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The effects of flow control actuation on the aerodynamic characteristics and aero optical 
distortions in the near wake of a hemispherical turret model were investigated in a series of 
wind tunnel experiments at M = 0.3 – 0.64.  Flow control was applied using a spanwise array 
of high-frequency synthetic jet actuators oriented such that the long sides of their 
rectangular orifices were aligned in the streamwise direction.  The effects of actuation on the 
flow dynamics and aero-optical distortions were characterized using Malley probe 
measurements, along with distributions of static surface pressure and hot-wire anemometry.  
One of the main findings of the present work was that the dissipative, small-scale motions 
that are induced by the actuation (StD > 1) resulted in suppression of turbulent fluctuations 
within the separated flow over the hemisphere, and concomitantly in significant reduction in 
the levels of optical distortion (in excess of 40% at M = 0.4).  The effect of the momentum 
limited actuation diminishes at M > 0.45. 

Nomenclature 
γ = elevation angle 
γa = elevation angle of the actuators 
γs = separation angle 
Δγs = separation delay 
ν = kinematic viscosity 
ρ = freestream density 
bj = actuator orifice width 
Cμ = jet momentum coefficient 
D = turret diameter 
k = turbulent kinetic energy 
M = Mach number 
Ui = i-component of the velocity 

iU  = i-component of the mean velocity 
ui = fluctuation of the i-component of the velocity 
U0 = free stream velocity 
Uj = average jet velocity 
p = static pressure 
OPD = optical path difference 
OPDrms = root-mean-square of OPD 
ReD = Reynolds number 
StD = Strouhal number 



 
American Institute of Aeronautics and Astronautics 

 

2

I. Background 
HE control of flow over a hemispherical turret being used as the housing for a laser-based optical system must 
satisfy more demanding requirements in comparison to separation control over an airfoil.  Whereas the 

effectiveness of the flow control method on an airfoil can be evaluated strictly in terms of its effect on the time-
averaged lift coefficient, the metric becomes much more stringent when the intent of flow control is to enhance 
transmission of optical wave fronts through regions of turbulent flow affected by potential separation.  When an 
optical wavefront passes through a variable index-of-refraction turbulent flow, its wavefront gets distorted or 
aberrated.  When the cause of these index-of-refraction variations is a relatively thin, of the order of meter or so 
region of the turbulent flow induced by the aircraft, it is referred as an aero-optical problem1.  These wavefront 
distortions combined with optical aberrations caused by the wavefront propagation through the atmosphere to a 
target (known as an atmospheric propagation problem2) ultimately degrade the light intensity from the otherwise 
diffraction-limited intensity at the target.  Typical sources of aero-optical aberrations are turbulent boundary layers, 
separated shear layers and wakes.  These aberrations have high spatial and temporal bandwidths which are well 
outside the capabilities of traditional adaptive-optic methods3.  Separated shear layers are particularly destructive 
because of the presence of coherent vortical structures with their concomitant pressure/density wells inside them4.  
Left untreated, these shear-layer-related optical aberrations will limit an airborne transmitting system to a forward-
looking quadrant only.  In order to extend viewing angles to at least a portion of aft-looking quadrant, one can 
disrupt formation of the shear layer structure or extend the region of the attached flow by delaying the separation of 
the shear layer. 

The intent of the work presented in this paper is to evaluate the effectiveness of a strategy for achieving 
significant improvement in light transmission efficiency by minimizing laser wavefront degradation through active 
flow control suppression of the unsteady aerodynamic environment that leads to beam degradation by the 
uncontrolled flow.  Previous approaches to investigating an appropriate aircraft housing geometry to house a laser 
based system focused on the use of an aft-body fairing to achieve steady flow properties behind the weapon housing.  
This approach led to an extensive flight program using a KC-135A aircraft, configured as the Airborne Laser Lab 
(ALL, presently at the Air Force Museum in Dayton, Ohio).  It was used in an 11-year experiment to demonstrate 
that high-energy lasers could be operated in an aircraft and employed against airborne targets. 

The traditional active method for controlling separation behind two-dimensional airfoils makes use of the strong 
entertainment properties of a shear layer excited at its flapping frequency.  Introducing perturbation signals at the 
nominal (dimensionless) frequency St = O[1] upstream of the region of separation results in energizing the shear 
layer to a degree that results in the exhaustion of the air supply between the separated shear layer and the adjacent 
aerodynamic surface.  This effect leads to a Coanda-like partial attachment of the separated flow to the aerodynamic 
surface.  Once reattached, the flow responds to the modified pressure gradients along the surface, and typically 
separates again.  The cycle of partial reattachment and separation repeats at a rate that is a low integer submultiple of 
the excitation frequency.  While resulting in a considerable improvement in the mean lift coefficient associated with 
the affected surface, this method can degrade an optical signal that is transmitted through the affected region perhaps 
even beyond the levels observed if control were not applied.  A body of work studying the control of separation by 
the application of perturbation signals at frequencies at least an order of magnitude higher than the flapping 
frequency of the shear layer suggests that such high-frequency excitation makes it possible to achieve attached flows 
that do not suffer the unsteady effects exhibited by traditional methods (e.g., Smith et al.5 and Amitay and Glezer6).  
The flows remain attached and the flow field is free of degrading optical effects of the periodic appearance of highly 
energized large-scale structures in the flow that is traversed by light waves. 

Some previous work on separated flows over a three-dimensional bluff-body configuration has been directly 
motivated by the aero-optical problems involving an aircraft turret.  Such a configuration typically consisted of a 
cylindrical base having a hemispherical cap and a flat or a conformal aperture.  The resulting flow field is fairly 
complex as shown by de Jonckheere et al.7.  The attempts at flow control of such flows were done by examining the 
effect of suction on the wake structure (Purohit et al.8) and by addition of aft-mounted fairings and splitter plates 
(Snyder et al.9).  The former showed significant alteration of the wake structure even at low levels of suction, while 
the latter presented reduction of the baseline drag up to 55% using a large fairing.  The separated flow behind the 
turret with the flat aperture and the effects of passive control on the optical aberrations were addressed and 
characterized by Gordeyev et al.10, while the aerodynamical and aero-optical characterization of the baseline flow 
field over the conformal-window turret configuration was recently investigated by Gordeyev et al.11.  Surprisingly 
enough, there is almost no work done on generic configuration of a flow over just a surface-mounted hemisphere at 
high Reynolds numbers, besides some motivated by Earth flows over hemispherical domes12.  In a numerical 
investigation of such a flow, Manhart13 found that Karman-like vortex train is shed from the hemisphere.  In these 
flows however, the thickness of the upstream boundary layer is comparable to the hemisphere radius unlike the flow 
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over an aircraft turret for which the oncoming boundary layer thickness is much smaller than the turret radius.  The 
effectiveness of direct, high-frequency control (StD > 10) of the separated flow over a hemispherical turret on a flat 
plate with a thin upstream boundary layer was demonstrated by Vukasinovic et al.14 at ReD = 4 − 7 × 105.  These 
authors showed that the presence of flow control can substantially reduce the extent of the recirculating domain 
downstream of the hemisphere with significant reduction in turbulent kinetic energy.  Morgan and Visbal15 
performed numerical investigation of the flow over a turret at ReD = 4.36 × 105 and M = 0.5, and compared a hybrid 
RANS/ILES and k-ε RANS simulations with experimental data for the baseline (uncontrolled) flow.  Vukasinovic 
and Glezer16 demonstrated the effectiveness of fluidic, direct high-frequency control on turbulence suppression 
behind a bluff—body turret at ReD = 8 × 105. 

The present paper extends our earlier work on the three-
dimensional flow over a hemisphere14, on which the surface curves 
not only in the streamwise but also in the lateral direction and 
subjects the developing spanwise vorticity lines to distortion that 
makes the overall separation line complex.  Synthetic jet actuators 
driven by high-frequency piezoelectric elements are used to explore 
the response of the separated region downstream of a hemispherical 
shell to variations in geometric distribution and primary and 
modulated frequency characteristics of an array of actuators.  The 
metrics regarding flow quality and resulting changes in the optical 
transmission properties of the shear layer are defined and compared.  
Schematic of the global flow topology over a surface-mounted 
hemispherical turret is shown in Figure 1.  The oncoming boundary 
layer at the flat surface rolls as it approaches adverse pressure 
induced by the bluff body; as the spanwise vortex lines become 
strained and deformed under the modified outer flow; this gives a 
rise to the streamwise vorticity, and as a consequence the wall flow 
swirls around in the downstream direction in a form of a necklace 
vortex.  The outer flow is pushed away from the wall by the 
modified pressure field, and accelerates over the hemisphere surface until it encounters adverse pressure along the 
aft side, strong enough to induce separation off the hemisphere surface.  Furthermore, the meridional pressure 
imbalance turns the separating flow inward, which causes the swirling off the hemisphere surface.  The resulting 
separated bubble is nested in between the swirling “funnels” and consists of two recirculating domains that are 
merged at the plane of symmetry. 

II. Experimental Setup and Procedures 
The present experiments are conducted in the Trisonic Gasdynamics Facility (TGF) wind tunnel at Wright-

Petersen AFB, a closed-return wind tunnel having a square test section that measures 61 cm on the side.  The test 
section also has large optical window on one side, thus allowing a wide optical access.  The hemispherical turret 
measured 10” in diameter and was assembled out 
of eight interchangeable segments.  The 
hemispherical model was mounted on a splitter 
plate (Figure 2), thus providing the experimental 
condition that the thickness of the oncoming 
boundary layer was much smaller than the sphere 
radius, i.e., δ/R << 1.  One of the hemisphere 
segments, spanning 40°, had twelve piezo-electric 
actuators mounted from below, such that the 
actuator orifices were flush mounted on the 
hemisphere surface and aligned with the 
streamwise direction of the flow (Figure 2).  Two 
orifices of each actuator module span about Δγ = 
9.5° in the central plane, where elevation angle γ 
is measured relative to the horizon, as shown in 
Figure 2.  The actuation angle γa was adjusted by 
disassembling and rearranging of the hemisphere 

recirculating
flow

necklace
vortex

recirculating
flow

necklace
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Figure 1.  Schematics of flow separation 
over the hemispherical turret on a flat 
surface at low Mach number. 

R = 5”R = 5”

Figure 2.  Side-view of the TGF hemisphere model equipped 
with a 40° actuator wedge comprised of twelve actuator 
modules across the span, having orifices aligned with the
streamwise direction. Elevation angle γ is measured relative 
to the horizon. 
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segments. 
Piezo-electric actuators (Figure 3) were custom designed and built such 

that each actuator module is compact and individually- addressed, and, upon 
actuation, it synthesizes a jet from the surrounding fluid17.  The jet exits 
normal to the module’s top plate through two jet orifices.  Each of twelve 
actuator modules was calibrated prior to the experiments at a separate 
facility, and four jet velocities (defined as the mean jet velocity Uj of the 
expulsion part of the actuation cycle) were selected for the test runs.  The 
hemisphere was also equipped with 96 pressure ports that were arranged in 
three rows: 36 ports were distributed along the central vertical plane, another 
36 ports were aligned with the plane offset form the central by 20°, and 24 
ports were distributed along the plane offset by 40° off the central plane.  
Both 20°-offset and 40°-offset pressure ports are visible on the side-view schematics shown in Figure 2.  All 
pressure measurements were done using the dedicated computer and LabView-based DAQ.  Besides static pressure 
measurements, spectral characterization of the flow was done by a miniature, single-sensor hot wire anemometry at 
a single downstream location x/R = 1 (where x is measured from the hemisphere center), and at different cross-
stream locations y. 

Experiments were run at four default free stream Mach numbers M = 0.3, 0.4, 0.5, and 0.64.  In addition to those, 
final measurements included M = 0.45 case, as present piezo-driven actuators showed decreasing effect in the range 
of M = 0.4 – 0.5.  While the actuation (control) frequency was kept at optimal f = 2000 Hz, jet actuation strength 
was varied among four velocities.  Also, the effect of an addition of low-frequency modulation fAM (at the order of 
the expected shedding frequencies StAM ≈ 0.2) to the carrier high-frequency control signal was tested for three 
frequencies fAM = 100, 200, and 400 Hz.  After the optimal actuation parameters were determined, effect of actuation 
elevation angle γa was checked relative to the central separation point.  For that purpose, two actuation angles were 
tested: γa = 105° and 110°. 

 Extensive measurements of the optical environment of 
the separated region behind the hemisphere without and with 
active flow control were conducted using Malley probe18. All 
measurements were taken along the centerplane aligned in the 
streamwise direction. Schematic of optical layout for Malley 
probe measurements is shown in Figure 4. Small, 5 mm 
diameter mirrors were mounted flush on the hemisphere along 
the centerline every 5 degrees at elevation angles of between 
110 and 160 degrees, with the elevation angle of zero facing 
directly upstream. Two parallel Malley probe He-Ne laser 
beams separated in the streamwise direction were forwarded in 
the test section using series of steering mirrors and, after 
bouncing off the surface-mounted mirror were reflected back to 
the optical table exactly along the same optical path they were 
forwarded into. It allows the laser beams to go along the same 
measurement line twice, thus increasing signal-to-noise ratio 
and significantly simplifying the optical set-up. Five elevation 
angles were measured using the Malley probe: 120, 135, 140, 
145 and 150 degrees. Optical aberrations at these angles were 
measured by recording instantaneous deflection angles of both 
laser beams using position sensing devices. Sampling frequency 
was 100 kHz, sampling time was 10 seconds.  

III. Baseline Flow 
Baseline flows (without active flow control) are first characterized by surface static pressure measurements. The 

resulting pressure profiles along the centerline, 20°-off and 40°-off planes at M = 0.3, 0.4, 0.5, and 0.64 are shown in 
Figure 5.  All profiles are plotted relative to the local elevation angle of the pressure port, i.e., in the central (γc), 20°-
off (γm), and 40°-off (γo) planes.  Pressure profiles in the central plane (Figure 5a) indicate that the flow separation 
point moves upstream with M, i.e., from just above 120° at M = 0.3 to about 115° at M = 0.5.  A significant shift in 
the separation point at M = 0.64, where the flow separates just after the hemisphere apex is attributed to the localized 

orificesorifices

 
Figure 3.  Schematics of the 
piezoelectric actuator module. 

 
Figure 4.  Schematic of optical measurements 
behind the hemisphere. 
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shock wave that develops in that region.  It is also noteworthy that all four profiles exhibit pressure recovery towards 
the end (marked by a dashed circles), which is believed to be associated with the presence of the recirculating 
bubble.  Pressure profiles in the 20°-off plane (Figure 5b) again indicate that the separation moves upstream with an 
increase in M, only this time the local elevation angle changes from just above 140° at M = 0.3 to just above 130° at 
M = 0.64.  As horizontal projections of these points are downstream from the corresponding separation projections 
in the central plane, it appears that the flow stays attached longer in 20°-off plane than in the central plane in all 
cases.  Besides, as the separation point at M = 0.64 is inline with the separation points at other Mach numbers, it is 
conjectured that the localized shock at the hemisphere apex does not spread up to the 20°-off plane.  In addition, it 
can be seen that a pressure recovery towards the end of each profile is very mild, suggesting that the recirculating 
bubble weakened in the spanwise direction.  Finally, baseline pressure profiles along the 40°-off plane are shown in 
Figure 5c.  Although the local separation angles closely correspond to those in Figure 5b, the actual horizontal 
projections of these separation points are ahead of the corresponding ones in the 20°-off plane, and also closely trail 
the corresponding projections along the central plane.  Therefore, even just these three separation points across the 
span indicate that the three-dimensional curvature of the hemisphere induces nonmonotonic separation line.  Its 
complexity can be also enhanced by even minor manufacturing imperfections on the hemisphere surface or 
asymmetry of the oncoming flow.  It should be also noted that there is virtually no additional pressure recovery past 
the separation points in 40°-off plane, suggesting that the recirculating bubble, which is present in the central zone 
behind the hemisphere, does not extend up to the 40°-off plane in the spanwise direction. 

In addition to static pressure profiles, surface oil-flow visualization is used to elucidate the baseline flow 
topology.  Figure 6a shows surface flow-visualization at M = 0.3 focused on the flow past the separation line.  The 
flow footprint clearly indicates separation off the hemisphere surface that is symmetric relative to the plane of 
symmetry, having two “funneling” vortices, as already discussed in Figure 1.  Contrary to such separation footprint, 
baseline flow at M = 0.45 (Figure 6b) exhibits asymmetric separation line, with additional distinct swirling motions.  
Also, a notable inward motion of the flow from the circumference is seen within the separated flow on the 
hemisphere surface.  Besides the hemisphere surface flow visualization, Figure 6b also clearly visualizes the outer 
necklace vortex flow, as outlined in Figure 1.  Overall, flow visualization at M = 0.45 is in accord with the surface 
flow visualization of 
the hemisphere-on-
cylinder turret at 
comparable Mach 
number11, while the 
low Mach number 
visualization illustrates 
symmetric flow 
topology outlined in 
Figure 1. 

Results of the 
optical characterization 
of the baseline flow are 
shown in Figure 7 in 
terms of deflection 
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Figure 5.  The static pressure distributions for the baseline flow at M = 0.3 (●), 0.4 (■), 0.5 (▲), and 0.64 
(♦), along the central (a), 20°-off (b), and 40°-off (c) planes. 

M = 0.3 M = 0.45M = 0.3M = 0.3 M = 0.45M = 0.45

Figure 6.  Surface oil-flow visualization of the baseline flows at M = 0.3 and 0.45. 
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angle spectra for all measurement angles as a 
function of the elevation angle for different 
Mach numbers.  Series of peaks at low 
frequencies below 0.8 kHz are a result of 
strong mechanical vibrations of the tunnel, 
the model and the pylon mirror.  These 
vibrations completely overwhelm the optical 
signal at these frequencies and making data 
unusable at these frequencies.  Above 0.8 
kHz optical signal shows a broad hump 
which indicates the presence of the shear 
layer behind the hemisphere.  The frequency 
location of this hump increases from 
approximately 1.5 kHz to 3 kHz with the 
Mach number increasing, as expected for the 
shear layer.  Shear-layer-related spectra 
monotonically increases with the elevation 
angle increasing, indicating that the optical 
aberration caused by the shear layer gets 
stronger for increasing looking-back angles.  
Location of the shear layer peak moves 
toward smaller frequencies with the elevation 
angle increasing, from 2 kHz to 1.5 kHz for M = 0.3 and 0.4 and from 3 kHz to 2 kHz for M = 0.5.  This is 
consistent with the shear layer structure growing in size downstream.  Thus, two reasons the optical signal increases 
with the elevation angle are the shear layer structure growing downstream and the fact that the laser beam traverses 
through the shear layer at higher oblique angles and collecting more of optical aberrations along the path. 

Compared with lower Mach number results, for M = 0.64 shear-layer related optical signal is quite stronger 
at this Mach number and only weakly depends on the elevation angle. As was mentioned before, at this Mach 
number the flow becomes supersonic on top of the hemisphere and creates an unsteady straight shock located on top 
of the hemisphere. This shock causes the boundary layer to separate prematurely over the hemisphere, thus creating 
the strong separation region for all looking-back angles. The same time it disrupts the shear layer formation, so 
large-scale structures are no longer present at looking-back angles and the only mechanism for increasing the optical 
signal is the oblique angle effect, discussed before. 

A spectral cross-correlation technique18 was used to calculate a mean convective speed and to identify 
frequencies corrupted by mechanical vibrations. These mechanically-related vibrations can be seen as series of sharp 
peak below 0.8 kHz in deflection angle spectra in 
Figure 7. The low-pass filter with a cut-off frequency at 
0.8 kHz was applied to remove mechanical vibration 
contamination from the deflection signals and levels of 
optical distortions, OPDrms were computed for aperture 
of 3.33”, as described in Ref. 14. Optical results are 
presented in Figure 8 in a self-similar form, OPDrms 
/(ρM2D), versus the elevation angle for all Mach 
numbers. Also, the “oblique angle” effect, OPDrms ~ 
1/sin(γ) is shown in Figure 8 as a dashed line. For M = 
0.3, 0.4 and 0.5 data collapse for the elevation angle of 
150 degrees; for M = 0.4 and 0.5 collapse at 145 
degrees. For low M = 0.3 data slightly deviate from the 
self-similar behavior right after the separation 
(elevation angles 135 and 145 degrees), indicating that 
flow at this Reynolds number is still transitional. When 
the flow goes supersonic on top of the hemisphere ( M 
= 0.64), optical aberrations do not collapse with 
subsonic cases, but show higher levels of optical 
aberrations, as expected.  
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 Summarizing, for 0.3 < M < 0.6 and elevation angles above 130 degrees, levels of optical distortions imposed on 
laser beam can be approximately described as, 
 

)sin(
1055.2

2
6

γρ
ρ DMOPD
SL

rms
−×= , 

where ρSL (=1,225 kg/m3) is the sea-level density. This empirical result can be used to estimate optical aberrations 
over hemispherical turrets for look-back elevation angles between 130 and 150 degrees for different altitudes 
(freestream density), Mach numbers and turret sizes. 

 

IV. Flow Control 
As preliminary tests showed that the favorable effect of active flow control on the delay in flow separation is 

directly proportional to the jet momentum coefficient, it is kept constant at the highest Cμ for the reminder of the 
tests.  Furthermore, results presented in this section are focused on the actuation cases upstream from the separation 
(γa = 110° and 105°) as such relative location of the actuation is more likely to be encountered in practical 
applications, where it is expected that the flow separation will occur over the surface of the optical window. 

The resulting static pressure profiles in terms of the pressure coefficient Cp are shown in Figure 9 for γa = 110° 
and four Mach numbers M = 0.3, 0.4, 0.45, and 0.5, in the central (γc), 20°-off (γm), and 40°-off (γo) planes.  All 
pressure profiles are shown only over the elevation angle span downstream from the hemisphere apex, as actuation 

does not alter the pressure profiles further 
upstream.  Comparing the uncontrolled and 
controlled pressure profiles in the central plane 
for different Mach numbers, it becomes clear 
that the actuation effect weakens with the 
increase in M: after delaying separation for 
about 20° at M = 0.3 (Figure 9a) and 0.4 
(Figure 9d), the separation delay significantly 
drops to about 5° at M = 0.5 (Figure 9j).  It 
should be noted that the actuation angle was 
optimized for the actuation in the central 
plane, where the optical measurements are 
taken.  This resulted in no significant 
alteration of pressure profiles in other two 
planes, which is attributed to the non-optimal 
distance between the actuation orifices and 
local separation points.  However, favorable 
effect of the high-frequency control on 
suppression of fluctuating motions in 
separated flows is twofold: a) by virtual 
aeroshaping of the flow boundary that delays 
flow separation and b) by direct and active 
disruption of turbulent kinetic energy budget 
by dissipative mechanisms19.  Therefore, the 
impact on turbulent kinetic energy suppression 
in the wake can be achieved even in the 
absence of significant separation delay. 

Deflection angle spectra presented in 
Figure 10 have shown that the actuation 
reduces optical aberrations for all frequencies 
above 0.8 kHz at Mach number of 0.4. An 
actuation peak at 2 kHz from the actuation can 
be seen as a small spike in all actuation spectra 
in Figure 10. The actuation at 110 degrees was 
found to reduce optical aberrations at M = 
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Figure 9.  The static pressure distributions for the baseline (▬) 
and actuated (▬) flows along the central (a, d, g, j), 20°-off (b, e, 
h, k), and 40°-off (c, f, i, l) planes at M = 0.3 (a-c), 0.4 (d-f), 0.45 
(g-i), 0.5 (j-l). Actuation angle is γa = 110°. 
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0.45 (not shown), as well as to extend the improving effect at elevation angles up to 150 degrees. At M = 0.5 the 
actuation was found to be not strong enough to improve the optical characteristics of the flow. Summary of optical 
results are presented in Table 1. The actuation at 110 degrees indeed improves optical environment, reducing levels 
of optical distortion by approximately 40 % for M = 0.4 at the elevation angle of 140 degrees and by roughly 20% 
for a higher elevation angle of 150 degrees. For higher Mach numbers of 0.45 and 0.5 actuation at the elevation 
angle of 140 degrees the effect diminishes, dropping to a modest 10% improvement in optical aberrations at M = 
0.45 and showing virtually no optical improvement for M = 0.5. 

  
Table 1. OPDrms (microns) for baseline and actuation at 110 degrees 

(first number – baseline, second –  actuation, third – relative reduction in OPDrms) 
 

Elevation Angle, γ (deg) M=0.3 M=0.4 M=0.45 M=0.5 

140 
0.051 
0.035 
(0.69) 

0.101 
0.059 
(0.58) 

0.132 
0.123 
(0.93) 

0.161 
0.158 
(0.98) 

145 -- 
0.099 
0.071 
(0.72) 

-- -- 

150 -- 
0.116 
0.090 
(0.78) 

-- -- 

 
  
To check how sensitive the impact of fluidic control origin on the resulting flow field is, actuation angle is then 

changed to γa = 105°, and a new set of flow characterization was conduced, including the optical measurements.  
The resulting pressure profiles are plotted in Figure 11 for the flows at M = 0.4, 0.45, and 0.5, and along the same 
three measurement planes.  Similar separation delay results relative to γa = 110° in the central plane are measured, 
with also more visible effects in other two measurement planes.  It should be noted that similarity of the control 
effects at two actuation angles (γa = 105° and 110°) also implies that the control effect is not too sensitive to the 
location of the control source, which adds to the robustness of this control tool. 

In addition to the static surface-pressure measurements, spectral characterization of the separated flow with and 
without active flow control was done using the hot-wire anemometry that corresponds to the flow and actuation 
conditions presented in Figure 11a in terms of the pressure profiles.  Six such power spectra for the unforced 
(baseline) and forced (controlled) flows are shown in Figure 12, measured at x/R = 1 and six elevation coordinates y 
that correspond to y/R = 0.3, 0.4, 0.6, 0.7, 0.75, and 0.8.  At the location closest to the splitter plate (Figure 12a), 
there is the lowest overall level in fluctuation energy of the baseline flow, and actuation suppresses some of the 
energy at the largest scales, up to 100 Hz.  As the measurement point moves towards the shear layer, the effect of the 
actuation becomes less pronounced up to the point at y/R = 0.6 (Figure 12c), where there is no noticeable spectral 
effect of the actuation.  However, once the measurement point starts moving through the shear layer (Figures 12d-f), 
a clear drop in broadband spectral energy is detected.  Furthermore, the broadband suppression becomes more 
pronounced with the increase in elevation, which is a direct consequence of the convection of the high-frequency 
actuation through the shear layer.  It should be noted also that the high-frequency effect weakens in the downstream 

a b c

10-1 100 101
102

103

104

105

10-1 100 101 10-1 100 101

 f [kHz]

  D
ef

l A
ng

le
 S

pe
ct

ra

 f [kHz]  f [kHz]  
Figure 10.  Optical deflection spectra for baseline (▬) and actuation (▬) cases at γa = 110° degrees at 
elevation angles γ = 140° (a), 145° (b), and 150° (c). Incoming M = 0.4. 
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direction due to inherit dissipation of direct high-frequency motions that are imposed onto the flow at the control 
origin. 

Deflection spectra for different elevation angles for baseline and the actuation at 105 degrees for M = 0.4 are 
shown in Figure 13 and the summary of OPDrms is presented in Table 2. As before, actuation frequency can be seen 
at all actuation spectra at 2 kHz in Figure 13. Improvements in the optical environment using the actuation are quite 
similar, but slightly weaker than the results as the actuation at 110 degrees, see Figure 10 and Table 1, respectively. 
It can be attributed to the fact that the actuators are located further upstream from the separation line and have 
slightly lesser effect on the separated shear layer. 
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Figure 11.  The static pressure distributions for the baseline (▬) and actuated (▬) flows along the central 
(a, d, g), 20°-off (b, e, h), and 40°-off (c, f, i) planes at M = 0.4 (a-c), 0.45 (d-f), and 0.5 (g-i). Actuation 
angle is γa = 105° 
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Figure 12.  Power spectra of the velocity fluctuations for the M = 0.4 baseline (▬) and the flow actuated 
at St = 3.73 (▬) at x/R = 1 and y/R = 0.3 (a), 0.4 (b), 0.6 (c), 0.7 (d), 0.75 (e), and 0.8 (f). 
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Table 2. OPDrms (microns) for baseline and actuation at 105 degrees 
(first number – baseline, second – actuation, third – relative reduction in OPDrms) 

 
Elevation Angle (deg) M=0.4 M=0.45 M=0.5 

135 
0.082 
0.075 
(0.91) 

0.123 
0.111 
(0.90) 

0.151 
0.143 
(0.95) 

140 
0.104 
0.073 
(0.70) 

-- -- 

150 
0.106 
0.090 
(0.85) 

-- -- 

  
Besides continuous high-frequency actuation, the effect of addition of low-frequency modulation of the carrier 

high-frequency actuation is also applied as a control signal in order to check the flow receptivity to simultaneous 
direct high-frequency forcing and indirect excitation of organized motions at large scales.  The modulation 
frequency fAM was selected to be at the order of expected shedding frequencies off the hemisphere surface (StAM ≈ 
0.2).  Three such frequencies were tested, fAM = 100, 200, and 400 Hz, and characteristic central pressure profiles 
that correspond to such actuated cases are shown in Figure 14 for M = 0.4.  In any of the cases, there is a negligible 
effect on the static pressure profiles, and, consequently, on the separation point.  This can be in part contributed to 
the fact that amplitude-modulation of the carrier signal by a square-wave signal at fAM and 50% duty cycle, halves 
the effective jet momentum coefficient relative to the non-modulated signal, which has a significant impact on the 
flow separation (Figure 9). 

Previous studies14 suggested that, as the separated flow is receptive to fAM frequencies, coherent motions at those 
frequencies were induced in the flow, thereby actively demodulating the modulated control input.  To check the 
spectral content of the baseline and the flow actuated by modulated control input, hot-wire measurements were taken 
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Figure 13.  Optical deflection spectra for baseline (▬) and actuation (▬) cases at γa = 105 degrees at 
elevation angles γ = 135° (a), 140° (b), and 150° (c). Incoming M = 0.4. 
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Figure 14.  The static pressure distributions for the baseline (○, M = 0.4 ) and the flow actuated at St = 
3.73, amplitude-modulated (●) at StAM = 0.187 (a), 0.373 (b), and 0.746 (c). 
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at the downstream hemisphere edge (x/R = 1) and several cross-stream elevations y.  Representative results are 
shown in Figure 15 for the flow at M = 0.4 and y/R = 0.75 and 0.8, and modulation cases fAM = 100, 200, and 400 
Hz, which correspond to StAM = 0.187, 0.373, and 0.746, respectively.  First notable feature of all modulation cases 
shows that there is a broadband reduction in the energy content of the fluctuating velocity component.  This suggests 
that although there is no significant change in the separation delay (cf. Figure 12), the high-frequency component of 
the amplitude-modulated control signal still suppresses turbulent kinetic energy of the separated flow.  These 
findings support the assertion that the favorable effect of the high-frequency control on suppression of fluctuating 
motions in separated flows is twofold, and that direct and active disruption of turbulent kinetic energy budget results 
via dissipative mechanisms even in the absence of significant separation delay.  Also, it is obvious from each power 
spectrum in Figure 15 that modulation control signal is actively demodulated by the flow, as coherent motions at fAM 
are detected by spectral peaks in Figures 15a-c at the corresponding modulation frequencies.  Besides the broadband 
reduction in energy, all spectra exhibit spectral peaks at f- fAM, f, and f+ fAM, which are the signatures of the control 
signal.  The remaining peak at fAM signals the induced large-scale motion at the modulation frequency, which is 
indirectly excited in the flow by amplitude-modulated, high-frequency control signal. 

V. Conclusions 
Present work was focused on experimental investigation of the high-frequency fluidic flow control on the 

separated flow over a hemispherical turrets at free stream speeds up to M = 0.64.  Flow characterization included 
surface static pressure measurements, hot-wire anemometry and optical Malley probe measurements.  Fluidic flow 
control was effected by a meridional array of synthetic jet actuators flush-embedded into the hemisphere surface, 
having the orifices aligned with the free stream direction.  Besides a pure excitation of small-scale motions at the 
control origin, concomitant excitation of small- and large-scale motions is also effected via amplitude-modulation of 
the high-frequency control signal. 

Present flow and optical measurements show that high-frequency, dissipative actuation can lead to broadband 
suppression of flow fluctuations within the near wake and, consequently, to improvement in aero-optical aberrations.  
It is shown that the current set of actuators imposed a notable active separation delay in the central domain of the 
turret up to M ≈ 0.45, with a decrease in effectiveness as M increases.  In any case of the imposed delay in 
separation due to the high-frequency control, analysis of the optical Malley probe measurements shows that the 
active flow control both delays the separation and reduces the magnitude of the phase gradient within the shear layer 
vortices, with visibly improved optical aberrations up to the elevation angle γ = 150°, having levels of optical 
distortions reduced in excess of 40% at M = 0.4.  As the Mach number further was increased, the reduction of 
optical distortions dropped down to a couple of percents at M = 0.5, which is partially attributed to the momentum 
limitations on the current generation of actuators.  Furthermore, it should be noted that local Mach numbers at the 
synthetic jet actuation are actually higher than in the free stream flow.  It is expected that the ongoing design of the 

10 100 1000
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

P
10 100 1000 10 100 1000

10 100 1000
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01
P

f [Hz]
10 100 1000

f [Hz]
10 100 1000

f [Hz]

10 100 1000
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

P
10 100 1000 10 100 1000

10 100 1000
1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01
P

f [Hz]
10 100 1000

f [Hz]
10 100 1000

f [Hz]

f+fAM

fAM

f-fAM

fAM

f+fAM

f-fAM
fAM

f+fAM

f-fAM

f+fAM

fAM

f-fAM

fAM

f+fAM

f-fAM
fAM

f+fAM

f-fAM

a cb

d e f

 
Figure 15.  Power spectra of the velocity fluctuations for the M = 0.4 baseline (▬) and the flow actuated 
at St = 3.73 at x/R = 1 and y/R = 0.75 (a–c), and 0.8 (d–f), amplitude-modulated (▬) at StAM = 0.187 (a, 
d), 0.373 (b, e), and 0.746 (c, f). 
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new generation of actuators will extend significant suppression of optical distortions into higher Mach-number 
flows.  It is important to note that similar results were obtained in both fluidic and optical measurements of flows 
actuated at two actuation angles γa = 105° and 110°, which implies that the effect of high-frequency control is not 
very sensitive to the actuation location (within a range).  Still, both fluidic and optical measurements suggest similar, 
but slightly better results for the actuation at γa = 110° than at γa = 105° in terms of reduction of levels of optical 
distortion.  For instance, actuation at γa = 110° yields reduction of optical distortion of 42%, while actuation at γa = 
105° yields the 30% reduction at the elevation angle of γ = 140°.  Also, reduction in optical distortions of 5% is 
measured for the flow at M = 0.5 for the actuation at γa = 105°.  Complementary spectral measurements by the hot-
wire anemometry indicate that overall reduction in broadband energy of fluctuating velocity accompanies measured 
reduction in optical aberrations. 

Besides the pure harmonic actuation of the separated flow, present study also explored a concomitant excitation 
of small- and large-scale motions in the forced flow by indirect excitation of large-scale motion via amplitude-
modulation of the control signal.  The results of that study suggested that no separation delay was imposed by the 
fluidic control.  In spite of that, a broadband suppression of velocity fluctuations was still measured by the hot-wire 
anemometry, and such findings support the assertion that not only virtual aeroshaping of the flow boundary, but also 
direct dissipative suppression is the mechanism that is responsible for the reduction in overall turbulent kinetic 
energy in the separated flow, when an active, high-frequency flow control is applied.  Also, it is found that large-
scale coherent motions at the modulation frequency were present in the actuated flow, along with the expected 
sidebands of the high-frequency carrier.  Along with previous studies14, these findings suggest that amplitude-
modulation of the harmonic control signal should be further explored in pursuit of the “flow regularization” of the 
separated flow, where organized motions at known frequency and phase can be “seeded” into the flow, along with 
the benefits of reduced turbulent kinetic energy levels owing the dissipative effect of the high-frequency (carrier) 
actuation. 

Acknowledgment 
This work has been supported by the Air Force Research Laboratory and the Boeing Company. 

References 
1Gilbert, J. and Otten, L. J. (eds), Aero-Optical Phenomena, Progress in Astronautics and Aeronautics, Vol. 80, AIAA, New 
York, 1982. 
2Tatarskii, V. I. and Zavorotnyi, V. U, “Wave propagation in random media with fluctuating turbulent parameters,”, J. Opt. Soc. 
Am. A, Vol. 2, No. 12, 1985, pp. 2069-2076. 
3Jumper, E. J., and Fitzgerald, E. J., “Recent advances in aero-optics”, Progress in Aerospace Sciences, Vol. 37, 2001, pp.299-
339. 
4Fitzgerald, E. J. and Jumper E. J., “The optical distortion mechanism in a nearly incompressible free shear layer,” J. Fluid 
Mech., Vol. 512, 2004, pp. 153-189. 
5Smith, D. R., Amitay, M., Kibens, V., Parekh, D., and Glezer, A., “Modification of lifting body aerodynamics using synthetic jet 
actuators”, AIAA Paper 1998-0209, 1998. 
6Amitay, M. and Glezer, A., “Role of actuation frequency in controlled flow reattachment over a stalled airfoil”, AIAA Journal, 
Vol. 40, 2002, pp.209-216.  
7de Jonckheere, R., Russell, J. J., and Chou, D. C., “High subsonic flowfield measurements and turbulent flow analysis around a 
turret proturberance”, AIAA Paper 82-0057, 1982. 
8Purhoit, S. C., Shang, J. S., and Hankey, W. L., “Effect of suction on the wake structure of a three-dimensional turret”, AIAA 
Paper 83-1738, 1983. 
9Snyder, C. H., Franke, M. E., and Masquelier, M. L., “Wind-tunnel tests of an aircraft turret model”, J. Aircraft, Vol. 37, 2000, 
pp. 368-376. 
10Gordeyev, S., Jumper, E. J., Ng, T. T., and Cain, A. B., “The optical environment of a cylindrical turret with a flat window and 
the impact of passive control devices”, AIAA Paper 2005-4657, 2005. 
11Gordeyev, S., Post, M. L., McLaughlin, T., Ceniceros, J., and Jumper, E. J., “Aero-optical environment around a conformal-
window turret”, AIAA J., Vol. 45, 2007, pp. 1514-1524. 
12Toy, N., Moss, W. D., and Savory, E., “Wind tunnel studies on a dome in turbulent boundary layers”, J. Wind Eng. Ind. 
Aerodynamics, Vol. 11, 1983, pp. 201-212. 
13Manhart, M., “Vortex shedding from a hemisphere in a turbulent boundary layer”, Theoret. Comput. Fluid Dynamics, Vol. 12, 
1998, pp. 1–28. 



 
American Institute of Aeronautics and Astronautics 

 

13

14Vukasinovic, B., Brzozowski, D., Glezer, A., Bower, W., and Kibens, V, “Separation control over a surface-mounted 
hemispherical shell”, AIAA Paper 2005-4878, 2005. 
15Morgan, P. E. and Visbal, M. R., “Numerical investigation of flow around a turret”, AIAA Paper 2007-4480, 2007. 
16Vukasinovic, B. and Glezer, A., “Control of a separating flow over a turret”, AIAA Paper 2007-4506, 2007. 
17Smith, B.L. and Glezer, A.,“The Formation and Evolution of Synthetic Jets”, Phys. Fluids, Vol. 10, 1998, pp. 2281 – 2297. 
18S. Gordeyev, T. Hayden and E. Jumper, "Aero-Optical and Flow Measurements Over a Flat-Windowed Turret", AIAA Journal, 
Vol. 45, pp. 347-357, 2007. 
19Vukasinovic, B., Glezer, A., and Rusak, Z., “Experimental and numerical investigation of controlled, small-scale motions in a 
turbulent shear layer”, Proc. 3rd International Symposium of Integrating CFD and Experiments in Aerodynamics, June 2007, 
U.S. AFA, CO, USA. 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


