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Losses in the performance and effectiveness of optical systems are caused by turbu-

lence. In particular, separated turbulent flow phenomena is present in several aero-optics

applications. In an effort to reduce the adverse effects of turbulence, we are exploring the

use of both open and closed-loop flow control. A series of experiments were performed in

Syracuse University and Wright-Patterson Air Force Base facilities using two test models,

a quarter- and half-scale, respectively. The 3D turrets contained an actuation system that

consists of 11 - 17 synthetic jets placed upstream from the leading edge of the aperture.

Different actuation cases were tested to then evaluate the effects of the flow control over

the aperture area and their control authority. Simultaneous surface pressure and PIV ve-

locity measurements in the separated region were performed, both with and without flow

control. The PIV results for the Syracuse test suggest that with the open-loop control

the separation zone above the aperture is reduced spatially and the mean square velocity

fluctuations reduced in amplitude by 15 - 20 percent. Pressure results from the closed loop

test at WP-AFB present a 20 percent reduction in the amplitude when compare to the

open loop results.

I. Introduction

Turbulence degrades the performance of airborne optical systems10,9,.2 Aero-optical effects are among
the factors taken into account to determine the effectiveness of these systems. The light beam is particularly
affected as it passes through: separated flow, boundary and shear layers, and inviscid flow.6 Passive flow
control devices for these applications have been tested8 and have shown an improvement of the optical envi-
ronment. A possible second method of cleaning up the flow is to utilize active flow control. Previous research
done by Glauser et al. (2004) and Ausseur et al. (2006), using active flow control devices, demonstrated
the use of low dimensional tools for the development of real-time closed loop control, using actuators to
control the flow over a NACA-4412 airfoil. In this effort to reduce the laser light diffusion similar methods
of analysis and control schemes were implemented to positively affect the flow over the optical device.

The particular geometry of interest is a half hemisphere turret with a flat aperture where the optical
device would be located. Flow around the 3D turret is highly complex especially at higher Mach numbers.
An understanding of the flow physics around this geometry is needed in order to be able to design an effective
control design. The area over the optical device is of the most concern. Experiments were performed on the
flow over the 3D turrets at a Mach number of 0.1 and 0.3 corresponding to Reynolds numbers of 600, 000
and 2, 000, 000 respectfully, based on the diameter and free stream velocity. The turrets were design with an
actuation system consisting of synthetic jets created by pairs of piezoelectric disks actuated in phase. The
actuation system was placed upstream from the leading edge of the aperture. Various actuation cases were
tested and evaluated to understand the effects of the flow control over the aperture area.

Our main objective is to develop a robust, real-time closed loop flow control system capable of improving
the aero-optical path of a laser beam. A large database of velocity flow field data along with simultaneously
sampled surface pressure measurements was obtained. Using this large data set, the flow characteristics and
properties are able to be analyzed and understood. Building upon the flow physics, mathematical tools such
as, Proper Orthogonal Decomposition, POD, and Modified Linear Stochastic Measurements, mLSM, will be
further applied to reconstruct the flow and also used to develop a proportional feedback flow control model.

II. Experimental setup

A. SU Wind Tunnel

A quarter-scale turret has been constructed and tested in a subsonic wind tunnel facility at Syracuse Univer-
sity. The Gottingen-type, closed, recirculating tunnel is a horizontal configuration with continuously variable
speeds of less than 4 m/s to above 60 m/s. Tests with the turret were performed at 30 m/s (Mach number
of 0.1 and Reynolds number based on turret diameter of 300, 000). The test section is constructed of optical
plexiglass with dimensions of 24 in. (w) × 24 in (h) × 96 in(l) . The turret is a six-inch diameter hemisphere
mounted on a cylindrical base approximately four inches in height. Figure 1(a) contains a computer-aided
design rendering of the test article.
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The turret is mounted on a splitter or mounting plate 15 inches long, 12 inches wide, and 0.5 inches thick.
The mounting plate facilitates variable−angle−of−attack tests, using a motor-driven pitching system that
has been constructed for the SU wind tunnel. The smaller turret’s circular, optical aperture is flat, has a
radius of 1.4 inches, and is located at the apex of the hemisphere. The aperture was set at a boresight angle
of 120 degrees for all the studied cases. An array of actuators located upstream of the aperture consists of 11
synthetic jets: 11 cavities housing 22 ceramic piezo-electric diaphragms. Each cavity houses two diaphragms
in order to provide a broad range of actuator input. The diaphragms are 1.07 inches in diameter with a
resonant frequency of 2.6 kHz. Open-loop tests recorded jet velocities of up to 50 m/s at 1 mm above the
cavity opening. The diaphragms operate at a resonant frequency of 2.6 kHz.

Measurements are based on two sets of surface-mounted pressure transducers: 15 evenly-spaced at the
aperture and 15 downstream of the aperture. Actuators and pressure transducers are configured in a modular
fashion to enable rearrangement when required. The Acoustic ICP sensors have a measurement range of
181 dB, a resolution of 77 dB, a sensitivity of 1500 mV/kPa, a resonant frequency of greater than 13 kHz,
and a low-frequency response of 5 Hz. Particle Image Velocimetry, (PIV), measurements have been taken in
five planes equally spaced over the top of the turret. In the SU facility, a DANTEC PIV System measures two
components of velocity in the planes. Velocity measurements are sampled at a rate of 4 kHz using a DANTEC
FLOWMAP system. Pressure transducer are sampled at 10 kHz using a NATIONAL INSTRUMENTS PXI-
based 800 MHz signal conditioner with dedicated 24 bit high-resolution A/D converters and anti-aliasing
filter.

The PXI-A/D system has an external trigger to temporally link pressure measurements and PIV velocity
measurements. With each laser pulse, corresponding to one snapshot of the flow, a signal is sent from
the PIV processing unit to the PXI, and a marker is inserted in the continuous stream of pressure data.
The phase-aligned information (velocity field above the turret and surface pressure on the turret) is input
to a measurement-based estimator. The PIV system is composed of CCD cameras (1280 × 1024 pixels,
each) and mounts, double pulsed NEWWAVE RESEARCH 200 mJ Nd:YAG lasers, light sheet optics and
a post-processing unit. Figure 1(b) contains a schematic of the test section, turret, and PIV measurement
system—mounted on a pitching system to facilitate variable angle of attack runs. A TSI olive oil based
seeder is used to produce spherical liquid particles with diameters between 1 and 5 µm, which follow the
fluctuations in the fully turbulent flow. The seeding is introduced directly downstream of the turret and
allowed to circulate through the tunnel before measurements begin.

(a) Test article. (b) Wind tunnel test setup overall view.

Figure 1. The SU test configuration.
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B. SARL Wind tunnel

Figure 2. Subsonic Aerodynamic Research Laboratory, SARL, at Wright-Patterson,OH

The Subsonic Aerodynamic Research Laboratory, SARL, wind tunnel at Wright Patterson Air Force
Base is an open loop wind tunnel with a test section that is 7 feet wide by 10 feet high. The wind tunnel has
a capacity to generate a flow between Mach number 0.1 to Mach number 0.5. Wind tunnel tests were ran at
a Mach number 0.3 to 0.4 corresponding to Reynolds number 2, 000, 000 to 2, 800, 000 respectively, based on
diameter and free stream velocity. SARL’s test section is equipped with plexi-glass windows all around the
test section, as seen in Figure 2, which made it possible to conduct PIV measurements. A tent was set up
covering the test section to block the ambient light from interfering with the PIV measurements and allow
for the cooling of the instrumentation.

(a) (b)

Figure 3. (a) Actuation bank located by the leading edge of cylindrical turret and (b) Ceramic piezo-electric
actuator disk of 1.07 in.

The turret consists of a hemisphere and a cylindrical base as shown in figure 4(a). The hemisphere is 12
inches in diameter with a 5 inches flat aperture at the top of the hemisphere. The aperture is set to have
a boresight angle of 120 degrees, with respect to the incoming flow, facing downstream. On the upstream
surface of the turret is an array of 17 synthetic jets. Each synthetic jet utilizes two ceramic piezo-electric
diaphragms sealed into a cavity with only a thin slot to pulse the air. The actuators, as shown in figure 3,
have a diameter of 1.07 inches with a resonant frequency of 2.6 kHz. The diaphragms operate at a resonant
frequency of 2.6 kHz. At its optimum frequency the synthetic jets were able to produce velocities of 50 m/s.
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A 5 inch cylindrical base is used to mount and adjust the angle of attack of the hemisphere. Attached
underneath to the turret is a splitter plate that is 3 feet wide by 5 feet long.

(a) SARL’s turret configuration (b) Pressure sensors distribution over the
hemisphere

Figure 4. SARL test article setup.

Uniformly spaced surface mounted transducers on the hemisphere measured the pressure along the surface
of the turret at two main locations: 16 transducers on the aperture and 15 transducers downstream of the
aperture, as seen in Figure 4(b). The Acoustic ICP sensors have a measurement range of 181 dB, a resolution
of 77 dB, a sensitivity of 1500 mV/kPa, a resonant frequency of greater than 13 kHz, and a low-frequency
response of 5 Hz.

Pressure measurements were recorded with a NATIONAL INSTRUMENTS PXI-based 800 MHz signal
conditioner with dedicated 24 bit high-resolution A/D converters and anti-aliasing filters. The experiments
at SARL consisted of simultaneously sampling of the surface pressure on the turret and the velocity field
around the turret.

Velocity measurements in the free stream and wake of the turret were obtained by utilizing a DANTEC
FLOWMAP Particle Image Velocimetry, (PIV), system. The velocity field was taken at seven separate
planes. All the planes were parallel to each column of pressure transducers which were approximately one
inch apart. PIV images were sampled at a rate of 4 Hz and 1000 statistically independent samples were taken
for each test case. The PXI system simultaneously recorded the PIV pulse and the pressure measurements
linking both the velocity and pressure data at 8.5 kHz. These snapshots will be use to construct the velocity
correlation tensor and low-dimensional POD-based model as described in Glauser et al (2004) and Pinier et
al (2007).

The PIV system is composed of a dual pulse laser and two CCD cameras. The dual pulse laser is a
NEWWAVE RESEARCH 200 mJ Nd:YAG with light sheet optics. The cameras contain a CCD chip and
have 1280 × 1024 pixels each. The solid particle Talc, is used to seed the flow. Individual particle size
varies from 1 m to 10 m. Talc was seeded at a significant distance upstream of the turret allowing the seed
to diffuse and form a homogeneous particle flow.

III. POD and mLSM low-dimensional techniques

A. Proper Orthogonal Decomposition

Proposed by Lumley in 1967 as a technique to study the coherent structures in turbulent flows. POD extracts
the most energetic features in the flow allowing us to have a large percentage of the system dynamics in
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a small number of modes. We use this to decompose the velocity field. This results on a finite number of
empirical eigenfunctions that form a discrete set of uncorrelated orthogonal functions given by the following
eigenvalue problem:

∫

Rij(~x, ~x′)φ
(n)
j (~x′), d~x′ = λ(n)φi(~x). (1)

where Rij(−→x ,−→x ′) is the ensemble averaged two-point spatial velocity correlation tensor, defined as:

Rij(~x, ~x′) = ui(~x, to)uj(~x′, to) (2)

where to is a given snapshot time. We then can extract the time dependent expansion coefficients
describing the flow, by projecting the velocities onto the eigenfunctions, as follows:

an(to) =

∫

D

ui(~x, to)φ
(n)∗
i (~x) d~x (3)

where ui(~x, to) is the velocity field at a given snapshot time.

The eigenfunctions of equation 1 called empirical eigenfunctions since they are derived from the en-
semble of the observations. Now we can reconstruct original velocity field, ui, by projecting an(t) on the
eigenfunctions:

ui(~x, to) =

N
∑

n=1

an(to)φ
(n)
i (~x) (4)

where N is the number of modes which we wish to use to reconstruct the velocity field. If N is ∞ the
velocity field is completely reconstructed. We use the time dependent information provided by equation 4
to develop the low-dimensional descriptions of the flow when N is a finite number. The POD method allows
us to have an accurate representation of the flow physics in a low dimensional model.

B. modified Linear Stochastic Measurement

The Linear Stochastic Estimation was proposed by Adrian in 1975. He recognize that the statistical infor-
mation in the correlation tensor from POD could be combined with instantaneous data to estimate the flow
field containing a ”conditional eddy”.

Bonnet et al. (1994) expanded on the work of Adrian (1975) to form the complementary technique which
combines POD and LSE to obtain time dependent POD expansion coefficients from instantaneous velocity
data on course hot wire grids.

Glauser (2004) further expanded these methods and demonstrated how instantaneous wall pressure mea-
surements could be used to construct an accurate representation of the instantaneous velocity field from wall
pressure alone (i.e., the modified complementary technique or mLSE, now termed mLSM). In this study we
will use the mLSM method to compute the POD velocity coefficients above the turret using discrete pressure
measurements taken on its surface. The instantaneous wall pressure is used in equation 5,

ãn(t) = 〈an(t)|p(t)〉 (5)

to obtain ãn(t) the estimate of the random POD coefficient that describes the velocity field over −→x given
the instantaneous surface pressures, pi(t). The estimated random coefficients for each POD mode can be
described as a series expansion using the instantaneous surface pressures available at i positions on the airfoil
surface:

ãn(t) = Bn1p1(t) + Bn2p2(t) + · · · + Bnqpq(t). (6)

Truncating this expression to include only the linear term (plus the error associated with neglecting the
higher order terms) we obtain:

ãn(t) = Bnipi(t) + O[p2
i (t)]. (7)
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The coefficients are considered to be the conditional structures of the flow, and they effectively describe
a certain percentage of the energy contained in a certain spatial POD mode. The elements of Bni are chosen

to minimize the mean square error, eãn
= [ãn(t) − an(t)]2 by requiring that

∂eãn

∂Bni
= ∂[Bnipi(t)−an(t)]2

∂Bni
= 0.

The solution to the minimization problem of equation 7 is a linear system of equations, which can be written
in matrix form as:













〈p2
1〉 〈p1p2〉 · · · 〈p1pq〉

〈p2p1〉 〈p2
2〉 · · · 〈p2pq〉

...
...

. . .
...

〈pqp1〉 〈pqp2〉 · · · 〈p2
q〉

























Bn1

Bn2

...

Bnq













=













〈anp1〉

〈anp2〉
...

〈anpq〉













The elements Bni are then substituted into equation 7 to estimate the random POD coefficient for
each instantaneous pressure measurement. These coefficients when combined with the POD eigenfunctions
provide an estimate of the instantaneous velocity field, ui(t) from application of equation 4. This method
has been used3,7 for flow control studies to provide the state of the flow from wall pressure only.

IV. Results and Future Work

A. SU turret

For this test model, three cases were studied for open loop: baseline and two actuated cases. In the first
actuated case, the diaphragms were driven at a dimensionless frequency, f+, of 1 and in the second case the
actuation frequency was set at the natural frequency of the piezo-electric diaphragms. A previous test to
calibrate each jet was done were the exit velocity was quantify for a range of frequency no greater than the
resonant frequency of each diaphragm. In this process an amplitude was selected to give us an output voltage
smaller than the peak-to-peak voltage limit for the diaphragm. The next step was to select the frequencies
that would provide us with an exit velocity of 50 m/s. This parameters provided us with a momentum
coefficient of 0.009. The center plane was selected as the study plane for the results presented here.

By examining the mean square values for these cases, presented in figure 5, it seems that the actuation in
both cases reduced the thickness of the shear layer. A reduction of 10− 20% is perceived, when we compare
the turbulence strength levels of the baseline case with the two actuated cases. Similar results are found in
the Reynolds shear stress, shown in figure 6.

B. SARL turret

In the process of developing a robust closed feedback loop system, a database of various actuated open loop
cases were tested. The databases consisted of simultaneously sampled surface pressure on the turret and
the velocity field around the turret. The first case within the database is the baseline case of no control.
Open loop control was then applied to the flow by actuating the synthetic jets. The database of this open
loop control study, includes actuated cases such as: a sine wave, a range of various modulated sine waves
with different non-dimensional frequencies, and a range of various modulated square waves with different
non-dimensional frequencies. For each case, 1000 statistically independent measurements were taken in seven
spanwise planes over the turret. We are currently analyzing velocity measurements.

In figure 7, we show the pressure signature for a sensor that is located in the center plane, about an 1.5
inches from the leading edge of the aperture. A small reduction in the amplitude of the pressure for the case
of modulated square wave is shown in figure 7(d). Further analysis is expected to be done to examine the
length scale changes as a function of the excitation input.

Proper orthogonal decomposition,11POD, based on the snapshot method13 was applied to surface pressure
data obtained via transducers over the aperture. Pressure data over the aperture was collected for the baseline
flow field as well as 12 open-loop actuation cases. Actuated cases were comprised of periodic and pulsed-
modulated input signals of varying frequency. An ensemble of 2, 000 snapshots of the baseline pressure field
and 300 snapshots from each actuated case were taken, resulting in a total of 5, 900 snapshots. From these,
low-dimensional bases for the pressure field over the aperture were constructed using three different methods.
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(c) Actuation, fact = 2600 Hz

Figure 5. Mean square for U-component of the velocity field.

In the first method, only baseline data was used to construct the POD basis. The resulting expansion of
the pressure field over the aperture in terms of the baseline POD basis is of the form

p(t, x, y) =

MB
∑

m=1

am(t)ϕm(x, y) (8)

where MB denotes the number of the baseline modes used in the expansion and am(t) is the temporal
coefficient for the mth baseline mode ϕm(x, y).

For the second method, baseline and actuated cases were lumped together, resulting in an ensemble
containing both baseline and actuated pressure data. Snapshot POD was applied to the overall lumped
ensemble to generate a basis spanning both the baseline and the actuated pressure fields. The resulting
pressure field expansion is of the form

p(t, x, y) =

ML
∑

m=1

bm(t)φm(x, y) (9)

where ML denotes the number of lumped POD modes used in the expansion and bm(t) is the temporal
coefficient for the mth lumped mode φm(x, y).

Finally, in the third case, each actuated snapshot was decomposed into a baseline component and an
orthogonal component due to actuation. POD was applied separately to the baseline and actuated pressure
data resulting from this decomposition to obtain a split-POD5 basis. The resulting pressure field expansion
is of the form
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Figure 6. Reynolds shear stress at the centerline.

p(t, x, y) =

MB
∑

m=1

am(t)ϕm(x, y) +

MA
∑

n=1

cn(t)ξn(x, y) (10)

Note that in equation 10, the baseline pressure field is expanded and in equation 8. For the second sum in
equation 10, actuated pressure field information is represented in terms of the actuated POD basis resulting
from snapshot decomposition. In equation 10, MA is the number of actuator modes used in the expansion
and cn(t) is the nth temporal coefficient, corresponding to the actuator mode ξn(x, y).

A simple feedback controller was implemented in the wind tunnel for each of the three cases above. The
control objective was to reduce or eliminate the large fluctuations in the pressure over the aperture. The
controller was of the form

u(t) = −K

[

M
∑

i=1

ai(t)

]

sin
(

2πf0(t − t0)
)

(11)

In equation 11, K is a constant feedback gain, {ai}
M
i=1 are the POD temporal coefficients, f0 is the

characteristic frequency of the synthetics jet actuators, and t0 is a phase shift to compensate for the time
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Figure 7. Pressure signal at M = 0.3: (a) Baseline, (b) fo = 2600 Hz, (c) modulated sine wave with f+ = 1,
and (d) modulated square wave with f+ = 1, 50% duty cycle.
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delay between the actuators and sensors. The temporal coefficients in equation 11 were determine in real-
time during the experiment by projecting sensor pressure data onto the baseline, lumped, or split-POD cases.
The number of modes chosen in equation 11 corresponds to the number of modes necessary for each of the
basis construction methods outlined above. In particular, M = MB for the expansion in equation 8. For
the expansion in equation 9, M = ML. Finally, M = MB + MA for the expression in equation 10. To
determine the impact of additional modes on control effectiveness, controllers were constructed using only
one mode in expansions 8-10, i.e. MB = ML = MA = 1, as well as the number of modes necessary
to capture 99%of the energy from the pressure data of the baseline and the three different POD methods.
Figure 8 shows the baseline and the three POD methods using the modes to capture 99% of the energy.

As seen in figures 8(b)-8(d), preliminary results from the pressure data shows that there is a reduction in
the mean square value as compared to figure 8(a). Closed loop control clearly provides a positive effect on
the wake of the turret. It can be concluded that the Split POD, shown in figure 8(d), was the most effective
input. These results indicate that there is enough control authority for this configuration from the fluids
point of view. Further analysis of the aero-optic field will evaluate the efficiency of the control system in
reducing the adverse aero-optic effects caused by the separated flow.
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Figure 8. Pressure signal at M = 0.3: (a) Baseline, (b) Baseline POD , (c) Lumped POD, and (d) Split POD.
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