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Space–time correlation characteristics of jets operated over a wide range of jet velocities are investigated in this

study, in order to gain insights into the physical mechanisms that lead to generation and radiation of noise due to

turbulent mixing in jets. A traversing semicircular cage array that spans 180� in the azimuthal direction and 30

diameters in the axial direction, together with four far-field microphone arrays at different azimuthal angles, are

employed. Simultaneously sampled space–time data have been acquired, processed, and analyzed. Examination of

the coherence spectra and correlations, with the reference microphone at different x=D locations, reveals the

following: there is a large source region that is coherent over �15D axially and �360� azimuthally for heated and

unheated jets in the Mach number range of 0.51 to 1.67; the coherent region typically extends from�13D to�30D,

withmaximumnormalized correlation levels greater than�0:5 (50%) over the entire axial extent of�15D; and these

high levels of normalized correlations are observed at all jet velocities. The near-field–far-field correlations again

indicate an extended axial region of �15D where high correlations of �0:5 (50%) to �0:8 (80%) are observed

between a single point in the near-field and far-fieldmicrophone signal at 150�, at all jet velocities. This large coherent

region was completely missed in prior studies. The consistent trends from near-field and source measurements point

to a single mechanism/source responsible for the generation and radiation of noise to the peak radiation sector.

I. Introduction

T HE physical mechanisms that lead to generation and radiation
of noise due to turbulent mixing in jets are not clearly

understood. Complexities associated with the description of the
time-dependent turbulence and the noise sources have proved to be
extremely challenging. There have been several studies in the last
three decades, using a variety of experimental and analytical tech-
niques (see [1–8] for a short list of the earlier studies). The primary
approach in many of these investigations is the measurement and the
interpretation of the correlations of the fluctuating flow parameters
within the jet, as well as the correlations of the flow fluctuations with
the far-field noise. Important flow features and their distributions
were identified. Advances in flow diagnostic instrumentation and
experimental techniques have led to a resurgence of interest in
gaining a better understanding of the fundamental mechanisms of
turbulence-generated noise. There have been numerous studies in the
last decade [9–36]. The salient results from these are summarized
next.

Seasholtz et al. [9] developed and applied the Rayleigh scattering
diagnostics to the measurement of velocity and density fluctuations
in high-speed jets. Panda et al. [10,11] investigated the correlations of
the density and velocity fluctuations at various axial locations along
the jet centerline and the lip linewith far-field pressuremeasurements
at various polar angles. At supersonic convective Mach numbers,
significant correlation was measured from the peripheral shear layer
for far-field microphone angles greater than �130� (all polar angles
are measured from the jet inlet axis); the correlations dropped at
subsonic convective Mach numbers. However, significant corre-
lations at low-Strouhal numbers were observed with the fluctuations

along the jet centerline just downstream of the potential core, for
unheated jets over a wide range of Mach numbers from 0.6 to 1.8 at
large aft angles. There was virtually no correlation for any jet Mach
number, when the microphone was located at 90�. These obser-
vations indicate that the region downstream of the potential core is a
low-frequency sound source, with a noise generation mechanism
very different from the Mach wave emission associated with super-
sonic convective velocities. Bridges et al. [12–14] carried out exten-
sive surveys of the turbulence properties of subsonic and supersonic
jets, with both conventional and dual particle image velocimetry
(PIV) systems. Bridges andWernet [14] extended their experimental
technique for the measurement of time-resolved PIVof hot jets and
examined the effect of heat addition on the distribution of turbulence
statistics. The space–time correlations with the dual PIV system
indicated that, for jets at fixed acoustic Mach numbers (Vj=a, in
which a is the speed of sound in the external region, taken to be the
ambient medium):

1) The addition of heat has a relatively small effect on the
intensities of the turbulent kinetic energy, turbulence length, and time
scales.

2) There is good collapse of the single-point and two-point
statistics for cold and heated jets, if the streamwise location is
normalized by the different lengths of the potential cores.

Fleury et al. [15] employed a dual PIV system, to quantify the
space–time correlations in two isothermal subsonic jets, and found
the following:

1) The length scales in the shear layer depend on the local
momentum thickness for many of the correlations.

2) The space and time scales at large downstream distances
are close to the values expected in homogeneous and isotropic
turbulence.

In another study atNASAJohnH.GlennResearchCenter at Lewis
Field, the hydrodynamic pressure fields of subsonic jets were
measured with six circular arrays (see Suzuki and Colonius [16]).
The arrays extended to a downstream distance of �8D, with a half-
cone angle of 11.3�. The radial extent of the microphones was in the
range of 1D to 1:75D at x=D� 2:25. Suzuki andColonius examined
the evolution and the modal content of the instability waves in the
initial mixing layer and their relation to far-field noise. Arndt et al.
[18] used the proper orthogonal decomposition technique to deduce
the large-scale structures from pressure measurements in the
hydrodynamic field.

There have also been focused programs on source diagnostics at
the United Technology Research Center (UTRC) [19–22], the Ohio
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State University [23,24], the University of Poitiers [25–30], and the
Pennsylvania State University [31–33]. A rotating array was used to
map the space–time correlations in the near field of a transonic and a
supersonic jet in the UTRC experiments. Two linear conical arrays of
8 (or 11) microphones with a half-angle of 7� and an axial spacing of
1:25D were employed; the axial extent of the arrays was 10D (or
14D). The radial distance of the microphones spanned a range of
0:97D closest to the nozzle exit and 2:5D for the most downstream
microphone. The pressure fields in this hydrodynamic region are
dominated by those associated with the large-scale turbulence
structures. They showed that the near-field pressure statistics were
well represented by a Gaussian wave-packet model for both the
subsonic and supersonic jets. Reba et al. [21] modeled the noise
radiated by the large-scale turbulence as a wave packet, with an
equivalent source given by the two-point space–time correlation of
the pressuremeasured on the conical surface surrounding the jet. The
near-field pressure was extended to the far field through the use of a
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Fig. 1 Axial variations of the overall source strength of noise radiated,

Mj �Md � 1:9: a) 90, b) 120, and c) 150�.
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Green’s function. The role of the large-scale structures in the
generation of noise to the peak angles was established with this
approach.

In the research reported in [23,24], the focus was on linking the
events in the instantaneous development and evolution of the large
turbulence structures in the jet with the far-field acoustics. Both near-
field and far-field microphones were used in conjunction with laser
diagnostics of the flowfield. The measurements indicated a strong
connection between the dynamics of the large-scale structures and
the noise radiated to large aft angles. The studies at the University of
Poitiers [25–30] sought to relate the dynamics of the flow with
radiated noise to all radiation angles via the simultaneous measure-
ment of the pressure and velocity fields in the vortical flow and the
pressure fields in the near field and far field. Through a filtering of the
near pressure field and stochastic analysis of the measured
parameters, certain relations between the flow characteristics and the
far-field spectra were formulated. They employed a linear array with
a half-cone angle of 9� and an axial extent of 11D. The axial spacing
was 0:2D closer to the nozzle exit and 0:4D further downstream; the
radial distance was 0:8D at the nozzle exit plane. A wave number
analysis was employed to delineate between the hydrodynamic and
acoustic fields.

The technique of optical deflectometry was used to measure
space–time correlations in circular and beveled nozzles in [31,32];
both subsonic and supersonic jetswere considered. In an extension of
this technique, Papamoschou et al. [33] used four optical
deflectometry probes simultaneously with a far-field circular array
of eight microphones in the peak noise radiation direction of a cold
M � 1:75 jet. The probes were placed both inside the flow and at
varying radial distances outside the jet. The beam-formed signals
from both the probes and the microphones were correlated, so as to

enhance the coherence between the flow and the noise radiated to the
peak radiation angle. When the probes were traversed in the radial
direction, the levels of correlation with the far-field noise initially
dropped in the hydrodynamic field and then increased to significant
levels in the acoustic field. Bogey et al. [34] examined the spectral
characteristics of the near-field and far-field spectra of subsonic jets.
Finally, Gutmark and his coworkers (see Callender et al. [35] and
Kastner et al. [36]) have also examined the near-field pressure
contours of various nozzle geometries. It is emphasized that this list
of references is a representative sample of the different studies but is
by no means comprehensive.

Before we describe the current program, it is worthwhile to
examine the source distributions obtainedwith an ellipticmirror so as
to set the stage for what is to follow. This is a short summary of the
results reported recently by Viswanathan [37]. The apparent sources
were measured by an elliptic mirror with an aperture of 1.5 m, which
could be traversed in the axial direction aswell as swiveled tomap the
axial source distribution to any desired radiation angle. The
resolution limit at the lower frequency for the mirror is �1500 Hz.
The jet considered here has a Mach number of 1.9. A convergent–
divergent (CD) nozzle of exit diameter of 1.27 in. (3.23 cm) was
operated at the design Mach number. A small nozzle diameter was
specifically chosen to drive the peak frequencies to higher values, so
that the lower-frequency limit for the resolution of the elliptic mirror
does not affect the measurements at frequencies of interest.
Figures 1a–1c show the axial variation of the overall sound pressure
level (OASPL) of the sources for the Mach number Mj � 1:9 jet at
two stagnation temperature ratios of 1.0 and 2.2. The polar radiation
or viewing angles of the elliptic mirror are 90, 120, and 150�,
respectively. Similar plots at intermediate angles of 110, 130, and
140� are shown in Fig. 2 in Viswanathan [37]. The peak source
locations, highlighted by arrows, are broad and located in the vicinity
of �17D for the angular range of 90 to 120� for the unheated and

Fig. 3 Photograph of the cage array taken from downstream direction.
The microphones are concentric with the jet axis.

Fig. 4 Photograph of the cage array located laterally away from the jet.
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heated jets. For larger aft angles, the peaks shift slightly closer to the
nozzle and are located at �15D.

Figures 2a and 2b show the axial distribution of noise radiated at
selected individual Strouhal numbers. The radiation angle is 140� in
Fig. 2a, and the Strouhal numbers are 0.09, 1.4, and 3.28; the
corresponding raw frequencies are 2000, 3150, and 80,000 Hz,
respectively. The radiation angle is 150� in Fig. 2b, and the Strouhal
numbers are 0.11, 0.17, and 1.1; the corresponding raw frequencies
are 2500, 4000, and 25,000 Hz, respectively. Note that these
frequencies are greater than the lower-resolution limit for the mirror.
For the noise radiated to 140�, the peak locations for these frequen-
cies are at�20D,�16D, and�10D. Similarly, the peak locations at
150� are at �18D, �16D, and �10D. Obviously, the peaks for the
higher-Strouhal numbers move closer to the nozzle exit. Similar
trends are observed for the unheated jet. The potential core length for
this jet Mach number is �8D to �9D. Clearly, the peak sources in
Fig. 1 are located approximately two potential core lengths down-
stream from the nozzle exit. The more important observation is the
following: at the lower frequencies, the length of the source region is
quite long and spans�20D in the axial direction. That is, the sources
for the lower frequencies are definitely not localized but extend over a
considerable axial length.

This summary brings us to the current investigation. The true
sources of jet noise are not uniquely identified to date, though there
have been many descriptions. The objective of this investigation is
the attainment of better understanding of the source characteristics,

through the measurements of near-field space–time correlations.
Implicit in this approach is the assumption that the features of the true
sources will be imprinted on the near-field pressure correlations.
Therefore, the interpretations of the results are based on “equivalent”
sources. Though the term source is used throughout the paper, it
specifically refers to “equivalent source” and should be taken as
such. The main features of the experimental program are described
in Sec. II. Four types of results, viz., 1) near-field space–time
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Table 1 Test matrix for near-field measurements

Nozzle pressure ratio Tt=Ta Mj Vj=a Mc

Convergent nozzle

1.21 1.0 0.52 0.51 0.36
1.28 1.0 0.60 0.58 0.41
1.69 1.0 0.90 0.83 0.58
3.00 1.0 1.36 1.16 0.81
4.65 1.0 1.66 1.33 0.93
1.21 3.2 0.53 0.91 0.64
1.69 3.2 0.91 1.50 1.05
3.00 3.2 1.37 2.10 1.47
4.65 3.2 1.67 2.42 1.69

CD nozzle (Md � 1:67)
3.00 1.0 1.36 1.16 0.81
4.65 1.0 1.66 1.33 0.93
3.00 3.2 1.37 2.10 1.47
4.65 3.2 1.67 2.42 1.69
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characteristics, 2) near-field–far-field correlations, 3) near-field
mapping of pressure, and 4) far-field–far-field correlations, along
with discussions, are presented in Sec. III. The main conclusions are
summarized in Sec. IV. This paper is focused on the experimental
technique, the test conditions, and the presentation/interpretation of
data. The use of the measured data in developing and validating a
theory for extending the near-field pressure to far-field spectra is
covered in two companion papers [38,39].

II. Experimental Program

The experimental measurements were carried out in the Boeing
Low-Speed Aeroacoustics Facility. Descriptions of the anechoic

facility, the jet simulator, the capabilities of the jet simulator and the
freejet wind tunnel, the facility-dedicated data acquisition systems,
and other details are provided inViswanathan [40–42]. Two different
nozzles, a convergent nozzle and a CD nozzle, both with the same
exit diameter of 2.45�, are used. The characteristics of only the
turbulent mixing noise are considered in this paper.

A. Description of Microphone Arrays

For this particular test, a near-field conical cage array is designed
and constructed. The half-angle of the cone is 10�. There are 21
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semicircular rings, with 14 microphones at various azimuthal angles
in each ring, for a total of 294 near-fieldmicrophones. Figure 3 shows
a photograph of the cage array, viewed from the downstream
direction; the cascaded rings of microphone diaphragms forming a
conical surface are highlighted in this view. The microphones are
concentric with the jet axis in this array location. The desire to
measure the near-field and far-field pressures simultaneously
dictated the choice of semicircular rings; this arrangement, with the
far-field array located on the opposite side of the near-field array,
allowed a direct line of sight to the far-field microphones by not
blocking the acoustic ray path. The following convention is used for
defining the azimuthal angles �: 0� corresponds to the bottom dead
center (toward the ground), and the angle is measured counter-
clockwise. Each azimuthal ring spans 180�, from 180 to 360� (or 0�).
The azimuthal spacing is as follows; for the sake of easy compre-
hension, the azimuthal positions are given with the angles measured
in the clockwise direction (there should be no confusion, as these
angles are obtained by subtracting from 360�), starting from the
bottom dead center: 0, 5, 10, 15, 25, 35, 45, 60, 75, 90, 110, 130, 150,
and 180 deg. As seen, the azimuthal spacing starts at 5� initially and
incrementally increases to 10, 15, 20, and finally to 30� between the
last twomicrophones. The axial spacing between the rings is uniform
and is 1:5D for this particular test. Figures 1 and 2 provide critical
information as to the requirements of the array length: the axial extent
of the array, the distance between the first and the last rings, is chosen
to be 30D (6.125 ft in length), based on the length of the low-
frequency source observed in Fig. 2.

Several design features are incorporated in the array design, so that
there is flexibility and ability to easily modify the array layout
including the cone half-angle, axial positions of the rings, and
circumferential positioning of the microphones at various desired
azimuthal locations within each ring. These design features allow for

tailoring of any of these geometric parameters for specific applica-
tions in future tests. The array, with all the instrumentation and the
associated cables, needs to have adequate structure for cage strength
and rigidity, while achieving as much acoustic transparency as
possible so that far-field microphone data will not be affected by
scattering off the array structure. Lack of interference is achieved by
presenting a “thin” and “soft” profile to the jet noise sources: the
structural profile is narrow, and there are no flat surfaces or sharp
corners, as the cage is viewed from the location of a jet source. Struc-
tural strength is achieved by incorporating depth into the structural
elements (rings and ring interconnecting pieces). Even though deep
structural elements create large flat reflective surfaces relative to the
acoustic wavelengths of interest, these surfaces are oriented relative
to the jet noise surfaces such that the reflected sound will pass
through the array structure in a direction opposite the far-field
microphones. Cables are run on the back edges of the array structural
elements, effectively “hiding” them from the viewpoint of the sound
sources. This arrangement of cables is also critical to providing a
noncontaminating measurement apparatus. The cage is attached to
an overhead strut, which itself is attached to a mechanism that
enables traversing the entire array in a plane horizontal to the ground.

The axis of the cage array is first aligned with the jet axis, so as to
maintain concentricity of the microphones. Once the height of the
array is fixed at the proper position (z-direction), the entire array can
be moved in the x-y plane. The radial distance of the microphones to
the jet axis can be controlled by moving the array in the axial direc-
tion. The array can be moved in the lateral direction (y-direction) so
as to map the pressure field on a cross-sectional plane, using the
microphones located at an azimuthal angle of 270�. Figure 4 shows a
photograph of the array at a lateral location, different from that shown
in Fig. 3, away from the jet. The array could also be stowed, further
away from the jet than shown in Fig. 4 and more forward of the jet
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exit, when far-field data alone were acquired. Given the large size of
the array in close proximity to the jet, it is imperative to minimize
potential reflections from the array components. Again, several
design features are incorporated to produce a lower profile, with soft/
rounded corners for the cage structure and a well-thought-out strat-
egy for hiding the 294 cables behind the strut. All of these prudent
steps resulted in an “acoustically noninterfering” or “minimally
reflective” array design, as will be demonstrated in the next section.

Four different far-field microphone arrays are deployed; these are
at azimuthal angles of 90, 60, 30, and 5�, respectively. These four
arrays are on the opposite side of the jet from the cage array (which
subtends azimuthal angles from 180 to 360�). There are 14 micro-
phones at polar angles of 50, 60, 70, 80, 90, 100, 110, 120, 125, 130,
135, 140, 145, and 150 deg for the arrays at azimuthal angles of 90,
60, and 30�. There are six microphones at polar angles of 110, 120,
130, 140, 150, and 155 deg for the array at an azimuthal angle of 5�.
The 90� azimuthal array is at a constant polar radius of 25 ft (7.62 m)
from the origin of the coordinate system, located on the jet axis at the
nozzle exit plane. The 60 and 30� azimuthal arrays are at a constant
linear sideline distance of 15 ft (4.57 m) parallel to the jet axis. The
slant distances to the 5� microphone varied from 11.5 ft (3.5 m) to
24.8 ft (7.56m). There are 48microphones in the far field, in addition
to the 294 on the cage array, for a total of 342 microphones.

B. Data System and Acquisition

For the near-field cage array measurements, Brüel and Kjaer type
4938-W-001 quarter-inch microphones are used with Brüel and
Kjaer type 2670-W-001 preamplifiers. For the far-field measure-
ments, Brüel andKjaer type 4939 quarter-inchmicrophones are used
with Brüel and Kjaer type 2670-W-001 preamplifiers. Dual-purpose
power supplies custom-built by Boeing are used to power and
condition the analog signals for all 342microphones. Identical cables
with matched lengths are used for all the array microphones, so as to
eliminate any differences in the line responses that might impact the
acquired data.

Boeing’s distributed digital data system 2 (DDS2) is used to
acquire the acoustic data from the cage array and the far-field polar
arrays. DDS2 is a data acquisition system built from National
Instruments data acquisition PXI hardware and custom Boeing
software. The system architecture [43,44] provides inherent channel-
to-channel phase matching of better than�0:5 deg up to 92.8 kHz.
Data are sampled from all 342 microphones simultaneously at
204.8 kHz samples per second for each channel. Time-series data are
acquired for 16 contiguous seconds, and time-seriesfiles are archived
so as to retain maximum flexibility in postprocessing of the data.

The microphones are installed without the grid cap, so as not to
compromise the ability to measure pressure signals above a fre-
quency of�40 kHz. In general, the accuracy of the measurements is
within �0:5 dB. Custom-built electronics serves to minimize the
magnitude of the corrections that need to be applied to as-measured
raw spectra: the resulting magnitude of the corrections is less than
0.1 dB up to a frequency of 10 kHz and is less than 1 dB for the
frequency range of 10–40 kHz. For higher frequencies, the
corrections are�1:8 dB. As will be shown later, there is virtually no
coherence above �40 kHz; the implication is that the magnitude of
the corrections is less than 1 dB for the frequencies of interest. Given
the distributed sources for the near-field measurements, it was
decided not to apply any corrections (free-field or random incidence,
for example) to the cage array signals. However, the expected
performance of the cage array instrumentation was validated by
placing a speaker at a known location and ensonifying the cage array
with white noise. Analysis of the data from this exercise indicated
that the instrumentation properly characterizes the expected acoustic
propagation phenomena; the fidelity of the instrumentation system
was thus verified.

C. Test Matrix

As already noted, a convergent nozzle and a CD nozzle with a
designMach number of 1.67 are used. Both of themhad the same exit
diameter of 2.45 in., so as tomaintain consistency in spacing, etc., for

the cage array. Unheated jets and heated jets at a stagnation
temperature ratio (Tt=Ta) of 3.2 over a wide range of jet Mach
numbers from 0.51 to 1.67 have been considered. The convective
Mach number Mc, taken to be 0:7�Vj=a�, spans a range of 0.36 to
1.69. Recently, Viswanathan [45,46] offered the following
experimental evidence:

1) The spectra at angles close to the jet axis attain the same large-
scale similarity shape, regardless of the jet velocity.

2) There is a gradual transition from a broad (fine-scale similarity)
spectra to a peaky spectra with rapid dropoff in the spectral levels
away from the peak.

3) The azimuthal coherence of the far-field spectra is maintained at
high levels,� 0:54, even formicrophones separated by 150� for low-
velocity jets with Vj=a� 0:4.

With these results, Viswanathan [45,46]made the case that a single
source or mechanism associated with the large-scale turbulence
structures/instability waves is responsible for the radiation of noise to
large aft angles, regardless of jet velocity.

Measurements in the current test over a wide range of convective
Mach numbers, from 0.36 to 1.69, allow for investigation of the
suggested mechanism. The test matrix is shown in Table 1. At each
jet condition, both near-field and far-field measurements were made
simultaneously at several array positions, as follows:

1) The radial distance at the nozzle exit plane (x=D� 0:0) for the
conical surface formed by the diaphragms of the cagemicrophones is
3D from the jet centerline, and the cage array spanned a distance of
1D to 31D.

2) The radial distance at x=D� 0:0 is 3:53D from the jet
centerline, and the cage array spanned a distance of �2D to 28D.
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3) The radial distance at x=D� 0:0 is 4:06D from the jet
centerline, and the cage array spanned a distance of �5D to 25D.

Thus, near pressure fields were acquired on three different conical
surfaces surrounding the jet, from 3D to 4:06D at the nozzle exit
plane. Note that the microphones on the cage array are concentric
around the jet axis for these three configurations.

In addition, the entire pressure field was mapped on a plane at an
azimuthal angle of 270�, at various radial distances at x=D� 0:0 of
2D, 3D, 4D, 5D, 6D, 7D, 8D, 9D, 10D, 12D, 14D, 16D, 18D, and
20D. For these measurements of the pressure-field mappings, the
axial extent of the array was from the nozzle exit plane 0D to 30D.
Pressure signals from all the microphones were recorded for these 14
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array positions, even though the locations of the microphones for
azimuthal angles other than 270� are not on the plane of interest. For
convenience, the array locations described previously are hereafter
referred to as positions 1 through 17, in which positions 1–3 are the
three axial positions enumerated previously and 4–17 are the radial
distances from 2D to 20D, respectively.

There are important differences between the current measure-
ments and those of the UTRC [19–22] and NASA John H. Glenn
Research Center at Lewis Field experiments [16].Whereas the arrays
were in the hydrodynamic field in those experiments, the micro-
phones in the current test are located predominantly in the acoustic
field and possibly beyond the influence associated with the decaying
instability waves on the near-field pressure. A more important
difference is the following: the axial extents of the arrays in the
studies in [16,19–22,25–30] are 8D, 10D (or 14D), and 11D,
respectively. As will be shown later with new results, there is a
significant shortcoming with these shorter arrays.

III. Results and Discussion

Avast amount of data has been recorded. Simultaneous measure-
ments from all 342microphones for the 17 array positions resulted in
the acquisition and storage of 1.4 terabytes of time-series data. The
high-density, simultaneously sampled, space–time data have been
processed and analyzed in a variety of ways, including autospectra,
cross spectra, coherence spectra, autocorrelation functions, and
cross-correlation functions, from which data may be viewed as
spectrograms, maps of cross correlations, etc. The coherence
function between any two microphones �212�f� is defined by

�212�f� �
jG12�f�j2

G11�f�G22�f�

in which G11 and G22 are the one-sided autospectra, and G12 is the
cross spectrum between the two signals. Similarly, the cross-
correlation coefficient function �12��� is defined by

�12��� �
R12�����������������

R11�0�
p ��������������

R22�0�
p

in which R11 and R22 are the autocorrelation functions, R12 is the
cross-correlation function, and � represents the time delay. The time-
series data are first transformed to the frequency domain, and the
coherence functions are calculated. For the calculation of the time-
domain correlations, the frequency-domain data are transformed
back to the time domain. This procedure allows for the choice of the
included frequency range, as this range is shown to have an effect on
the correlation functions.

A. Test for Acoustic Interference of Cage Array

First, the acoustic interference of the cage array is established. An
examination of Fig. 3 indicates that there is a dense layout of
microphones and a substantial supporting structure surrounding the
jet at azimuthal angles spanning 180–360 deg. The extent of
reflections of acoustic signals from the array on the measured far-
field spectra was assessed to establish the array’s interference effect.
First, far-field spectral measurements were made at several jet
operating conditions before the installation of the cage array; then,
the measurements were repeated with the array located closest to the
jet (position 1), at the largest radial distance away (position 17) and
with the array stowed. Sample results from the different far-field
arrays are presented. Figure 5 shows spectral comparisons from three
unheated jets withMach numbers of 0.5, 0.6, and 0.9 at several polar
angles of 90, 120, and 140� and at an azimuthal angle of 90�. These
comparisons and others (not included) show that the spectra at
�� 90� are not subject to any noticeable reflections from the cage
array. Figure 6 shows spectral comparisons for the microphone
arrays at azimuthal angles of 60 and 30� for a heated jet with

Mj � 0:9 and Tt=Ta � 3:2. There is excellent agreement, indicating
the lack of any substantive reflections from the cage array for these
microphone arrays as well. Figures 7 and 8 show comparisons for the
microphone array at �� 5�. There are interesting differences: for
subsonic unheated jets, the effect of reflections (say at 140�) is minor
and confined to the high-frequency regime. For the supersonic
unheated jet in Fig. 8, however, the effect of the cage array is very
pronounced, with a substantial drop in the spectral levels. There is a
simple explanation for this trend; an examination of the bottom
portion of the array in Fig. 3 indicates that the metal rings extend
beyond �� 0�. The extra length was needed for holding each ring
during the machining andmanufacturing process. Unfortunately, the
length was such that it blocked the line of sight to the microphones
located at �� 5�. Because of time constraints, the microphones
could not be moved to say �� 10� to avoid this problem. The low-
frequency portions of the spectra in Fig. 8 are unaffected; the acoustic
rays with long wavelengths are not impacted. However, the high-
frequency levels are lower due to scattering from the ring extensions.
Thus, the high-frequency levels are impacted for the far-field
microphones at�� 5�with the cage array in positions 1–3. Themain
conclusion from this section is the following: the presence of the cage
array with a dense layout of microphones, even when positioned
close to the jet, does not cause any significant reflections for the
spectra measured at the three far-field microphone arrays at �� 90,
60, and 30�.

B. Effect of Frequency Range on Correlation Functions

An interesting problem came to light when the space–time
correlations were calculated. This problem is highlighted with the
following analysis. Figure 9 shows the variation of the coherence
function for the following jet conditions: Mj �Md � 1:67 and
Tt=Ta � 1:0. The reference microphone is at x=D� 10:0 and
�� 0�. The second microphone is located at x=D� 10:0, and �
varies from 5 to 45�. The correlation levels are high for the very low
frequencies,�0:8 for an azimuthal separation of 45�. The levels drop
with increasing frequency, particularly rapidly with increasing
azimuthal separation. Further, the coherence levels are close to the
electronic noise floor for all frequencies � �40 kHz. The length of
the potential core for this jet is �8D, based on the equations
established in [47,48]. Figure 10 shows the axial variations of the
coherence functions for the same jet; the reference microphone is at
�� 0� and x=D� 10:0. The second microphone is located at
�� 0�, and x=D varies from 7.0 to 16.0. Note that the frequency
range on the x-axis is restricted to an upper limit of 40 kHz in this
figure. Again, the lower-frequency signals have higher correlations.

Analyses of a larger set of data indicate that there is little coherence
for frequencies above �40 kHz. The axial spacing of the micro-
phones is 1:5D (D� 2:45 in:), as already noted. This distance
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corresponds to a wavelength of 0.31 ft, with an associated frequency
of 3670 Hz. However, measurable coherence is observed up to a
frequency of �40 kHz, which is roughly 10 times the frequency
associated with the array resolution. Because of this, it is thought that

the lack of coherence at still higher frequencies is not related to the
array resolution.

For the time-domain analyses, though, there is a pronounced
impact of the included frequency range on thewidth and the shape of
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the correlation function. Figure 11 shows the autocorrelation
functions at two different microphone locations of x=D� 7:0 and
13.0, both at �� 0�. In the calculations of the time-domain
correlations, the low-pass filters are set at desired limits, and the
correlation functions are generated. There are two consequenceswith
the inclusion of the uncorrelated high-frequency “noise” in the
analysis:

1) The width of the correlation function becomes narrower.
2) Several wiggles are introduced near the foot of the correlation

function.
Figure 12 shows a similar effect on the azimuthal cross-correlation

functions; again, Mj �Md � 1:67 and Tt=Ta � 1:0, and the
reference microphone is x=D� 13:0 and at �� 0�. The peak
correlation levels drop progressively with the inclusion of the
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less-correlated high-frequency signals in the computation of the
correlation functions. For example, there is a reduction of �0:2
(20%) for a separation angle of 15� when the included frequency
range is increased from 200 Hz–10 kHz to 200 Hz–80 kHz. The
effect of the bandwidth is thus seen to have a strong effect on the

computed correlation functions. The effects of jet Mach number and
velocity Vj=a also have a strong bearing on the source strength and
frequency content. In the generation of the correlation functions, the
entire frequency range of 200 Hz to 80 kHz is used; this step
maintains consistency for all the test points.
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C. Near-Field Space–Time Characteristics

The variations of the near-field space–time characteristics for
different jet conditions are now presented. Figure 13 depicts the
azimuthal variations of the coherence function for the jet with
Mj �Md � 1:67 and Tt=Ta � 1:0. The convective Mach number is

0.93. The reference microphone is at x=D� 4:0 and �� 0� and
x=D� 16:0 and �� 0�, respectively. Recall that a similar plot for
the reference microphone at x=D� 10:0 and �� 0� is already
presented in Fig. 9. At all locations, the values of the correlations
decrease with increasing frequency. This trend becomes more
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pronounced as the separation angle from the reference microphone
increases. However, there are also distinct differences when the
reference microphone is moved from x=D� 4:0 to 10.0 and 16.0:
there is a steep decrease in correlation levels with separation angle
when the microphone is at x=D� 4:0, whereas the signals are more
correlated at the larger downstream distances.

A global variation of the coherence levels is obtained with contour
maps, as shown in Fig. 14 for Mj �Md � 1:67 and Tt=Ta � 1:0.
The location of the reference microphone at �� 0� is progressively
moved downstream, and the correlations with all the microphones in
the array are presented. Selected coherence spectrawith the reference
microphone at six x=D locations of 4.0, 10.0, 16.0, 20.5, 25.0, and
29.5 are displayed in these types of plots at different jet operating
conditions. The arrows indicate the location of the reference
microphone is these figures. The parameter on the x-axis is the
microphone number; each tick mark on the x-axis corresponds to 14
microphones: that is, one ring in the cage, at a fixed x=D. In this
notation, each division also denotes an axial distance of 1:5D. The
frequency range on the y-axis is restricted to a maximum value of
40 kHz.

There is very little coherence when the reference microphone is
located at x=D� 4:0. For x=D� 10, a definitive trend starts to
emerge, with good correlations over a few diameters. When the
reference microphone is at x=D � 16, dramatic changes in the
contour maps are observed. Color contours from green/yellow to red

represent coherence levels of � 0:5 (or 50%). The axial extent of
regions of high coherence, arbitrarily taken to be � 0:5, is
highlighted by dashed ovals and vertical dashed lines. There is a very
large source that is coherent over an axial extent of�15D and nearly
all around the periphery of the jet (360�). The high-coherence levels
are generally confined to the lower frequencies. An examination of
the data in the time domain reinforces this trend; Fig. 15 shows the
correlation functions, with the reference microphone at �� 0� and
x=D� 20:5 and the second microphone at �� 0� and x=D over a
range of 13.0 to 31.0. The maximum correlation level is � 0:4 (or
40%) for the entire range of axial distance, with significantly higher
correlations of� �0:6 from x=D� 16:0 to 29.0. Figure 16 shows a
coherence contour map for a heated jet with Mj �Md � 1:67 and
Tt=Ta � 3:2. The convective Mach number is 1.69. The character-
istics are similar to those observed for the unheated supersonic jet in
Fig. 14. However, the range of frequencies for which there is high
correlation is much smaller. Again, there is a large coherent source
with an axial extent of �15D.

Next we turn our attention to subsonic jets. Three test conditions
with 1)Mj � 0:51 and Tt=Ta � 1:0, 2)Mj � 0:51 and Tt=Ta � 3:2,
and 3)Mj � 0:9 andTt=Ta � 3:2 are considered. The corresponding
convective Mach numbers are 0.36, 0.64, and 1.05, respectively.
First, the coherence contour maps for these three cases are presented
in Figs. 17–19. First of all, there are striking resemblances in terms of
low correlations for reference microphones closer to the nozzle exit
(x=D� 4:0) and progressively increasing correlations farther
downstream. There is a large coherent source starting at�12D from
the nozzle exit plane and extending for�15D. There are also notable
differences: for the unheated jet, the correlated region is fairly limited
in extent when the reference microphone is at x=D� 10:0, whereas
there is extended correlation for the heated subsonic jets. Further,
higher levels of coherence are observed over a larger frequency range
for theMj � 0:9 andTt=Ta � 3:2 jet.When allfive contourmaps are
examined, an interesting trend becomes evident: wider range of
frequencies with high levels of correlations is observed only for the
Mj � 0:9 and Tt=Ta � 3:2 and Mj �Md � 1:67 and Tt=Ta � 1:0
jets. The reasons are not entirely clear as of now.

To get a perspective on the coherent source, correlation functions
in the time domain for the Mj � 0:51, Tt=Ta � 1:0, and Mj � 0:9
and Tt=Ta � 3:2 jets are investigated. As in the supersonic jet, the
reference microphone is at �� 0� and x=D� 20:5 and the second
microphone at �� 0� and x=D over a range of 13.0 to 31.0.
Figures 20a and 20b depict the correlation functions for these two
cases, respectively.As in the supersonic jet, themaximumcorrelation
level is � 0:4 (or 40%) for this entire axial distance of 18D for the
low-speed jet. Curiously, the maximum correlation is �0:7 for the
axial distance of 21D to 31D for both subsonic jets; note that the
maximum correlation values are higher than those for the supersonic
jet. One big difference between the correlation functions for the low-
speed and high-speed jets is the following: there are no strong
negative loops for the low-speed jet. In addition, the width of the
main loop is wider for the low-speed jet. Apart from these features, a
strong coherent source that extends for �18D is observed for jets at
all velocities (results for other cases are not included in this paper)
regardless of the convective Mach number, which spans a range of
0.36 to 1.69.

Apertinent question thatmust be considered is the following:what
happens to the correlations when the microphones are moved closer
to the jet? Recall that r=D� 3:0 at x=D� 0:0 for the correlations
shown in Figs. 14–20. To answer this question, the correlation
functions with the microphones at r=D� 2:0 at x=D� 0:0 are
examined. Comparable plots for the three jet conditions, the
unheated Mj � 1:67 and 0.51 jets and the heated Mj � 0:9 and
Tt=Ta � 3:2 jet, are shown in Fig. 21. Note that the location of the
reference microphone is different: x=D� 19:5 and �� 90�. First of
all, there are striking similarities between the trends seen in this plot
and those in Figs. 15 and 20. The maximum correlation levels are
slightly lower when the microphones are moved closer to the jet
axis; this reduction seems to suggest that the effects of the hydro-
dynamic field possibly prevail at the closer r=D. However, the main
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Fig. 20 Axial correlation, reference microphone at �� 0� and
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and x=D� 13:0 to 31.0: a) Mj � 0:51 and Tt=Ta � 1:0 and b) Mj � 0:9
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conclusion that there is a large coherent source,�18D in axial extent,
still stands. Thus, consistent trends are observed for both the array
locations.

For the sake of completeness, a similar plot of the axial correlation
is shown in Fig. 22. The jet operating conditions areMj � 1:67 and
Tt=Ta � 1:0. The reference microphone is now at �� 0� and
x=D� 20:5, and r=D� 4:06 at x=D� 0:0. The secondmicrophone
is at �� 0�, and x=D covers a range of 13.0 to 25.0. Recall that the
whole cage array is moved upstream by 6D tomove themicrophones

radially outward to 4:06D; this move brings the last ring to
x=D� 25:0. Comparable correlations at two other radial distances
of 3D and 2D have already been presented in Figs. 15 and 21a. A
comparison of all three plots indicates that the overall trends are
identical at all three radial locations. Furthermore, the peak
correlation levels at r=D� 3:0 and r=D� 4:06 for the microphones
in the downstream direction are almost the same; there is a slight
reduction in peak correlation levels in the upstream direction. These
three figures provide a feel for the location of the microphones in the
near-hydrodynamic and propagation regions of the jet.

It should be kept in mind that the time-domain correlations have
been normalized by the autocorrelations with zero time delay. It is
instructive to examine the axial variations of the maximum
autocorrelation levels at different jet conditions. Such a variation is
shown in Fig. 23 for six jet conditions:Mj � 0:51, 0.9, and 1.67, at
two temperature ratios of Tt=Ta � 1:0 and 3.2. There is the expected
increase in levelwith increasing jet velocity, as the higher-velocity jet
radiates higher levels of noise to the far field. The maximum levels
are comparable for the unheated supersonic jet (Mc � 0:93) and the
heated subsonic jet (Mc � 1:05), because the convective Mach
numbers are not dissimilar. The trends over the entire axial distance
are similar for the two subsonic jets with comparable convective
Mach numbers of 0.58 (Mj � 0:9 and Tt=Ta � 1:0) and 0.64
(Mj � 0:51 and Tt=Ta � 3:2). The peak locations for maximum
pressure occur at�6D–� 8D for all the jets; thus, the peak locations
are observed near the end of the potential cores for all the jets.
However, the peak coherent source is located from�13D to�31D,
as seen in Figs. 14–21 and highlighted by the shaded oval in Fig. 23.
That is, the strong coherent source is located well beyond two
potential core lengths from the nozzle exit. This is an important new
finding and is contrary to existing belief. It is alsoworth pointing out,
that this large coherent source was completely missed in the prior
investigations with near-field arrays because of the shorter axial
extents of the arrays.

An overall analysis of the results reported in this section, in
Figs. 13–23, together with the source distributions shown in Figs. 1
and 2 would be appropriate at this juncture. The current measure-
ments have revealed an extended region of highly coherent pressure
fluctuations in the near field, and this region lies well downstream of
the end of the potential core of the jet. As per existing belief based on
old data, the peak noise source is located near the end of the potential
core; the measurements in the near field could then represent the
propagated noise field from this source. This is a plausible inter-
pretation, based on old data. The source distribution measured with
the elliptic mirror indicates a large source region, especially for the
low frequencies from �10D to �30D. The large coherent region,
from �13D to �31D, observed in the near-field contour plots in
Figs. 14 and 16–19, is concentrated at the very low frequencies,
typically	 �3000 Hz. That is, there is a precise overlap of these two
regions. Recall the premise that the features of the true acoustic
sources would be imprinted on the near-field pressure correlations.
The consistent and mutually supporting observations from the two
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Fig. 21 Axial correlation, reference microphone at �� 90� and

x=D� 19:5; r=D� 2:0 at x=D� 0:0. Secondmicrophone at�� 90� and
x=D� 12:0 to 30.0: a) Mj � 1:67 and Tt=Ta � 1:0, b) Mj � 0:51 and

Tt=Ta � 1:0, and c)Mj � 0:9 and Tt=Ta � 3:2.
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different sets of measurements reinforce this supposition. Therefore,
there is reason to believe that the large region of highly coherent
pressure fluctuations represents an equivalent source.

D. Near-Field–Far-Field Correlations

The correlations between near-field and far-field signals are
presented in this section. Recall that there are three far-field arrays:
one polar arc at fixed distance and two at fixed sideline distances. For

the correlations with the polar array, the time delay for the
propagation of sound to the far field is nearly constant; because of
this, the peaks in the correlation functions from a fixed near-field
position to the different polar angles lie on top of each other. This is
not the case for the array at a fixed sideline distance, as the distance to
the microphone and consequently the time of propagation to each
microphone vary with radiation angle. Therefore, correlations with
the microphones at the fixed sideline distance at an azimuthal angle
of 60� are shown. Sample correlation functions for theMj � 0:9 and
Tt=Ta � 3:2 jet, with the reference microphones at �� 0� and
x=D� 7:0, 10.0, 13.0, and 16.0 with far-field microphones in the
polar angular range of 120 to 150�, are displayed in Fig. 24. As
expected, the peaks occur at increasing time delays with increasing
radiation angle. There is also in interesting variation in themaximum
peak levels with different locations for the reference microphone.
The maximum level has the lowest values for an angle of 120�; there
is no discernible correlation above the electronic noise floor for an
angle of 110�, which is included in the plot with the reference
microphone at x=D� 10:0. The maximum levels begin to increase,
as we move aft to larger inlet angles, and reach values of � 0:65
(65%). The peak contributions to the different angles from different
locations of the jet also change. Similar trends are observed at other
reference locations farther downstream and at other jet operating
conditions.

An overall picture of the noise radiation from different portions of
the jet to particular radiation angles is obtained when the axial
variations of the maximum correlation levels with angle are
examined. The effect of heating the jet from Tt=Ta � 1:0 to 3.2 at
three different Mach numbers of 1.67, 0.9, and 0.51 are investigated
in this fashion. The supersonic jet is first considered in Fig. 25. There
is close to zero correlation with all the angles when the near-field
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Fig. 24 Near-field–far-field correlation, Mj � 0:9 and Tt=Ta � 3:2. Reference microphone at various x=D and �� 0�.
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by arrow at x=D� 6. Location of large coherent source, from x=D of�13
to 31, highlighted by shaded oval.
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point is located at x=D 	 �7 for the unheated jet. Further, the
correlation levels are <0:1 (10%) for radiation angles <130�, for all
the near-field locations. The peak levels start to increase dramatically
with x=D as the radiation angle is increased: a maximum level of
�0:65 is reached for themicrophone at 150�. The observed trends for
the heated supersonic jet are markedly different:

1) There is ameasurable level of correlation for the lower radiation
angles of 120 to 130�, with the maximum level of �0:33 for 130�.

2) The peaks for the lower angles occur at distances that are closer
to the nozzle exit.

3) There is a well-defined progression of peak axial distance from
the nozzle exit plane with increasing radiation angle from 120 to
140�.

4) There is virtually no correlation for 110�, even for this highly
heated jet.

5) There is also a rapid decay in the correlation levels with
downstream distance beyond the peak location.

The high-subsonic jetwithMj � 0:9 is considered next, in Fig. 26.
As in the unheated supersonic jet, the correlation levels are low and of
the order of <� 0:1 (10%) for radiation angles <130�. High peak
correlations are observed at large aft angles, with a value of�0:65 at
150�. The characteristics for the heated jets are again different from
those for the unheated jet: measurable correlation levels are observed
for 120 to 130�, and the distance of the peak axial location from the
nozzle exit increases with increasing radiation angle. Though there
are similarities between the trends for theMj � 0:9 and 1.67 jets at
Tt=Ta � 3:2, there is also a big difference: for the Mj � 1:67 jet,
there is a slower initial growth for the peak values and a longer initial
region of low correlations, which increases monotonically with
increasing radiation angle; for theMj � 0:9 jet, the peak values start
rising immediately from x=D��5, and the peak correlation levels
are reached by x=D� 13 for all the angles.

Finally, the low-subsonic jet with Mj � 0:51 is investigated in
Fig. 27. Similar to the characteristics for the higher-Mach numbers,
the trends are different for the heated and unheated jets. The pattern of
noticeable correlation in the angular range of 120 to 130� is once
again observed for the heated jet. Furthermore, there is a gradual
decay of the correlation following a rapid growth at these lower
angles for the heated jet. Peak correlation levels of �0:8 (80%) are
observed over an extended axial distance, from x=D� 13 to
x=D� 31, for large aft angles � 145�. The peak correlation levels
for all the jets at an angle of 150� ranges from �0:48 to�0:83. The
lowest peak correlation level occurs for the heatedMj � 1:67 and the
highest level for the heated Mj � 0:51 jet. It is important not to
interpret these raw numbers as implying that the lower-Mach-
number jet has higher source strength, for the following reason: these
are normalized correlation levels. The autocorrelation levels change
with x=D and jet conditions, as shown in Fig. 23. The fundamental
conclusions from these plots are as follows:

1) There is a large coherent source region that predominantly
radiates to the aft angles for jets at all convection Mach numbers,
from 0.36 to 1.69.

2) This source is located from �13D–� 31D, which is well
beyond the end of the potential core.

In this regard, the noise radiation mechanism responsible for large
aft angles seems to be the same regardless of jet velocity. This point
will be further reinforced in the following sections.

The reason for the noticeable correlation in the angular range of
120 to 130� for the heated jets is now investigated with an exami-
nation of the spectral shapes in the far field. Figure 28 shows the vari-
ation of the spectral shape for a jet withMj � 1:0 and Tt=Ta � 3:2.
The band number on the x-axis is defined as 10 
 Log10 �f�, in
which f is frequency in Hertz. The spectra in the angular range of 90
to 150�, and comparisons with the similarity spectra are shown. At
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the lower polar angles of 90 and 110�, the spectral peaks are broad
and conform to the shapes of the fine-scale similarity spectrum. At an
angle of 120�, the spectral shape changes, and there is some
contribution from the large-scale structures; at this angle, there is
contribution from both sources, as highlighted by the arrow and the
slanted lines. As the radiation angle increases, the contributions from

the large-scale turbulence become progressivelymore dominant, and
the spectrum finally conforms to that of the large similarity spectrum
at 150�. Note that the spectral peak is narrow. Viswanathan [45]
showed from far-field correlation measurements that there is virtu-
ally no correlation when the spectral shape conforms to the fine-scale
similarity shape, and there is significant correlationwhen the spectral
shape conforms to the large-scale similarity shape. For the unheated
jet, the spectra up to 130� are characterized by the fine-scale simi-
larity shape. Perhaps it should not be surprising, then, that there are
noticeable near-field–far-field correlations, because of the contri-
butions from the coherent structures in the angular range of 120 to
130� for these highly heated jets with Tt=Ta � 3:2.

E. Near-Field Mapping of Pressure Field

Sample contours of both the OASPL and specific frequencies are
investigated to elucidate the nature of the noise radiation and the
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source characteristics. The near-field contours of OASPL for three
heated jets with Tt=Ta � 3:2 and Mach numbers of 0.51, 0.9, and
1.67 are presented in Fig. 29. Good similarity of closed lobes with
preferential radiation of noise to the aft angles is observed for all the
cases. The shift in peak radiation angle to a lower inlet angle for the
heatedMj � 1:67 is evident.

The far-field spectra from jets at various test conditions have been
examined. The spectral peak in the far field, at the maximum
radiation angle of�150�, occurs at a Strouhal number in the range of
�0:18 to�0:23. Selected contours in this Strouhal number range for
two jets with Mj � 1:67 and Tt=Ta � 1:0 (St� 0:19) and Mj �
0:90 and Tt=Ta � 3:2 (St� 0:22) are presented in Fig. 30. The
convective Mach numbers for these two cases are 0.93 and 1.05,
respectively. There are some wiggles and anomalies in the contours;
these are caused by the plotting program, because of the coarse grid
used for mapping, and should be recognized as such. There are
closely spaced, almost parallel contour lines that emanate from the
jet. Again, there are well-defined loops that point in the downstream
direction. The significance of these loops, as being due to the growth,
saturation, and decay of instability waves, is explained by Tam [49].
Tam showed that the near-field pattern of a high-speed jet obtained
with an instability wave analysis closely matches the measured
contours by Troutt and McLaughlin [8]. The observed trends for
these high-speed jets are not surprising and are in agreement with
past observations.

The near-field contours of four lower-speed jets are next examined
in Fig. 31. The jet operating conditions and the Strouhal numbers are,
respectively, 1) Mj � 0:51 and Tt=Ta � 1:0 (St� 0:21),
2) Mj � 0:60 and Tt=Ta � 1:0 (St� 0:19), 3) Mj � 0:90 and
Tt=Ta � 1:0 (St� 0:22), and 4) Mj � 0:51 and Tt=Ta � 3:2
(St� 0:20). The corresponding convective Mach numbers are 0.36,
0.41, 0.58, and 0.64, respectively. Attention is drawn to several
features:

1) The closed loops and preferential beaming to aft angles are seen
for all four cases.

2) The orientation or the angle of the closed loops with respect to
the jet axis increases with increasingMc.

3) The axial extents of the highest contours in each plot, which are
closest to the boundary of the jet, are quite long. The values of these
are�8D for the 86 dBcontour,�8D for the 92 dBcontour,�12D for
the 102 dB contour, and �9D for the 108 dB contour, respectively.

4) The source regions that radiate at the peak frequency and to the
peak angle are coherent over many diameters and are not localized
sources.

These features are similar to those seen for the high-speed jets in
Fig. 29. Thus, the near-field characteristics are very similar for all jet
velocities.

Sample near-field contours at a much higher frequency of 40 kHz
are shown in Fig. 32. The jet conditions are, respectively,
1) Mj � 0:51 and Tt=Ta � 1:0 (St� 14:28), 2) Mj � 0:51 and
Tt=Ta � 3:2 (St� 7:95), 3) Mj � 0:90 and Tt=Ta � 3:2 (St�
4:84), and 4)Mj � 1:67 andTt=Ta � 3:2 (St� 3:0). The convective
Mach numbers for these cases are 0.36, 0.64, 1.05, and 1.69,
respectively. There are striking differences between these contours
and those shown in Fig. 30. First of all, these high-frequency sources
are located closer to the nozzle exit; secondly, these sources are
localized and do not have the extended axial range as seen for the
peak frequency. These near-field contours are consistent with the
results presented in Secs. III.C and III.D.

F. Far-Field–Far-Field Correlations

Viswanathan [45,46] presented far-field–far-field correlations and
identified several characteristics. Two sample plots from these
studies are included here for the sake of completeness and for
bringing together all aspects of near-field and far-field correlations.
First, we present the correlations for a heated jet:Mj � 0:9, Tt=Ta�
3:2, and Mc � 1:05, with supersonic convective Mach number.
Figure 33 shows polar correlations, for two different reference
microphones at 150 and 90�, respectively. As the separation angle
between the reference (fixed) and the second microphone is in-
creased, the value of the maximum correlation coefficient decreases
progressively. For the 150� microphone, there is high correlation for
an extended angular range; the coefficient drops to�0:2 (20%) at an
angle of 125�. The trend is very different for the 90� microphone; the
correlation drops to �0:2 (20%) when the polar separation angle is
only �10�. The correlation functions in the azimuthal plane for the
two polar angles of 150 and 90� are shown in Fig. 11 in [45].Where a
high-correlation level of�0:65 (65%) is maintained for a separation
angle of 150� in the peak radiation direction, the levels fall below
0.20 for a separation angle of 40� at the forward angles. Comparable
high azimuthal correlation levels,� 0:54 for microphones separated
by 150�, are observed at large aft angles for a very low-velocity jet
withMj � 0:4, Tt=Ta � 1:0, andMc � 0:28 (see Fig. 12 in [45]).

The variation of the peak polar correlation with separation angle
for a range of low to high jet velocities is examined. The reference
microphone is at the peak radiation angle of 150�. Figure 34 shows
such a variation for four test cases: unheated jets withM� 0:4 and
0.5 and two M� 0:9 jets with stagnation temperature ratios of 2.7
and 3.2. The corresponding Vj=a are 0.4, 0.49, 1.38, and 1.5,
respectively. There are remarkable similarities in the trends for all the
jets, in spite of the vast disparity in the jet velocities. The peak
correlation values are slightly higher for the high-speed jets, but not
by a significant amount; high-correlation levels of �0:18 persist
down to an angle of 125�. The reason for the observed similarity is
explained in detail in Sec. III of Tam et al. [50]. The key idea is that
thewidth of the acoustic beam in the peak radiation direction is of the
order of the size of the coherent source, thereby increasing the
probability of two microphones located in the peak radiation sector
measuring the same pulse and consequently leading to a high-
correlation level. If this is the underlying physics, then the intensity
of sound would play only a lesser role. The preceding hypothesis of
Tam et al. [50] is validated by the trends seen in Fig. 34, as the peak
correlation levels are comparable for low- and high-speed jets and are

Fig. 30 Near-field contours at peak frequencies: a) Mj � 1:67 and

Tt=Ta � 1:0 (St� 0:19) and b) Mj � 0:90 and Tt=Ta � 3:2 (St� 0:22).
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Fig. 31 Near-field contours at peak frequencies: a)Mj � 0:51 and Tt=Ta � 1:0 (St� 0:21), b)Mj � 0:60 and Tt=Ta � 1:0 (St� 0:19), c)Mj � 0:90 and
Tt=Ta � 1:0 (St� 0:22), and d) Mj � 0:51 and Tt=Ta � 3:2 (St� 0:20).

Fig. 32 Near-field contours at high frequency of 40 kHz: a)Mj � 0:51 andTt=Ta � 1:0, b)Mj � 0:51 andTt=Ta � 3:2, c)Mj � 0:90 andTt=Ta � 3:2, and
4) Mj � 1:67 and Tt=Ta � 3:2.
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seen to be relatively independent of sound amplitude. The trends seen
in Fig. 34, taken together with the results presented in Secs. III.C–
III.E, suggest strongly that the mechanism by which the coherent
source generates noise could be the same for jets at different
velocities, from very low to supersonically convective. The evidence
presented so far also indicates that the noise radiated to lower angles,
	 �110�, is not from the coherent source. The random fine-scale
turbulence is most likely the dominant source radiating to these
directions.

IV. Conclusions

The space–time correlation characteristics of jets operated over a
wide range of jet velocities have been investigated in this study, in
order to gain a better understanding of the sources of jet noise. A
traversing semicircular cage array,which spans 180� in the azimuthal
direction, is specifically designed and built. The axial extent of the
cage array is 30D. Four different far-field microphone arrays are also

deployed, to obtain a comprehensive picture of the near and far
acoustic fields. A convergent nozzle and a CD nozzle with a design
Mach number of 1.67 are used. Unheated jets and heated jets at a
stagnation temperature ratio Tt=Ta of 3.2 over a wide range of jet
Mach numbers from 0.51 to 1.67 have been considered. The
convectiveMach numberMc, taken to be 0:7�Vj=a�, spans a range of
0.36 to 1.69. The lack of acoustic interference of the cage array has
been demonstrated through good agreement of far-field spectra taken
with andwithout the presence of the cage array. Themany steps taken
tominimize/eliminate reflections from the cage array turned out to be
efficacious.

First, the following are established through a recap of source
measurements with an elliptic mirror:

1) The peak overall source locations are located well beyond the
end of the potential core from the nozzle exit plane.

2) The low-frequency sources are not localized but extend to
�20D in the axial direction.

These results provided critical information in the design and
choice of the length for the cage array: at least 30D. The main
conclusions from the near-field space–time correlations are as
follows:

1) There is very little axial correlation when the reference
microphone is close to the nozzle exit, in the range of x=D� 1 to�7;
definite trends begin to emerge when the reference microphone is
located at x=D � �10:5.

2) There is a large region of highly coherent pressure fluctuations
that extends over �15D axially and �360� azimuthally for all jet
conditions, fromMc � 0:36 to 1.69.

3) The coherent region typically extends from �13D to �31D,
with maximum normalized correlation levels greater than �0:5
(50%) over the entire axial extent of �15D.

4) These high levels of normalized correlations are observed at all
jet velocities, fromMc � 0:36 to 1.69.

The peak pressure occurs between �6D to �8D for the range of
Mach numbers considered; thus, the peak pressure location is
observed close to the end of the potential core for each jet. However,
the large coherent source extends from�13D to�31D, well beyond
twice the length of the potential core. This is a new finding and has
not been reported in any prior study. The results from the near-field
and elliptic mirror measurements are consistent and mutually
supporting. These observations lend evidence to the premise that the
features of the true acoustic sources would be imprinted on the near-
field pressure correlations. Therefore, there is reason to believe that
the large region of highly coherent pressurefluctuations represents an
equivalent source.

From the near-field–far-field correlations, the following charac-
teristics are established:

1) There is no measurable correlation, taken to be	 �0:1 (10%),
for inlet angles 	 �110� for any jet condition tested and for any
location in the near field of the jet: the dominant source radiating to
these angles is most likely the random fine-scale turbulence.

2) There is a clear difference in the variation of the peak near-field–
far-field correlation for heated and unheated jets: there is no
discernible correlation for the angular range of 120� to �130� for
unheated jets withMj � 0:51 to 1.67, whereas there are good peak
correlation levels of�0:60 to�0:35 for theMj � 0:51 to 1.67 heated
jets with Tt=Ta � 3:2.

3) The axial locations in the nearfield for these peak correlations in
the angular range of 120 to�130� occur closer to the nozzle exit than
those for large aft angles.

4) There is an extended axial range of �15D where high
correlations of �0:5 (50%) to �0:8 (80%) are observed between a
single point in the near-field and the far-field microphone signal at
150�. These high levels of peak correlations are seen for jets at all jet
velocities, fromMc � 0:36 to 1.69.

The near-field maps of the pressure contours, on which the source
characteristics are imprinted, corroborate the trends seen with both
the near-field space–time features and the near-field–far-field
correlations. The source characteristics responsible for the peak
spectral level in the far field are coherent over an extended axial
range and are similar for jets over the entire range of jet velocities
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considered in this study. Closed loops and preferred orientations of
the lobes to large aft angles attest to the coherent nature of the
source.

Finally, the far-field–far-field correlations both for low-speed and
high-speed jets exhibit remarkable similarity. There is high polar
correlation, over an angular range of �25�, when the reference
microphone is located at 150�. However, there is virtually no
correlation when the reference microphone is at 90�. The variations
of themaximumcorrelations, for the referencemicrophone located at
150�, are almost identical for low-and high-speed jets. The various
results are consistent and denote the role of the coherent source in the
radiation of noise to the peak angle. Further, the jet velocity is seen to
haveminor, if any, effect on themeasured characteristics. Thus, there
seems to be a single mechanism/source responsible for the gener-
ation and radiation of noise to the peak radiation sector. This
hypothesis was put forward by Viswanathan [45,46], based on the
analyses of far-field measurements alone. The comprehensive set of
measurements, both in the near field and far field, has bolstered this
statement and has provided fresh additional evidence.
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