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The present study demonstrates the capabilities of an optical deflectometry system to provide flowfield turbulence

measurements that can be successfully correlated with acoustic field microphone measurements. Results from

supersonic fully expanded jets are presented that document the coherence spectra between the flowfield and the

acoustic field. The method is applied to jets with subsonic and supersonic convection speed, and shows a strong

directionality of the emitted noise in both cases. Similar measurements performed in shock-containing jets with

microphones in the forward arc reveal enhanced coherence at the dominant frequency of the broadband shock

associated noise.Measurementswere also performedwith the optical sensors scanning radially outside of the jet in an

attempt to obtain ameasurement of the spectra in the acoustic near field. These results show an exponential decay of

the signal magnitude characteristic of a region where hydrodynamic pressure fluctuations are dominant. The high

level of skewness in these signals supports the concept that the crackle observed in the far field originates in the jet

flowfield. Further radially, acoustic pressurefluctuations are successfullymeasured and correlated to the acoustic far

field, thus demonstrating another application of this nonintrusive measurement technique in jet acoustics

diagnostics.

I. Introduction

T HIS paper strives to advance one of the main goals of the jet
noise community: to provide experimental evidence to develop

aeroacoustic theories for the accurate prediction of the noise radiated
by jets. Jet noise is produced by the turbulence contained in a jet.
Therefore, accurate knowledge of the turbulent properties is a
fundamental ingredient in a noise prediction model. Improved
understanding of these turbulent flow regions is something many
investigators strive for.

Velocity, pressure and density fluctuations within jets have been
measured in a number of past experimental works. The purpose of
these measurements is to gain knowledge of the main parameters of
the noise generation process: the length scales and the growth and
decay rates of the turbulent structures. The initial turbulence mea-
surements designed to learn something of jet turbulence responsible
for noise production were all conducted with hot-wire anemometry
in relatively low speed subsonic jets; e.g. Davies et al. [1], Bradshaw
et al. [2], and Crow and Champagne [3] to name just a few. Together
with more recent data of this kind, such as those provided by Morris
and Zaman [4], a very good database exists, describing the turbulent
properties of subsonic jets.

Supersonic measurements of the jet turbulence are more chal-
lenging. Early supersonic turbulence measurements were performed
by McLaughlin et al. [5] and Troutt and McLaughlin [6], who were
able to use hot-wires extensively in supersonic jets by conducting the
experiments in a reduced density anechoic chamber. Supersonic
measurements can also be obtained using laser Doppler velocimetry
(LDV), however, the technique relies on particle seeding of the flow,
which raises issues such as nonuniform seeding and inertial

“slippage” of the particles. Additionally, most LDV systems do not
produce signals that are continuous in time. In spite of these
difficulties, very good data were obtained with laser velocimetry by
Lau [7] and more recently by Kerhervé et al. [8]. Particle image
velocimetry (PIV) measurements have also recently been used
extensively for this purpose by Bridges [9] and by Kastner et al. [10].
While spatial resolution is excellent for this technique, sufficient time
resolution remains difficult to obtain to allow extensive time accurate
two point space-time correlations in supersonic jets. Fully non-
intrusive measurements were also made using a molecular Rayleigh
scattering technique, most recently by Panda and Seasholtz [11], and
Panda et al. [12]. The technique possesses excellent capabilities, but
is very difficult to set up and calibrate and time consuming to use.
Few researchers have invested in the infrastructure to develop the
PIV, LDV or Rayleigh scattering systems applied to supersonic jet
flows.

More recently, optical deflectometry (OD) has been used in the
Pennsylvania State University (PSU) jet noise laboratory to measure
the turbulence properties of supersonic jets. The main type of
measurement one can obtain from an OD system is a simple
correlation of the time signals with different axial separation distance
�x between the two optical sensors. The OD setup produces two
point correlation measurements with very high frequency response
and ease of setup.However, the nature of the systemmakes it difficult
to obtain specific values for the density or density gradient, such that
precise calibration of the system in order to obtain a direct mea-
surement of the density remains to be developed. Another limitation
of the OD systemwas uncovered by Doty andMcLaughlin [13] who
underlined the difficulties of obtaining meaningful measurements in
hot and heat-simulated jets. Therefore, this study focuses solely on
cold, pure air jets.

While two point space-time correlations of the turbulence
properties have been investigated in detail in past studies, such as
Doty and McLaughlin [13] and Harper-Bourne and Fisher [14], the
present work focuses on direct correlation between the turbulence
properties of the flow and far-field microphone measurements. Such
an approach was used by a few researchers in the past, including
Seiner and Reethof [15], who used hot-wires in the flow, or Schaffar
[16], using LDV. However, as discussed by these authors, most
resulting correlations demonstrated that 1) there is significant noise
produced by the presence of the hot-wire probes in the flow and
2) uncertainties in the LDVmeasurements cast some doubt on those
results obtained. More recently, Rayleigh scattering technique in
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conjunctionwithmicrophonemeasurementswere obtained byPanda
and Seasholtz [11], and Panda et al. [12], providing reliable
correlation measurements between the flowfield and the acoustic far
field. To some extent, the current study presents results using the OD
technique that are similar to those obtained by Panda et al. [12] with
the Rayleigh scattering technique.

The goal of the current study is to demonstrate the capability of the
OD technique to provide measurements in the jet flowfield that are
directly correlated to microphone measurements in the acoustic far
field. By developing an improved understanding of the coherence
properties of the far-field noise with turbulence in the flowfield, a
longer range goal is to develop more accurate computational models
of the noise generation. The cross-correlation coefficient as well as
the coherence were measured for supersonic jets of different speeds.
Shock-free as well as shock-containing jets were explored, with
microphones in the forward and the rear arc in an attempt to capture
both the dominant noise radiation and the broadband shock
associated noise (BBSAN). Similar experiments with the optical
sensors in the acoustic near field are also presented, showing that
detection of the highest amplitude sound is possible with the OD
technique; very strong correlation between the near and the far
acoustic fields was obtained. While this study only shows point to
point correlations, more advanced processing of similar data is
underway by Papamoschou et al. [17], using a phased array in the
acoustic far field correlating with simultaneous OD flow mea-
surements.

II. Experimental Facilities, Setup, and Procedure

A. Facilities Description

Part of the experiments presented in this study were conducted in
the PSU high-speed jet noise facility, shown in Fig. 1. High pressure
air, pressurized to 1.34 MPa (195 psig) by a CS-121 compressor
combined with a KAD-370 air dryer both manufactured by Kaeser
Compressors, is provided from two 18:9 m3 tanks. The air flow is
then regulated via pressure regulators and control valves located in a
piping cabinet before being fed to a plenum that has a number of
turbulence management elements upstream of a lengthy settling
chamber. Following this settling chamber, the air is exhausted
through a nozzle into the anechoic chamber. A pitot probe is
embedded in the middle section of the plenum to provide, via a
pressure transducer, the total pressure upstream of the nozzle. The
anechoic chamber walls are coveredwith fiberglass wedges and have
an approximate cutoff frequency of 250Hz. An exhaust collector and
fan on the opposite wall of the plenum in the anechoic chamber
prevents flow circulation and possible pressure buildup. More
detailed descriptions of the facility can be found in Doty and
McLaughlin [18] and in McLaughlin et al. [19].

The acoustic measurements at PSU were performed using four
microphones, arranged so that the plane of the microphone
diaphragms is positioned on the axis of the jet (grazing incidence).

The microphones used are 1/8 in. pressure-field microphones, type
4138 fromBrüel and Kjaer (B&K), and type 40DP fromGRAS. The
microphone calibrations are performed with a B&K acoustic
calibrator, model 4231, and the microphone calibration constants are
recorded to provide the conversion from themeasured voltages to the
equivalent pressure. The analog time-domain signals from the
microphones are routed through a Nexus, B&K signal conditioner or
a GRAS model 12AN power module and then amplified and filtered
for anti-aliasing thus enabling their accurate digital conversion in the
following acquisition. Acoustic measurements at PSU are typically
performed on a radius of between 100 and 140 jet diameters from the
nozzle exit, depending on nozzle diameter [19]. However in this
study the microphones were positioned so they would be at the same
azimuthal location as the OD sensor. For this reason, different
microphone supports were manufactured, and located in the vertical
plane of the jet, and consequently the microphone range was limited
to 40 to 50 jet diameters.

Both the acoustic signals and the signals from the optical sensors
are routed through high-pass filters set to 500 Hz, removing any
undesirable low frequency noise that could contaminate the data. A
PCI-6123 National Instruments DAQ board acquires the time-
domain datawhich are then stored in binaryfiles that are passed to the
following stage for processing and correction. An acquisition
frequency of 300 kHz is sufficient forfine resolution in frequency and
adequate for statistical significance of the final quantities. However,
in order to obtain a finer resolution in retarded timewhen calculating
the cross-correlation coefficients, an acquisition rate of 500 kHz was
used. Once the time data are acquired with a LabVIEW controlled
personal computer, the binary files are read and processed using
Matlab.

Additional experiments were conducted in the University of
California, Irvine (UCI) jet noise facility using the same optical
deflectometer system. The facility layout at UCI is very similar to
the PSU facility and detailed descriptions of both the facility and
the specifics of the acquisition setup can be found in Papamoschou
et al. [17].

Three nozzles were used for the measurements presented in this
study. Two stainless steel 12.7 mm (0.5 in.) diameter nozzles were
used for the experiments performed at PSU, with respective design
Mach numberMd � 1:0 and 1.5. The experiments performed at UCI
were conducted with a 12.7 mm (0.5 in.) diameter nozzle with a
design Mach number Md � 1:75. The two supersonic nozzles were
contoured converging-diverging nozzles designed by the method of
characteristics to produce parallel, shock-free flow at the exit when
operated at perfectly expanded pressure ratios.

B. OD Setup

An optical deflectometer is an instrument derived from the
Schlieren principle, which allows simultaneous measurements at a
few spatial locations. The measured signals are proportional to the

Fig. 1 The PSU high-speed jet noise facility.
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light intensity at a specified point on the Schlieren image plane. The
fluctuation of light intensity is caused by density gradient fluc-
tuations within the test section as the deflection of the light moves the
beam into and out of the (horizontally oriented) knife edge. A new
OD setup was designed for these experiments, to be used at the PSU
and at the UCI. The layout of this new system can be seen in Fig. 2.
The basic design of this new system is in many ways very similar to
the one described in Doty andMcLaughlin [13] and extensively used
in previous studies at PSU. Building on past experience, attention
was paid to refining the design, such as maximizing the amount of
light captured from the light source to produce the parallel beam. The
whole system was dimensioned to fit in the UCI small scale jet noise
laboratory and to be easily shipped there. However, during the design
process, two major differences (upgrades) were incorporated into
this new design:

1) The new design included four individual photo sensors, instead
of the two sensors used in the PSU system. To do so, the two
photomultiplier tubes were replaced by much smaller avalanche
photodiodes (APDs), Hamamatsu model C5460-01. The APDswere
placed in (two) pairs on the two image planes. One pair wasmounted
on orthogonal manual traverses while the second pair was fitted onto
motorized traverses and piloted through a computerized controller.
This provided the capability of making measurements faster and
having two fixed reference points when performing cross-
correlations.

2) The second upgrade aimed at altering the optics arrangement so
that the nozzle itself is accurately focused at the image planes of the

receiving optics. This resulted in increased fidelity of the Schlieren
images. It is noted that the four sensor OD system facilitated
processing all four signals using a delay and sum algorithm to
provide additional interpretive data of the jet turbulence (as reported
by Papamoschou et al. [17]).

The voltages measured from the OD sensors relate to fluctuations
in light intensity, which relate to fluctuations of density gradients in
the flow. It is not practically possible to determine the exact
relationship between the specific density gradient within the sensing
volume of the OD and the photo detector output voltage. Additional
difficulty arises because the OD signals are produced from an
integration of effects throughout the entire light path. Finally, due to
the presence of the horizontal knife edge in the OD setup and the fact
that the density gradient in a Cartesian coordinate changes sign from
one side of the jet to another, one shear layer appears to be light while
the other is dark. The experiments presented here were all performed
in the light shear layer and focus on cross-correlation coefficients and
coherence of the OD signals with respect to the acoustic signals.
Most of the data are presented in nondimensional form.

Validation measurements were performed in order to ensure that
the newOD system produces reliable results. As an example of these
validation measurements, Fig. 3 presents the cross-correlation
coefficients between two OD sensors at various axial separations
located in the shear layer of aMach 0.9 jet. As can be seen, the results
from the current setup are nearly identical to the setup used by Doty
and McLaughlin [13], with only very small differences in the mag-
nitude and location of the peaks. Moreover, despite the difficulties in
interpreting the quantity being measured by the OD signals, the data
are consistent with hot-wire correlation coefficients measured by
Davies et al. [1] in a lower speed jet (Mj � 0:45). The envelope of the
correlation coefficient curves represents the moving frame
autocorrelation function where the dominant turbulent scales are
moving at an average convection velocity Uc. Since the time axis is
nondimensionalized, it is expected to obtain matching envelopes
between subsonic jets of different speeds. More comparisons of this
type were performed by Doty and McLaughlin [13]. Finally,
repeatability of the measurements was demonstrated by performing
the samemeasurements following a few-week interval, with different
atmospheric conditions, and verifying that the resulting correllelo-
grams matched properly.

C. Data Processing

Time signals from each individual OD sensor and microphone
represent different measured properties, but some of the data
processing of these signals is the same. Defining pi�t� to be the
voltage signal of the ith sensor (either a microphone or an OD
sensor), statistical quantities can be examined such as the mean �i,
the variance �i and the skewness ski. Then, postprocessing can beFig. 2 Schematic of new OD setup.

Fig. 3 Cross-correlation coefficient function betweenOD sensors at various axial separations for a jet issuing froma converging nozzle atMj � 0:9, and
envelop of cross-correlation coefficient curves between hot-wire probes in a Mj � 0:45.
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performed, where the time data are typically split into 4096 point
windows in order to obtain a fine resolution in frequency. A Hanning
window function is applied and 50% overlap is used between each
window, resulting in a total of 199 windows. The fast Fourier
transform is calculated on each window and then averaged, yielding
the double sided power spectral density Sii�f�. If the signal from a
second sensor pj�t� is acquired simultaneously, then its spectral
density Sjj�f� can be determined as well as the cross spectral density
Sij�f� of the two signals. From these, the single sided power spectral
densitiesGii�f� andGjj�f�, and the cross spectral densityGij�f� can
easily be computed. The auto and cross-correlation functions,
respectively Rii���, Rjj��� and Rij���, can then be calculated by
taking the inverse Fourier transform of the spectral densities.
Additionally, the auto and cross-correlation functions also relate to
the time signal by a convolution, as shown in Eq. (1):

Rij��� �
1

T

Z
T

0

pi�t�pj�� � t� dt (1)

In this formula, T represents the time of a samplewindow and � is the
time delay (or retarded time). Typically, the time delay is
nondimensionalized bymultiplying it by the characteristic frequency
fc of the jet flow. Additionally the cross-correlation coefficient
function can be calculated for two signals, and consists of a
normalization of the cross-correlation function, as defined in Eq. (2):

�ij��� �
Rij���

�Rii�0�:Rjj�0��1=2
(2)

Finally, the coherence �ij between two signals is computed fromGii,
Gjj and Gij following the formula in Eq. (3):

�2ij�f� �
jGij�f�j2

jGii�f�j:jGjj�f�j
(3)

D. Experimental Conditions

A number of measurements were made with the preceding setup,
both in the PSU and in the UCI jet noise facilities. In these
experiments, simultaneous acoustic measurements in the far-field

and flowfield optical signals were acquired with the goal of
correlating the two types of signals. Experiments at PSU focused on
both shock-containing and fully expanded jets, with four micro-
phones used successively in the forward and rear polar arcs at a
distance of 40 and 50 nozzle diameters, respectively, as measured
from the jet centerline with the origin at the center of the nozzle exit.
The experiments conducted at UCI focused primarily on fully
expanded jets, and on the simultaneous use of a phased microphone
array (with beamforming data processing), as reported by
Papamoschou et al. [17]. Eight microphones were used for these
measurements, arranged on a polar array at approximately 80 nozzle
diameters from the nozzle exit and with their diaphragms facing the
jet exit (normal incidence). The results presented in this study consist
of correlation measurements between a single OD signal with a
single microphone, with each sensor positioned at widely varying
locations. A diagram summarizing the microphone array locations
and typical OD measurement locations is shown in Fig. 4.

ODmeasurements in both facilities were made in both the middle
of the light shear layer and the centerline of the jet. However,
measurements on the centerline are less precise, since the light must
pass through a rather thick region of density fluctuations and the
integrative effects over this thick region are significant. Measure-
ments in the shear layer, however, are less affected by this integration
effect as the light passes through a thinner region at the edge of the jet.
The optical measurements conducted at PSU were performed with a
small number of spatial locations for the OD sensors and varying jet
conditions, while the measurements performed at UCI concentrated
on fewer jet conditions with more thorough flow measurements, at
varying locations. Typically, one pair of optical sensors was
positioned at a specified location and left fixed, while the second pair
scanned axially or radially through the jet. This procedure was
repeated for several axial stations in the jet, as represented in Fig. 4,
with one pair of fixed OD sensors and the second pair moving
through axial steps �x or radial steps �r.

The jet operating conditions for experiments at both facilities are
summarized in Table 1. The experiments were conducted using cold
pure air jets only. The designMach number of a given nozzle is noted
as Md, while Mj corresponds to the Mach number of the fully
expanded jet plume. The convective Mach numbersMc presented in
this table were computed from measurements of the average
convection velocity Uc via measurements of the cross-correlation
coefficient between optical sensors within the shear layer
(r=D� 0:5) and 4D downstream of the jet exit plane. While this
convection velocity will evolve along the jet [7], this measurement is
representative of the convection speed of the dominant turbulent
structures within the jets.

For the fully expandedMj � 1:75 case, it should be noted that the
average convection speed is supersonic. Therefore, the jet produces
Mach waves that radiate to the far field. The propagation angle of
these waves (relative to the jet centerline and using the average
convective Mach numberMc � 1:14) can be calculated to be

�� 90 � sin�1
�

1

Mc

�
� 28:7� (4)

Moreover, it was shown by Troutt and McLaughlin [6], Harper-
Bourne [20], Kerhervé et al. [21] and Morris and Zaman [4] that the
convection velocity varies logarithmically with frequency. The same

Fig. 4 Setup showing microphone arrays located in the rear and

forward arc as well as several sample locations for the OD sensors.

Table 1 Jet operating conditions

Md Mj Uj (m=s) Reynolds number Ma
a fc

b(kHz) Mc Facility Figures Microphone locations Peak OASPL c

1.5 1.5 428 710,000 1.26 33.6 0.96 PSU 7, 9, 10 Rear arc 127 dB
1.75 1.75 473 1,061,000 1.39 37.2 1.13 UCI 6, 8, 11, 12, 13,

14, 15, 16
Rear arc 130 dB

1.0 1.5 428 770,000 1.26 31.0 0.95 PSU 17 Forward arc 127 dB
1.0 1.8 479 1,197,000 1.41 31.6 1.15 PSU 18 Forward arc 131 dB
1.5 1.8 479 1,102,000 1.41 34.2 1.14 PSU 18 Forward arc 131 dB

aAcoustic Mach numberMa � Uj=a1, where a1 is the ambient speed of sound.
bCharacteristic frequency of the jet fc �Uj=Dj, where Dj is the equivalent diameter of the fully expanded plume.
cAll values correspond to lossless OASPL propagated to 80D.

VELTIN, DAY, AND MCLAUGHLIN 153



observation can bemade from the presentmeasurements, as shown in
Fig. 5 for the fully expandedMj � 1:5 jet. This convectionvelocity is
computed from the derivative of the phase of the cross-spectra
between two OD signals with respect to separation distance. This
variation of Uc with f demonstrates that even for a jet condition for
which the average convection velocity is subsonic, often the highest
frequency components travel at supersonic speeds, hence radiating
noise with similar characteristics to classical Mach wave radiation.
These high frequencyMachwaves are oftenmost visible in Schlieren
visualizations which are more pronounced at the short wavelengths
(and high frequencies).

III. Results and Discussions

The first part of the results will focus on correlation between
optical sensors scanning the jet flow and microphone far-field
measurements in the rear polar arc. The experimental data acquired
for this part were gathered both at the PSU and the UCI facilities and
with fully expanded supersonic jets.

The second set of results presents measurements performed in the
very near field of the jet, and their subsequent correlation with far-
field acoustic measurements in the rear arc. While a small number of
measurements of this kind were performed at PSU, those presented
herewere acquired atUCI.Once again, the focus is on fully expanded
jets.

Finally, the third part presents measurements performed at PSU
with shock-containing jets and shows significant correlation between
the flowfield optical signal and the far-fieldmicrophone signals in the
forward arc of the plane.

A. OD Sensors in the Jet Correlated to Rear Arc Microphones

The rms value of the OD sensor signals can first be examined in
order to try and visualize the parts of the flow with high density
fluctuations. This in turn gives a measurement of the amount of
turbulence in the jet for different locations. The OD sensor rms
voltage output is plotted along the lipline and the centerline of a fully

expanded Mj � 1:75 jet and presented in Fig. 6. It is important to
recall that the output from the OD sensors is expressed in voltage.
While these voltage values can be directly related to light intensity
and therefore to dimensional flow quantities such as density
gradients, a reliable calibration technique has yet to be developed.
Words of caution should also be expressed when examining OD
signals along the centerline of the jet as the sensing volume traverses
the whole jet and the resulting signal corresponds to an integration
along this volume. The time mean density gradients in the mixing
layers are mainly in the radial direction. When the light beam
intersecting the jet centerline is interrogated, it is exposed to (time
mean) density gradients with little preferential direction. This light
beam relies largely on large scale jet flapping to produce cross beam
density gradients. Because the knife edge is oriented horizontally, the
cross stream gradients are the ones that dominate the OD time
varying signal. The signal strength shown in Fig. 6 reaches a peak at
about x=D� 9 on the lipline, while on the centerline, this maximum
occurs at around x=D� 13. This observation is consistent with noise
source measurements made by Laufer et al. [22] using a spherical
reflecting microphone system for noise source location measure-
ments ofMj � 1:47 and 1.97 jets. Therefore, one would expect the
noise generation at the centerline and the lipline to reach peaks at
these same locations.

Another observation that can be made from this plot is that the
maximum rms value of the signal measured on the lipline of the jet is
noticeably higher than themaximum value of the signal measured on
the centerline. On the other hand, when the rms of the OD signal
measured along the centerline reaches its maximum, it is higher than
on the lipline at the corresponding location. Therefore, one would
expect the centroid of the noise generation location to progressively
switch from the lipline to the centerline between x=D� 9 and
x=D� 13.

A comparison can be made between the output spectra from the
optical sensors at different locations within the fully expandedMj �
1:5 jet and similar measurements performed using other techniques.
Figure 7 presents the power spectral density of the current optical
measurements for different downstream locations along the lipline
(Fig. 7a), similar measurements performed in a Mj � 1:8 jet using
the Rayleigh scattering technique (Panda and Seasholtz [11],
Fig. 7b), with LDVin aMj � 1:2 jet (Kerhervé et al. [8], Fig. 7c), and
with wedge hot-film probe in a Mj � 2:0 jet (Seiner et al. [23],
Fig. 7d). The nature of the measurements is different since some of
these techniques provide a measurements of the magnitude of the
velocity or mass velocity fluctuations (LDV, hot-film) while others
relate to density fluctuations (OD, Rayleigh scattering). The general
trend is nevertheless the same for all techniques, with low frequency
spectral components growing with increasing downstream position
consistent with the larger turbulent scale size downstream. A more
direct comparison can be made at one downstream location,
x=D� 6, on the nozzle lipline, by normalizing spectra from all
measurement methods with their respective mean square values (the
area under the PSD curves). These data, plotted in Fig. 8, show the
close agreement between all spectra measured in jets of Mach
number between 1.5 and 2.0, even though the measurements are
made with three entirely different instruments. Additional data
presented in the MS thesis of Day [24] show that the velocity spectra
of Kerhervé et al. [8] (performed in a coldMj � 1:2 jet) match very
closely to recent hot-wire measurements of Morris and Zaman [4] in
a low subsonic round jet. All these comparisons provide additional
confidence in the ability of the optical deflectometer to make
meaningful turbulence measurements in supersonic jets.

As a first try of flowfield measurement correlations with far-field
acoustic signals, correlation was performed between an optical
sensor located at 4 diameters downstream in the mixing layer of a
fully expandedMj � 1:5 jet and microphones on a polar array in the
forward polar arc (� < 90�). The computed cross-correlation
coefficient functions are shown in Fig. 9. Significant peaks of
correlation are obtained, demonstrating a direct relation between the
flowfield and the acoustic far field. Similar results were obtainedwith
the optical sensor positioned at different downstream locations and

Fig. 5 Measured convection velocity as a function of Strouhal Number,

St, for aMd �Mj � 1:5 jet.

Fig. 6 RMS values of the OD signals along the axial direction in a fully

expanded, Mj � 1:75 jet.
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jets running at different speeds. The maximum peak of the
correlation coefficient found in this configuration of the setup is
approximately 0.1. This is similar in magnitude to the amount of
correlation measured by Panda and Seasholtz [11] between the local
jet density and the sound pressure fluctuation using the Rayleigh
scattering technique along the centerline of a Mj � 1:4 jet. It also
shows a strong dependence on the polar location of themicrophones:
while the magnitude of the peak of the correlation coefficient
function is maximal for �� 22�, it drops with increasing polar angle

to completely disappear for �� 41�. It is quite interesting that there is
such a noticeable difference between these correlations across such a
small range of polar angles (as little as 10� around the 30� location)
and tends to demonstrate a strong directionality of the noise
components that correlates with the flowfield optical measurements.
Themeasurements are, however, too close to the jet exit plane and do
not cover adequately enough the lower polar angle range, to be able to
accurately determine the peak noise emission direction. Finally, it
should be mentioned, as first pointed out by Panda and Seasholtz
[11], that the correlation peak occurs at non dimensional retarded
time values around �:fc � 63, which directly relates to the distance
from the optical sensor to the microphones via the ambient sound
speed (a1 � 343 m:s�1) as follows:

� � R

a1
(5)

The slight differences in the retarded time value obtained from the
correlation with each microphone can be directly related to small
differences in their physical distance relative to the optical sensor
focusing point.

The peak magnitude of the cross-correlation coefficient function
�ij can then be plotted for different locations of the optical sensor and
all available polar angles, as shown in Fig. 10a for the fully expanded
Mj � 1:5 jet. There is a significant change in the correlation peak
with increasing downstream position of the optical sensor, up to a
distance of 5 diameters downstream. This tends to point to this
location as the main noise generation location, but measurements
further downstream are clearly needed. It is noted that the magnitude
of the correlation is highest for the lowest polar angles, and almost
entirely disappears for the largest polar angle value (41�), results that
are consistent with the observation of Fig. 9.

A very similar experiment was performed in the UCI facility, but
this time with the fully expanded Mj � 1:75 jet. These OD
measurements produced the rms values presented earlier in Fig. 6.

Fig. 7 Power spectra at different axial locations in fully expanded jets, obtained through different techniques: a) Mj � 1:5, OD present study,

b) Mj � 1:8, Rayleigh scattering [11], c) Mj � 1:2, LDV [8], and d)Mj � 2:0, hot-film [22].

Fig. 8 Normalized power spectra at x=D� 6 and in fully expanded jets,

obtained through different techniques.
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The resulting peak magnitudes of �ij are plotted in Fig. 10b for
different downstream locations of the OD sensor and microphone
polar angles ranging from �� 22 to 51�. Once again, the correlation
is the highest for downstream location around 5D and drops
dramatically further downstream, showing consistency with the
Mj � 1:5 jet data of Fig. 10a. The amount of correlation also drops
drastically for the highest values of � and seems to be maximum for
�� 28�. For a downstream distance of roughly 5D, the relative angle
between the OD sensor and the far-field microphone (located at
�� 28� and a nondimensionalized distance R=D� 80) can be
computed as follows:

�r � tan�1�80: sin�28��=80: cos�28�� � 5� � 29:8� (6)

This agrees quite closely with the prediction of the Mach wave
radiation angle computed from the convection velocity in Eq. (4) that
lead to a polar angle �� 28:7�. At this point it is noted that there is
very little difference between the levels of correlation between the
Mj � 1:5 andMj � 1:75 jets aside from the polar angle at which the
OD to microphone correlations maximize. This is so in spite of
the fact that theMj � 1:75 jet producesMachwave radiation and the
Mj � 1:5 jet with its subsonic convection velocity presumably does
not since the dominant turbulent structures convect subsonically.

To gain some knowledge of the frequency content that correlates
between the flowfield measurements and the acoustic far field for the
Mj � 1:75 jet, the coherence is plotted between theODsensorwithin
the mixing layer and a microphone fixed near the Mach wave

Fig. 9 Correlations between an OD sensor at the lipline and x=D� 4:0 and microphones in the rear arc for Md � 1:5,Mj � 1:5.

Fig. 10 Peak correlation between OD sensor and microphone in the rear arc with OD sensor at various axial locations along the lip line of a fully

expanded jet: a)Mj � 1:5, R=D� 50 and b) Mj � 1:75, R=D� 80.
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radiation angle at 30�. The measurement, performed with the fully
expandedMach 1.75 jet and repeated formanydownstream locations
of the OD sensor, results in amultitude of coherence plots that can be
combined into the coherence contour plot, shown in Fig. 11. In this
figure, the horizontal axis represents the downstream direction and
the vertical axis the Strouhal number of the coherence. The vertical
lines in the plot represent the downstream locations for which data
were acquired. Locations in between are interpolated by the contour
plot algorithm. The first observation one can make is that the
maximum amount of coherence can be observed to be around 0.15,
which demonstrates the moderately strong correlation between the
flowfield and the acoustic far field. The region of maximum
coherence is located within the first 6 diameters of the jet, which is
consistent with the observations made from Fig. 10b, as well as with
the noise source maps presented by McLaughlin et al. [25] with a
Mach 1.5 jet. The coherence also peaks at a Strouhal number around
0.5 for the smallest downstream location (3:6D), with a very broad
frequency peak. When going further downstream, the peak
coherence shifts to lower Strouhal number and becomes narrower.
This is consistent with the well-established scenario that the highest
frequencies of the propagated noise are generated closer to the exit
plane of the nozzle, where the turbulence has higher frequency
content. Further downstream in the mixing layer, the turbulence
grows and generates lower frequency noise. The coherence values
decay to very low value past 13D downstream, which is consistent
with the decrease in rms value observed from Fig. 6. This is also
consistent with the coherence measurements made by Morrison and
McLaughlin [26] in low Reynolds number supersonic jets. Finally,
one can observe a drop of coherence around 7D downstream and a
subsequent rise to another maximum further downstream, around
11D. This was also visible in Fig. 10b and appears to be consistent
with the noise source measurements made by Laufer et al. [22] in
identifying two distinct regions of noise generation in supersonic
jets. It is also noteworthy to mention that the end of the potential core
of both theMj � 1:5 andMj � 1:75 jets are expected to be around
7D and 7:5D, following observations from Lau et al. [27]. This
corresponds to the dip in the correlation peak, pointing at the fact that
the two distinct noise sources are located on either side of the end of
the potential core.

All these results provide some further validation of the OD system
and show that a significant amount of correlation, similar towhat was
obtained with the Rayleigh scattering technique by Panda and
Seasholtz [11], can be obtained between flowfield measurements
performed with the optical deflectometer and acoustic far-field
measurements at the peak noise emission direction. The method can
therefore potentially be used for noise source localization.

B. OD Sensors in the Near Field Correlated to Flowfield and Far-

Field Measurements

While a significant amount of correlation was shown in the
previous part between the flowfield and the acoustic far field, the OD
measurements were confined to the jet flowfield. Since the OD
technique relies on light refraction due to density gradients, it is
possible for the system to provide some usefulmeasurements outside
of the jet, in the acoustic near field where strong pressure and density
fluctuations still occur. Scanning of the near field was therefore
attempted with OD sensors. The rms values of the optical signals
were first determined and plotted against the radial location r=D, as
shown in Fig. 12a for a fully expandedMj � 1:75 jet. As expected,
the strength of the signals drops significantly when the sensors exit
the jet, reaching less than 3% of the peak valuewhen r=D > 1:0. The
same observation is true for all downstream locations, with slight
changes in the rms values with downstream location. Moreover, the
decay observed in the radial direction appears to follow an
exponential curve. This is characteristic of a region of the near field
where hydrodynamic pressure fluctuations are dominant. In this
region, described in detail by Suzuki and Colonius [28], the pressure
fluctuations contain components that do not propagate but rather
decay exponentially with radial distance. Outside of this region, the
rms of the OD sensor reaches a plateau value which is lower than the
rms measured within the jet, but still above the noise floor (identified
in Fig. 12a). In this region, the hydrodynamic pressure fluctuations
have decayed to values lower than the propagating pressure waves,
and the signalsmeasured are therefore related to pressurefluctuations
that propagate to the far field.

The spectral content of the signal can also be plotted for different
radial distances from the jet centerline, as shown in Fig. 12b for
x=D� 5:5. The magnitude of the power spectra decreases with
radial location by several orders of magnitude, confirming the
exponential decay observed from the rms plot. The shape of the
spectra is also changing, with a much narrower peak at r=D� 1:2,
which corresponds to the edge of the hydrodynamic fluctuation
region. Further radially, the spectra flatten back but still remain above
the noise floor. This shows an evolution of the physical phenomena
being measured by the sensors, from hydrodynamic fluctuations to
propagating acoustic waves further outward. It is also noteworthy to
mention that since the spectra magnitudes are so low outside of the
jet, measurements performed within the jet (and presented in the
previous section) cannot be significantly contaminated due to
integration effects through the acoustic field.

Since the jets being investigated are cold jets, the jet density is
higher than the ambient density. This means there is a negative
density gradient @�=@r within the shear layer. In supersonically

Fig. 11 Contour plots of the coherence between anOD sensor scanning along the lipline of a perfectly expandedMj � 1:75 jet and amicrophone fixed in

the far field at �� 30�.
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convecting jets, producingMachwave radiation, there is also a sharp
increase in density at one point in space outside of the jet, when a
Mach wave propagates through this point. This also produces an
instantaneous negative density gradient @�=@r. Therefore, on the
light shear layer side of the jet, the wave front appears as a bright
band, and on the dark shear layer side, as a dark band. This pattern
can be observed in a fully expandedMd �Mj � 1:8 jet on the spark
Schlieren image presented in Fig. 13a. In such Schlieren
visualization, dark and light shades of light represent regions of the
flow with sharp density gradients of different directions. Arrows are
placed at locations on Fig. 13a with strong instantaneous density
gradients, with (the arrow) body going through the high density
gradient region. Since the photodiodes used in the OD setup produce
a decrease in voltage output for an increase of light intensity, the

output voltage, once multiplied by �1, can be assumed to represent
the fluctuations in density gradient. The skewness of that signal can
therefore be calculated for different locations of the OD sensor signal
outside of the jet and represent the skewness of the fluctuations of
density gradient. Figure 13b presents the value of the skewness for
the same jet condition and locations as the data from Fig. 12a. There
is a large value of positive skewness close to the jet lip line, which
grows for further downstream locations. In this region of high
skewness, the sensors are still within the hydrodynamic region of the
jet. For observations further outside the jet, in the region where the
propagating acoustic waves dominate the signals, the skewness
remains strongly positive. This is one of the first pieces of direct
evidence that the strong skewness in the acoustic far field of high-
speed jets (first identified by Ffowcs Williams et al. [29] and

Fig. 12 Md �Mj � 1:75 jet: a) rms values of the optical signals at different axial locations x=D and radial positions r=D and b) power spectral density

measured at different radial locations and at x=D� 5:5.

Fig. 13 Optical measurements in a fully expandedMd �Mj � 1:8 jet: a) spark Schlieren image (arrows located at regions with strong density gradient,

pointing toward the high density) and b) skewness of the negative value of the signal from an OD sensor in the near field.
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associatedwith the acoustic phenomenon known as “crackle”) is also
present in the hydrodynamic field and in the acoustic near field of
the jet. This strongly supports the concept that crackle originates in
the jet and is not a result (purely) of nonlinear distortion within the
propagation region of the high amplitude noise.

The peaks of correlation can also be determined between optical
sensors in the jet and ones that scan the near field. Figure 14 presents
the value of the correlation between an optical sensor located at three
downstream positions along the lipline of the jet and another optical
sensor located at a downstream distance �x=D� 1 from the first
sensor and scanning the near field in the radial direction. There is
obviously some high correlation for no radial displacement of the
second sensor, since it measures the correlation of the flow structures
convecting within the jet. With increasing values of �r=D, the
amount of correlation first drops as the sensor exits the jet but is still
in the hydrodynamic region. Going further radially, the correlation
increases again, reaching correlation peaks as high as 0.25. Since the
sensor is now in the acoustic near field, this tends to show that this
correlation corresponds to noise radiated by the structures passing
through the location of the first sensor.With increasing axial location
of the pair of sensors, this correlation peak flattens in the radial (r)
direction and disappears all together for x=D� 7 and further
downstream (measured up till 16D). It therefore tends to show that
themajor noise production regionwithin themixing layer is confined
to the first seven diameters downstream of the exit plane, which is
consistent with the observations made from Figs. 10 and 11 and with
observations made by Papamoschou et al. [17] from the same data
but using a very different processing approach. The reader is
reminded that this noise production region, shown for cold jets
stretches well past 10 nozzle diameters for hot jets as shown in [25]
among others.

Similarly to what was done with the optical measurements within
the jet presented earlier, some knowledge can be gained regarding the
frequency content that correlates with the acoustic far field by
measuring the coherence rather than the cross-correlation coefficient
function. This coherence is determined for two signals: 1) the OD
sensor at a position just outside of the jet, at a constant downstream
location and 2) the microphone located at R=D� 80 and �� 30�.
The coherence values calculated for various OD sensor radial
locations and downstream locations of 3D, 6:1D, 8D and 11D are
assembled into contour plots shown in Fig. 15. The first observation
to be made from these plots is that the coherence reaches very high
values, with a maximum around 0.6, which means that the signals
measured in the acoustic nearfield by theODsensor are very strongly
related to the far-field acoustic signal. This is noticeably higher than
the coherence obtained between the acoustic far field and the OD
measurements within the jet flow, which did not exceed 0.15.

Furthermore, for different downstream locations of the OD sensor
there is a very clear change in the radial position that gives the best
correlation with the acoustic far field: the further downstream the
sensors are positioned, the further radially the location of the peak of
coherence appears. This trend seems to point to a localized region of
the jet that produces the noise propagating in the peak emission
direction (�� 30�). However, as shown by Bogey and Bailly [30]
and pointed out by Papamoschou et al. [17], the ray connecting a
point inside the jet to a point in the vicinity of the jet is not a straight
line but rather is bent inside the jet due to refraction caused by
velocity and sound speed gradients. It is therefore difficult to
precisely localize the noise source from these measurements alone.
The peak of coherence also occurs at a lower frequency when the
optical sensors are located further from the jet. Finally, the radial
region with maximum coherence widens at further downstream
locations. Some of these effects may also have to do with the change
in relative angle between the optical sensors and the microphones.
Future experiments with a microphone fixed relative to the optical
sensor location (rather than relative to the jet exit plane) would
allow for some clarification of these data and an easier interpretation
of the results.

To investigate the effect of the polar angle location of the far-field
microphone on these correlations, the coherence can also be plotted
as a function of �. Figure 16a presents the coherence as a function of �
for an optical sensor fixed in the near field, at a radial and axial
location corresponding to a peak of coherence as observed in Fig. 15
with respect to the microphone at �� 30�. The contour plot shows
that the coherence is maximum around the �� 30� direction and
decreases to very low value for � > 40�. The near-field pressure
fluctuations therefore seem to have a very strong directivity, around
�� 30�. At this point, it should be noted that the jet considered is a
fully expandedMj � 1:75 jet, with a measured convection velocity
that leads to a Mach wave radiation angle around �� 30�. A clear
signature of the presence of crackle in the measured noise is the
presence of a strong positive skewness [defined in Eq. (3)]. The value
of the skewness as well as the overall sound pressure level (OASPL)
are calculated for each far-field microphone and plotted in Fig. 16b.
The skewness reaches a peak around 30 deg, while the OASPL is the
highest for that same polar angle value. This concurs with the
prediction of the Mach wave radiation angles as well as the peak
coherence observed in Fig. 16a. Therefore, this constitutes proof that
the signals measured by the OD sensors outside of the jet relate to the
propagation ofMach waves that initially contain the characteristic of
crackle and subsequently propagate to the far field. Careful
measurements of this kind can therefore potentially give accurate
localization and strengthmeasurements of theMachwavegeneration
process as a function of downstream location.

Fig. 14 Correlation peaks between one OD sensor at the lipline (r� 0:5) and different axial locations with an OD sensor scanning radially outward, 1

diameter further downstream (�x=D� 1 and different values of �r=D). Md �Mj � 1:75.

VELTIN, DAY, AND MCLAUGHLIN 159



C. OD Sensors in the Jet Correlated to Forward Arc Microphones

While the focus of the two previous parts was on the noise
propagating to the peak noise direction, the acoustic spectra
generated by shock-containing jets also contain a substantial amount
of shock associated noise that is dominant in the forward arc. This
noise component, called BBSAN, is created by the interaction of the
shock cell structure of imperfectly balanced supersonic jets with the
convecting turbulence. Therefore, some significant correlation
should exist between the broadband turbulence within the jet and the
BBSAN measured in the far field. To obtain some knowledge over
the frequency range that correlates between the flowfield and the
acoustic far-field measurements, one can look at the auto- and cross-
spectra between an OD sensor and the signal from a microphone in
the forward arc (�� 97�). As a representative example, Fig. 17
presents the auto- and cross-spectra as measured for a shock-
containing jetMd � 1:0,Mj � 1:5 jet with an optical sensor on the
lip line at x=D� 4:8 and a microphone in the forward arc. The first
observation one canmake is that the largest spectral values are clearly
in the very sharp peaks at St� 0:28, 0.32 and 0.56. These peaks are

screech tones and have a relatively weak influence on the other
components of the radiated noise when there is significant BBSAN
[31]. Since screech is typically not observed in jets such as aircraft
engine exhaust jets, little attentionwill be given to it in this study. The
autospectrum of the signal from the OD sensor has a very broad peak
around St� 0:4 and decreases slowly with increasing frequency.
This is consistent with measurements performed by Panda and
Seasholtz [11] with the Rayleigh scattering technique. On the other
hand, the microphone signal has a peak at a frequency around
St� 0:5, which corresponds to the BBSAN peak frequency for this
specific polar angle. The resulting correlation between the two
signals peaks at approximately the same frequency.

To look at this more closely, Figs. 18a and 18b present the
coherence function between the OD sensor within the mixing layer
and the far-field microphones in the forward arc, plotted together
with the acoustic spectra. The resulting coherences and spectra are
plotted for two Mj � 1:8 jets issuing from a purely converging
Md � 1:0 and from a converging-divergingMd � 1:5 nozzle. These
strongly underexpanded conditions produced no screech, as can be

Fig. 15 Contour plots of the coherence between an OD sensor scanning outside the jet and microphone at 30� at different downstream locations:

a) x� 3D, b) x� 6:1D, c) x� 8D, and d) x� 11D. Md �Mj � 1:75.
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seen on the acoustic spectra. The shock cell pattern from these
nozzles can be seen in the Schlieren photographs of Figs. 18c and
18d, together with the location of the optical sensor within the jet.
The schematic of the experiment is similar to the one from Fig. 17.
A noteworthy observation is the presence of a Mach disk at the
center of the most strongly underexpanded case jet, while the shock
cell geometry for the Md � 1:5 case looks more traditional, with a
diamond shape shock cell structure. As a result, while both cases are
strongly shock-containing, resulting in a large amount of BBSAN,
the less imbalanced case is louder by about 5 dB at the peak across
the presented range of polar angles. On the other hand, for both
cases, there is a similar amount of coherence, as high as 0.04,
between the OD sensor within the mixing layer and the far-field

microphones. This is three times less than the observed maximum
coherence with microphones in the rear arc. It is also very clear that
the peak of coherence is at the same frequency as the peak in the
BBSAN. Similar measurements performed with fully expanded
(shock-free) jets exhibit no coherence at all (with microphones in
the forward arc). This thus demonstrates some correlation between
the convecting turbulent structures and the far-field BBSAN.
Finally, as expected, when the polar angle shifts to higher values,
the BBSAN shifts in frequency to lower values and the coherence
follows the same trend. It therefore highlights the possibility to
directly relate the flowfield fluctuations to the shock noise,
dominant component of the noise in the forward arc for imperfectly
balanced jets.

Fig. 16 Optical measurements in a fully expandedMd �Mj � 1:75 jet at x� 11D and y� 2:5D and acoustic measurements at different polar angles in

the rear arc: a) contour plots of the coherence between the OD sensor and the microphones and b) skewness and OASPL of the microphone signals.

Fig. 17 Auto and cross spectra for a microphone at �� 97� and an OD sensor on lipline at x=D� 4:8 in aMd � 1:0,Mj � 1:5 shock-containing jet.
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IV. Conclusions

A new OD system was developed and tested for the purpose of
measurement of density gradientfluctuationswithin the jet, related to
turbulence. The system was then used to produce direct correlation
between the flowfield signals and those of the far-field microphones.
Coherence as high as 0.15 was observed between sensors along the
lipline and microphones in the peak noise emission direction. The
optical sensors were then located outside of the jet, in an attempt to
measure fluctuations in the acoustic near field. An exponential decay
of the signal was observed, which is typical of hydrodynamic
pressure fluctuations in the very near field. Further from the jet, the
measured optical signals were shown to correlate more strongly with
acoustic far-field measurements, with coherence peak values as high
as 0.6. This demonstrates the ability of the technique to provide non
intrusive measurements of the acoustic near field that could be used
as a tool for noise localization or far-field noise prediction.

It is noted that the results contained in this paper have been
obtained with jets operating at both Mj � 1:5 and Mj � 1:75, for
which the turbulence (average) convective Mach numbers are
subsonic and supersonic, respectively. Little evidence of any signi-
ficant differences in the radiated noise and the correlation of that
noise with the turbulence measurements was observed. This issue is
the subject of further study in efforts to more fully understand the
processed of high-speed jet noise.

While the OD technique is usually trusted only in pure air cold jet,
such near-field measurements are possible with heated or heat-
simulated jets and are particularly valuable with simultaneous
acoustic far-field measurements. An initial significant result of such
near-field measurements is the high level of skewness in these
measurements that substantiate the concept that crackle observed in
the far field, originates at the flowfield–acoustic-near-field interface.
Finally, some additional measurements were performed with the OD
sensors within the shear layer of the jet and the microphones in the
forward arc of the plane with shock-containing jets. Significant
coherencewas observed between theflowfieldmeasurements and the
acoustic far field with peaks at the same frequency as the BBSAN.

Once again, this shows the utility of the system in developing more
understanding of the noise generation mechanisms.
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