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ABSTRACT
The current work investigates a Mach 0.6 jet flow field

with PIV and simultaneously sampled near and far-field
pressure. Two component velocity measurements are taken
in the streamwise (r-z) plane of the jet. Three cameras are
placed such that each interrogation window is captured si-
multaneously and stitched together to capture a six diam-
eter (D) PIV window. In addition, active flow control is
applied using an actuation glove comprised of synthetic jet
actuators. Both open and closed-loop control are applied in
different physical forcing configurations. For closed-loop
control, hydrodynamic pressure from the near-field array of
sensors is fed back to the actuation system in real time. The
large window PIV allows one to examine how the flow field
is affected by the flow control. Low-dimensional modeling
techniques, in the form of proper orthogonal decomposi-
tion, are performed in order to obtain a better understand-
ing of the large scale, energetic events in the flow field. It
has been found that active flow control changes the poten-
tial core length and shear layer expansion, which affects the
overall sound pressure levels in the far-field.

INTRODUCTION
In recent years, the aerospace community has invested

an increasingly large amount of time and resources into re-
search focusing on the jet noise problem. For commer-
cial applications, environmental pollution and increasing
amounts of air traffic make jet noise reduction a high pri-
ority. From the military perspective, tactical maneuvers and
the hearing loss experienced by aircraft carrier flight deck
crews motivate an increased interest in the jet noise prob-

lem. Moreover, due to increasingly stringent noise regu-
lations on aircraft in both the private and commercial sec-
tors, jet noise research is more important than ever. The
International Civil Aviation Organization is not only calling
for quieter aircrafts, but according to Viswanathan & Pi-
lon (2011), the studies should focus on gaining insight into
noise source mechanisms and low-noise designs. The tur-
bulence community continues to be at the forefront of these
studies, focusing on noise source identification and far-field
acoustic noise suppression.

Previous studies have shown that the key to reducing
jet noise lies in understanding the physics of the struc-
tures created in the region of the collapse of the potential
core (Tinney et al. (2008a,b); Tam et al. (2008); Low et
al. (2011)). A deep understanding of how these noise pro-
ducing events propagate to the far-field is paramount. Up
to this point, the community has seen various passive con-
trol methods for jet noise suppression, typically in the form
of chevrons (Brown et al. (2006); Callender et al. (2005);
Mengle (2005)). In recent years, the focus has shifted to ac-
tive flow control. While open-loop control has its benefits,
many researchers in the community believe that closed-loop
control will provide the most promising results, drawing on
intelligence from the system (Samimy et al. (2010); Lau-
rendeau et al. (2008); Low et al. (2010)). At Syracuse Uni-
versity, an actuation glove consisting of eight synthetic jet
actuators (based on the designs of Glezer & Amitay (2002)
and Smith & Glezer (1998)), is placed on the jet nozzle in
order to provide a shear layer excitation.

The motivation for this work stems from a large time-
resolved PIV data set collected in 2011 (Low et al. (2013)).
During this set of experiments, 10 kHz time-resolved PIV
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measurements were collected simultaneously with near and
far-field pressure. Using POD, “loud” modes in the flow
were identified by correlating the time-dependent POD co-
efficients with the far-field acoustics. Windowing effects
from the TRPIV experiments led to curiosity of a larger
view of the flow-field and thus a large window PIV data
set was collected.

EXPERIMENTAL SETUP
Experiments were conducted in the Syracuse Univer-

sity anechoic chamber at the Skytop campus. The anechoic
chamber housing the jet facility is 206 m3 and is lined with
fiberglass wedges having a cutoff frequency of 150 Hz. The
chamber houses an axisymmetric matched 5th order poly-
nomial nozzle with a diameter of 2 inches (50.8 mm) as
described by Tinney et al. (2004). The anechoic chamber
can be seen in Figure 1.

Figure 1. Syracuse University Anechoic Chamber

For hydrodynamic pressure measurements in the near-
field, two azimuthal arrays of Kulite pressure transducers
are used, each consisting of five sensors located at x/D = 6
and 8. All sensors are placed 1cm outside of the expand-
ing shear layer to measure the hydrodynamic pressure. The
azimuthal array of sensors at x/D = 6 are used for feedback
in the closed-loop control. For far-field acoustic sensing,
twelve G.R.A.S. microphones are used in two arrays. The
first six microphones are in the plane of the jet and the sec-
ond array is offset by 15o out of plane with respect to the jet.
For each array, the microphones are spaced evenly from 15o

to 90o with respect to the jet axis. All microphones are lo-
cated 75D downstream of the nozzle lip. This configuration
can be seen in Figure 1.

Velocity measurements are acquired using a standard
4 Hz Dantec Dynamics Particle Image Velocimetry (PIV)
system with three cameras for an extended interrogation
window. Two component velocity measurements are col-
lected in the streamwise plane of the jet to obtain a six di-
ameter window. The three individual windows are stitched
together during post-processing, using a least-squares ap-
proach, to obtain the large window.

For active flow control, an actuation glove comprised
of a circular array of eight synthetic jet actuators has been
designed and optimized. These zero net mass flux actua-
tors have the ability to achieve exit velocities on the order
of 50-60 m/s, which are sufficient to disturb the develop-
ing shear layer. The synthetic jets have been designed such
that each actuator can be controlled independently for high
modal forcing. The actuation glove can be seen in Figure 2,
and further information regarding the actuation system is
outlined in Low et al. (2013).

In the current investigation, each azimuthal pressure ar-
ray contains five sensors and therefore modes 0 and 1 are

Figure 2. Actuation Glove for Flow Control

implemented to avoid spatial aliasing. Four different con-
trol schemes, two open-loop and two-closed loop, are im-
plemented to see the effects of the control on the flow-field
with a large window, as well as to see how control effects
the far-field noise. There are two different types of physical
forcing implemented for both open and closed-loop con-
trol. The first is a mode 0 forcing in which all actuators
are driven in phase to mimic a column mode forcing. The
second is a mode 1 forcing in which half of the actuators
are driven 180o out of phase to mimic a flapping mode.
The driving signal for the actuators is a sine wave driven
at 1200 Hz (preferred frequency of the synthetic jet actu-
ators). For closed-loop control, the original driving signal
is amplitude modulated using the real time Fourier-filtered
modes of the near-field azimuthal pressure at x/D = 6.

RESULTS
Two control cases will be focused on in the following

section, one open-loop and one closed-loop, to be compared
with the uncontrolled jet. For the open-loop case, a mode 1
physical forcing is applied. In this particular scenario, the
top four actuators are driven 180o out of phase from the bot-
tom four actuators to create a flapping mode forcing about
the x-axis. For the closed-loop case, the Fourier-filtered
mode 0 of the near-field pressure array at x/D = 6 is fed
back to the actuators, which are driven again with a mode 1
forcing.

Low-dimensional models are incredibly important in
the fluid mechanics community especially when one is in-
terested in extracting large scale, dominant flow structures
of a complex flow field. When looking at the jet noise prob-
lem specifically, reduced-order modeling is essential due to
increasingly large data sets and complex flow physics. In
order to develop a low-dimensional model of the flow field,
proper orthogonal decomposition (POD) is implemented.
POD was first introduced into the turbulence community
by Lumley (1967) and later simplified by Sirovich (1987)
using the concept of snapshots. The snapshot approach is
useful when the number of grid points is greater than the
number of snapshots. In this modified approach the problem
becomes a temporal formulation instead of spatial, and thus
becomes more computationally manageable. The mathe-
matical formulation of the snapshot POD is described in
detail by Low et al. (2013).

Large Window PIV
For the PIV acquisition, three cameras were placed

side by side to acquire three independent windows, each
spanning approximately two diameters in the streamwise
direction. In order to create one large window from these
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Figure 3. Large Window PIV Baseline Snapshot

three separate images, the windows needed to be stitched
together; this process is done in three main steps. First an
appropriate offset between the windows is determined, then
an appropriate scaling factor for the velocities in the over-
lap region is calculated, and finally the images are stitched
together. The stitching is performed by interpolating the im-
ages onto a large grid using a weighted average scheme. An
example of the resulting large window PIV image for the
baseline case can be seen in Figure 3. The blanked regions
at six and eight diameters in the window are from the az-
imuthal array of Kulites. These sensors are out of the PIV
plane but show up in the images and are therefore blanked
out for purposes of the POD analysis.

In order to see the effects of the control on the flow-
field, the mean flow for the different cases in observed in
Figure 4. The plots show the mean streamwise velocity
contours for the baseline and two control cases. In the un-
controlled jet, the potential core collapses just before 8D,
whereas for the open-loop and closed-loop cases, the po-
tential core is shortened to about 6D and 6.5D, respectively.
This shows that with the current control schemes, the poten-
tial core length has been significantly reduced. Though the
two control cases seen here seem to have a similar effect on
the flow field, a control strategy which requires less energy
input to the system is desired.

By looking at the RMS of the actuation input signals,
the closed-loop control requires less energy input to the
system, having an RMS value of 2.75 volts as compared
to 3.08 volts for the open-loop. Moreover, the closed-loop
control draws on intelligence from the system and therefore
makes this more desirable than open-loop from an active
control standpoint. In the open-loop case, one might notice
a slight vectoring of the jet in the upwards direction. The
reason for this vectoring is still being investigated however
one explanation is that the driving of the actuators induces
an initial condition which causes a slight vectoring of the
jet in the open-loop case. It is possible that this wouldn’t
be seen in the closed-loop case since the feedback allows
for the control system to turn on and off. Once again, these
concepts are being investigated but at this point the actu-
ation input is thought to be the cause of vectoring in the
open-loop case.

Near-Field Pressure Spectra
The collapse of the potential core at approximately six

and eight diameters for the control and baseline, respec-
tively, motivates the investigation of the near-field pressure
at these locations. For comparisons, the near-field pres-

Average of U

x/D

r/
D

 

 

3 4 5 6 7 8 9

-0.5

0

0.5

0

50

100

150

Average of U

x/D

r/
D

 

 

3 4 5 6 7 8 9

-0.5

0

0.5

0

50

100

150

Average of U

x/D

r/
D

 

 

3 4 5 6 7 8 9

-0.5

0

0.5

0

50

100

150

U (m/s) 

U (m/s) 

U (m/s) 

Figure 4. Streamwise Velocity Contours of Mean Flow:
Baseline (top), Open-Loop (center), Closed-Loop (bottom)

sure spectra at x/D = 8 for the baseline and x/D = 6 for the
closed-loop control are shown in Figure 5. The arrange-
ment of the Kulites with respect to the jet can be seen in
Figure 6, corresponding to the colors in Figure 5. Similar
trends are observed for the two cases and the sensors all col-
lapse quite well indicating symmetry throughout the array.
For the baseline case, the array is just beyond the collapse
and therefore there is a slight amplitude shift in some of the
sensors. For the closed-loop case, the dominant frequency
is preserved however there is a noticeable increase in over-
all energy. This is not only attributed to the fact that these
sensors are closer to the jet exit, but also the control has
increased the spreading rate of the jet, accounting for the
additional energy increase seen by the sensors. Despite the
fact that a mode 1 physical forcing is applied, the feedback
of Fourier mode 0 keeps the flow relatively axisymmetric
across the entire frequency band.

POD Analysis
Performing the POD analysis on this data set provides

information about the low-dimensional, highly energetic
structures in a large region of the flow field where the flow
physics change dramatically. From the POD, it is found that
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Figure 5. Near-Field Pressure Spectra: Baseline, x/D = 8 (Left), Closed-Loop, x/D = 6 (Right)

Figure 6. Near-Field Pressure Sensors

there is a favorable convergence rate of the eignenvalues, as
about 50% of the total energy is recovered with just over
20 modes (of the total 300). In addition, the analysis shows
that none of the individual modes contain more than 6% of
the total energy.

The first two spatial eigenfunctions (POD modes) for
the baseline and closed-loop control cases are shown in Fig-
ure 7. These two modes are the highest in energy and are
the fundamental building blocks of the flow field. For the
baseline flow, the development of large scale vortices can be
seen along the shear layer beginning near the collapse of the
potential core. In the closed-loop configuration, small scale
vortices can be seen along the shear layer across the entire
PIV window. In addition, the mode 1 forcing can be ob-
served by the opposite phase of the structures seen in the top
and bottom shear layers. Beyond the collapse of the poten-
tial core the structures grow and become less organized due
to the interaction of the vortices caused by the collapse. In-
terestingly enough, the mode 1 forcing with feedback from
Fourier mode 0, keeps the flow organized and greatly en-
hances the overall mixing in the shear layer.

Using a select number of POD modes, the velocity field
can be reconstructed as shown in Figure 8. The baseline is
shown on the left and the closed-loop on the right. The top
plot shows the fluctuating velocity contours in the stream-
wise direction. The bottom plot shows the 25 mode recon-
struction, which accounts for just over 50% of the total en-

ergy. As can be seen in both the baseline and closed-loop
cases, the large scale structures are represented accurately
with the reconstruction. From these plots, it can be seen
that the closed-loop control keeps the flow organized before
the collapse, as observed in the reconstructions. The mode 1
forcing causes the potential core to collapse sooner, evident
in even a single snapshot. The advantage to the large win-
dow PIV is that it allows one to examine the flow structures
before and after the collapse of the potential core without
windowing effects (which can be problematic in standard
sized PIV windows).

Far-Field Sound Pressure Levels
In order to quantify differences in sound pressure level

for the various control cases, a directivity plot of the far-
field microphones is presented. This plot shows the change
in overall sound pressure level at each of the far-field mi-
crophones with respect to the baseline (uncontrolled) jet.
Presented here is the directivity plot for the in-plane micro-
phones, with similar trends observed for the out-of-plane
microphones. As can be seen in Figure 9, despite the fact
that none of the control cases provide a reduction in far-field
noise, control authority over the jet is evident. Moreover,
the different control cases seem to exhibit a directivity effect
which is to be expected, as different forcing and feedback
mechanisms are provided for the control input. The various
types of forcing applied tend to enhance mixing and there-
fore change the structures being propagated to the far-field
due to a shift in the potential core length and growth of the
shear layer.

Focusing on the microphone at 15 degrees where the
sound pressure level is largest, it can be seen that the closed-
loop control case in which Fourier mode 0 is fed back to
physically force mode 1, is the closest to the baseline. In
addition, an open-loop forcing of mode 1 seems to be the
loudest control case at this particular microphone. As was
observed from the mean velocity field and POD analysis,
with active flow control (both open and closed-loop), the
potential core length has been significantly shortened and a
slight increase in the shear layer expansion is also observed.
Subtle changes between the open and closed-loop control
can be accounted for by the feedback mechanism present in
the closed-loop case. These subtle changes clearly result in
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Figure 7. Spatial POD Modes: Mode 1 (left column), Mode 2 (right column); Baseline (top), Closed-Loop (bottom)
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Figure 8. Fluctuating Velocity Reconstructions: Baseline (Left), Closed-Loop (Right)

slight differences in the overall sound pressure levels in the
far-field and requires further investigation.
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DISCUSSION
Previous investigations into the jet flow field using

standard PIV techniques have shown limiting analysis ca-
pabilities due to the small window sizes. Here, a large PIV
window comprised of six jet diameters has been presented
and analyzed to help gain insight into the flow structures be-
ing created as a result of the collapse of the potential core.

In addition, simultaneous near and far-field pressure mea-
surements were acquired with both open and closed-loop
flow control. Mean velocity contour profiles indicate that
the potential core of the jet has been significantly shortened
using active flow control. Moreover, since the closed-loop
control uses less input energy and draws on intelligence
from the flow field, this becomes a more desirable control
option than open-loop, for jet noise applications. This is
further validated by the fact that the closed-loop control
case has a lower overall sound pressure level in the far-
field across all of the in-plane microphones, as compared
to the open-loop case. The POD analysis shows that a large
amount of the total energy of the system can be recovered
with a small amount of modes. Looking at the first two POD
modes indicates that the closed-loop control keeps the flow
organized until the collapse of the potential core.

Additional Large Window Analyses
In order to take the results presented a step further, an

LSE-based approach will be implemented in order to build
a time-resolved view of the flow field based on the near-
field pressure. This will provide additional insight into the
flow field and allow for comparisons to be made to the time-
resolved experiments of 2011. The advantage is that a time-
resolved, large window field will be developed to explore
which modes may be the “loud” modes in the flow field. In
addition, these results can be compared to those of the pre-
vious experiments for validation and further investigation.

With all of the toolkits described thus far for analyz-
ing the flow field, a more mathematically rigorous method
for defining low-dimensional flow structures that account
for the far-field noise is desirable. For this analysis, a re-
duced order modeling technique known as OID (observable
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inferred decomposition) will be applied to this data set. The
details of the OID can be found in the works of Jordan et
al. (2007) and Schlegel et al. (2012). Moreover, vorticity in
the large window will also be explored to better understand
how the interaction of structures created by the potential
core collapse, contribute to noise producing events.

Further Exploration of the Flow Field
To compliment the time-resolved experiments of 2011

(Low et al. (2013)), as well as the experiments presented
here, an additional time-resolved PIV data set has been ac-
quired at Syracuse University. The motivation for this data
set is two-fold. The first part of the analysis will focus
on combining large window PIV with time-resolved PIV,
alongside open and closed-loop control. This will help to
further analyze the effect of control on the flow structures
in the collapse region. The second aspect to be explored
is a three-dimensional reconstruction of the jet flow field,
using large window time-resolved measurements in the ra-
dial direction, and simultaneous near-field pressure. With
a global view of the flow field, much insight can be gained
into the mechanisms responsible for the noise, which are
generated in the region of the collapse of the potential core.
This analysis, along with the observations from the control
presented here, should provide the necessary tools for de-
signing a more effective controller for far-field jet noise re-
duction. Since control authority over the flow field has been
demonstrated and “loud” modes in the flow have been iden-
tified, the key is to now gain a deeper understanding of the
flow physics related to the noise producing events in the
flow.
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