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This work presents further effort on an on-going research project that aims to relate instantaneous 
large-amplitude features of the far acoustic field to the dynamic evolution and interaction of large-scale 
structures within the mixing-layer of ideally expanded, high-speed, high Reynolds number jets.  It is believed 
that such information is essential for a better understanding of jet noise sources, and jet aeroacoustic modeling 
and control.  The information presented here can be divided into three categories.  The first part deals with the 
calibration of a 3-D microphone array that is used to locate instantaneous sources of sound within a high speed 
jet.  The calibration was performed with both a plasma arc and a small fluidic device.  Based on these results, the 
3-D array can accurately locate noise sources possessing frequencies up to 10 kHz.  The second part focuses on 
conditional sampling of the acoustic data at an observation location normal to the jet (90°) and one that is 
downstream of the nozzle exit (30°).  The two locations have distinct phase averaged waveforms that correlate to 
the time scales of the turbulence structures that dominate the acoustic radiation in these two directions, i.e. the 
30° waveform, where the radiation from larger turbulence scales dominate, has a larger temporal extent than the 
90° waveform, where smaller scales dominate.  The last part is a very preliminary examination of selected flow 
images using the Proper Orthogonal Decomposition (POD) technique.  Based on data from the 3-D microphone 
array, flow images were divided into three categories for analysis: 1) those taken during the creation of intense 
sound, 2) images taken while the array was recording a period of relative quiet, and 3) a random selection of 
images.  Image templates were created from the POD data, and these templates were then cross-correlated to 
individual flow images. 

 

Introduction 
The noise from the exhaust of jet engines has 

been a topic of interest for the last fifty plus years.  Jet 
noise is a byproduct of the turbulence within the mixing 
layer of the jet, which forms due to the shear between the 
jet exhaust and the entrained ambient air.  An in-depth 
understanding of jet turbulence has not been achieved, 
and as such, details about turbulence byproducts are even 
more limited.  Because of this, the majority of progress in 
reducing jet noise has been a result of Lighthill’s acoustic 
analogy,1 a consequence of which is jet noise being 
proportional to the eighth power of velocity.  
Unfortunately, jet exit velocities cannot be reduced much 
further, and thus additional knowledge is required to 
achieve additional noise reductions.  The research 
presented here is part of an ongoing project, which seeks 
to establish correlation between the dynamics of large 
structures within the jet mixing layer and the radiated 
acoustic far-field.  Such knowledge could be instrumental 
to the development of new noise reduction schemes that 

are specifically designed to modify dynamic behavior 
that is causing intense sound generation.  Correlations 
have been performed on jet noise using flow 
measurements and a single microphone.2-6  This line of 
work differs from those in it implements a microphone 
array with non-intrusive flow measurements. 

Simultaneous measurements have been 
conducted by the authors on a Mach 1.3 jet using an 
inline microphone array and temporally resolved flow 
visualization.7  The correlation was performed between 
the intense far-field noise radiation at the angle of 
maximum sound emission (30°) and images taken of the 
flow between 1 and 2 lengths of the potential core.  Based 
on observation of flow images that were taken during 
noise emission and periods of relative quiet, three noise 
generation mechanisms were identified.  These included: 
cross mixing layer interaction, large structure roll-up, and 
large structure tearing.  Since these conclusions were 
based on observation, and as such were subjective, a part 
of the current work is devoted to an improvement to this 
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process using Proper Orthogonal Decomposition (POD).  
POD has been used extensively to identify the most 
energetic structures/modes in various flows.  It has been 
used with data from high-speed jet simulations8-9 as well 
as low speed jet experimental data10-13.  Kopp et al.14 used 
the first two POD modes to create templates for pattern 
recognition in a low speed wake created by flow over a 
cylinder.  A similar approach will be taken in this work.  
POD will be used to create templates of flow features 
within the flow during certain acoustic states (as 
determined by a 3-D microphone array).  These templates 
can then be used to identify flow features during sound 
emission. 

The objective of this work is the further 
advancement of the research conducted in references 7, 
15-16.  The paper covers three disparate, but related 
subjects.  The first segment is devoted to the validation of 
the 3-D microphone array that was initially described in 
reference 16 and used for noise source location in tabbed 
jets in reference 17.  Emphasis is placed on determining 
the range of operation for the array in the frequency 
domain.  The second section delves into conditional 
sampling of the acoustic data.  Previous work was 
devoted to the temporal analysis of the acoustic field of 
the Mach 1.3 at a 30° observation location.  This is being 
extended to analysis at a 90° observation angle as well.  
The last section is devoted to a preliminary analysis 
where POD is used to analyze flow images that were 
simultaneously acquired with noise source measurements 
from the 3-D microphone array are presented. 

Experimental Arrangement 
This section describes the noise source location 

technique, the temporally resolved flow visualization, as 
well as the manner in which they were used 

simultaneously.  All of the experiments were conducted 
in the optically accessed anechoic chamber of the Gas 
Dynamics and Turbulence Laboratory of the Ohio State 
University.  The jet had a Mach number of 1.28, diameter 
of 2.54 cm (1 inch), and a Reynolds number of 1.08x106. 
Details of the facility can be found in references 7 and 15. 

3-D Microphone Array 

The purpose of this work is to relate the 
dynamics of large turbulence structures to the emission of 
sound; hence a unique approach is required.  
Conventional methods of noise source localization that 
rely on analysis of the frequency domain will not work.  
What is needed is a temporal domain analysis where the 
origin of individual sound events can be determined.  
Based on this unique need, a novel approach was taken in 
the design of an acoustic array.  It works by measuring 
the phase lag of individual sound events between 
microphones in space.  With this phase lag information 
and the geometry of the array, a sound origin is 
determined for every acoustic event that exceeds a set 
amplitude threshold.  The present 3-D microphone 
array/analysis algorithm is a third-generation design that  

measures the time of flight difference between an 
individual acoustic peak being recorded by various 
microphones in space.  The first generation array 
consisted of two microphones aligned with the x-
direction, separated by 5 nozzle exit diameters, and 
placed at the 30° location.  This array was used with dual 
pulse flow visualization in reference 15.  The second 
generation array expanded the number of microphones to 
four with a total aperture of 6 nozzle exit diameters.  It 
was used in conjunction with real-time flow visualization 
in reference 7.  The third generation design has six 
azimuthally distributed microphones (microphones 1, 2, 

 

 

Figure 1: Schematic of the 3-D microphone array. 
Figure 2: Photograph of the 3-D microphone array 

within the optically accessed anechoic chamber of the 
Gas Dynamics and Turbulence Laboratory. 
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4-6, 8 in Figure 1) to determine the cross-stream plane 
origin and two sets of inline microphones (microphones 
2&3, 6&7) to determine the streamwise origin.  Figures 1 
and 2 show a schematic and photograph of the array.  
Further details of the array and the associated noise 
source location algorithm can be found in reference 16. 

Temporally resolved flow visualization 

The mixing layer of the jet was visualized in 
real-time over periods of 128 µsec.  Condensation of 
moisture from the ambient air within the jet mixing layer 
was used to visualize the flow and to track the evolution 
of large-scale turbulence structures within the jet.  This 
temporally resolved flow visualization was made possible 
by a pulse burst laser / high frame rate camera system.  
The pulse burst laser operates at 532 nm with about 15 
mJ of power per pulse.  The increase in power from 
previous publications was due to the addition of a fifth 
amplifier and a phase conjugate mirror.18  The number of 
laser pulses was set at 17 with 8 µsec separation between 
pulses.  A Dalsa model 64K1M camera was used to 
acquire the images.  Further details on the pulse burst 
laser / flow visualization technique can be found in 
reference 19.  The temporal resolution of these image sets 
was used in this work to obtain an image set that was 
taken as close to the peak sound production as possible. 

Simultaneous Measurement 

The two previously described measurements, 
noise source localization and temporally resolved flow 
visualization, were performed simultaneously to acquire 
four hundred sets of data.  In each set, seventeen 
temporally resolved flow images were taken a set period 
of time after the start of the acquisition of 8192 data 
points (8.192 ms of data) with the 3-D array.  The pulse 
burst laser system was located outside of the anechoic 
chamber, while the Dalsa camera was inside of the 
chamber perpendicular to the streamwise laser sheet.  The 
camera was covered in acoustic foam as were all other 
exposed surfaces.  Apparent noise source origins were 
computed for every acoustic event with amplitude in 
excess of 1.5 times the standard deviation.  Equations 8 
and 9 from reference 15 were used to compute where 
each of these acoustic events would be during the 
simultaneously acquired flow images.  Simultaneous 
measurements using the first and second generation inline 
microphone arrays with dual pulse flow visualization and 
temporally resolved flow imaging are described, 
respectively, in references 7 and 15. 

Part I: 3-D Array Validation 
Since the 3-D array is a unique design, extra 

steps have been taken to confirm its ability to determine 
the location of noise sources.  Two different noise 
generators were used to test the ability of the array to 
locate noise sources.  The first was an AC plasma (spark) 
generated between a pair of wires powered at varying 

frequency.  The other was a Hartmann tube fluidic 
actuator (HTFA),20 which is also referred to as a powered 
resonance tube in the literature. 21  The sound from the 
plasma was approximately a point source, in fact a short 
line source that was about 3 mm in length (0.1 jet 
diameter), while that from the HTFA was distributed over 
a small area of moving fluid.  

 

Figure 3: Photograph of the plasma arc used for 3-D 
array calibration. 

The plasma arc was created by applying a 
sinusoidal voltage of 15 kV across a small gap between 
two electrodes.  The plasma arc setup is shown in Figure 
3.  By varying the input sine wave, the frequency with 
which the arc fired varied from 1 to 20 kHz. With this 
variation, the plasma arc was also used to analyze the 
ability of the array to locate noise sources of varying 
frequency.  The plasma arc was located at [x/D,y/D,z/D] 
= [8,0,0] in all of these experiments.  For each case, at 
least 0.15 seconds of data were analyzed, which yielded 
thousands of individual noise source locations for each of 
the selected frequencies.  Figures 4 through 6 show the 
average and standard deviations for the three spatial 
coordinates of the calculated noise source locations.  The 
standard deviation gives a good indication of the 
acceptable frequency range of operation of the array.  
Since the source is a stationary point, there should be 
minimal deviation among the calculated sound origins.  
The standard deviation of the x-component of the noise 
source location significantly deviates from zero above 10 
kHz, the z-component above 12 kHz, and the y-
component above 14 kHz.  These locations also match 
the frequencies where the means begin to deviate from 
the actual plasma location (these are marked by the 
horizontal lines in the three figures).  Based on this 
validation, the array is capable of accurately locating 
noise sources with frequency content up to 10 kHz. 

For frequencies of 3 and 12 kHz, the plasma arc 
was precisely located with respect to the nozzle exit.  The 
desired location was measured to within approximately 1 
mm (0.04 jet diameter) of the centerline of the jet, and 
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then two lasers were used to mark this point in space.  
The electrodes that were used to create the plasma arc 
were placed to straddle the two laser beams.  For the 

lower frequency (3 kHz), the mean of the calculated noise 
origins  was [x/D,y/D,z/D]  =  [8.17,0.02,0.18],  while for 

the higher frequency (12 kHz) the mean was 
[x/D,y/D,z/D] = [8.50,0.01,0.16].  The x-component was 
expected to be in error for the higher frequency as this is 
beyond the resolvable frequency for the array and the y-
component deviation is acceptable.  The offset in the z-
component likely originates within the array setup.  The 
most likely explanation for the small discrepancy in the z 
direction is that the center of the array was offset from 
the centerline of the jet by a small distance.  The 3-D 
array projects noise sources onto a set of orthogonal 
coordinates where the x-coordinate passes through the 
center of, and is perpendicular to, the plane that is formed 
by the azimuthal distribution of microphones.  If the 
center of the ring were offset from the center of the 
nozzle, then there would be an equal offset in the location 
of each noise source from the jet centerline.  The 
previously mentioned noise locations showed a 
discrepancy of 5 mm (0.2 jet diameter) from the actual 
plasma arc.  This should not be surprising for such a large 
array configuration and this value was then used as a 
correction in the noise processing codes.  It was 
implemented by moving each microphone down 5 mm in 
the noise location codes (-5 mm z-direction).  The initial 
setup of the 3-D array, which was reported in reference 
16, had a correction of – 4.3 mm in the y-direction and by 
– 7.1 mm in the z-direction.  

 

Figure 7: Photograph of the HTFA used for 3-D 
array calibration. 

As mentioned previously, an HTFA was used as 
an additional calibration.  A Hartmann tube consists of a 
small underexpanded jet and a closed-ended tube, which 
is aligned with the jet.  The open end of the tube is placed 
within a compression region of the underexpanded jet.22  
An HTFA is created by placing a cylindrical shield 
between the nozzle and the tube that covers a large 
portion of the open area.21  The HTFA used for the 
validation is based on the design described in reference 
20 and shown in Figure 7. The converging nozzle of the 
HTFA had an exit diameter of 6 mm and the opening of 
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the HTFA was a square with 8 mm sides. By varying the 
length of the tube, the resonant frequency of the HTFA 
can be varied. Three tube lengths were used for the 
current validation. Two of the tubes created a pure tone, 
either 2.1 or 3.4 kHz; while the third tube created 
broadband acoustic radiation centered on 7 kHz. The 
spectra for the three cases, as well as the Mach 1.3 jet, are 

given in Figure 8. All of these spectra were taken from 
the same microphone of the 3-D array. The opening of 
the HTFA was 4.9D downstream of the origin, centered 
on the nozzle exit plane, with air exiting the HTFA along 
the jet centerline. 

All of the noise events exceeding 1.5 times the 
standard deviation were examined to determine the origin 
of the acoustic radiation for the three cases. The 
aforementioned z-component correction was applied to 
the microphone locations prior to processing. The 
probability density distributions in the x-direction for all 
three cases have been plotted in Figure 9. The majority of 
the noise  sources  were located  within  a  75 mm  region  

that starts at the rear of the HTFA. This matches the flow 
visualization images of a similar HTFA,20 which showed 
significant vortical flow activity over the entire opening 
of the HTFA that extends significantly away from the 
opening. The distributions do vary slightly; the non-
resonant case (7 kHz broadband) is distributed between 4 
and 6.5 x/D while the two resonating, tonal cases are 
between about 5 and 7 x/D. The cross-stream 
distributions are given in the forms of 2-D probability 
density plots in Figures 10 through 12 that cover a range 
of 0.5D (12.7 mm). The bin size is 0.05 D in both 
directions. All three figures show distributions that are 
within 0.1 D of the z-axis, but have an offset in the 
negative y-direction. This offset matches the location of 
the edge of the HTFA opening where the flow images 
showed significant vortical flow.20  Hence, the area of 
noise generation again matches the area of expected noise 
generation (these are the regions of significant vorticity 
as observed in reference 20). 

These results are quite encouraging. The 3-D 
array was able to locate a point noise source (plasma arc) 
with a primary frequency that varied from 1 to 10 kHz. 
The plasma arc was then used as a calibration to 
determine the offset between the center of the 3-D array 
and the apparent jet centerline. The 3-D array was also 
able to determine the area of vortical flow from a small 
fluidic device (HTFA) regardless of whether it was 
creating a pure acoustic tone or broadband acoustic 
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Figure 9: Noise source probability distributions for the 
x-direction for the three HTFA configurations. 

   

Figure 10: Cross-stream distribution 
of noise sources for the 2.1 kHz 

HTFA 

Figure 11: Cross-stream distribution 
of noise sources for the 3.4 kHz 

HTFA 

Figure 12: Cross-stream distribution 
of noise sources for the 7 kHz HTFA 



  AIAA Paper 2003-1199 

 6

radiation. At this point, the 3-D array was deemed ready 
for use in determining the noise emitting region from a 
high-speed jet. 

Frequency Filtering and Noise Distribution 
Based on the plasma arc noise distribution data, 

the array can only resolve frequencies below 10 kHz.  As 
such, data taken with this 3-D array configuration should 
be low-pass frequency filtered at 10 kHz prior to analysis 
for noise origins.  To this end, a fifth order Chebyshev 
type I digital filter was applied to the raw acoustic data 
from the Mach 1.3 jet.  The data were normalized by their 
standard deviation after filtering, and then processed for 
noise source calculation.  Several low-pass frequencies 
were used to explore the effect of frequency filtering on 
the distribution of noise sources.  One should keep in 
mind that the results for frequencies above 10 kHz might 
be in error as evidenced in the plasma arc data.  Four 
filtering frequencies (6 kHz, 10 kHz, 20 kHz, and no 
filtering) were used to create the distributions shown in 
Figure 13.  These plots were created by determining the 
apparent origin of noise events that were recorded by 
microphone 2 of the array with a magnitude in excess of 
1.5 standard deviations.  The data set consisted of 400 
sets of 8,192 samples taken at a sampling rate of 1 MHz.  
The effect of filtering is relatively small, but consistent 
with the microphone array work of references 23-25 
where higher frequency noise was found to originate 
closer to the jet exit.  This is shown by the decrease in the 
mean value with increasing frequency content (the results 
are low-pass filtered, hence the higher frequency settings 
contain a larger range of frequencies).  As mentioned 
previously, above 10 kHz the array predicted noise 
origins that did not match the location of the plasma arc, 
and as such, 10 kHz was the selected frequency for low-
pass filtering.  Figure 14 shows the cross-stream 
probability distribution plot of noise sources with the 10 
kHz low-pass filter.  The bins that were used to create the 
plot are 0.05 D on a side.  The means for the noise source 

distribution are 8.6 x/D, 0.2 y/D and 0.0 z/D. 

Part II Conditional Sampling of Acoustic Data 
Much of the work in references 7 and 15 was 

focused on the maximum noise emission direction of 30° 
where the acoustic radiation from large structures is 
known to dominate.  Various acoustic measurements 
were taken to ascertain the average character of the 
acoustic emission in the time domain.  These 
measurements included an average waveform that is 
representative of the large amplitude sound events and an 
analysis of the percent of time a microphone was 
recording various types of acoustic emission.  These 
measurements were repeated for an observation direction 
of 90° where acoustic radiation from smaller scales 
should dominate.  Throughout, a large amplitude sound 
event is defined as an acoustic peak that exceeds a set 
threshold in the time domain.  Furthermore, the acoustic 
data from the 30° and 90° observation directions have 
both been normalized by their respective standard 
deviations before these analyses were conducted. 

One means of analyzing acoustic data is to phase 
average all of the acoustic events that exceed a set 
threshold in the time domain.  This was originally done 
for the acoustic data from a Mach 1.3 jet for threshold 
levels of 1.5σ and 2.0σ at the 30° location to create the 
average acoustic waveforms in reference 7.  Another way 
of setting the threshold criteria would be to examine all 
acoustic events that have a magnitude within a set band 
(e.g. 1.5σ - 2.0σ).  The waveforms shown in Figure 15 
below were created by accepting acoustic events for 
various bands for the 30° location.  This was then 
repeated for the 90° location to create Figure 16.  Data 
for the waveforms extends from 1 ms before the main 
peak to 1 ms afterward; however, only the central 
portions are given in the two figures.  It is important to 
note the difference in the scales of the two figures (1 ms 
versus 0.2 ms).  It is also worth noting that the threshold 

  
Figure 13: Downstream distribution of noise sources with 

varying low-pass frequency filtering. 
Figure 14: Cross-stream distribution of noise sources 

with a 10 kHz low-pass filter. 
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band does not significantly affect the waveform shape 
(only the magnitude of the main peak and side lobes). 

 The difference between the waveforms for the 
two locations is obvious.  The 30° location has a wave 
shape with distinct side lobes whereas the 90° location is 
dominated by a single narrow peak without any side 
lobes.  The 30° waveform bares a strong resemblance to 
the acoustic field generated by the interaction 
(leapfrogging) of two ring vortices where the peak sound 
emission was found to coincide with the two vortices 
passing through one another.26-29  The time scales of the 
waveforms correlate well with the structure scales that 
are known to dominate the production of acoustic 
radiation in these two directions.  The smaller scales, 
which have acoustic radiation that dominates at the 90° 
location, have a shorter time scale than the larger scales 
that radiate in the 30° direction.  This matches the 
dramatic difference in the widths of the waveforms 
shown in Figures 15 and 16.  In reference 7, the spectrum 

from the 30 degree waveform was shown to be quite 
similar to the overall jet spectrum taken at the same 
location.  Although it is not shown here, the 90 degree 
waveform also has a spectrum that possesses the same 
shape as the overall jet spectrum taken from the same 
location.  Apparently a lack of side lobes correlates to the 
flat spectrum that is observed at locations normal to the 
jet exit.  In a related note, the waveforms from tabbed jets 
do have side lobes that are similar to those in Figure 15.  
For the 1 inch diameter jet under study here, they 
correspond to a broad spectral peak between 10 and 40 
kHz, which is observed in the overall spectrum [these 
results will be presented at the 9th AIAA/CEAS 
Aeroacoustics Conference in May 2003]. 

 The average acoustic waveforms possess a 
strong resemblance to the autocorrelation of the acoustic 
data.  Figures 17 and 18, below, compare the average 
waveform and the autocorrelation of the 30° and the 90° 
directions data, respectively.  The acoustic waveform has 
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Figure 15: Average waveform for various thresholds for 
the 30° observation location.  Data normalized by 

standard deviation for 30° location.  

Figure 16: Average waveform for various thresholds for 
the 90° observation location.  Data normalized by 

standard deviation for 90° location. 

  
Figure 17: Comparison of the average waveform and 

autocorrelation for the 30° observation location. 
Figure 18: Comparison of the average waveform and 

autocorrelation for the 90° observation location. 



  AIAA Paper 2003-1199 

 8

been normalized to have maximum amplitude of one, 
while an autocorrelation has a maximum of one by 
definition.  While their amplitudes have been artificially 
matched, the similarity in their shapes likely results from 
their inherent similarity in the frequency domain.  The 
acoustic frequency spectrum could have been created 
from the autocorrelation of the acoustic signal; while the 
acoustic waveform has been shown to possess the 
frequency content of the signal.  Hence, they have similar 
frequency content, and as such would likely have similar 
temporal content. 

Conditional sampling of the acoustic data was 
also performed to ascertain how often large amplitude 
events are being created in the 90° direction, which can 
then be compared to data taken at the 30° direction.  
Unlike other results presented in this work, this data was 
taken with 100 kHz low-pass frequency filtering.  Three 
types of events were recorded: (1) percent of time the 
microphone was recording an acoustic event above a 
threshold level, (2) the percent of time the microphone 
went without recording an acoustic event above 1.5σ 
over two different lengths of time, and (3) the percent of 
time the microphone was recording three or more 
successive acoustic peaks that all exceeded 1.5σ with a 
set period between consecutive peaks.  The two time 
lengths in Table 1 correspond to a large structure 
convecting 5 or 10 jet diameters if it were traveling at the 
measured convective velocity of 270 m/s.19  The periodic 
acoustic emission was required to have a frequency 
content between 1 and 10 kHz, and the time period 
between a successive peak and valley within the 
peak/valley set had to be within 33 percent of the other 
periods.  This analysis was summarized for the 30° 
location in reference 15 for a Mach 1.3 jet, and in 
reference 17 for tabbed, Mach 1.3 jets.  The results for 
the two locations are summarized in Table 1 where the 
data for 30° was taken from reference 17. 

This temporal analysis shows the percent of time 
an observer would hear large amplitude (large in 
comparison with the acoustic data at the respective 
observation location) noise events does not change with 
position, but they are occurring more sporadically at the 
30° location.  This is evidenced by the complete lack of 
relative quiet periods at 90° and the dramatic increase in 
periodic events.  Based on these results, the jet appears to 

be nearly continuously generating sound in the sideline 
direction.  This should not be surprising as the frequency 
content of the 90° location is spread over a wider range 
than that at the 30° location, which is dominated by a 
broadband peak centered on 3 kHz, (StD = 0.2).15 

Part III: POD & Pattern Recognition of Select Flow 
Images 

To obtain images that captured noise generation 
events and periods of relative quiet, four hundred sets of 
temporally resolved flow visualizations were taken with 
simultaneous noise source localization using the 3-D 
microphone array. These data were low-pass filtered 
digitally at 10 kHz using the aforementioned Chebyshev 
filter.  The acoustic data from the front inline 
microphones at the top and bottom of the array (mics 2 
and 6) were analyzed to find all acoustic peaks that 
exceeded 1.5 times the standard deviation.  Noise source 
calculations were then performed on both sets of acoustic 
peaks.  This gave a set of noise sources that was based on 
large events reaching the bottom of the array and one 
based on events reaching the top.  The distribution for the 
top microphone was shown in Figures 13 and 14.  The 
acoustic data from microphones 2 and 6 were also 
analyzed to determine periods of relative quiet as 
recorded by the microphones on opposing sides of the jet.  
This analysis was performed to gather images that 
captured one of three activities: 1) both sides of the array 
recorded a large amplitude acoustic event that originated 
from a single part of the jet, 2) one side of the array 
recorded a large amplitude acoustic event while the other 
was recording a period of relative quiet, and 3) both sides 
of the array were recording a period of relative quiet.  
Unfortunately, this data set was not large enough to 
record a statistically significant number of types (1) or 
(2).  Only three instances of noise generation originating 
from one part of the jet, but reaching both sides of the 
array, and five instances where one side of the jet was 
recording relative quiet while the opposing side observed 
sound generation were captured in the four hundred 
images.  However, a large number of type (3) were 
recorded.  We will be using these images to construct 
POD bases to create unique templates that capture each 
type of event.  For POD a statistically significant number 
is required and three to five images definitely will not 
suffice.  For this reason, images that apparently captured 

Location Creating event 
>1.5σ 

Creating event 
>2.0σ 

Relative quiet 
for 0.5 ms 

Relative quiet 
for 1.0 ms 

Periodic acoustic 
emission 

θ = 30° (downstream of 
nozzle exit) 51% 26% 20% 5% 15% 

θ = 90° (normal to nozzle 
exit) 52% 29% 0% 0% 33% 

Table 1: Percent of time the jet was in various modes for 30° and 90° observation locations. 
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noise emission will be examined without regard for what 
was occurring on the opposite side of the array and there 
will be no analysis of images where both sides of the 
array recorded a sound event. 

Proper Orthogonal Decomposition 
Previous work performed by the authors has 

relied on the subjective analysis of flow image sets that 
were taken during apparent noise emission or relative 
quiet as recorded by the microphone array.  Each set of 
images were examined visually to determine what they 
had in common.  This subjective method has been useful 
in the analysis of the flow images, but it could be 
improved upon.  What is needed is an objective method 
to determine what is common to any set of images.  
Proper Orthogonal Decomposition will be used for this 
purpose.  This section presents preliminary results in the 
development and use of POD for pattern identification in 
flow images. 

The POD technique has been used extensively to 
decompose complex flow fields into a few modes that 
capture the dynamically significant features of the flow.  
POD is generally used with measured or numerically 
simulated flow data.  At this stage of this research 
project, quantitative flow measurements have not been 
made, and all that is available for POD analysis are flow 
images.  As such, the variable that is being used for 
spatial correlation will be image intensity.  Each flow 
image was normalized by a high-order polynomial fit so 
the maximum intensity of any column would be equal to 
one, and then the mean of four hundred images was 
removed from each image.  Hence, the variable being 
considered is intensity deviation from the mean.  The 
flow images were taken in temporally resolved sets of 17 
images, but the real-time aspect was not directly 
employed.  The set of images did allow for the analysis of 
flow images that were taken within 10 µsec of the peak 
sound emission.  This was done by choosing the frame 

that was taken closest to peak sound emission. 

The POD employed here uses the snapshot 
method of Sirovich,29 which is more appropriate for data 
with high spatial resolution.  The application of the 
technique follows the approach used by Caraballo et al.9, 

30 in their reconstruction of the velocity field of a Mach 
1.4 jet and Mach 0.38 cavity flow using numerically 
simulated data, respectively.  In this case, the 
reconstruction will be of flow images using their 
intensity.  Flow images were analyzed with POD to 
obtain the first two modes.  These two modes were then 
used to reconstruct each flow image that was in the 
original set, and these were ensemble averaged to get a 
template for the structure dynamics.  

As was done in references 7 and 15, flow images 
were selected for POD analysis based on the data set 
measured with the 3-D microphone array.  Three types of 
acoustic events were analyzed, which led to three 
templates for pattern matching: 

1. The center microphone on one side of the array 
(either 2 or 6) recorded an acoustic event that 
has an apparent origin within a set region of the 
jet and the emission occurred during a flow 
image set.  These events were created between 
8.5 and 10.5 x/D and had a magnitude in excess 
of 2.0 standard deviations.  This set consisted of 
15 flow images. 

2. Flow image sets were taken while both sides of 
the array (microphones 2 and 6) were recording 
a period of relative quiet (no acoustic peaks in 
excess of 1.5 standard deviations) between the 
times of 3.5 and 3.9 ms, over a period in excess 
of 0.5 ms.  This set consisted of 15 flow images. 

3. Random selection of 15 flow images. 

We understand that 15 images will not constitute a 
convergent basis.  In other words, different random sets 

   
Figure 19: Noise generation 

template; 23.9% of the total intensity 
variance was captured. 

Figure 20: Relative quiet template; 
22.7% of the total intensity variance 

was captured. 

Figure 21: Random template; 28.1% 
of the total intensity variance was 

captured. 
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of 15 images yield bases that vary.  A larger data set 
would alleviate this problem by providing more images 
for basis construction.  This will be addressed further in 
the next paragraph. 

The first two POD modes yielded about 25% of 
the intensity variance that was contained in the original 
images.  Since one of the criteria in the selection of the 
images was noise generation within a set region, only a 
portion of each image was used for POD analysis.  Based 
on the possibility that a large region could be responsible 
for the creation of sound, the area between 7.8 and 11.2 
x/D was chosen for analysis.  The three templates are 
shown in Figures 19 through 21, flow is from left to right 
and distance from the nozzle exit is given in number of 
jet diameters at the bottom of the templates.  One has to 
remember that these figures show the deviation of the 
intensity from the mean, which is given in Figure 22 (this 
figure extends from 5.1 to 11.2 x/D).  The three templates 
have been plotted on identical gray scale levels to show 
the differing levels of fluctuation from the mean image.  
To achieve the identical gray scale levels, several sets of 
random images had to be processed for POD analysis.  
The intensity fluctuations varied greatly depending on the 
data set.  For some sets, all of the fluctuations were below 
2%, while others achieved fluctuations in excess of 15%.  
Thus, this random template must be regarded with 
caution as another set of random images might yield a 
different template.  We must reiterate that this is a very 
preliminary analysis and a work in progress. 

 

Figure 22: Mean flow image. 

The noise generation template has intensity 
fluctuations that are generally positive (the white 
coloration), while the relative quiet template has 
alternating regions of positive and negative intensity 
fluctuations.  Since the intensity of a flow image is a 
reflection on the amount of mixed fluid present, it stands 
to reason that regions where the fluctuation in the 
intensity is positive correspond to the location of larger 
turbulence structures and those that have negative 

intensity fluctuations correspond to a relative lack of 
large structures.  With such an interpretation of intensity 
fluctuations in mind, the relative quiet template has a lack 
of very large coherent structures since the regions of 
uniform intensity fluctuation are relatively small 
compared to the width of the jet.  The large regions of 
positive or negative intensity fluctuations in the noise 
generation template could be interpreted as the jet 
possessing significant regions of coherent motion in the 
mixing layer since these regions are much larger than 
those of the relative quiet template.  This random 
template appears to fall some where between the two in 
terms of the size of fluctuating regions.  Future work 
should improve upon the templates as we will attempt 
multiple approaches in the construction of the POD 
bases.  

Pattern Recognition 
Each of the templates was correlated to a 

selection of images to determine if indeed they have 
captured the dynamics of noise generation.   The method 
for comparison was kept quite simple for this preliminary 
examination.  A two dimensional correlation was 
performed between each of the templates and all of the 
images that were used to create the three templates as 
well as an additional fifty randomly selected images 
(giving 285 correlation values in all).  These correlation 
levels were then averaged based on the three templates 
and the set of randomly selected images to yield 12 
values.  The two-dimensional correlation coefficient, r, 
between the template and individual images was 
computed using: 
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where A  and B  denote the means of A, and B, which 
are the template and image respectively.  The individual 
correlation coefficients were then averaged to yield the 
values given in Table 2.  The numbers in parenthesis give 
the number of images that were used to create each 
template as well as the number of correlation coefficients 
that were averaged to get the value listed. 

As expected, the highest coefficients came from 
the templates and the individual files that were used to 
construct them (values along the diagonal).  The next 
highest level came from the random template and the set 
of fifty random images (5.9%).  The rest of the values are 
lower than the random correlation.  This would seem to 
indicate that there is a higher correlation between a 
random template and other random images than there is 
between any of the templates and the files that were used 
to create a different type of template.  These data are 
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quite preliminary; as such, additional work will be 
conducted on this before conclusions are made.  
Furthermore, these techniques will be used with 
quantitative planar 3-D velocity data in the not-to-distant 
future. 

Summary 
This work presented the progress made in 

relating the noise generation of an ideally expanded Mach 
1.3 jet with a Reynolds number of 1.08x106 to the 
dynamics of the turbulence structures in its mixing layer.  
The work had three main components.  The first was the 
calibration of the 3-D microphone array, which is used to 
locate the apparent sources of individual sound peaks 
recorded in the time domain.  The second part dealt with 
the conditional sampling of the acoustic data in the time 
domain at 30° and at 90°.  Finally, a preliminary 
investigation of simultaneously acquired flow / acoustic 
data using POD to determine what is occurring within the 
jet during sound generation was presented. 

The calibration of the 3-D microphone array 
incorporated two small noise generating devices.  The 
first was a plasma arc that was used to create acoustic 
tones for frequencies up to 20 kHz, while the second was 
a small fluidic device (HTFA) that was operated at three 
different conditions based on the resulting far acoustic 
field (two resonating and one broadband case).  By 
examining the standard deviation of the calculated 
acoustic sources for the plasma arc and comparing them 
to the known location, the array was determined to be 
accurate for frequencies up to 10 kHz.  The array was 
then used to locate the HTFA by measuring where the 
acoustic radiation was emanating.  Based on these results, 
this 3-D array configuration can accurately locate noise 
sources with frequencies below 10 kHz.   

Conditional sampling of the acoustic data at 30° 
and at 90° yielded two phase-averaged waveforms.  This 
analysis was based on analyzing acoustic peaks that were 
above a set number of standard deviations of the 
respective signals.  The waveform for the 90° location 
differed from that at 30° in a lack of side lobes and a 
much narrower shape.  The lack of side-lobes leads to a 
flat frequency spectrum (typical of the 90° location) 
while the narrower shape is a result of the shorter time 

scale of the turbulence that is radiating in this direction 
(as compared to the 30° location).  Furthermore, the 
acoustic waveforms are similar in shape to the 
autocorrelations of the respective acoustic data.  The 
conditional sampling also led to the observation that the 
acoustic radiation at 90° does not have prolonged periods 
of relative quiet as were observed in the 30° direction.   

A preliminary Proper Orthogonal 
Decomposition (POD) analysis was performed on flow 
images that were simultaneously acquired with the 
acoustic source data from the 3-D microphone array (400 
sets of data were available for analysis).  Three types of 
flow images were analyzed based on the 3-D array data: 
1) those where the array indicates that noise generation 
occurred during the flow image in a set region, 2) those 
where the top and bottom of the array were recording a 
prolonged period of relative quiet during the acquisition 
of a flow image, and 3) randomly selected flow images.  
Using the first two POD modes, the images within each 
of the three sets were reconstructed and then ensemble 
averaged to create the three templates shown in Figures 
19 through 21.  These templates were then cross-
correlated to the flow images that were used to create 
them as well as additional randomly selected images.  
These correlation values were then averaged based on 
their category (twelve in all).  The largest correlation 
values were between the templates and the images that 
were used in their creation.  The lowest values were 
between the random templates and the files used to create 
the other templates.  This analysis was very preliminary 
and future work will expand on it. 
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  Noise Generation 
(NG) Template 

Relative Quiet 
(RQ) Template 

Random 
Template  

 Files used for NG-Template (15) 11.2% 0.9% 0.3%  
 Files used for RQ-Template (15) 3.6% 11.3% 0.2%  
 Files used for Random-Template (15) 2.6% 1.4% 11.9%  
 Randomly selected images (50) 1.9% 2.5% 5.9%  

 
Table 2: Average correlation coefficients between the three templates and the files that were used to 

create them as well as the average correlation between each template and fifty randomly selected 
files. 
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