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An activeseparation control experiment was conducted in a cryogenic pressurized wind tunnel on a wall-mounted
bump at chord Reynolds numbers from 2.4 X 10° to 26 X 10° and a Mach number of 0.25. The model simulates the
upper surface of a 20% thick Glauert-Goldschmied-type airfoil at zero incidence. The turbulent boundary layer
of the tunnel sidewall flows over the model and eliminates laminar-turbulent transition from the problem. Indeed,
the Reynolds number either based on the chord or boundary-layer thickness had a negligible effect on the flow
and its control. Without control, a large turbulent separation bubble is formed at the lee side of the model. Periodic
excitation and steady suction or blowing were applied to eliminate gradually the separation bubble. Detailed effects
due to variations in the excitation frequency, amplitude, and the steady mass flux are described and compared to
those of steady suction or blowing. It was found that the amplitude of the most effective frequency for separation
control is rapidly attenuated in the reattachment region. The superposition of weak steady suction enhances the
receptivity of the separated shear layer to the fundamental excitation frequency and, therefore, the effectiveness
of the periodic excitation, whereas weak steady blowing promotes the generation of higher harmonics and reduces
the excitation effectiveness. Separation control using periodic excitation and weak suction are similar in both
effectiveness and dynamics, whereas steady blowing generates steadier flow but is of inferior effectiveness and is
abrupt in nature and is, therefore, not suitable for closed-loop control. The data set enhances the understanding of
active separation control at high Reynolds numbers and is a proper validation case for unsteady numerical design

tools.

Nomenclature
Cyy = pressuredrag coefficient
C, = quarter-chord moment coefficient
C, = normal force coefficient
C, = wall pressure coefficient, (P — P;)/q
C,. = total pressure coefficient, (P, — P;)/q
C, = combined momentum coefficient, (c,; (c,))
c = model reference chord
C, = steady mass transfer momentum coefficient, J /cq
(c,) = excitationmomentum coefficient, (J') /cq
F* = reducedfrequency,(f*Xsp)/Us
f = excitation frequency, Hz
h = slot height or width
J = momentum at slot exit, ph Uj?
LN, = liquidnitrogen
M = Mach number
P = pressure
q = freestream dynamic pressure, 1/2pUZ%
R. = chord Reynolds number, Usc/v
R, = momentum thickness Re number
T = temperature
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U,u = averageand fluctuating velocity
x/c = normalized streamwise location
Xsp = distance from separation to reattachment
y = distance normal to wall

z = spanwise location

v = kinematic viscosity

0 = density

Subscripts

d = derectified hot-wire data

R = reattachment

sp = separation

00 = freestream conditions
Superscripts

2D = two-dimensional

/

root mean square of fluctuating value

I. Introduction

HE realization of thick, efficient fluid dynamic shapes is lim-

ited by boundary-layer separation. In 1904, Prandtl applied
slot suction to delay flow separation from a circular cylinder (see
Ref. 1). Criteria were developed®? for obtaining the strongest tur-
bulent adverse pressure gradient without separation and applied*
to design efficient high-lift airfoils. Several ideal flow methods
were developed®~’ for designing airfoils with a long fetch of lam-
inar flow, followed by a severe adverse pressure gradient and a
suction slot to prevent boundary-layer separation. The Glauert-
Glas II airfoil (see Refs. 6 and 8) was wind-tunnel tested and flight
proven’ The approach was applied'® to bodies of revolution and
integrated with the propulsion and boundary-layer control (BLC)
systems.

Many factors prevented widespread utilization of laboratory
proven BLC techniques such as blowing or suction: low efficiency,
complexity, and maintainability, to count a few. Forced oscillations
superposed on a mean flow that is on the verge of separating were
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found to be very effective in delaying turbulent boundary-layer
separation.!! Experiments performed on various airfoils at low and
high Reynolds numbers'?~!* demonstrated that, even if the flow is
not fully attached, the lift can be increased by periodically exciting
the separated shear layer. This is achieved by introducing frequen-
cies that generate 2-4 spanwise coherent vortices over the length of
the separated region, thatis, F* = 1 (Ref. 13). The addition of peri-
odic excitation into a separating turbulent boundary layer increases
the momentum transfer across the shear layer, enhancing its resis-
tance to separation. Though demonstrated experimentally, unsteady
separation control is still a challenge for numerical simulation, and
design tools are missing.

At least two approaches could be considered for an aerodynamic
designprocessthatincludesactive BLC. Oneis to attemptimproving
the performance of an existing geometry, that is, fixes, using expe-
rience and experiments. The second is to integrate unsteady BLC
into a multidisciplinary optimization design process. This should
allow simplified high-lift systems, thicker airfoils that will allow
lighter structures and greater internal volume, shorter aft bodies,
size reduction, and even elimination of conventional control sur-
faces. Existing designtools are capable of reproducingsteady flows,
including steady mass transfer, but the inclusion of unsteady BLC
effects into computational fluid dynamics (CFD) tools has not been
performed. The developmentof a proper CFD design tool is depen-
dent on the availability of a comprehensive database to allow its
validation.

The present paper describes an experiment aimed at improving
our understanding of controlling separated flows at flight Reynolds
numbers and providing a comprehensive database for validation
of unsteady CFD design tools. The suction surface of a modified
Glauert-Glas II airfoil (see Refs. 6 and 8) is currently tested. The
thickness to chord ratio of the airfoil was reduced to 20%, and peri-
odic excitationreplaces the suction that was used to keep the bound-
ary layer attached. Laminar-turbulent transition, which eludes
quantitative comparison between experiment and computation, for
example, high-lift flows,!> has been excluded from the problem be-
cause the model boundary layer is turbulent throughout. The thick-
ness of the incoming turbulent boundary layer was adjustable. The
boundarylayeron the model and the mean and fluctuating wall pres-
sures were measured. The two dimensionality of the wall pressures
was verified. BLC using steady blowing or suction was compared
to periodic excitation.

II. Description of the Experiment

A. Hump Model

The model simulates the upper surface of a 20% thick variant of
the Glauert-Glas II airfoil (see Ref. 6) (Fig. 1). Without control,
the flow separates at x /¢~ 0.66. A suction slot (or several slots)
was used on a similar airfoil and axisymmetric shapes to elimi-
nate the separation and even generate pressure (or form) thrust.®16
Presently, periodic excitation and steady suction and blowing are
used to reattach the separated flow. The model is installed on the
tunnel right-side turntable. The model cavity is easily accessible for
the introduction of spanwise uniform pressure fluctuations (Figs. 1
and 2). The turbulent boundary layer on the tunnel sidewall flows
over the model, its thickness is monitored by a traversed probe
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Fig.1 Cross section of the hump model, showing the alternative slots
atx/c =0.59 and x/c = 0.64, actuator cavity and surface slope.
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Fig.2 Top view of the experimental setup in the NASA 0.3-Meter Tran-
sonic Cryogenic Tunnel; model is shown on the left-side turntable.

and adjusted by a sidewall boundary-layerremoval system. Several
differences between the present arrangement and airfoil flow could
be noted. The primary ones are the existence of a reattachment
region at all flow conditions and the lack of unsteady interaction
between the lower and upper surface flows at the trailing edge and
in the wake.

The model referencechordis 200 mm. The originallocationof the
airfoil leadingedge is defined as the referenceleadingedge, x /c =0
(Fig. 1). This area was faired smoothly between x /c = —0.05 and
0.05 to eliminate a slope discontinuity and local separation. Two
alternative blowing slots are available: x /c =0.59 and 0.64 (both
shown in Fig. 1). 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 0.25% chords wide (0.50 mm £10%) and
were inclined at 30 deg to the surface facing downstream (Fig. 1).
The tunnel floor and ceiling boundary layers are not affecting the
spanwise uniformity of the flow over the model due to the use
of a pair of end plates (see the thick vertical lines in Fig. 3). A
gap of 12.7 mm between the end plates and the tunnel walls was
deemed sufficient, based on the available wind-tunnel boundary-
layer data.!” Additional data acquired during this experiment ver-
ified this. The tunnel cross-sectional blockage due to the model
and the end plates was 0.0836. The model was equipped with one
streamwise and three spanwise rows of pressure taps (Fig. 3). The
model was also instrumented with 12 dynamic pressure transducers
(indicated by x symbols in Fig. 3). The transducers were installed
under the model surface, inside small volume cavities. One trans-
ducer was flush mounted near the trailing edge of the turntable next
to a recessed pressure transducer, and their readings are compared.
Another dynamic pressure transducer is installed inside the model
cavity, midway between the end plates and about 30 mm from the
slot exit. It was used to monitor the cavity pressure oscillations
and to correlate the wind-tunnel experiments with the bench-top
tests.
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Fig.3 Elevationview of the model showing streamwise (circles) and the
three rows of spanwise pressure taps (diamonds,squares, and triangles),

the dynamic pressure sensors ( X), the excitation slot at x/c =0.64, and
the end plates (vertical thick lines).

B. NASA 0.3-Meter Transonic Cryogenic Wind Tunnel

The experiment was conductedin a transoniccryogenic wind tun-
nel. Itis a closed-loop, fan-driven tunnel with a test cross section of
0.33 x 0.33 m (Refs.20 and 21). An automatic control system main-
tains the test conditions, providing a high level of repeatability. The
floor and ceiling of the tunnel were slightly diverged near the model
to reduce blockage resulting from boundary-layer growth on the
test-section walls. The tunnel sidewalls are parallel. The pressures
on the wall opposite the model were measured to evaluate wall in-
terference.

The tunnel boundary-layerremoval (BLC) system consists of a
pair of porous plates located between 451 and 273 mm upstream of
the turntable centersand spans the tunnel height (BLC in Fig. 2). The
streamwise extent of the porous plates is 178 mm. The mass flow
rate through the right-side boundary-layerremoval system was not
measured, but the boundary-layerthickness upstream of the model
was measuredat all test conditions.Only the right-side BLC system,
that is, that of the model (Fig. 2), was used.

C. Periodic Excitation System

A rotating, siren-type valve was used to generate the pressure 0s-
cillationsinside the model cavity. The oscillatoryblowing valve was
capable of generating frequencies up to 800 Hz. A pressure regu-
lator was used to control the gaseous nitrogen (GN,) entering the
valve, and the variable speed drive of the valve motor was used to
control the frequency. The oscillatory blowing valve was attached
to the right tunnel plenum door (Fig. 2). The outlet of the oscil-
latory blowing valve was connected to the backside of the model
cavity. Suction ports were positioned at the entrance to the model
cavity. These ports were connected to the unused left-side tunnel
boundary-layerremoval system. The digital valves of the left-side
boundary-layerremoval system were used to control the steady flow
rate out the suction ports (Fig. 2). Steady suction or steady blowing
was applied to the model flow by holding the oscillatory blowing
valve in the fully open position and varying the inlet or the exhaust
mass flow rates.

D. Boundary-Layer Measurement System

A total pressure probe with an internal tip diameter of 0.25 mm
was used to measure the boundary layer. The probe penetrated the
flow side of the model through slots in the turntable. It was mounted
on a two-dimensional traversing system, located on the backside of
the turntable. The slots were sealed by aribbon-cagemechanismthat

allows travel along the turntablesurface. The positionresolution was
+2.5 x 1073 mm, but the wall position was only known to within
£0.1 mm. The x and z locations had a similar uncertainty. The data
were always acquired when the probe traveled away from the wall.

E. Instrumentation

The model surface pressures were measured at 60 locations. Nor-
mal force, moment, and form drag were calculated from these mea-
surements. Volume flow rates were combined with temperature and
pressure measurementsto determine the mass flux enteringand exit-
ing the model cavity (see Fig. 2). The mean mass flux in or out of the
excitation slot could be determined by subtracting these two mass
fluxes. A dynamic pressure transducer, flush mounted in the model
cavity, measured the pressure fluctuations produced by the oscil-
latory valve. The cavity temperature and the tunnel static pressure
were used to calculate the GN, density in the cavity.

F. Bench-Top Experiments

The velocity fluctuationsat the excitationslot were measured with
the model outside the tunnel using hot wires. The GN, was replaced
with air. The wind-tunnel and the bench-top experiments were oth-
erwise similar. In the cases where reverse flow was encountered at
the slot exit, the hot-wire signal was derectified.”> The cavity dy-
namic pressure and hot-wire velocity were acquired using a 16-bit
high speed A/D converter, coupled with an antialiasing filter.

The frequency response of the model surface dynamic pressure
transducers was modified due to small differences in the instal-
lation of individual transducers. To evaluate this effect, all of the
transducersunderwenta bench-top calibration. A sound source and
a microphone were placed as close as possible to each installed
transducer, and the frequency range of interest was covered. The
results presented here are only for the flat range of the transducers’
frequency response that cover at least twice the highest excitation
frequency used in the test.

G. Experimental Uncertainty

Most of the experiments were conducted at conditions close to
the limits of the wind-tunnel operating envelope. For example, the
very low temperatures (about 100 K), and Mach numbers are close
to the lower limit of the tunnel capability. Most of the data were
obtained with separated flow regions on the model. Table 1 con-
tains the relevantinformationregarding experimental uncertainties.
These values were calculated using £3 standard deviations of the
various experimental conditions and calculated parameters (includ-
ing repeated runs).

The uncertaintyof the calculatedaerodynamicparametersislisted
in Table 2 (in absolute values and related to flow condition on the
model).

The experimentsreported here were conductedat a Mach number
of 0.25 and chord Reynolds numbers ranging from 2.4 x 10° to
26 x 108.

Table1 Uncertainty of flow and control parameters®

Uncertainty,
Item % of full scale Full scale and condition
LN; line pressure 2 150 psi
Slot width 10 0.5 mm
Static temperature 0.3 300K
Static pressure 0.25 77 psi
R, 1 M=>02
M 2 M <03
Ft 2 2
cu 0.01 or 10% Larger
(cu) 25 Local values

0.3 800 Hz

U hot wire 1.5 Local values
u, 15 Local values
x/c of BL data 0.5 % chord
Wall position 0.1 mm —_—

P 0.4 10 psid
X, 9,2 0.01 mm Bench top

aPercent of full scale unless otherwise noted.
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Table 2 Uncertainty of aerodynamic parameters

Parameter Baseline Controlled
C, 0.010 0.015
Cap 0.0005 0.0010
Cn 0.005 0.010

III. Results

The first subsection in the results section describes the bench-
top calibration, aimed at correlating the slot exit velocities with
the cavity pressure fluctuations. The second subsection describes
the baseline flow over the model. The third subsectiondescribes the
controlled flow. Effects of the upstream boundary-layer thickness,
the Reynolds number, the excitation frequency and its magnitude,
and the effect of steady mass transfer alone or superimposed on the
excitation are all considered.

A. Bench-Top Calibration of the Excitation Slot

A bench-top calibration was performed to correlate the fluctuat-
ing slot velocities u/, with the cavity pressure fluctuations p’. The
squared fluctuating slot exit velocities u/} for the high-amplitude
range'* are plotted in Fig. 4a vs p’/p for all of the frequencies
of the x /c =0.59 slot. The root mean square deviation of the data
points around the linear fit is about 25% (based on local values).
The frequency response of the present excitation system (oscilla-
tory blowing valve-manifold-cavity) is significantly simpler than
the one used previously.'* The dynamic pressure transducer is now
installed inside the cavity (at about half the cavity span and about
30 mm from the slot exit), and the pressure fluctuations are intro-
duced in a spanwise uniform manner (Fig. 2). The u/, for the low-
amplitude range are presented in Fig. 4b. Again, the data follow the
linear fit, in accordance with the appropriate scaling.'* The collapse
of the data for the two amplitude ranges (separated at u/, ~ 13 m/s),
regardless of the forcing frequency, allows us to generate a single
correlation between u; and p’/p for each slot. The correlation for
the high-amplituderange (p’/p > 450) of the x /c =0.59 slot data
is

u? =1.088p'/p — 280 (1)
For the low-amplitude range (p’/p < 450) the correlation is
u, = 0.0325p'/p )

The slope of this line is lower than the slope of the linear fit to
the data presented in Fig. 4b, that is, 0.036, but was selected such
that the calibration would contain a smooth transition between the
low- and high-amplitude ranges around p’/p = 450. Reducing the
slope of the low-amplitude fit is justified because the slot velocity
derectification process tends to increase u/, at the low-amplitude
range (Ref. 22; Fig. 7) for zero mass flux excitation.

A similar procedure was performed for the x /c = 0.64 slot cali-
bration data. The correlations for that slot are

u;=1173p /p —246  for  p'/p > 375 3)

u, =0.0372p"/p for p'/p <375 4)
The small differencein the calibrationcurvesfor the two slotsresults
from a small differencein the slot geometry (see Fig. 1). Because of
the modular nature of the model, the slot width changed by +10%
(0.005 mm) between runs. Cryogenic cycling could also have a
similar effect on the slot width, and this is accounted for in the
uncertainty level of (c,, ), thatis, £25%.

Whereas these measurements were made at the slot half-span,
measurements were also made from the slot center to one end plate
at a frequency of 780 Hz, the highest used in the test, where the
possible nonuniformity should be the highestdue to the short wave-
length. It was found that the slot exit velocities do not vary by more
that £2.1%, and the correspondingspanwise phase distribution was
uniform (£5 deg).
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Fig.4 Derectified fluctuating slot exit velocities vs cavity pressure fluc-
tuations from the bench-top experiment (x/c =0.59 slot).

B. Description of the Baseline Flow
1. Effect of the Reynolds Number

The Reynolds number has a weak effect on the flow over the
model, presumably because laminar-turbulent transition was elim-
inated from the problem. Figure 5 shows the model baseline mean
(solid lines) and fluctuating (broken lines, right-hand side ordinate)
pressures for R, =2.4 x 10°-26 x 10° at M =0.25. The flow at
the model reference leading edge (LE) (note that only x /c > 0.2 is
shown in Fig. 5) deceleratesto generate a partial stagnation point.?®
The flow rapidly accelerates on the first 15% of the chord, then the
acceleration decreases up to x/c =0.5, where the suction peak is
located. The small step in Cp at x /c ~0.45 is a result of a breakline
in the model, and the smaller step at R. =2.4 x 10° indicates that
it might be enhanced by uneven thermal stresses at cryogenic con-
ditions. A pressure recovery starts at x /c =0.55 and persists until
x/c=0.65, where the flow separates. The vertical broken line in
Fig. 5 indicates the slot location. The surface slope at the separation
area is about 40 deg (Fig. 1), and the curvature changes sign there.
The separation location is fixed, regardless of the Reynolds num-
ber. It is not affected by the location of the blowing slot or by the
interaction of the external flow with the cavity.* Weak Reynolds
numbers effects, such as a small increase in the flow acceleration at
x/c=0.4 and a small increase in C/, that is, larger C’  at separa-
tion, and smaller C ;, at reattachment, are noted (Fig. 5). The initial
separation height above the reference plane, that is, tunnel wall, is
y/c=0.115, the model thickness at separation.

A large turbulent separation bubble is formed at the lee side
of the model. The flow above the bubble initially accelerates, in-
dicating a spreading of the mixing layer. The separated mixing
layer starts to interact with the surface and turns toward it at
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Fig.5 Mean (solid lines) and fluctuating (broken lines) wall pressures
at M = 0.25;Reynolds numbersin millions; dashed vertical line indicates
x/c =0.64 slot.

x/c> 0.9, reattaching at x/c &~ 1.2. On a complete airfoil, under
similar flow conditions, reattachment would not occur, and an open
reverse flow region would interact with the wake. The bubble in the
present setup is closed because the model is installed on the tunnel
wall.

The level of the pressure fluctuations upstream of separation is
very low (Fig. 5). A significant increase in the level of C,, is noted
immediately downstream of separation (x /¢ > 0.65). Just upstream
of reattachment (x /c ~ 1.1) the level of the pressure fluctuations
peaks due to the intermittent nature of the reattachment process
and the associated unsteady stagnation point close to the surface.
Several numerical and experimental investigations established that
the peak in the wall pressure fluctuations occurs about one sepa-
ration height upstream of reattachment (Fig. 3 in Ref. 24 and ref-
erences therein). The mean reattachment location is assumed to be
0.115¢ downstream of C}, ., that is, one initial separation height.
The reattachment region closely corresponds to the region where
C,~0, downstream of the separation point. Reattachment of the
baseline flow, as determined by the preceding criteria, occurs at
x/c=1.21£0.05 for all of the incompressible Reynolds numbers
studied. A small but consistent elongation of the bubble length as
the Reynolds numbers decrease was found. The length of the base-
line bubble s, therefore, X, /¢ = xg — x5, = 0.57 £+ 0.03. However,
in the definition of F+, Xsep Was assumed to be ¢/2.

The integral aerodynamic parameters acting on the model
at M =0.25 are C,=0.431+0.01, Cyq, =0.0268 £0.0005, and
C,, =—0.174 £0.005, regardless of the Reynolds number. These
parameters were calculated using all of the pressure taps in the
range —0.4 < x/c < 1.45. A small, but distinctive, decrease in the
normal force and in the form drag were measured as the Reynolds
number was increased. The normal force coefficient C, is nota good
indicator of the success of the control method on this configuration.
Because of the large separation bubble, the normal force decreases
as the size of the controlled bubble decreases. This occurs because
the flow cannot turn down after it leaves the trailing edge (TE) and
the flow deceleration region at the LE can not move to the lower
surface as a stagnation point would on an airfoil. The form drag Cq,
and the moment about the quarter chord C,, are the prime indicators
because they are better correlated to the level of the excitation and
behavein a similar manner to airfoil flow parameters. Moreover, the
fixed boundary conditions upstream and downstream of the model,
regardless of the level of flow attachment on the lee side of the
model, will significantly simplify the computationaleffort of future
numerical simulations.

The spanwise uniformity of the model C, is £0.011 around its
mean at x /c =0 and at x /c = 0.49 and £0.003 at x /c = 0.95, that
is, the spanwise uniformity of C, over the lee side of the bubble is
almost perfect. The path of the streamwise pressure taps (shown in
Fig.3)isintherange —0.25 < z/c < 0.2, well within the range of the
uniform spanwise pressure distribution. The pressure distributions
on the tunnel wall opposite the model were also measuredto evaluate
wall interferenceeffects. The interferenceat M = 0.25 is very weak,
with a C), ;, on the opposite wall of —0.12.

The spectral content of the model surface pressure fluctua-
tions (not shown) contains a broad peak centered on F*=0.8 at
x/c=0.7.Thelower frequencyrange of the spectrafills very rapidly
with the x direction over the separationbubble. At reattachment, the
spectra show a broad peak centered on F* = 0.4. Detailed analysis
of the flowfield dynamics was presented in Ref. 25.

2. Effect of the Upstream Boundary-Layer Thickness

The thickness of the upstream boundary layer has a minor effect
on the flow over the model. Even though the momentum thickness
of the upstream boundary layer was halved, only minor changes
were observed in the steady and fluctuating model pressures. The
boundary layer on the tunnel sidewall upstream of the model, at
x/c=—1.25, was measured (Fig. 2). The measured velocity pro-
files were all fully developed and turbulent with the universal slope
of the law of the wall, but lower offset due to the somewhat rough
tunnel wall and porous plate.!*?* The effectof the Reynolds number
is to reduce the boundary-layer thickness gradually?® The momen-
tum thickness of the upstream boundary layer is about 0.6% of
the model reference chord. The relative thickness of the boundary
layer to the chord length 8 /c is one of the parameters affecting
the flow development over the model. Corresponding 6/c on the
TE of the main element of high-lift systems' at takeoff conditions
are about 0.2% for R, =9 x 10° and M =0.2. The variation in the
baseline boundary-layer thickness parameters is about 20% over
the very wide range of high Reynolds numbers studied, having a
negligible effect on the current model pressures and integral param-
eters. The shape factors H of the boundary layers at M =0.25 are
H =1.27£0.01 over the R, range (Fig. 6).

The momentum thickness Reynolds number of the incoming
boundary layer R, (Fig. 6) is often used to characterize viscous
effects on the flow. The range of Reynolds number R, covered in
the presentexperimentis from 0.47 x 10° to 1.49 x 10°. The tunnel
boundary-layerremoval system was used to thin the boundary layer
upstream of the model to simulate a wider range of Ry and 6/c.
Figure 7 shows that 6 could be reduced by 43%, simulating much
higher chord Reynolds numbers and reducing R,. The two ways to
obtain the same Ry (i.e., by varying 6 or U,,) makes this parameter
an inadequatecandidate for describingthe evolutionof the flow over
the model. Indeed, the effects of reducing 6 by 43% are to deceler-
ate the flow upstream of the model (as expected in higher Reynolds
number R,), slightly delay separation, and slightly move the reat-
tachmentpointupstream. The effecton C, is negligible (notshown;

1.3 : ‘ ‘ : : 250000
1.25 | - 200000
H 12 - 150000
1.15 - 100000
1.1 - 50000
1.05 o R

Fig. 6 Boundary-layer shape factor and momentum thickness
Reynolds number at M = 0.25; data were acquired at x =— 1.25c¢.
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see Ref. 23). Itis suggestedthat Reynoldsnumber R, and 6 /c are the
suitable parameters to describe the viscous effect on the flow over
the model. We conclude that the effect of the upstream boundary-
layer thickness on the separation and subsequent reattachment is
small, as long as transition does not occur close to separation.

The effect of controlling the flow separation at the lee side of
the model, on the boundary layer upstream of the model, was also
investigated. This was performed by fully attaching the flow to
the model using slot suction with ¢, =4 £ 1% (Fig. 8) and also
by using the strongest available periodic excitation, with F* =0.8
and (c,) =0.55% (not shown). The large uncertainty level of the
steady ¢, is due to the large pressure drop across the slot that in-
creases the uncertainty in the calculation of the cavity density. The
effect of the model separation control on the upstream boundary
layer was negligible. (Its thickness decreased by less than 1%.) The
strong periodic excitation had a small effect on the steadiness of

the upstream boundary layer at the measuring station. It increased
C,, inside the boundary layer by 10%, and outside the boundary
layer it generated C, that is from four to five times higher than
the freestream turbulence level. The minute effect of controlling
the model separation on the upstream boundary layer leads to the
conclusion that the upstream boundary layer is not affected by the
model separationcontrol, within the experimental uncertainty. This
will allow a numerical simulation to keep the upstream boundary
conditionunchanged,regardlessof the flow conditionson the model.

C. Controlled Flow over the Hump Model
1. Effect of the Upstream Boundary-Layer Thickness

There is no attached baseline flow for comparison with the ac-
tively controlledflow becausethe baseline flow containsa separation
bubble. Therefore, steady suction or blowing was applied to reat-
tach the flow fully, and itis comparedto ideal flow computations. An
example of the attached flow due to steady suction with ¢, =4%
is presented in Fig. 8. The agreement between the measured and
calculated pressure distributions is very good, indicating that the
theoretical prediction that led to the design of the original Glauert
airfoil® (see also Ref. 5) has beenreproducedsuccessfully. The small
differences are attributed to the existence of boundary layers on the
model and to the exclusion of the slot from the calculation grid.

The Reynolds number has a weak effect on the effectiveness of
the periodic excitation. As seen before in airfoil experiments'*!”
and in the present baseline flow, the Reynolds number has a mi-
nor effect on the flow characteristics,presumably because laminar-
turbulent transition was eliminated from the problem. The effect of
the upstream boundary-layerthickness on the controlled flow over
the model is small, as it was for the baseline flow (Fig. 9). This effect
was tested at R, =7 x 10°, where the boundary-layer thickness is
relatively large. Identical excitation was applied with and without
removing boundary-layer fluid through the BLC system. The up-
stream boundary-layerconditions were identical to those presented
in Fig. 7. The flow decelerationupstream of the model increasesdue
to the thinnerboundary layer (x /c < 0.2, notshown in Fig. 9). From
x /¢ =0to separation,and almost to reattachment (x /c & 1), the two
pressure distributions are identical. Only downstream of reattach-
ment are the mean pressures higher when the upstream boundary
layer is thinner. The slightincrease in C), due to the thinner bound-
ary layer is expected because the flow receptivity to the excitation
partly relies on the shear across the excitation slot. Indeed, the shear
across the slot increased as the boundary layer becomes thinner
(boundary-layer data, not shown). We conclude that the thickness
of the upstream boundary layer has little effect on the controlled as
well as the baseline flow over the model.
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Fig. 9 Mean and fluctuating model pressures showing the effect of
upstream BL thinning: R, =7X10%, M =0.25, F* =1.15,{c.) =0.16 %,
slot x/c = 0.64, and BLC as in Fig. 7.
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2. Effect of the Excitation Frequency

It was previously shown that the effective excitation frequency
scales with the length of the separated region and is inversely pro-
portional to the freestream velocity.!*> The mechanism responsible
for this observation is not fully understood. It is assumed that the
upper limit of the effective frequenciesis the Kelvin-Helmholtz in-
stability of the separated shear layer. The lower limit of the effective
frequenciesis of the same order as the natural shedding frequency of
the baseline configuration. Note that clean, stationary vortex shed-
ding was not identified at high-Reynolds-numberturbulent flows, 4
nor was it found on the present configuration. A feedback loop be-
tween the periodic excitation, applied at the separation point, and
the reattaching flow that transmits pressure fluctuationsupstream, is
presumably active. Therefore, the flow could be consideredglobally
unstable and, therefore, sensitive to both upstream and downstream
boundary conditions. The control methodology is further compli-
cated because the length of the separated region decreases as the
excitationbecomes more effective, increasing the effective frequen-
cies. However, this last trend is favorablebecause the high-amplitude
slotexcitation generateshigher harmonicsevenif the excitation sig-
nal in the model cavity is purely monotonic.® The length of the sep-
arated region was presently taken as half of the chord length and the
range of the available excitation frequencies allowed the generation
of reduced frequenciesin the range F* =0.2-2.0.

The mean and fluctuating model pressures for low excitationam-
plitude of (c,) =0.03% are presented in Fig. 10. The length of the
bubble was reduced by 35% using excitation frequencies that gen-
erate F* > 0.4. The control reduced C,, both upstream and down-
stream of the slot. The fluctuating model pressures (Fig. 10), re-
veal that the peak in the model pressure fluctuations C,, n.x moves
forward as the excitation frequency increases, indicating a forward
motion of the reattachmentpoint. Also note thatthe C), for F* =0.4
and 0.8 are amplified downstream of the slot. Furthermore, due to
the longer wavelengths that the lower FT generate, and the overall
higherlevel of unsteadiness, a strong C/, was measuredat x/c =0.2
and 0.45. As the excitation frequency increases, this upstream effect
diminishes. The amplitude at the excitation slot is essentially fixed
for F™ > 0.4 and peaks at x/c =0.67. (Data at F* =1.2 and 2.0
were excluded for clarity.) The secondary C » beak is attributed to
controlled reattachment. If F* is to be modified according to the
length of the controlled separatedregion, it should decreaseby about
35%.

Figure 10 also presents steady suction data at the same C,, as the
periodic excitation. The suction pressure distribution is similar to
that of F* =0.4. Note that the application of steady suction moves
the reattachment point forward, but also increases the level of C},
in a similar manner to the high F* unsteady excitation (Fig. 10).
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Fig. 10 Mean and fluctuating model pressures showing the effect of
the excitation frequency and steady suction: C, =0.03%, R, =16 X 10,
M =0.25; vertical dashed line indicates x/c = 0.64 excitation slot.

Therefore, it is concluded that any forward motion of the reattach-
ment point is associated with a higherlevel of €, at a more forward
location, as long as separation was not completely eliminated.

Note that F* = 1.6 is mosteffectivein increasingthe suctionlevel
upstream of the slot and in generating a healthier pressure recovery
downstream of it (Fig. 10). However, the data also show that the
pressurerise across the slotincreases only from 0.15 in the baseline
to0.26 forthe F* = 1.6 data. The purpose of using steady suctionin
the original Glauert® approach was to generate a localized pressure
jump, whereas the advantage of periodic excitation is the unstable
nature of the shear layer that amplifies the excitation. The challenge
is to achieve significant control authority immediately downstream
of the slotand not to rely on convectiveamplification. When the flow
is turned absolutely unstable, it might be possible to increase the ef-
fectiveness of periodic excitation for controlling localized severe
adverse pressure gradients. Physical insight resulting from global
instability analysis should also be sought.

Figure 11a presents the effect of the excitation frequency at
(c,) =0.13%. The effect of the increased amplitude (compared to
Fig. 10) is to further shorten the separation bubble, at all frequen-
cies used, with F* =1.6 being the optimal. The C), distribution,
also shown in Fig. 11a, is similar to that seen for the lower (c,)
(Fig. 10). One exceptionis that the level of the C;, decreases below
the level of the baseline C;, forx/c>1.2and F*>0.8.

The first step in gaining physical understanding about the
dynamics of the control process is to study the evolution of the
fundamental excitation frequency. Figure 11b presents the stream-
wise distribution of the wall pressure fluctuations at the excitation
frequency for several F* that were presented in Fig. 11a. In the
aforementioneddata, the excitationsignalis not a perfectsine wave;
however, at least 90% of the cavity pressure fluctuation’s power was
at the fundamental, even though the pressure sensor at x /¢ = 0.67,
immediately downstream of the slot, indicates a significantly higher

-0.9 ; 0.6
3 -¥-  Baseline
-0.675 + > F+=0.4 105
- F'=0.8
+_
-0.45 = FE18 1oy
-0.225 - r0.3
C 2 |
p 0 T E R 0.2
I ]
5" | e - 5 Cp
0225 1+ %, | % A +0.1
L -7 o g S
£ - Y’M}( *-\%
0.45 F==—=—T" —+ t t t t 0
02 04 06 08 1 12 14
x/c
a)
1 'l
I > F'=04
<C,'™>¢ - F'=0.8
I - F'=1.6
0.1 1
0.01
b)

Fig. 11 Mean and fluctuating pressures showing the effect of a) excita-
tion frequency and b) evolution of the pressure fluctuations at the fun-
damental frequency downstream of the x/c =0.64 slot (vertical dashed
line): {c,) =0.13%, R, =16x10°, and M =0.25.
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harmoniccontentthanin the cavity. The separatedshearlayeris most
receptiveto F+ & 1 and is less receptive to F* =0.4 (Fig. 11b), but
both this frequency and F* =0.8 are amplified over the bubble.
Whereas F* =0.8 saturates at x /c =0.75, F* = 0.4 continues to
be amplified until x /c =0.85. The separated flow is most recep-
tive to F* =1.6, which is the most effective frequency for reat-
taching the flow, but the C}, amplitude at F * = 1.6 significantly
decays as reattachment is approached, that is, at x /c~ 1 accord-
ing to Fig. 11a. Note that C), of F* =1.6 is amplified downstream
of reattachment (x/c > 1.1). The farthest downstream C ;, plotted
in Fig. 11b (x /c = 1.43) was measured by the flush-mounted pres-
sure transducer, and its reading and that of the recessed transducer
next to it (x /c =1.42) give an indication of the uncertainty level,
that is, £220%. Based on the data presented in Fig. 11b, it is con-
cluded that the most effective frequency for separation control, that
is, F* = 1.6, alters the mean flow through unsteady excitation, but
the unsteadinessassociated with it decays very rapidly. On the other
hand, lower frequencies that are less effective in altering the mean
flow continue to be amplified over the bubble and decay at a lower
rate downstream of reattachment.

3. Effect of the Excitation Amplitude

The effect of increasing the excitation level at F+ =1.6 is pre-
sented in Fig. 12. The dashed vertical line at x /c = 0.64 indicates
the excitationslot. It is shown that the bubblelength decreases, even
with (c,) as small as 0.02%. An examination of the near slot region
indicates that for {c, ) <0.03%, the C, at the slot area is shifted up,
and only at x /c ~ 0.8 (Fig. 12) is the mixing rate high enough to
start turning the flow toward the wall. The suction peak upstream
of the slot became stronger, and the pressure recovery downstream
of it is more favorable. Although the level of the cavity pressure
fluctuations steadily increased, the corresponding C! at x /¢ =0.67
saturated for (c, ) between 0.05 and 0.1%. This is an indication that
the receptivity of the separated shear layer is limited and cannot be
further exploited. The increased upstream effect as (c,) increases
occurs even though C, at the slot saturates. The relative improve-
ment in performance with increasing {c,,) is rapidly decaying for
(c.) > 0.03%. However, it is clear that such a small (c,,) is insuffi-
cientto promote complete flow reattachmentto the tested geometry.

4. Effects of Steady Mass Flux

It was previously shown!?~!42? that the addition of steady mass
flux, superimposed on the periodic excitation, is beneficial when
separation occurs farther downstream of the excitation slot and the
surface curvature is small. It is well known that changing the shape
of the mean velocity profile affects the stability of the shear layer.
The velocity profile turns absolutely unstable?® for suction levels
that generate reverse flow with about 30% of the local freestream
velocity. On the present geometry, where a steep adverse pressure
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Fig.12 Mean and fluctuating model pressures showing the effect of the
excitation amplitude at F* =1.6: R, =16 X 10°, M =0.25, and x/c =0.64
slot.
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Fig. 13 Mean and fluctuating model pressures showing a) effect of su-
perimposed weak steady mass flux on the excitation signal and b) effect
of the added mass flux on the fundamental and its harmonic down-
stream of the slot: R, =16X10%, M =0.25,(c,) =0.23%, F* = 1.5, and
x/c = 0.64 slot.

gradient starts slightly upstream of the excitation slot, it is crucial
for the effectiveness of the periodic excitation to increase the flow
receptivity to the imposed oscillations.

Effects of weak suction or blowing superimposed on the peri-
odic excitation on the wall pressures are shown in Fig. 13a. Weak
suction increases the mean pressure recovery as well as the level
of C, that is generated by the excitation, whereas weak blowing
generates the opposite effect (Fig. 13a). The estimated magnitude
of the slot suction velocity is 30% of the freestream velocity. The
dynamic effects of the superimposed steady mass flux were ana-
lyzed by calculating the relative power spectral density of C}, at
integer multiples of the excitation frequency (F+ and 2F* are con-
sidered in Fig. 13b) and normalizing it by the power spectra of the
corresponding frequency components generated by the zero mass
flux excitation (cﬂ =0.0). The relative power spectral densities for
0.67 < x/c <0.85 are plotted in Fig. 13b for F™ and 2F*. The
superimposed steady mass flux does not change the level and the
spectral distribution of the cavity pressure fluctuations; therefore,
{c,.) is unaffected. Whereas, for ¢, = 0, comparable amplitudes are
generated for the fundamental and its two first higher harmonics
(as measured at x/c =0.67, not shown), suction almost doubles
the power of the fundamental, whereas blowing sends most of the
excitation power to its harmonic. Note that the instability charac-
teristics of the separated shear layer were not significantly altered
by the superimposed mass flux. The separated shear layer amplifies
2F7 in a comparable manner, whereas F* is roughly neutral. The
drastic change in the dynamics of the controlled flow are indicative
of the great sensitivity of the receptivity process to changes in the
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Fig. 14 Mean and fluctuating model pressures showing the effect of
the steady suction: R, =16x10°, M =0.25,{c,.) =0.00%, F* = 0.0, and
x/c =0.64 slot.

boundary conditions by BLC, whereas the averaged wall pressures
(Fig. 13a) show relatively little difference due to the changesin c,,,
presumably due to the high (c, ) used. The reproductionof these dy-
namic effects and further physical clarification are a challenge for
numerical simulation and also require additional experimentation.

Steady suction or blowing alone, that is, {c,) =0, were used to
reattach the flow to provide a comparison between the effective-
ness and characteristics of steady and unsteady BLC methods. The
flow can be fully reattached to the surface of the model using either
steady blowing or suction with ¢, &2 to 4%. Similar suction mag-
nitudes were used by Glauert et al.® Steady blowing is ineffective
at momentum coefficients less than 1%. It is possible to generate
pressure thrust on the current model for steady mass flux above
¢, &~ 1% due to the presence of a high-pressureregion on the highly
sloped aft body.”® Figure 14 presents the steady and fluctuating wall
pressures due to the application of steady suction. The effects of
suction with ¢, <0.15% are similar to those of periodic excitation
at comparable {c, ), as seen in Fig. 10. The bubble shortens and the
location of C’/ = moves upstream when steady suction is applied
(Fig. 14). Note that the C), at x /c = 0.67 increases significantly due
to be applied suction at ¢, < 0.18%. (The experiment was done at
a finer suction level resolution than that presented in Fig. 14.) For
¢, > 0.18%, the pressure jump across the slotincreases, C, becomes
more positive than the baseline downstream of the slot, and C/, at
x/c=0.67 is much lower than the secondary C}, . (positioned at
x/c=0.95 for ¢, =0.25%), indicating that reattachment progres-
sively moves upstream as ¢, increases and that enhanced mixing
due to suction induced unsteady excitation is no longer active.

5. Summary of Control Effectiveness

The model integral parameters due to the application of steady
suction, steady blowing, and periodic excitation are presented in
Fig. 15. The form drag Cy, is initially increased due to periodic
excitation and suction, but for C,, > 0.02%, it gradually decreases.
The form drag was eliminated for suction ¢, ~0.8% and blowing
¢, &~ 2%. Form thrust is generated at higher levels of steady mass
transfer (not shown). Steady blowing is significantly less effective
in reattaching the flow than suction on the current geometry. The
quarter-chordmoment starts to respond only at blowing ¢,, > 0.1%,
and the form drag does not change for blowing ¢, < 0.5%. In ad-
dition to the lower control authority, the steplike response of the
aerodynamic parameters to steady blowing is not desirable for con-
trol purposes. It is further shown (Fig. 15) that periodicexcitationis
significantly more effective than steady blowing and at least com-
parable to steady suction at C,, <0.1%. The C,, is more sensitive
to oscillatory excitation than to steady suction and significantly less
sensitive to steady blowing. Only at ¢, > 0.2%, steady suction be-
comes more effective than oscillatory excitation in controlling the
C,,. The form drag is initially increased by the excitation, in a com-

-0.15 0.06
-0.12 + 0.05
Cm - £F - Suction
0094 | 7\- -Blowing | 0.04
o F+=0.8
- O F+=16
-0.06 | ____.e-@é‘@' _— 3 1003
@:-::E'_%’_- ) A
TA- A@M SA Cdp
EQ% "
-0.03 1 N GO . 1 0.02
[CRP
R
0 — % 0.01
0.001 0.01 0.1 1
Cy [%]

Fig. 15 Model quarter-chord moment and form drag coefficients due
to steady suction, steady blowing, and periodic excitation at two fre-
quencies: R, =16 X 10°, M =0.25, and x/c = 0.64 slot.

parable manner to the effect of weak suction, but for greater C,, the
effects of oscillatory excitation and steady suction are comparable.
Steady blowing is inferior to oscillatory excitation over the entire
(c,) range that was available. It is concluded that the advantage
of periodic excitation over steady boundary-layer control methods
couldberealizedatalow (c,) range, thatis, {c,) < 0.1%. The effect
of the excitation frequency on the controlled integral parameters is
weak, as could be inferred from the data, due to the two excitation
frequenciesthat are presentedin Fig. 15. (Note the agreement at the
overlap region of the two frequencies.) Note that the model geom-
etry was designed to be controlled by steady suction, and a design
tool that properly utilizes periodic excitation is still missing.

IV. Conclusions

Active separation control was studied over a carefully docu-
mented baselineflow at high Reynoldsnumbers. The boundarylayer
on the model was turbulent throughout, so that laminar-turbulent
transitiondoes not baffle the data trends due to the active separation
control. Indeed, the Reynolds number has a very weak effect on the
model pressures. Even a reduction of 43% in the boundary-layer
momentum thickness upstream of the model LE had a minor effect
on the baseline separation and its control, indicating that Reynolds
number R, is not a relevant parameter. The spanwise uniformity of
the wall pressureswas found to be very good and improved with con-
trol activated. The peak of the wall pressure fluctuations increased
as reattachment moved forward due to control, regardless of the
control method. Steady suction or blowing with a momentum coef-
ficientof 2 to 4% was required to fully reattach the flow to the model
and recover the ideal pressure distribution. Active control using pe-
riodic excitation was compared to steady mass flux and found to
be of similar effectiveness as steady suction and significantly more
effective than steady blowing. It was found that the superposition
of weak suction on the periodic excitation enhances the receptivity
of the separated shear layer to the fundamental excitation frequency
and the effectiveness of the control method, whereas blowing pro-
motes the generationof higherharmonics that are less effective. The
experimental database presents a proper validation case for numer-
ical simulation of unsteady flow control at high Reynolds numbers.
This is because the boundary layers upstream and downstream of the
model were not affectedby the steady orunsteady separationcontrol.
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