was found to be satisfactory.

C. Controlled Flow over the Hump Model

1. Overview

This section is devotedto a descriptionof the controlled� ow over
the hump model. Because the baseline � ow contains separated� ow,
there is no attached baseline � ow to be used as a reference. Strong
suctionwas applied to reattachthe � ow at low Mach numbers, and it
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was used to study fully attached � ow.8 At compressible speeds, the
availablesuctionor blowing levels were insuf� cient to fully reattach
the � ow, or to at least demonstrate saturation of the effect, but the
ef� cacy of steady and oscillatory momentum coef� cients could be
comparedat differentMachnumbers.Thereafter,periodicexcitation
was used to control the size of the separationbubble gradually.The
parameters that were modi� ed during the test are the frequency
and the amplitude of the periodic excitation, and the magnitude
of the steady mass � ux. An additional geometrical parameter was
the excitation slot location. The effects of the Reynolds and Mach
numbers were also studied. The spanwise uniformity of the mean
wall pressures was found to be very good (see Fig. 7) and generally
improved with the application of periodic excitation.

2. Compressibility Effect on Separation Control

The location of the shock wave at compressible speeds coincides
with the location of the steep adverse pressure gradient over the
highly convex area of the model that causes separationat low Mach
numbers. At M D 0:65 the shock turns the � ow subsonic just up-
stream of separation because C p;crit D ¡1:01 (Fig. 8, asterisk). The
lengthof the baselinebubbleat M D 0:65 is only slightly longerthan
its lengthat M D 0:25. The lengtheningof thebubbleis an indication
of the lower mixing rate in the compressibleshear layer because the
mixing rate determines the rate at which the separated shear layer
approachesthe wall. The rangeof the availablereducedfrequencies,
basedon the length of the bubble (taken here also as c=2, Ref. 8) and
on the freestream velocity, was 0.15–0.6. The effect of two of these
frequencies was studied at an oscillatory momentum coef� cient of
hc¹i D 0:06% (see Fig. 8), and the results indicate that FC D 0:6
is the most effective frequency of those tested for shortening the
bubble. The receptivityof the separated shear layer, as indicated by
C 0

p at x=c D 0:67, is not frequency dependent, whereas FC D 0:6
is the most ampli� ed above the bubble. A very weak unsteady up-
stream (of the slot) effect (that is, at x=c D 0:2) of the excitationwas
measured at M D 0:65 (C 0

p in Fig. 8). This � nding differs from our
� ndings for low Mach numbers using low FC (Ref. 8, Fig. 8a). The
reason for this effect is that the upstream acoustic propagatingwave
can not affect the region that is upstream of a supersonic � ow.

The effect of increasing the excitation magnitude on the ef� cacy
of active separation control at M D 0:65 is presented in Fig. 9. The
strength of the shock wave increases with the excitation level, the
mean bubble gets shorter, and the magnitudeof C 0

p max increasesand
it moves upstream (broken line, RHS ordinate in Fig. 9). Again, the
unsteady excitation is not sensed upstream of the supersonic region
(not shown), at x=c D 0:2 because C 0

p there is unchanged.

Fig. 8 Effects of frequency on baseline and controlled pressure distri-
butions, M = 0.65, Rc = 30 ££ 106 , and hc¹i = 0.06%: , x/c = 0.64 slot
location.

Fig. 9 Amplitude effect on baseline and controlled pressure distribu-
tions, M = 0.65, Rc = 30 ££ 106, and F+ = 0.3: , x/c = 0.64 slot location.

Fig. 10 Compressibility effects on baseline and controlled pressure
distributions: M = 0.65, Rc = 30 ££ 106, and F+ = 0.6 and M = 0.25, Rc =
16 ££ 106 , and F+ = 0.8.

An indication to the effectiveness of active separation control at
different Mach numbers can be obtained by evaluating the reduc-
tion in the length of the separation bubble for a given hc¹i and F C.
This was performed by comparing mean and � uctuating pressures
generated by FC D 0:3 and hc¹i D 0:05% at M D 0:65 with those
generated by FC D 0:4 and hc¹i D 0:03% at M D 0:25, respectively
(Fig. 10). The effects of the slightly different frequency and ampli-
tude used at the two Mach numbers are not considered essential.
Note also that the compressible separation occurs at different C p

and, downstream of reattachment, the Cp is not zero due to wall
interference (see also Fig. 6). Therefore, the bubble pressure coef-
� cients were normalized in the following manner:

C p;n D
C p ¡ C p;R;b

C p;s;b ¡ C p;R;b
(1)

to enablea clearercomparison.The effect of this scalingon the pres-
sure distributions of the baseline bubbles can be seen in Fig. 11a.
(Note that the pressure � uctuations C 0

p were not scaled.) The scal-
ing shows a slightly longer bubble at M D 0:65. The same scaling
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a)

b)

Fig. 11 Compressibility effects on a) baseline and b) controlled pres-
sure distributionsusing the x/c = 0.64 slot, normalized according to text:
M = 0.65, Rc = 30 ££ 106 , and F+ = 0.6 and M = 0.25, Rc = 16 ££ 106, and
F+ = 0.8.

was applied to the controlled bubble C p (Fig. 11b). Whereas at
M D 0:25, Cp;s increased due to the control, at M D 0:65, Cp;s is
unchanged. The initialization of the pressure recovery takes place
furtherdownstreamat thehigherMach number, that is, at x=c D 0:75
for M D 0:25 and only at x=c D 0:9 for M D 0:65. A threefold in-
crease in C 0

p max (compared to the baseline) and a forward move-
ment of C 0

p max to x=c D 0:8 can be observed at M D 0:25, whereas
at M D 0:65, C 0

p max increases by a factor of only two, and it moves
forward only to x=c D 1:05. Based on the data of Fig. 11, it could be
concluded that at compressible � ow conditions,periodic excitation
is less effective than at incompressible � ow, at least in shortening
the bubble using low FC that is introduced from the x=c D 0:64
slot. As will be shown in the following section, the effectivenessof
steady mass � ux in shortening the baseline bubble is also reduced
at M D 0:65.

Steady mass � ux was applied to control separation at com-
pressible speeds, and its effectiveness is evaluated at M D 0:25
and 0.65 and compared to the ef� cacy of unsteady excitation.
Figure 12 presents the mean and � uctuating wall pressure distri-
butions at M D 0:65 due to the application of steady blowing from
the x=c D 0:64 slot. Only a weak response can be seen for blowing
at c¹ < 0:2%, similar to the results found at low Mach numbers.
For c¹ > 0:2%, separation moves downstream, causing � ow accel-
eration upstream and increasing the strength of the shock wave.
Reattachment does not move forward because C 0

p does not increase
and C 0

p max stays at the same location.
Steady suction was also used to control the bubble at M D 0:65

and thecorrespondingpressuredistributionsarepresentedin Fig. 13.

Fig. 12 Effect of steady blowing on the pressure distributions: M =
0.65, Rc = 30 ££ 106, and slot x/c = 0.64, (blowing C¹ in legend).

Fig. 13 Effect of steadysuctiononthe pressure distributions:M = 0.65,
Rc = 30 ££ 106 , slot x/c = 0.64 (negative C¹ in legend indicates suction).

Note that suction is indicated by negative c¹. The data presented in
Fig. 13 demonstrates that the response to steady suction is gradual
and is mainly manifested as a shortening of the bubble through
increased � ow unsteadiness and indicated by the increased wall
pressure � uctuationsdownstream of separation.The strength of the
shock wave increases, presumably due to the suction that induces
accelerationupstreamof the slot.The pressureat separationdoes not
change considerably.Reattachmentmoves upstreamas indicatedby
the upstream movement of C 0

p max , the more upstream beginning of
the pressure recoveryregion and the more upstreamreestablishment
of zero pressure gradient � ow.

Figure 14a presents a comparison of steady and periodic mo-
mentum transfereffects on the aerodynamicmoment coef� cient Cm

measured at M D 0:25 and 0:65. Similar trends could be seen in
the moment data regardless of the Mach number. Suction is more
effective than blowing in modifying the moment, and the response
to changes in the suction level is gradual over the entire c¹ range.
The Cm is mainly indicative of a shortening of the bubble and its
modi� cation is important for guidanceand control purposes.Steady
blowing is less effective than steady suction or periodic excitation
in modifying Cm . Figure 14b presents the effect of compressibility
on the modi� cation of the form drag Cdp by steady and periodic
momentum transfer. Because the form drag is mainly affected by
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a)

b)

Fig. 14 Effect of steady and periodic momentum addition on a) the
moment coef� cient (legend as in b) and b) form drag: M = 0.65 and Rc =
30 ££ 106 and M = 0.25, Rc = 16 ££ 106, and x/c = 0.64 slot used.

changes in the pressures on the highly sloped areas of the model,
one should not be surprised to � nd that the form drag at M D 0:65
is not affected as it was at M D 0:25 because the modi� cations of
C p at the lee side of the model are smaller (Fig. 11). Suction is not
effective in reducing the form drag because the mean pressure at
separationdoes not increasewith the increase in c¹ (Fig. 13). Blow-
ing and periodic excitation are more effective at reducing the form
drag because the pressures at separation increase with the blowing
or excitation c¹ (Fig. 12). Furthermore, blowing generates a favor-
able effect for c¹ < 0:1%, whereas at low Mach numbers it becomes
effective only for c¹ > 0:2%.

The modi� cation of the integralparametersdue to the application
of periodicexcitationare compared to the effects due to the applica-
tion of steadymass � ux in Figs. 14a and 14b. The comparedreduced
frequencies, FC D 0:4 at M D 0:25 and FC D 0:3 at M D 0:65, are
located near the lower limit of the effective frequencies for separa-
tion control.The data indicate that periodic excitationusing low FC

is as effectiveas steady suction in modifying the Cm at compressible
speeds, whereas it was less effective at M D 0:25. The reduced fre-
quency FC D 0:3 at M D 0:65 follows the form drag blowing data
very closely,whereas steady suction is ineffective in modifying Cdp

at M D 0:65. A comparison of the pressure distributions measured
in the presence of periodic excitation with those generated by the
application of steady mass � ux, using the same C¹ (<0.1%, data

not shown) indicates that both FC D 0:3 and 0.6 are more effective
in shortening the bubble than steady suction. It could be concluded
that the ef� cacy of periodic excitation in modifying the integral
parameters is not reduced by compressibility.

D. Effects of Excitation Slot Location

The effect of the relative location between the excitation slot and
the boundary-layerseparationregion was studiedusing two alterna-
tive blowing slot locations, that is, x=c D 0:59 and 0:64 at M D 0:25
and 0:65. Separation always occurred at x=c ¼ 0:65, regardless of
the Reynoldsnumberor the Mach number. It was previouslyshown8

that the locationof the blowing slot did not alter the baseline separa-
tion to a measurableextent,at low Mach numbers,but it didaffect the
shock wave and the subsequent separation at compressible speeds,
as will be shown here.

A range of steady suction rates was applied from the two al-
ternative slots at M D 0:25 and Rc D 21 £ 106 . The normal force
(LHS ordinate) and the form drag (RHS ordinate) coef� cients,
shown in Fig. 15, demonstrate that when suction is applied from
the x=c D 0:59 slot it has a gradual, but small, effect on the integral
parameters. Suction that is applied from the x=c D 0:64 slot has a
negligible, or even detrimental, effect on Cdp for c¹ < 0:05%. The
form drag is gradually and very effectively eliminated using higher
suction levels (Cdp D 0 for c¹ » 0:6%) that are applied from the
x=c D 0:64 slot. This � nding indicates that the boundary-layerthin-
ning is only marginally effective in delaying separation on highly
curved surfaces.

The effect of the slot location on the ef� cacy of periodic excita-
tion (FC D 0:8) or steady suction, with increasing c¹, in reducing
the form drag, is shown in Fig. 16. The data indicate that intro-
ducing periodic excitation from the x=c D 0:59 slot increases the
form drag for the entire available range of hc¹i, whereas steady
suction that was introduced from the x=c D 0:59 slot has a weak
but gradual and favorable effect of drag reduction (Fig. 15). This
weak effect presumably occurs due to thinning of the boundary
layer upstream of separation. Introducing periodic excitation from
the x=c D 0:64 slot is signi� cantly more effective than introducing
it from the x=c D 0:59 slot. It has a similar, though weaker, effect
on steady suction that is applied from the x=c D 0:64 slot. The great
sensitivity to a slot location change of only 5% chords is attributed
to the highly curved surface in the separation region on the current
model.

Baseline and controlled C p and C 0
p , distributionswhere periodic

excitation with hc¹i ¼ 0:06% and FC D 0:8 emanates from either
one of the slots, are presented in Fig. 17a. The baseline pressure
distributions indicate that, whereas the x=c D 0:59 slot (its location
indicated by a thick dashed–dotted line) is located at the beginning

Fig. 15 Effect of the slot location on the normal force (Cn , LHS or-
dinate) and on the form drag (Cdp, RHS ordinate) using suction for
control: M = 0.25 and Rc = 21 ££ 106.
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Fig. 16 Effect of the slot location on the form drag reduction using
steady suction and periodic excitation for control: M = 0.25 and Rc =
21 ££ 106 .

a)

b)

Fig. 17 Effect of the slot location (indicated by the vertical thick bro-
ken lines with the same style as the lines connecting data points) on Cp
and C0

p using F+ = 0.8 for control with a) hhc¹ii = 0.06% and b) hhc¹ii =
0.38% M = 0.25 and Rc = 21 ££ 106 .

of the baseline pressure recovery, the x=c D 0:64 slot (thick dashed
line) is located just upstream of separation. The data show that low
amplitude excitation (Fig. 17a) promotes separation at a slightly
lower Cp at x=c D 0:65, regardless of the excitation slot location.
The x=c D 0:64 excitation causes immediate turning of the shear
layer toward the wall, whereas the x=c D 0:59 excitation increases
the spreading rate of the shear layer (because the � ow above the
bubble continues to accelerate). This is accompanied by a very

strongampli� cation of the wall C 0
p (for 0:65 < x=c < 0:8).The pres-

sure recovery rate of the excited � ow using the x=c D 0:59 slot
for x=c > 0:75 is larger than that of the x=c D 0:64 slot excitation.
This leads to reattachment at similar locations, about one separa-
tion height downstream of the secondary C 0

p max , that is positioned
at x=c D 0:78. When the excitation emanates from the x=c D 0:59
slot, its effect upstream of the slot is stronger.

Signi� cant differences in the effectivenessof high-amplitudepe-
riodic excitation, using hc¹i D 0:38% and FC D 0:8 that emanates
from the two alternative excitation slots, can be seen in Fig. 17b.
A sixfold increase in the magnitude of the excitation does not sig-
ni� cantly affect the average controlled C p when the excitation is
introduced from the x=c D 0:59 slot. Because the excitationwas in-
troduced 5–6% chord upstream of separation, the excitation level
decayed considerably in the attached region of the boundary layer.
The spatial resolution of the unsteady pressure transducers is too
coarse to quantify this effect. The x=c D 0:64 excitation has almost
twice themagnitudeof the x=c D 0:59excitationimmediatelydown-
stream of separation(that is, C 0

p at x=c D 0:67, Fig. 17b). Separation
is delayedusing the x=c D 0:64 excitation,causingnotonlya thinner
bubble (becauseseparationoccurs furtherdownstreamon the highly
sloped area at the lee side of the model) but also a shorter bubble.
As seen for the low hc¹i excitation, the unsteady upstream effect
of the excitation is stronger when the x=c D 0:59 slot is used. The
excitation C 0

p saturated between the x=c D 0:64 slot and x=c D 0:8
whereas it was ampli� ed over the same x=c region for x=c D 0:59
slot excitation.Note that the slot locationhas only a negligibleeffect
on the baseline model pressures (Fig. 17).

The effects of steady suction with c¹ » 0:5% that is applied from
the two slot locations are shown in Fig. 18. Suction at c¹ » 0:5%
accelerates the � ow upstream of the active slot, regardless of its lo-
cation. Whereas suction that is applied from the x=c D 0:59 slot
removes a relatively thin boundary layer, the slot at x=c D 0:64
helps the thicker turbulent boundary layer overcome the separa-
tion ordained convex area. Interestingly, the � ow downstream of
the x=c D 0:64 slot continues to deceleratewhen suction is applied.
This will presumably be the case as long as the unsteady stagnation
downstreamof the slot is not brought up to the rear edge of the slot.
At a suction level of c¹ » 0:5%, only a very small separationbubble
exists between 0:7 < x=c < 0:8. Reattachment occurs at x=c D 0:85
and 1.0 for the x=c D 0:64 and 0:59 slots, respectively, as inferred
from the location of C 0

p max . These results suggest that suction will
be very effective in separation control when applied immediately
downstream of highly convex areas.

The incompressibledata thatwerepresentedin this sectionclearly
demonstrate that control should be applied upstream of separation
and as close as possible to it, regardless of the control method.

Fig. 18 Effect of the slot location on Cp and C0
p using steady suction

with c¹ = ¡¡0.5% for control: M = 0.25 and Rc = 21 ££ 106 (common line
style for slot locations and lines connecting data points).
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Fig. 19 Slot location effect on baseline Cp and C0
p: M = 0.65 and Rc =

29 ££ 106 (common line style for slot locations and lines connecting data
points).

a)

b)

Fig. 20 Effect of slot location on the model pressures using F+ = 0.62
and hhc¹ii = 0.03% for control, M = 0.65, and Rc = 29 ££ 106: a) x/c = 0.59
slot and b) x/c = 0.64 slot: , slot location.

This is especially important on small radius of curvature convex
surfaces.

In contrast to low Mach numbers, the mere presence of a slot al-
ters the shock wave and separation location at compressible speeds
(Fig. 19). The x=c D 0:59 slot, which is positioned under the mean
shock position, causes an unsteady motion in the shock position
(indicatedby the increased unsteadinessat x=c D 0:45) that is man-
ifested as weaker pressure recovery across the shock and separation
at a lower C p .

The incompressible data discussed in connection to Figs. 15–18
clearly indicate that the slot located at x=c D 0:64 is more effec-
tive than the slot located in x=c D 0:59 at low Mach numbers. At
M D 0:65, however, the introductionof periodic excitation from the
x=c D 0:59 slot is signi� cantly superior to its introductionfrom the
x=c D 0:64 slot, with identical FC and hc¹i (Figs. 20a and 20b).The
increased upstream suction peak, the increased C 0

p downstream of

the slot, the reducedC 0
p upstreamof the slot, the upstreammotionof

C 0
p max, and the healthier pressure recovery above the bubble, indi-

cate the increased effectiveness of the excitation that is introduced
under the shock rather than downstream of it, that is, x=c D 0:59
rather than 0.64.

A physical interpretation of the aforementioned observations
could hopefully be obtained from unsteady numerical simulation,
using the data set provided in the present manuscript.

IV. Conclusions
Active separationcontrol was applied to a carefully documented

baseline � ow at high Reynolds numbers. This paper describes sev-
eral effects of compressibility and excitation slot location on the
baseline and on the controlled � ow. The baseline � ow is fully tur-
bulent so that laminar/turbulent transition does not baf� e the data
trendsdue to theactiveseparationcontrol.The Reynoldsnumberhas
a very weak effect on the model pressure distributions, regardless
of the Mach number. The spanwise uniformityof the wall pressures
was found to be very good and improved as the separation was
controlled using either steady suction or periodic excitation. Com-
pressibility tends to elongate the separation bubble due to reduced
mixing above the separated shear layer.

It was found that active control using periodic excitation is com-
parableto steadysuctionandsigni� cantlymore effectivethansteady
blowing, also at compressiblespeeds, as long as the modi� cation of
the integral parameters is considered.The capability of periodic ex-
citation to shorten the separation bubble is reduced at compressible
speeds, using similar reduced frequencies and excitation levels.

The effectiveness of the excitation slot located at x=c D 0:64 is
signi� cantly higher than the slot located at x=c D 0:59 at low Mach
numbers. This is because the magnitude of the excitation consid-
erably decays in the attached region of the boundary layer and
separation takes place at x=c ¼ 0:65. At compressible speeds, the
presence of the x=c D 0:59 excitation slot alters the pressure distri-
butions and separation location. However, the effectiveness of the
x=c D 0:59 slot, which is located under the shock wave, is greater
than that located at x=c D 0:64, just downstream of the shock. The
shock-wave location and the separation region are very close in
the present geometry. This eliminates the possibility of introduc-
ing the excitation downstream of the shock and still upstream of
separation.

Within the limited range of frequencies and amplitudes that the
current excitation system and � ow conditions allowed, it was found
that the highest FC (0.6) and the largest hc¹i (0.12%) were below
the optimal, and saturation was not reached.
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