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ABSTRACT
The primary objective of this research is to analyze the noise reduction obtained
with the use of fluid insert nozzles in heated supersonic jets. In this regard, the far-field
pressure data of two types of nozzles (baseline and fluid inserts) are used to investigate and
validate the spatiotemporal characteristics of the radiation field, and to determine the sound
reduction obtained. Further, to gain a better understanding of the noise radiated, the polar
correlation technique is used to determine the location and relative strengths of the noise
sources. The results of this research can be summarized as follows: the fluid insert nozzles
reduce the overall sound radiated by a maximum amount of 10 dB and 4 dB respectively
in the downstream and upstream directions of the jet flow. The highest levels of sound are
radiated in the downstream directions of the jet flow for all the nozzle cases. The greatest
amount of noise reduction is obtained in the 60º azimuthal plane. Irrespective of the nozzle
type, significant noise source strength is located within ten nozzle diameters downstream
from the nozzle exit. As the frequency increases, the highest peak of the noise source
strength distribution moves closer to the nozzle exit.
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Chapter 1
Introduction
1.1 Motivation
Travelling today has been made easier than ever with advancements of technology
and engineering. Among all the existing means of transport, airplanes would be the first
choice for many. They offer the fastest way to travel to any place in the world, especially
overseas, and are a lot more comfortable than other means. Regardless of their many
advantages, airplanes have one serious drawback. Since the commercialization of jet
aircraft, the high noise levels have posed a significant health and environmental hazard.
Human hearing can be compromised from repeated exposure to high decibel levels. It is
even more perilous to other animals. They are more sensitive and can hear sounds up to
four times quieter than can a human [1]. Communities residing near airports have had to
endure high noise levels from commercial aircraft that can cause significant psychological
impact, hearing impairment or can simply be annoying. After considering the severe health
and environmental impacts, the Federal Aviation Administration has adopted increasingly
stringent noise certification standards for new commercial aircraft over the past few
decades. This has led to a substantial amount (over 25dB) of noise reduction for
commercial aircraft. Civilian airplanes today are quieter than at any time in the history of
jet-engine powered aircraft.
However, jet noise remains an important issue for the engineering community. With the
advancement of technology and engineering capability today, it might be profitable to
refocus resources towards the development of supersonic commercial aircraft. Jet noise is
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much worse in the case of high performance supersonic aircraft engines, especially for
military aircraft. Typical military aircraft noise, measured 100ft away from the runway
centerline, often exceeds 130dB [2]. Even with sufficient protection, this kind of sound
level will lead to hearing damage of the crew who are exposed to this noise on a daily basis.
The United States federal government spends an estimated amount of over $1.4 billion
annually as compensation to veterans with noise induced hearing loss, excluding the
treatment costs [2]. Therefore, research towards the reduction of supersonic jet noise
would not only help military personnel but also bring civilian supersonic aircraft a step
closer.
1.2 Background
It is valuable from a scientific viewpoint to understand the generation of jet noise.
A comprehensive understanding of flow induced sound may shed light on one of the most
important and unsolved problem in physics – turbulence. Extensive research has been
performed in the field of aeroacoustics in the past six decades. In his pioneering work [3,
4], Sir James Lighthill derived an inhomogeneous wave equation by rearranging the
momentum and continuity equations to create an equivalent source term. He identified the
turbulence as a source of sound. This analogy can be used to understand the conversion of
kinetic energy to acoustic energy. Further, he developed a power law, which states that the
acoustic power radiated by a jet is directly proportional to the eighth power of the jet exit
velocity. Many scientists made several modifications and extensions to this analogy in the
following decades. In particular, Ffowcs Williams [5] and Lilley [6] accounted for the
mean flow convection and refraction effects by modifying the wave propagation operator.
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Additional technological breakthroughs, advanced instrumentation and new
facilities led to the development of jet noise understanding through experimental research.
Crow and Champagne [7] and Brown and Roshko [8] observed that a jet flow consists of
both large scale and fine-scale turbulent structures. Crow and Champagne [7] also noted
that both of these structures contribute to the turbulent mixing noise. In their pioneering
work, Fisher et al. [9] developed a new method called ‘The Polar Correlation Technique’
for locating noise sources. This technique uses the spectral information of the data gathered
from far field microphones located on a polar arc centered on the jet nozzle exit. At the
same time, Laufer et al. [10] proposed an alternative jet noise source model which
underscores that the sound radiated from the jet flow is the result of two types of noise
source. They came to this conclusion after observing that the noise source distributions and
real time pressure signals were found to be distinctly different at 30˚ and 90˚ (the polar
angle made with the jet downstream axis will be used throughout this thesis). To understand
the nature of these noise sources, it is important to understand the underlying causes that
produce the noise. Mollo-Christensen [11, 12] was the first to establish the wave-packet
behavior of the acoustic field by measuring space-time correlations of pressure fluctuations
within the immediate vicinity of the jets. Following that, many scientists (Sedel’nikov [13],
Tam [14, 15, 16], Bishop et al. [17], Morris [18], and Liu [19]) suggested that instabilities
in a jet flow could play a significant role in the generation of noise. This was confirmed in
a series of experiments conducted by McLaughlin et al. [20, 21]. Tam and Chen [22] and
Tam and Morris [23] modelled large scale turbulent structures as stochastic instability
waves and successfully explained the mechanism through which the noise is generated.
They showed that the large scale turbulent structures can be considered as a manifestation
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of stochastic instability waves growing in a non-linear fashion. Tam and Burton [24, 25]
considered a single supersonic instability wave and provided a physical mechanism of
sound generation by the large scale turbulent structures. They reasoned that the growth and
decay of the amplitude of large scale turbulent structures plays a significant role in
generation of jet noise. Tam and Chen [26] and Tam [27] extended the theory and proposed
a two-noise source model which is conceptually very different from that of Laufer et al.
[10]. They proposed that the two noise sources are the fine scale turbulent structures and
the large scale turbulent structures of the jet flow. After a thorough analysis of Jet Noise
Laboratory data from the NASA Langley Research Center, Tam et al. [28] showed
empirically that all the noise radiated by the jet flow can be represented by two distinct
spectra: a relatively flat spectrum (the G-spectrum) and a peaky spectrum (the F-spectrum).
Since the large scale turbulent structures are spatially coherent, the noise radiated is a
consequence of the constructive or destructive interference of the acoustic waves generated
by each individual structure. This results in a directional radiation of the sound. Thus, the
spectral density of the noise radiated by large scale turbulent structures results in a peaky
spectrum. In contrast, the noise radiated by fine-scale turbulent structures is statistically
isotropic and omnidirectional; therefore, it results in a broad spectrum.
In the decade that followed this analysis, numerous scientists made comparisons,
for various nozzles and experimental conditions, between the similarity spectra and the
measured spectra. All of them were found to be in good agreement. Panda and Seasholtz
[29] and Panda et al. [30] provided the most direct evidence of the existence of two distinct
noise sources in the jet flow by measuring turbulent velocity and density fluctuations in a
localized volume inside a jet plume. Their experiments corroborated the hypothesis
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proposed by Tam and Chen [26] and Tam [27] that the sources of jet mixing noise are
primarily large scale and fine-scale turbulent structures. Noise generated by these two
components of the jet flow possess distinctive properties that can be used to identify the
primary sources of noise for supersonic jets. Jet flows generated near the nozzle exit are
inherently unstable and consist of large turbulent structures that grow to non-linear
amplitudes as they propagate downstream. Large scale turbulent structures are coherent
and are dominant in the region surrounding the jet potential core where the flow velocity
is almost uniform. They decay into smaller eddies through energy cascading. Fine-scale
turbulent structures are present throughout the jet flow. The region that contributes most to
jet mixing noise is identified to be between the nozzle exit and just downstream of the end
of potential core of the jet flow. This region is the most turbulent and dynamic region of
the jet. The jet flow induces pressure fluctuations in this region, which in turn are
responsible for fluctuations in turbulent kinetic energy leading to the generation of noise.
The goal of this thesis is to provide an understanding of the nature and characteristics of
the noise sources in supersonic jets and to understand the changes that result in noise
reduction.
1.3 Supersonic Jet Noise
The noise radiated by supersonic jets can be broadly classified into two components
– turbulent mixing noise and shock associated noise. The broad spectral character of the
turbulent mixing noise distinguishes it from the other components of jet noise. It comprises
noise radiated by both large-scale turbulent structures and fine-scale turbulent structures
and is the primary source of noise for both subsonic and supersonic jets. The intensity of
the noise radiated by these two components depends on the jet Mach number and
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temperature. For supersonic jets, at any point of time, the pressure disturbances created by
the large-scale turbulent structures propagating at a supersonic Mach number relative to
the ambient speed of sound always trail the structures that created the disturbances. This
induces changes in pressure, temperature and density within the surrounding medium.
These changes in properties occur across a disturbance line called a ‘Mach wave’, as shown
in figure 1.1. Since the large-scale turbulent structures are spatially coherent, the noise
radiated from the train of structures is very intense. In supersonic jets, large-scale turbulent
structures propagating downstream supersonically with respect to the ambient speed of
sound are the dominant noise sources producing intense Mach wave radiation that is highly
directional and is dependent on the jet temperature and velocity.
Line of disturbance

𝜇

𝑎⃗

⃗⃗
𝑉
Sound waves

Figure 1.1: Schematic diagram of a Mach cone generated from a supersonic jet flow.
From figure 1.1, the Mach wave radiation angle is given by,
𝑎⃗
1
𝜇 = 𝜋 − arccos ( ) = 𝜋 − arccos ( )
⃗⃗
𝑀𝑐
𝑉
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⃗⃗ is the supersonic speed of the wavy wall, and
where, 𝑎⃗ is the speed of sound in 𝑚/𝑠𝑒𝑐, 𝑉
𝑀𝑐 is the convective Mach number.
In addition to the Mach wave radiation created by the large scale turbulent structures, finescale turbulent structures from the jet flow also generate pressure disturbances in the fluid
surrounding the jet. Since the fine-scale structures are not coherent, the pressure exerted,
and subsequently the sound radiated, is relatively weak and statistically isotropic.
Moreover, the radiated sound undergoes refraction, due to the average velocity and density
gradients in the jet, while traversing the shear layer of the jet before radiating to the farfield. Therefore, the noise radiated from the fine-scale turbulent structures is nearly
omnidirectional. Since the fine-scale turbulent structures are transported downstream by
the mean flow, the noise radiated is slightly stronger in the downstream axis direction,
except in a cone of relative silence. The cone of relative silence is created because of the
bending of acoustic waves away from the jet flow direction by refraction. This effect is
especially strong for high-speed heated jets [31].
Another high-speed jet noise component, shock associated noise, is observed only
in supersonic jets operating at off-design nozzle conditions. In a typical convergingdiverging nozzle, the flow accelerates towards the throat and is progressively accelerated
in the diverging section of the nozzle owing to the expansion of the flow. Due to the
supersonic nature of the jet, the pressure and temperature at the nozzle exit may be
significantly different from the ambient values. The pressure difference between the jet
flow at the nozzle exit and the surrounding air creates a quasi-periodic shock cell. This
quasi-periodicity of the shock cells plays a crucial role in defining the characteristics of
shock associated noise [27]. Shocks are created when the pressure at the nozzle exit is
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lower than the surrounding pressure (an over-expanded jet flow) and expansion waves are
created when the pressure at the nozzle exit is higher than the surrounding pressure (under
expanded jet flow). Shocks (expansions), once formed, propagate across the jet flow to
impinge on the opposite shear layer, and are then reflected back into the jet flow. This
process is repeated until there is a pressure match between the jet flow and the
surroundings. This creates a shock diamond pattern, or simply shock cells within the jet
plume. Shock associated noise is produced when the nozzle under operation produces
standing waves (shock cells) in the jet flow.
Tanna [32] showed that shock associated noise is made up of two components: the
broadband shock associated noise (BBSAN) and screech. Harper-Bourne and Fisher [33]
were the first to identify and provide a comprehensive study of broadband shock associated
noise in their pioneering work on shock waves in supersonic jets. They argued that the
broadband shock associated noise is produced by the unsteady interaction between the
spatially coherent large-scale turbulent structures and the quasi-periodic shock cell
structure of the jet. Since each of the convecting structures has multiple individual
frequencies, the noise associated with these structures spans a broad frequency range.
Similar to the noise radiated by the large-scale turbulent structures, the BBSAN is radiated
over a wide range of polar angles. However, it is dominant in the jet sideline and upstream
directions, while the noise associated with the Mach wave radiation dominates in the
downstream direction.
The phenomenon of screech occurs due to a phase-locked feedback loop involving
downstream convection of large-scale turbulent structures, acoustic radiation from the
interaction of the spatially coherent large-scale turbulent structures and the tips of shock
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cells, and the receptivity of the acoustic waves at the nozzle exit. Powell [34, 35] was the
first to observe screech and he suggested that the discrete tones were the result of an
acoustic feedback phenomenon. Tam [27] gave another explanation of the mechanism
behind the generation of screech tones. He observed that the acoustically excited instability
waves near the nozzle exit grow rapidly in amplitude by extracting energy from the mean
flow over a downstream distance of four to five shock cells. Further, these instability waves
interact with the quasi-periodic shock cell structure and emit acoustic radiation, which
propagates outside the jet in the upstream direction and excites the shear layer of the jet
near the nozzle exit. This leads to the generation of new instability waves, thereby
effectively closing the feedback loop. Panda [36] gave an empirical relationship to derive
the exact frequency of the screech tone. He found that a partial interference between the
upstream-propagating sound waves and the downstream-propagating hydrodynamic waves
along the jet boundary manifests itself as a standing wave. Further, he observed that the
convective velocity is periodically modulated inside the jet shear layer and the periodicity
of modulation does not follow the shock spacing but is equal to the standing wavelength.
Through his experimental investigations, Norum [37] found that the amplitude of the
screech tone can be reduced up to 10 dB when the nozzle lip thickness is reduced. For a
range of Mach numbers, Massey et al. [38] observed that the intensity of the screech tones
decreases with increase in jet temperature. The reduction is particularly significant for
Mach numbers less than 1.5. For a given Mach number, as the jet temperature increases,
there is a growing mismatch between the screech frequency and the frequency of the most
amplified instability wave. Tam [27] suggested that this growing mismatch could be the
reason for the decrease of intensity of the screech tones with increasing jet temperature.
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For a full-scale military engine, where the jet exhaust temperature and the exit Mach
number are very high, the screech tones are typically not observed and, therefore,
screeching jets are not considered further in this thesis.
1.4 Facility, Data Acquisition and Nozzles
Data used in this thesis is gathered from the experiments conducted in the Highspeed Jet Aeroacoustics Laboratory at the Pennsylvania State University. A schematic of
the facility, taken from Morgan et al. [39], is shown in figure 1.2.

Figure 1.2: Schematic diagram of the Penn State High Speed Jet Aeroacoustics Facility
(from [39]).
The facility is a chamber that measures 5.02 m x 6.04 m x 2.79 m and is covered in
fiberglass wedges. The anechoic chamber has an approximate cut off frequency of 250 Hz.
Acoustic data is measured using twenty-two 1/8 in (3.2 mm) pressure field GRAS type
40DP microphones. The microphone calibrations are performed using a B & K acoustic
calibrator, model 4231, and the microphone calibration constants are recorded to provide
the conversion from the measured voltages to the equivalent pressure. The analog time-
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domain signals from the microphones are routed through a GRAS model 12AG or a GRAS
model 12AN power module, and then amplified and filtered for antialiasing, enabling their
accurate digital conversion in the data processing.
The study of nozzles with fluid inserts was pioneered by Morris et al. [40]. The
fluid inserts provide a steady distributed blowing in the divergent section to modify the
effective area ratio of the nozzle. This alters the shock cell structure of the jet flow and
results in the reduction of broadband shock associated noise. The inserts also introduce
streamwise vortices in the jet flow that results in the reduction of large-scale mixing noise.
Since the blowing is controllable, this method can be categorized as an active noise
reduction method.
The results presented in this study are from the measurements performed with two
different types of nozzles: Gen 1B BLC (referred to as the baseline nozzle) and Gen 1B
3FID06B (referred to as a fluid insert nozzle). They are rapid prototyped by Solid Concepts
Inc. with the PolyJet HD manufacturing method. These nozzles (military style nozzles
representative of the F404 family) have an equivalent exit diameter, 𝐷𝑛𝑜𝑧 of 22.5 mm
(0.8847 in), with a design Mach number, 𝑀𝑑 of 1.65 and a nozzle pressure ratio, NPR of
3.0. Additionally, a total temperature ratio, TTR of 3.0 and injection pressure ratios (for
the fluid insert nozzle) of 2.1 and 4.5 are maintained for injection ports 1 and 2 respectively.
To gain a better understanding of the noise reduction obtained using fluid inserts,
measurements pertaining to two azimuthal planes (𝜙 = 0º and 𝜙 = 60º) are considered. A
summary of the characteristics of the nozzles used to obtain the measurements in this thesis
is given in table 1.1.
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Nozzle

𝐷𝑛𝑜𝑧 (mm)

# of inserts NPR TTR IPR1 IPR2

Baseline

22.5

-

3.0

3.0

-

-

3.0

3.0

3.0

2.1

4.5

Fluid Inserts 22.5

Table 1.1: Summary of nozzles used.
A section view and CAD model of the fluid inserts nozzle is shown in figure 1.3.

a)

1
2

b)

Figure 1.3: a) Section view and, b) CAD model of the fluid inserts nozzle
A detailed description of the facility, data acquisition process and nozzles is given
by Powers [41].
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1.5 Scope of the thesis
In this thesis, the characteristics of heated supersonic jet noise and its sources are
examined. Two kinds of nozzles (baseline and fluid insert) are selected for comparison and
study of the noise sources. Currently, efforts are being made to replace the hard-wall
corrugations in the nozzle by nozzle fluid inserts to reduce the noise radiated by the jet
flow. The motivation for this research is to understand the noise reduction obtained after
the application of fluid inserts.
Chapter 2 begins with an explanation of the wavy-wall analogy applied to the
radiation of noise by large-scale turbulent structures in a jet flow. In addition, a detailed
description of autocorrelation and cross correlation analyses of a pressure signal is given.
The focus is on the determination of the characteristics of sources of turbulent jet noise in
heated supersonic jets by making use of spectral and directional information obtained from
an array of microphones placed in a polar arc in the jet acoustic far-field. By measuring the
auto and cross correlations of the microphone data, substantial information can be obtained,
not only on the spatiotemporal characteristics of the sound radiated, but also on the noise
sources within the jet flow. The impact of nozzle fluid inserts on the sound radiated from
the jet flow is also determined by comparing the far-field sound pressure levels of the
baseline nozzle with that for the fluid insert nozzle in two azimuthal planes.
Autocorrelations of the pressure data from each polar angle are calculated. This analysis is
particularly helpful in distinguishing and determining the characteristics of components of
the jet noise. Spatial correlation lengths or acoustic wavelengths of the sources are also
estimated from the autocorrelation analysis with respect to the angle of radiation. The

14

directivity of the Mach wave radiation and large scale turbulent structure noise, in general,
is also established from the cross-correlation analysis.
Chapter 3 is devoted to determining the locations and the relative strengths of the
sound sources. The principle of the polar correlation technique is described. A known
acoustic point source is used as a reference and its location is determined with the help of
the polar correlation technique. The results obtained are compared to the analytical results.
This technique is then applied of jet noise. Locations and relative source strengths of the
noise sources are then determined for the baseline nozzle and fluid inserts nozzle in both
azimuthal planes. Limitations of the polar correlation technique are discussed.
Finally, Chapter 4 concludes the thesis with a discussion of the analysis of the
experimental results and a scope for future work. An appendix is included in the thesis that
describes a methodology to remove screech from measured jet noise data. The technique
was not applied to data used in the main body of the thesis and is provided as another
example of experimental data post-processing.
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Chapter 2
Spatiotemporal Characteristics of Jet Noise
This chapter details various methods of analysis of jet noise. Far-field pressure data
are used to investigate the spatial structure and the characteristics of the noise radiation
field. Several comparisons are made between two sets of jet flow data: a baseline case and
cases with fluid inserts for noise reduction. A few comments on the effectiveness of the
fluid inserts are made.
2.1 Methods of Analysis of Jet Noise
This section uses the wavy-wall analogy to describe the mechanism for the
generation of sound by large-scale turbulent structures. It also includes a detailed
explanation of the autocorrelation and cross correlation analyses that will be used to
determine the spatiotemporal characteristics of the jet noise.
2.1.1 Wavy-Wall Analogy
In a jet flow, large-scale turbulent structures are generated near the nozzle exit and
they grow rapidly as they propagate downstream to reach a maximum amplitude and then
decay through breakdown into smaller scales. They are spatially coherent in the axial
direction of the jet flow and thus the noise generated is highly directional. Figure 2.1, taken
from Tam [42] is a shadowgraph of a Mach 2.0 cold jet showing intense Mach wave
radiation. Tam and Chen [22] argued that large-scale turbulent structures can be
statistically represented with a stochastic instability-wave model. The growth and decay of
the wave amplitude plays a significant role in the noise generation process.
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Intense Mach Wave Radiation

Shock cell pattern

Figure 2.1: Shadowgraph of a Mach 2.0 cold jet showing intense Mach wave radiation
(from Tam [42]).
Consider a single instability wave/large-scale turbulent structure represented by a
simple travelling pressure wave as,
𝑝 = ℜ{𝐴𝑒 𝑖(𝑘𝑥−𝜔𝑡) }

(2.1)

where, 𝑘 is the wavenumber and 𝜔 is the angular frequency.
Equation 2.1 is a cosine wave with constant amplitude of 𝐴 units and a frequency of 𝜔
units. A Fourier transform of this pressure signal gives a delta function in frequency space.
Therefore, for a fixed frequency wave of constant amplitude, the wave spectrum is discrete
as shown in the figure below.

17

Figure 2.2: Discrete wavenumber spectrum of a constant amplitude pressure signal.
If the phase velocity given by 𝜔/𝑘 is subsonic, then the pressure disturbances created by
the large-scale turbulent structures travelling with subsonic velocities do not trail the
structures that created the disturbances. Therefore, no Mach wave radiation is observed
when the phase velocity is subsonic. If the phase velocity is supersonic relative to the
ambient speed of sound, then Mach wave radiation is observed. The direction of the
radiation is determined by the angle of the Mach cone given in equation 1.1. With a single
wavenumber, there is only one associated wave speed, so the Mach waves are radiated in
a single direction. This mechanism indicates an abrupt change in the noise radiated by a jet
when the Mach number increases from subsonic through the transonic range to supersonic.
However, there is enough experimental evidence to suggest that the variation of jet noise
with Mach number is smooth and continuous.
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Pressure waves generated by turbulence in a jet flow do not have a constant
amplitude. They grow until a certain downstream distance from the nozzle exit and then
decay. Therefore, instability waves have a broad range of wavenumbers. For the sake of
illustration, it can be assumed that the amplitude of the pressure wave can be expressed as
a Gaussian function of axial distance 𝑥 with half-width 𝑏 centered at 𝑥0 by,
𝐴(𝑥) = 𝐴0 𝑒

𝑥−𝑥0 2
)
𝑏

(2.2)

𝑥−𝑥0 2
) + 𝑖(𝑘𝑥−𝜔𝑡)
𝑏
}

(2.3)

−(𝑙𝑛2)(

Therefore,
𝑝(𝑥, 𝑡) = ℜ {𝐴0 𝑒 −(𝑙𝑛2)(

It is well known that the Fourier transform of a Gaussian function is also a Gaussian
distribution. Therefore, the Fourier transform of the pressure signal given by equation 2.3
is also a Gaussian distribution. Consider the wavenumber spectrum of a varying amplitude
pressure signal as shown in figure 2.3.

Figure 2.3: Continuous wavenumber spectrum of a varying amplitude pressure signal.
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With amplitude variation, a part (shaded in figure 2.3) of the wavenumber spectrum has
supersonic phase velocities. The part with a supersonic phase velocity will be responsible
for the production of Mach wave radiation. Morris and Tam [43] and Tam and Morris [23]
were the first to suggest this mechanism which describes the radiation of sound to the far
field by large-scale turbulent structures/instability waves in high subsonic jets. In the case
of heated supersonic jets, the exit velocity is very high and will remain high until the end
of the potential core of the jet flow. This results in Mach wave radiation which is
significantly more pronounced than that which is observed for high subsonic jets.
The above analysis clearly indicates that the variation of amplitude has a critical
effect on the radiation of sound. This is in contrast to the case of sound radiated by constant
amplitude large-scale turbulent structures. The amplitude variation prevents an abrupt
change in the sound radiated from a jet when the Mach number increases from subsonic
through transonic range to supersonic. This mechanism has been validated experimentally
by Kopiev et al. [44] who measured instability waves in a supersonic jet and their acoustic
radiation.
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2.1.2 Autocorrelation
A normalized autocorrelation function provides a very useful measure of the degree
of randomness of a signal. For white noise, which is completely random, the normalized
autocorrelation function is an impulse function. That is, the unpredictability of white noise
leads to its autocorrelation function dropping to zero immediately at |𝜏| > 0 as shown in
figure 2.4.

a)

b)

Figure 2.4: a) Time history of a white noise signal b) Normalized autocorrelation of the
white noise signal.
Consider a sinusoidal pressure signal of frequency 6000 Hz as shown in figure 2.5.
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a)

b)

Figure 2.5: Compression and expansion phase of the pressure signal 𝑝(𝑡) for a) 𝜏 = 0 and
for b) 𝜏 = 𝑇/2 seconds.
The normalized autocorrelation of the pressure signal is given by,
𝑝(𝑡) = sin(2𝜋𝑓𝑡) , 𝑤ℎ𝑒𝑟𝑒 𝑓 = 6000 𝐻𝑧.
𝑅(𝜏) =

〈𝑝(𝑡)𝑝(𝑡 + 𝜏)〉
〈𝑝2 (𝑡)〉

(2.4)

The period of the signal (T) = 1/6000 = 1.6667 x 10−4 seconds. Since it is known that it
is a sinusoidal signal, the peak in the negative direction should be expected to be at a time
delay equal to half of the period of the signal as shown in figure 2.6. The most
distinguishable difference between the normalized autocorrelations of white noise signal
and that of a coherent signal is the half-width of the peak and the depth of the negative
loop.
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Figure 2.6: Normalized Autocorrelation for the pressure signal 𝑝(𝑡)
Both the half-width of the peak and the depth of the negative lobe for the white noise signal
are almost non-existent in comparison with the coherent signal. These are perhaps the most
significant and deterministic characteristics of a signal that can help distinguish between
different components of the sound radiated by a jet flow. Although, it is critical to note that
the acoustic signals detected by the microphones in the far-field are the result of many
constructive and destructive interferences of acoustic signals radiated by multiple sources
throughout the jet flow. Therefore, the characteristics determined should be viewed as that
pertaining to the aggregate flow of the jet rather than that of individual acoustic sources. A
more detailed explanation on this will be given in the next chapter with the help of
experimental evidence.
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2.1.3 Cross Correlation
A normalized cross-correlation gives a very useful measure of the similarity
between two signals. Consider a noisy signal which is a combination of a desired signal
and white noise 𝑛(𝑡). A method to determine if the desired signal is buried in the white
noise is by measuring the cross-correlation between the noisy signal and the desired signal.
The normalized cross-correlation of two pressure signals 𝑝𝑚 (𝑡) and 𝑝𝑛 (𝑡) is given by,
𝑅𝑚𝑛 (𝜏) =

〈𝑝𝑚 (𝑡)𝑝𝑛 (𝑡 + 𝜏)〉
2 (𝑡)〉1/2 〈𝑝 2 (𝑡)〉1/2
〈𝑝𝑚
𝑛

(2.5)

Consider the desired pressure signal 𝑝1 (𝑡),
𝑝1 (𝑡) = sin(2𝜋𝑓𝑡) , 𝑤ℎ𝑒𝑟𝑒 𝑓 = 6000 𝐻𝑧.
Also consider three different noisy signals,
𝑝2 (𝑡) = 𝑛(𝑡)
𝑝3 (𝑡) = 𝐴{𝑛(𝑡)} + 𝐵{𝑝1 (𝑡 + 𝜏1 )}
𝑝4 (𝑡) = 𝐶{𝑛(𝑡)} + 𝐷{𝑝1 (𝑡 + 𝜏2 )}
where 𝐴, 𝐵, 𝐶, and 𝐷 are constants governing the magnitude of white noise and the desired
signal in the noisy signal. A noisy signal in which the dominant component is white noise
is called as a weak signal and a noisy signal in which white noise is slightly less dominant
is called as a strong signal. The time histories of the pressure signals for all four cases are
shown in figure 2.7.
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a)

b)

c)

d)

Figure 2.7: Time histories of a) the desired signal, b) white noise, c) the weak signal and
d) the strong signal.
To determine the presence of the desired signal in the noisy signal, the normalized crosscorrelations between the desired signal 𝑝1 (𝑡) and the three different noisy signals
𝑝2 (𝑡), 𝑝3 (𝑡), and 𝑝4 (𝑡) are calculated. White noise is completely random, and the degree
of similarity with any signal is insignificant, even with itself. Therefore, the normalized
cross-correlation coefficient of 𝑝1 (𝑡) and 𝑝2 (𝑡) is expected to be an extremely low value.
Whereas, the normalized cross-correlation coefficient has a low value and a high value
with weak and strong signals respectively. The normalized cross-correlation and the crosscorrelation coefficient of the three cases are shown in the figure below.
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a)

b)

c)

d)
Figure 2.8: Normalized cross-correlation between the desired signal and a) White noise, b)
Weak signal, c) Strong signal, and d) Normalized cross-correlation coefficients.
The explanation to the existence of positive and negative peaks in the cross-correlation is
analogous to the explanation given in section 2.2 for the autocorrelation function. In this
case, the pressure signals are not identical, but if the microphones are placed near each
other in the region where noise from large-scale turbulent structures dominate, then one
could expect a high value of cross-correlation akin to the strong signal. This is because,
when the width of the waveform is substantial, the time delay in which microphones sensed
the waveform is long. By delaying the time of 𝑝𝑛 by an appropriate time interval of 𝜏, the
signals 𝑝𝑚 and 𝑝𝑛 could be reasonably aligned. Hence, the possibility of microphones
detecting the same waveform at a specific time difference is high. Therefore, their product
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would have a maximum. If the time interval is further delayed, then one could reach a point
where the product of 𝑝𝑚 and 𝑝𝑛 is minimum (maximum negative value). In a case where
either one microphone or both microphones are placed in a region where noise radiated
from fine-scale turbulent structures dominates, the product of 𝑝𝑚 and 𝑝𝑛 is expected to be
a low value as the signals cannot be aligned simply because noise radiated by the fine-scale
turbulent structures is incoherent and thus it can be argued that it has the qualities of white
noise. Since white noise is completely incoherent, it would have a low cross-correlation
coefficient with any other signal including itself (except at zero time delay). The intensity
of the noise does not play any significant role.
In the present case, the normalized cross-correlation coefficient would have a high
value in the direction of Mach wave radiation as the large-scale turbulent structures are
coherent and their characteristics are imprinted on the radiated sound. However, the values
of the normalized cross-correlation coefficient would be significantly lower in other
directions. This analysis is especially useful to determine the directivity of the sound
radiated by the large-scale turbulent structures.
2.2 Experimental Setup and Methodology for Acoustic Comparisons
The pressure time signals are measured by the microphones placed on a polar arc at a
certain distance from the nozzle exit as shown in figure 2.9. In the present study, the data
obtained by the microphones placed in far-field are analyzed. The consensus in the
scientific community is that for the location to be considered as far field, it should be at
least 70 times the jet diameter from the nozzle exit [39, 45]. The characteristics of the noise
sources can be deduced by assuming that the characteristics of the sources are imprinted
on their radiation fields.
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Figure 2.9: Schematic diagram showing the microphone set-up and Mach wave radiation
for a heated (TTR = 3.0) supersonic jet on a polar arc.
A great deal of information can be gleaned from the sound pressure level (SPL). It
is simply the power spectral density of the pressure signals from each microphone. It is
calculated by taking a fast Fourier transform of the windowed pressure signal and
multiplying it with its own conjugate pair. Additionally, the mean of all the records is taken
to give the power spectral density which is then expressed as 𝑆𝑃𝐿𝑟𝑎𝑤 in decibels as given
in equation 2.6.
𝑆𝑃𝐿𝑟𝑎𝑤 = 10 log10 (𝐺𝑥𝑥 /𝐺𝑟𝑒𝑓 )

(2.6)

where, 𝐺𝑥𝑥 is the auto-spectral density and 𝐺𝑟𝑒𝑓 = (20 𝜇𝑃𝑎𝑠𝑐𝑎𝑙)2 /𝐻𝑧 is the reference
spectral density.
Necessary corrections should be made to account for the daily variations in atmospheric
quantities by calculating the atmospheric attenuation for each microphone using measured
ambient pressure, humidity and temperature. Additionally, a microphone actuator
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correction and a correction for the microphone free-field response should also be made. To
allow easier comparison of acoustic spectra from different scales, the sound pressure level
is non-dimensionalized with Strouhal scaling. Equation 2.7 summarizes the different steps
that lead to the corrected SPL per unit Strouhal number (𝑆𝑃𝐿𝑐 ).
𝑆𝑃𝐿𝑐 = 𝑆𝑃𝐿𝑟𝑎𝑤 − Δ𝐶𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 − Δ𝐶𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 − Δ𝐶𝑓𝑟𝑒𝑒𝑓𝑖𝑒𝑙𝑑 + 10 log10 𝑓𝑐

(2.7)

where, Δ𝐶𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟 is the correction based on the factory actuator calibration, Δ𝐶𝑎𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐
is the correction for atmospheric attenuation, Δ𝐶𝑓𝑟𝑒𝑒𝑓𝑖𝑒𝑙𝑑 is the correction for appropriate
𝑈

free field response, and the characteristic frequency, 𝑓𝑐 = 𝐷𝑗 , where 𝑈𝑗 is the fully expanded
𝑗

jet velocity and 𝐷𝑗 is the fully expanded jet diameter.
Further, the resulting sound pressure level is propagated to an exact polar radius of 100
nozzle exit diameters as following,
𝑅𝐷
𝑆𝑃𝐿 = 𝑆𝑃𝐿𝑐 + 20 log10 (
)
100𝐷𝑗

(2.8)

where, 𝑅𝐷 is the distance between the nozzle exit and the microphone.
2.3 Experimental Observations
The acoustic spectra of measurements relating to the baseline and fluid insert
nozzles are shown in figure 2.10. Polar angles at approximately 10º intervals are chosen
throughout this thesis for better comparisons. Plots in red represent measurements of the
baseline nozzle, while the plots in blue and black color represent measurements of the fluid
insert nozzle in azimuthal planes: Φ = 60º and Φ = 0º respectively.

SPL (r = 100DJ) [dB]
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Strouhal Number
Figure 2.10: Variation of sound pressure level propagated to 100Dj with Strouhal number
of a heated (TTR = 3.0) supersonic jet at a nozzle pressure ratio of 3.0.
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In figure 2.10, three significant changes are easily noticeable between the sound pressure
levels of the baseline and fluid inserts jets:
1) The difference in the magnitude of the peak SPL’s in the downstream (20º - 55º)
direction and in the sideline and upstream (80º - 130º) directions of the jet flow.
2) Significant difference of SPL’s between the baseline nozzle and fluid inserts nozzle
in the lower angles in the downstream (20º - 50º) direction of the jet flow.
3) Significant difference of SPL’s, at higher frequencies, between baseline nozzle and
fluid insert nozzle in the upstream (90º - 130º) direction of the jet flow.
Consider the plot of sound pressure levels in the downstream (20º - 65º) direction of the jet
flow for the baseline nozzle shown in figure 2.11.

Figure 2.11: Sound pressure level of heated (TTR = 3.0) supersonic jet at a nozzle pressure
ratio of 3.0 in downstream direction for the baseline nozzle.
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The magnitude of the peak sound pressure level is approximately 110 dB at 20º. It increases
up to 115 dB for the angular range of 40º-50º and then decreases. Also, very low frequency
(for Strouhal number less than 0.05) noise decreases with increase in the polar angle.
However, no particular trend is visible in the very high frequency (for Strouhal number
greater than 1.0) noise. It should also be noted that the frequency at which the SPL peaks
gradually increases with the polar angle of radiation for all the downstream angles
considered.
Now, consider the sideline and upstream (85º - 130º) directions of the jet flow for the
baseline nozzle. The SPL values are shown in figure 2.12.

Figure 2.12: Sound pressure level of heated (TTR = 3.0) supersonic jet at a nozzle pressure
ratio of 3.0 in the sideline and upstream directions for the baseline nozzle.
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The magnitude of the peak sound pressure level is approximately 98 dB at 85º. It gradually
increases to approximately 100 dB for the angular range of 105º-110º and then decreases.
This trend is similar to the trend observed in the downstream directions. However, there is
a magnitude difference of almost 15 decibels. Also, the frequency at which the SPL peaks
gradually decreases with increase in the polar angle of radiation with the jet flow. This is
exactly the opposite of the trend observed in the downstream direction. This suggests that
there are two different noise components radiating sound in two different directions.
Indeed, it is established that the broadband shock associated noise is radiated in the sideline
and upstream directions of the jet flow. The component which radiates sound in the
downstream direction is the dominant component of the jet noise. It should also be noted
that there is a tonal frequency component (screech) in all of the spectra that is clearly visible
in the sound pressure levels in the upstream directions of the jet flow. It is indicated by an
arrow in figures 2.11 and 2.12. However, the broadband noise dominates the screech
component in these measurements.
Similar trends are observed in measurements relating to the case of a jet with fluid inserts
corresponding to the azimuthal planes: Φ = 60º and Φ = 0º. However, there is a
considerable reduction in peak SPL at the lower angles (20º - 50º) in the downstream
direction of the jet flow (approx. 16 dB) and also in the upstream and sideline directions
(90º - 130º) of the jet flow (approx. 10dB). The effect of nozzle fluid inserts on the sound
radiated can be clearly seen in figure 2.13. Moreover, the tonal frequency i.e., screech
(indicated with an arrow) is almost completely removed. Figures 2.14 – 2.16 are contour
plots of the sound pressure levels of baseline and fluid insert nozzle with respect to Strouhal
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number and polar angle. It is evident from the SPL plots that the highest levels of sound
are radiated in the downstream direction specifically between 20º-55º and in a broad

ΔSPL (r = 100DJ) [dB]

frequency range. Further, the fluid inserts have a profound impact on the sound reduction.

Strouhal Number
Figure 2.13: Difference of sound pressure levels propagated to 100Dj between baseline and
fluid insert nozzle of a heated (TTR = 3.0) supersonic jet at a nozzle pressure ratio of 3.0.
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Figure 2.14: Contour of the SPL propagated to 100Dj of a heated (TTR = 3.0) supersonic
jet for the baseline nozzle at a nozzle pressure ratio of 3.0.
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Figure 2.15: Contour of the SPL propagated to 100Dj of a heated (TTR = 3.0) supersonic
jet for the fluid insert nozzle in the 60º azimuthal plane at a nozzle pressure ratio of 3.0.
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Figure 2.16: Contour of the SPL propagated to 100Dj of a heated (TTR = 3.0) supersonic
jet for the fluid insert nozzle in the 0º azimuthal plane at a nozzle pressure ratio of 3.0.
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The overall sound pressure level (OASPL) can be calculated from an acoustic spectrum
given at intervals of Δf, for each polar angle as follows,
𝑁𝑓𝑓𝑡 Δ𝑓

𝑆𝑃𝐿(𝑓)
(
)
10
]

𝑂𝐴𝑆𝑃𝐿 = 10 log10 [Δ𝑓 ∑ 10

(2.9)

𝑓=Δ𝑓

Therefore, the overall reduction of sound obtained by the fluid insert nozzle with respect
to polar angle direction is given by,
Δ𝑂𝐴𝑆𝑃𝐿 = 𝑂𝐴𝑆𝑃𝐿𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 − 𝑂𝐴𝑆𝑃𝐿𝑓𝑙𝑢𝑖𝑑 𝑖𝑛𝑠𝑒𝑟𝑡𝑠
Figure 2.17 shows a plot of Δ𝑂𝐴𝑆𝑃𝐿 with respect to Polar angle, 𝜃 relating to the two
azimuthal planes, 𝜙 for the nozzle with fluid inserts.

Figure 2.17: Effect of nozzle fluid inserts on the overall sound radiated by a heated (TTR
= 3.0) supersonic jet flow in the two azimuthal planes (i.e., Φ = 60º and Φ = 0º) at a
nozzle pressure ratio of 3.0.
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It is clear from figures 2.14 – 2.17, that the maximum noise reduction (almost up to 10 dB),
in both azimuthal planes, is obtained in the downstream direction, at angles close to the jet
downstream axis (i.e., 20º - 50º). The magnitude of the reduction decreases with increase
in the polar angle with the jet downstream axis. No significant reduction is obtained in the
angular range 65º-90º. On the contrary, there is a slight increase (less than 2 dB) in sound
radiation in the 0º azimuthal plane for the angular range of 55º-80º. It is clear that the fluid
inserts reduce the broadband shock associated noise to a great extent (see figure 2.10: 90º
- 130º). Since the noise radiated by the fine-scale turbulent structures is not significant in
comparison, the overall sound reduction obtained in this angular range can be attributed to
the reduction of the broadband shock associated noise. It should also be noted that the
maximum amount of sound reduction is obtained in the 60º azimuthal plane.
2.4 Autocorrelation
The acoustic spectra provide information on the magnitude of the sound and the
frequencies at which it is radiated. This is useful to determine and compare the sound
reduction obtained using the fluid insert nozzle. Tam et al. [28] gave an empirical
relationship which suggests that the sound radiated by large scale turbulent structures and
fine-scale turbulent structures possess distinct acoustic spectra. However, it does not
provide any concise physical mechanism on the sound radiated by fluid structures at
different scales. Autocorrelation gives the degree of randomness of a signal and therefore
provides a direct measure of coherence and is useful in distinguishing the sound sources.
It also provides a physical mechanism of sound radiation by large scale and fine-scale
turbulent structures. The normalized autocorrelations (calculated using equation 2.4) of the
pressure signals at various polar angles for the baseline and fluid insert cases are shown in
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figure 2.18. Two characteristics: the half width of the autocorrelation spike and the
deepening effect of the negative lobe of the autocorrelations signify and help to identify
the nature of the sound sources. This was explained in section 2.2 in more detail.

𝜏 x 104 seconds
Figure 2.18: Normalized autocorrelations of the pressure signals recorded by the
microphones on the polar arc of heated (TTR 3.0) supersonic jet for the baseline and fluid
insert nozzles at a nozzle pressure ratio of 3.0.
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The normalized autocorrelations of the sound radiated by large-scale turbulent structures
are characterized by wide and deep negative loops. From figure 2.18, with the presence of
deep negative lobes and wide spike widths, it is clear that the noise from large scale
turbulent structures dominates in the polar angular region of 20º-55º. Figure 2.19 shows
the normalized autocorrelations in the region where noise from fine-scale turbulent
structures dominate. The negative peaks in the 69.5º - 90º polar direction are relatively
shallow. Further, the half width of the spikes in the autocorrelations are narrow. This
suggests that, at these polar angles, fine-scale turbulent structures are the primary sources
of noise. It agrees with the fact that fine-scale turbulent structures are nearly random and
are spatially uncorrelated, resulting in peaks consisting of narrow half-widths. However, it
should be noted that the noise from fine-scale turbulent structures are detected at every
microphone as it is nearly omni-directional. It is only dominant in this angular region due
to the absence of the noise radiated by the large-scale turbulent structures. The normalized
autocorrelations in the acoustic sideline and upstream directions have deep negative lobes,
but very narrow spike widths. Moreover, they include oscillations, which is a characteristic
of an interference property. This suggests that the deep negative lobes with narrow spike
widths are a characteristic of the broadband shock associated noise, which is produced by
the unsteady interaction between the spatially coherent large scale turbulent structures and
the quasi-periodic shock cell structure of the jet.
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Figure 2.19: Normalized autocorrelations of the pressure signals recorded by the
microphones on the polar arc in a region where noise from fine-scale turbulent structures
dominate. (TTR = 3.0; NPR = 3.0)
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Autocorrelation also provides a time scale coherence of the sound field. It can be assumed
that the acoustic waves propagate at the speed of sound. Moreover, due to their nondispersive nature, it is possible to convert the correlation time to a spatial correlation length
given by,
𝜆𝑐𝑜𝑟𝑟 =
̃ 2𝜏𝑛𝑒𝑔𝑚𝑎𝑥 𝑎𝑜

(2.10)

where, 𝑎0 is the speed of sound. The spatial correlation length, 𝜆𝑐𝑜𝑟𝑟 offers a measure of
coherence of the acoustic field in the radial direction. Figure 2.20 shows a plot of spatial
correlation length (non-dimensionalized with respect to the diameter of the jet).

Figure 2.20: Variation of the spatial correlation length with the polar angle of radiation of
a heated (TTR = 3.0) supersonic jet for the baseline and fluid insert nozzles in the two
azimuthal planes.
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It is clear that the acoustic waves of large scale turbulent structures have high spatial
correlation length and they are predominantly radiated in the jet downstream direction (20º
- 50º). Due to the non-dispersive nature of the acoustic waves, this correlation length is
independent of the distance from the jet until it is far enough that the viscous effects has
time to influence the acoustic waveform. Therefore, this can be regarded as a measure of
the spatial coherence of the noise source. The fluid inserts introduce coherent streamwise
vortices in the downstream jet direction. While these vortices reduce the sound radiated by
the large scale turbulent structures, they also would tend to remove any kind of symmetry
from the noise producing structures. So, one could expect the spatial correlation length to
decrease when the fluid insert nozzles are used. However, the experimental results indicate
otherwise. There is a sharp increase in the spatial correlation length in the region (20º - 50º)
where noise from large scale turbulent structures dominate. This is an unexpected result
and the reason for this is not yet known. However, it should be noted that the shape of
autocorrelation functions for the fluid insert nozzle have a different shape from the baseline
case which makes the identification of 𝜏𝑛𝑒𝑔𝑚𝑎𝑥 difficult (see figure 2.18, 20º - 40º).
2.5 Cross Correlation
Cross-correlation analysis is useful in determining the directivity of the noise
radiated by large-scale turbulent structures. It is also useful in measuring the similarity
between pressure signals. Figure 2.21 shows the cross-correlations (calculated using
equation 2.5) of pressure fluctuations recorded by microphones in the far-field. The 50º
microphone is taken as the reference in this case. Although the pressure disturbances
recorded by the microphones placed in the region where noise from large-scale turbulent
structures dominate (< 69.5º) are not identical, they have high values of cross-correlation.
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This is because the length scale of the waveform created by spatially coherent large-scale
turbulent structures is substantial and, therefore, the similarity between the pressure
fluctuations recorded by both microphones is high. At smaller values of time delay the
signals have high cross-correlation coefficients (i.e., > 0.4). However, for microphones
placed in a region where noise radiated from fine-scale turbulent structures dominates (i.e.,
69.5º - 90º), the cross-correlation coefficient is a lower value (i.e., < 0.1) in comparison.
This is due to the fact that noise radiated by the fine-scale turbulent structures is incoherent.
Also, it is to be noted that the cross-correlation between two microphones: one placed in
the downstream direction and the other placed in the upstream direction has a very low
value. This is due to the different characteristics of the sound radiated in these directions.
Figures 2.22 – 2.24 shows bar plots of the normalized cross-correlation coefficients for
baseline and fluid insert nozzles with different microphones as a reference.
From the normalized cross-correlation data, a parameter called ‘directivity index’ can be
defined as follows:
𝐷𝑖𝑟𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 (𝜃) =

𝑚𝑒𝑎𝑛(𝑐𝑐(𝜃, 𝑟𝑒𝑓)) − min[𝑚𝑒𝑎𝑛(𝑐𝑐(𝜃, 𝑟𝑒𝑓))]
𝑚𝑎𝑥{ 𝑚𝑒𝑎𝑛(𝑐𝑐(𝜃, 𝑟𝑒𝑓)) − min[𝑚𝑒𝑎𝑛(𝑐𝑐(𝜃, 𝑟𝑒𝑓))]}

(2.11)

where, 𝑐𝑐 is an array of cross-correlation coefficients at a particular polar angle of
radiation, 𝜃 with different microphones as a reference. This index is normalized such that
the value of unity indicates a direction of intense radiation and conversely, a value of zero
indicates that the noise radiated is merely equivalent to background noise. Figure 2.25
shows the directivity index calculated from the equation 2.11. For the baseline nozzle, the
most intense sound is radiated in the polar region of 36º - 40º. This is the intense Mach
wave radiation generated by large-scale turbulent structures travelling at supersonic phase
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velocities. In the case with fluid inserts, the Mach wave radiation is along the 43º polar
direction for both of the azimuthal planes. Moreover, it is clear that large-scale turbulent
structures radiate sound in the 20º – 55º polar region in all three cases. Further, the noise
radiated at the 79.5º polar angle is equivalent to the background noise.

𝜏 x 104 seconds
Figure 2.21: Normalized cross correlations of the pressure signals recorded by the
microphones on the polar arc of heated (TTR 3.0) supersonic jet for the baseline and fluid
insert nozzles at a nozzle pressure ratio of 3.0.
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Figure 2.22: Normalized cross-correlation coefficients of the pressure fluctuations created
by the baseline nozzle of a heated supersonic jet (TTR = 3.0; NPR = 3.0).
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Figure 2.23: Normalized cross correlation coefficients of the pressure fluctuations created
by the fluid insert nozzle in the 60º azimuthal plane of a heated supersonic jet (TTR = 3.0;
NPR = 3.0).
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Figure 2.24: Normalized cross correlation coefficients of the pressure fluctuations created
by the fluid insert nozzle in the 0º azimuthal plane of a heated supersonic jet (TTR = 3.0;
NPR = 3.0).
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Figure 2.25: Directivity index of the sound radiated by a heated supersonic jet for the
baseline and fluid insert nozzles in the two azimuthal planes (TTR = 3.0; NPR = 3.0).
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2.6 Discussion
The Wavy-Wall analogy provides useful insights on the generation of Mach wave
radiation and its directivity. Further, this analogy stresses the significance of the amplitude
modulation of the pressure wave and relates it to the continuous and smooth variation of
jet noise with increase in Mach number from subsonic, through transonic, to supersonic
ranges. Autocorrelation analysis is useful in distinguishing the different components of the
jet noise by measuring the degree of randomness in a signal. The sound radiated by largescale turbulent structures has deepening effect on its autocorrelation. Additionally, the halfwidth of the spike is wide. On the contrary, the sound radiated by the fine-scale turbulent
structures has neither the deepening effect of the negative lobe nor the widening effect of
the spike. These characteristics of the sound radiated by large-scale turbulent structures
and fine-scale turbulent structures could be linked to their coherency. If the pressure signal
has inherent tonal excitation, such as screech, then the autocorrelation of that pressure
signal would consist of repetitive loops with decreasing amplitude. The cross-correlation
provides a measure of similarity between two signals. It is useful in determining the
directivity of the jet noise. The acoustic signal of the fine-scale turbulent structures would
be analogous to white noise and therefore would result in low cross-correlation coefficients
due to its incoherent nature. In contrast, the acoustic signal of the large-scale turbulent
structures would result in relatively high cross-correlation coefficients.
The sound pressure level provides useful information on the frequency content and
the magnitude of the sound radiated as a function of polar angle of radiation. It also is
useful in determining the OASPL, which is the magnitude of the net sound radiated in a
polar direction. Comparisons between the baseline nozzle configuration and nozzle fluid
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inserts in both azimuthal planes have been made. It is found that the fluid inserts reduce
the overall sound radiated by a maximum amount of approximately 10 dB in the
downstream direction and by a maximum amount of approximately 4 dB in the upstream
direction of the jet flow. Contour plots of the sound pressure level map the frequency
distribution and the polar angle of radiation. Dominant large-scale turbulent structure noise
is found to be radiated in the polar angle range of 20º - 55º for all three cases. Also, in the
case of fluid inserts, more sound is radiated in the 0º azimuthal plane. The greatest amount
of noise reduction is obtained in the 60º azimuthal plane. Autocorrelation is specifically
useful in distinguishing the different types of noise radiated. It is also useful in determining
the spatial correlation length. The spatially coherent large-scale turbulent structures radiate
noise whose waveforms have a high spatial correlation length. Cross correlation analysis
is useful in determining the directivity of the dominant noise radiated by the large-scale
turbulent structures of the jet flow. It is found that the maximum amount of sound is
radiated in the 36º-40º region for the baseline nozzle. In the case of fluid inserts, for both
azimuthal planes, the highest levels of sound are radiated in the 43º polar angle of radiation.
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Chapter 3
Location and Distribution of Jet Noise Sources
In addition to determining the characteristics of the sources of the jet noise, a direct
determination of the location and distribution of sources that are primarily responsible for
the sound radiation at any given frequency will contribute to studies aimed at further
understanding and reducing jet noise. This chapter describes the principle of the polar
correlation technique. A known acoustic source is modelled, and the concept of polar
correlation is used to determine the source strength and its location. It is then applied to the
analysis of jet noise. Then, this technique is applied to experimental data to determine the
locations, distributions and relative strengths of the sources of the jet noise. The effect of
fluid inserts on jet noise reduction is studied.
3.1 Polar Correlation
The fundamental idea behind the application of polar correlation is to measure the
locations and relative strengths of an assumed axially distributed array of noise sources as
a function of frequency. Consider a point source, P located at an axial distance of say, 𝑦0
units and two microphones A and B located on a polar arc of radius 𝑅 units centered at O
as shown in figure 3.1. The sound pressure fluctuations from the acoustic point source are
recorded as pressure signals by the microphones on the polar array.
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Reference microphone, B

Microphone, A

𝑅
𝐷2

𝛽

𝐷1

𝛼

O

P
𝑦0

Figure 3.1: Geometry of the polar arc for simplified analysis.
The time taken for the signal generated at point P to reach the microphone A is
𝑡1 =

𝐷1 √𝑅 2 + 𝑦02 − 2𝑅𝑦0 𝑠𝑖𝑛(𝛼)
=
𝑎0
𝑎0

where, 𝑎0 is the speed of sound.
Similarly, the time taken for the signal generated at point P to reach the microphone B is
𝑡2 =

𝐷2 √𝑅 2 + 𝑦02 − 2𝑅𝑦0 𝑠𝑖𝑛(𝛽)
=
𝑎0
𝑎0

Therefore, the time-delay 𝜏 is given by
𝜏 = 𝑡2 − 𝑡1 =

√𝑅 2 + 𝑦02 − 2𝑅𝑦0 𝑠𝑖𝑛(𝛽) − √𝑅 2 + 𝑦02 − 2𝑅𝑦0 𝑠𝑖𝑛(𝛼)
𝑎0

(3.1)
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For illustration purposes, take 𝛽 = 0º i.e. assume that the reference microphone is fixed at
90º to the center of the polar arc. Also note that the speed of sound, denoted by 𝑎0 , is
assumed to be constant. Further, imagine that there are 𝑖 microphones on the polar arc.
Then, the time-delay can be estimated as a function of the angle of the microphone at polar
angle 𝛼 as,
√𝑅 2 + 𝑦02 − √𝑅 2 + 𝑦02 − 2𝑅𝑦0 𝑠𝑖𝑛(𝛼)
𝜏𝑖 (𝛼) =
𝑎0

𝜏𝑖 (𝛼) =

𝑅
𝑦0 2
𝑦0 2 2𝑦0
{√1 + ( ) − √1 + ( ) −
𝑠𝑖𝑛(𝛼)}
𝑎0
𝑅
𝑅
𝑅

For microphones placed in far-field, 𝑅 ≫ 𝑦0 . Therefore,

lim 𝜏𝑖 (𝛼) =

𝑦0 /𝑅→0

𝑅
2𝑦0
{1 − √1 −
𝑠𝑖𝑛(𝛼) }
𝑎0
𝑅
1

2
𝑅
2𝑦0
= {1 − (1 −
𝑠𝑖𝑛(𝛼)) }
𝑎0
𝑅

Since

2𝑦0
𝑅

𝑠𝑖𝑛(𝛼) ≪ 1,
𝜏𝑖 (𝛼) =

𝑅
1 2𝑦0
{1 − 1 + (
𝑠𝑖𝑛(𝛼))}
𝑎0
2 𝑅

⇒ 𝜏𝑖 (𝛼) =

𝑦0 𝑠𝑖𝑛(𝛼)
𝑎0

The pressure recorded by the 𝑖 𝑡ℎ microphone can be written as,
𝑝𝑖 (𝑡, 𝛼) =

𝐴
𝑐𝑜𝑠(𝜔0 𝑡 − 𝜔0 𝜏𝑖 (𝛼))
𝐷𝑖 (𝛼)

(3.2)
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where, 𝐷𝑖 is the distance from source to 𝑖 𝑡ℎ microphone and 𝜔0 is the frequency of the
sound wave.
The pressure signals can be expressed in the frequency domain by taking a Fourier
transform as,
∞

𝑝𝑖 (𝜔, 𝛼) = ℱ{𝑝𝑖 (𝑡, 𝛼)} = ∫ 𝑝𝑖 (𝑡, 𝛼)𝑒 −𝑖𝜔𝑡 𝑑𝑡
−∞
∞

𝐴
=
∫ 𝑐𝑜𝑠(𝜔0 𝑡 − 𝜔0 𝜏𝑖 (𝛼))𝑒 −𝑖𝜔𝑡 𝑑𝑡
𝐷𝑖 (𝛼)
−∞

∞

𝐴
e−i𝜔0 (𝑡−𝜏𝑖 (𝛼)) + ei𝜔0 (𝑡−𝜏𝑖 (𝛼)) −𝑖𝜔𝑡
=
∫{
}𝑒
𝑑𝑡
𝐷𝑖 (𝛼)
2
−∞

⇒ 𝑝𝑖 (𝜔, 𝛼) =

𝐴
{𝑒 −𝑖𝜔0 𝜏𝑖 (𝛼) 𝛿(𝜔 − 𝜔0 ) + 𝑒 𝑖𝜔0 𝜏𝑖 (𝛼) 𝛿(𝜔 + 𝜔0 )}
(𝛼)
2𝐷𝑖

(3.3)

The spectral energy distribution per unit frequency of two pressure signals is defined as the
cross-spectral density (CSD) denoted by 𝐺𝑖𝑗 (𝜔, 𝛼). Therefore,
∗

𝐺𝑖𝑗 (𝜔, 𝛼) = ℱ{𝑝𝑖 (𝑡, 𝛼)}(ℱ{𝑝𝑗 (𝑡, 𝛽)}) = 𝑝𝑖 (𝜔, 𝛼){𝑝𝑗 (𝜔, 𝛽)}

∗

where a complex conjugate is denoted by the notation ‘*’ in the superscript.
If 𝛼 = 𝛽, then from equation 3.1, time-delay 𝜏𝑗 (𝛼 = 𝛽) = 0.
𝑝𝑗 (𝜔, 𝛽) =

𝐴
{𝑒 −𝑖𝜔0 𝜏𝑗(𝛽) 𝛿(𝜔 − 𝜔0 ) + 𝑒 𝑖𝜔0 𝜏𝑗(𝛽) 𝛿(𝜔 + 𝜔0 )}
2𝐷𝑗 (𝛽)

⇒ 𝑝𝑗 (𝜔, 𝛽) =

𝐴
{𝛿(𝜔 − 𝜔0 ) + 𝛿(𝜔 + 𝜔0 )}
2𝐷𝑗 (𝛽)

(3.4)
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It is evident from equation 3.4, that the pressure signal of the reference microphone in the
frequency spectrum is real and not complex. The complex conjugate of a real function is
itself. Therefore, the complex conjugate of the signal is real.
∗

𝐺𝑖𝑗 (𝜔, 𝛼) = 𝑝𝑖 (𝜔, 𝛼){𝑝𝑗 (𝜔, 𝛽)} = 𝑝𝑖 (𝜔, 𝛼)𝑝𝑗 (𝜔, 𝛽)
𝐴2
{𝑒 ∓𝑖𝜔𝑜 𝜏𝑖 (𝛼) }
⇒ 𝐺𝑖𝑗 (𝜔, 𝛼) = { 4𝐷𝑖 (𝛼)𝐷𝑗 (𝛽)
0

; 𝜔 = ±𝜔0

(3.5)

; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

The strength and position of the contributing acoustic sources can be obtained from the
amplitude and periodicity of the CSD [9]. From equation 3.2, we can express equation 3.5
as,
𝑖𝜔 𝑦 𝑠𝑖𝑛(𝛼)
𝐴2
∓ 0 0
𝑎0
{𝑒
}
𝐺𝑖𝑗 (𝜔, 𝛼) = { 4𝐷𝑖 (𝛼)𝐷𝑗 (𝛽)
0

; 𝜔 = ±𝜔0

(3.6)

; 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

Let 𝑘 = 𝜔0 /𝑎0. The source image can now be defined as,
1

∞

𝑆(𝑦) = 2𝜋 ∫−∞ 𝐺𝑖𝑗 (𝑘, 𝛼)𝑒 𝑖𝑘𝑦𝑠𝑖𝑛(𝛼) 𝑑(𝑘𝑠𝑖𝑛(𝛼))

(3.7)

∞

1
𝐴2
=
∫
𝑒 −𝑖𝑘𝑠𝑖𝑛(𝛼){𝑦−𝑦0 } 𝑑(𝑘𝑠𝑖𝑛(𝛼))
(𝛼)𝐷
(𝛽)
2𝜋
4𝐷𝑖
𝑗
−∞

𝑠𝑖𝑛(𝑘(𝑦 − 𝑦0 ))
𝐴2
⇒ 𝑆(𝑦) =
{
}
(𝑦 − 𝑦0 )
4𝜋𝐷𝑖 (𝛼)𝐷𝑗 (𝛽)

(3.8)

Therefore, the source image 𝑆(𝑦) has a sinc distribution when plotted against axial location
𝑦. Here, the magnitude of 𝑆(𝑦) denotes the strength of the acoustic source and the peak
magnitude is at 𝑦 = 𝑦0 .
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3.2 Source Modelling and Application to Jet Noise
The polar correlation technique is used to model the source, in which the noise
source distribution is obtained by taking the inverse Fourier transform of the cross-spectral
density between the pressure signals from two microphones placed in a polar arc. Any
signal of finite length can be represented as a sum of an infinite set of sinusoidal waves.
This series is called as Fourier series. The Fourier transform is the representation of Fourier
series for signals of infinite length with compact support. Since it is impractical to obtain
infinite signal data, discrete Fourier transforms are taken. In such cases, a window function
is necessary to limit the spectral spreading caused by the Fourier transform calculation with
limited signal data. A window function appropriate for the polar correlation technique is
the Bartlett window. In the polar correlation technique, the Bartlett window is applied to a
cross-spectral density before taking the inverse Fourier transform. It has been found that
the spectral spreading is reduced with tolerable losses [9].
Consider a single frequency point noise source with frequency 5572 Hz (35010
rad/sec) that is located at 𝑧0 = 10𝐷𝑛𝑜𝑧 from the nozzle exit, where 𝐷𝑛𝑜𝑧 is the nozzle
diameter. A full range of virtual microphone locations (-180º < 𝛼 < 0º) with increment of
1º is used. The remaining parameters, such as the polar arc distance and time difference
Δ𝑡, are chosen to be the same as the experimental conditions. Consider a setup similar to
that which was described in figure 2.9. For the sake of illustration, also consider the
pressure disturbances of unit amplitude (𝐴 = 1) at the source point and 𝛽 = 0º.
Analytically, the image of such a source is given by equation 3.8. Figure 3.2 compares the
analytical and modelled source distribution of the single frequency point noise source.
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Figure 3.2: Comparison of analytical and modelled result of the source distribution of
single frequency point noise source located at ten diameters from the nozzle exit in the jet
downstream axis.
It is clear that the spectral spreading in the modelled solution is limited. However, the width
of the distribution is comparatively broader, which is a reasonable trade-off as the majority
of the energy for the source is included in this broadened range while the net area is
maintained. Also, unlike the analytical solution, the source image of the modelled solution
is not symmetric about the source location (𝑧0 = 10𝐷𝑛𝑜𝑧 ). The asymmetry of the modelled
solution can be attributed to the bin width of the axial distances resulting from the range of
the virtual microphone locations considered.
This analysis can be extended for application to jet noise by regarding the jet flow
as an equivalent line source distribution located on the jet downstream axis. Consider the
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jet flow and two microphones A and B located on a polar arc of radius 𝑅 units centered at
O as shown schematically in figure 3.3. Here, 𝐷𝑛 is the distance between the 𝑛𝑡ℎ acoustic
source and the traversable microphone at location A and 𝐷𝑛 ′ is the distance between the
𝑛𝑡ℎ acoustic source and the reference microphone at location B.

Reference microphone, B

Traversable
microphone, A

𝑅
𝐷2 ′

𝑦

𝛽

𝐷1 ′

𝐷1
𝐷2

𝑦𝑠

𝛼
O

𝑧
Figure 3.3: Geometry for polar correlation applied to jet noise.
It should be noted that the geometry in figure 3.3 is not to scale. The radius of the polar
arc, 𝑅 ≅ 80 𝐷𝑛𝑜𝑧 where, 𝐷𝑛𝑜𝑧 is the diameter of the nozzle. The nozzle and shear layer
when drawn to scale, would look much smaller (𝑅 ≫ 𝑦𝑠 ). Therefore, even if the sources
are all not located on the jet centerline, it could be approximated as such in this scenario.
Hence, when the polar correlation technique is applied to jet noise, it can be assumed that
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the noise sources are all monopoles located on the jet centerline in the 𝑦𝑧 plane. This
reduces the complexity of the jet noise sources to the problem discussed in the previous
section. Therefore, as given in equation 3.7, the source image can be written as,
∞

1
𝑆(𝑧) =
∫ 𝐺𝑖𝑗 (𝑘, 𝛼)𝑒 𝑖𝑧𝑘{𝑠𝑖𝑛(𝛼)−𝑠𝑖𝑛(𝛽)} 𝑑(𝑘{𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)})
2𝜋

(3.9)

−∞

where, 𝑘 = 𝜔/𝑎0 .
Therefore, the basic concept of the polar correlation method can be briefly summarized
into the following steps:
1) Take the Fourier transform of the time histories of the pressure fluctuations
recorded by microphones to obtain pressure as a function of frequency.
2) Choose a polar angle of radiation as a reference or an observation angle and fix the
parameter 𝛽.
3) Calculate the cross spectral density at all polar angles with respect to the reference
microphone at 𝛽.
4) To obtain source strength distribution, take the inverse Fourier transform of the
cross-spectral density with respect to 𝑘{𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)}. Note that the source
strength is a function of the wave number 𝑘 which is fixed for a selected frequency.
There are certain complications that must be addressed before using the technique on the
experimental data. The results from the polar correlation technique are highly resolution
dependent. Therefore, the cross spectral density as a function of 𝑘{𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)} needs
to be smooth and continuous for the inverse Fourier transform to provide a reasonable
source strength distribution. However, the pressure time signals measured by twenty two
microphones placed on the polar arc are insufficient to give enough data points to obtain a
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smooth function. Therefore, a suitable interpolation for the cross spectral density is
required to generate values between the measured points. In this study, cubic spline
interpolation is used to smooth the cross spectral density between measured data points.
Due to the stochastic nature of the jet noise sources, an ensemble average of the cross
spectral density is taken before taking the inverse Fourier transform. To further improve
the ensemble average of these spectral segments, records are overlapped. A Bartlett
window function is used to reduce the spectral leakage. Fisher et al. [9] established that the
directivity of the jet noise has no significant impact on the source strength distribution
obtained. Furthermore, the jet noise source distributions are independent of the observation
angle chosen, provided that it is not within the cone of relative silence.
3.3 Experimental Results
The reference/observation angle is set as 50º. The real and imaginary parts of the
cross spectral densities, for selected Strouhal numbers, are plotted as a function of
𝑘𝐷𝑛𝑜𝑧 {𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)} in figures 3.4 and 3.5 respectively. The range of values of the
cross spectral density increases with increase in frequency due to the increase in increment
of 𝑘𝐷𝑛𝑜𝑧 {𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)}. From figure 3.4, it is clear that even with different array
lengths there is no significant difference in shapes of the CSD, except for the variation of
amplitude. Furthermore, this is also true while comparing the cases of the baseline and
fluid insert nozzle. This consistency holds for the imaginary part of the CSD as well (see
figure 3.5). Therefore, it is not a far-fetched idea to expect the peak source location of all
the cases relating to a particular Strouhal number to be same. However, the relative source
strength may be different owing to the disparity in amplitudes.
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Figure 3.4: Real part of the cross spectral density plotted as a function of
𝑘𝐷𝑛𝑜𝑧 {𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)} for Strouhal numbers 0.1, 0.15 and 0.2 of a heated supersonic jet
(TTR = 3.0; NPR = 3.0) for the baseline and fluid insert nozzles.
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Figure 3.5: Imaginary part of the cross spectral density plotted as a function of
𝑘𝐷𝑛𝑜𝑧 {𝑠𝑖𝑛(𝛼) − 𝑠𝑖𝑛(𝛽)} for Strouhal numbers 0.1, 0.15 and 0.2 of a heated supersonic jet
(TTR = 3.0; NPR = 3.0) for the baseline and fluid insert nozzles.
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It should be noted that no correction or scaling factors were considered while computing
the source strengths using the polar correlation method. While this would affect the
magnitude of the source strength, it will not have any impact on the location and relative
strengths of the sources. The calculated noise source distributions are similar for all the
three nozzle cases considered in this research. Small differences in detail exist in the source
images that distinguish the relative strength of the sources. Figure 3.6 shows the noise
source distributions at selected Strouhal numbers for the three nozzles cases: baseline, Φ =
60º and Φ = 0º. In general, as the Strouhal number increases, the peak of the noise source
distributions moves upstream in the jet flow. The distributions for the intermediate Strouhal
numbers have a high peak value and are fairly broad. At the lowest Strouhal number 0.1,
the value of the peak source strength is comparatively low for all the three nozzle cases.
However, it is broader than any of the other source distributions for the Strouhal numbers
considered. For the baseline nozzle, the highest source strength occurs at approximately
1.8𝐷𝑛𝑜𝑧 downstream from the nozzle exit for Strouhal number 0.25. For the higher Strouhal
numbers, the source distribution has a low peak value and is relatively narrow. In the cases
of the nozzle with fluid inserts, the highest source strength occurs at approximately 2.3𝐷𝑛𝑜𝑧
downstream from the nozzle exit for Strouhal number 0.20. In the 60º azimuthal plane, for
the higher Strouhal numbers, the source distributions have low peak values and are
relatively narrow (similar to the baseline case). However, in the 0º azimuthal plane, the
source distributions have fairly high peak values with a narrow range.
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Figure 3.6: Noise source distributions as a function of Strouhal number of a heated
supersonic jet (TTR = 3.0; NPR = 3.0) for the baseline and fluid insert nozzles plotted
against jet downstream axial distance.
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Figure 3.7 shows the locations at which the peak source strength occurs for all the three
nozzle cases. As expected, for a particular Strouhal number, the location of the peak source
strength is same for all the three cases. This is not surprising since the fact that the cross
spectral densities of all the three cases look similar for almost every Strouhal number. The
reason for this behavior is not clear at this time. Figure 3.8 shows the noise source strength
plotted against Strouhal number for the three nozzle cases. It is calculated by determining
the area under the curve of the source image at each Strouhal number. It is clear that the
fluid inserts reduce the noise source strength.
In chapter 2, it was established that the highest amount of sound reduction is obtained in
the 60º azimuthal plane. While this is true if the overall sound pressure level across all
frequencies is considered, for Strouhal numbers less than 0.15, figure 3.8 clearly indicates
that the highest amount of sound reduction is obtained in the 0º azimuthal plane. It also
suggests that Strouhal numbers between 0.1 and 0.5 have the highest amount of
contribution towards the noise radiated for all the three nozzle cases. The sources belonging
to this range of Strouhal numbers have peak source strength locations between 1-5 𝐷𝑛𝑜𝑧
downstream from the nozzle exit. This suggests that this region of the jet flow is the
dominant contributor to the jet noise. Indeed, contour maps (figures 3.9 - 3.11) show that
the most dynamic region of the jet flow is within 5𝐷𝑛𝑜𝑧 downstream from the nozzle exit.
The impact of the fluid inserts on the sound radiated can be clearly seen in figures 3.9-3.11.
In both baseline and fluid insert nozzles, the significant region for noise generation is
within 10𝐷𝑛𝑜𝑧 downstream of the jet exit. Also, in the case of the fluid insert nozzle, the
60º azimuthal plane is ‘quieter’ compared to the 0º azimuthal plane.
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Figure 3.7: Strouhal number of a heated supersonic jet (TTR = 3.0; NPR = 3.0) for the
baseline and fluid insert nozzles plotted against the peak source strength jet downstream
axial location.
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Figure 3.8: Noise source strength calculated from the source distributions of a heated
supersonic jet (TTR = 3.0; NPR = 3.0) for the baseline and fluid inserts nozzles plotted
against Strouhal number.
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Figure 3.9: Noise source map of a heated supersonic jet (TTR = 3.0; NPR = 3.0) for the
baseline nozzle as functions of Strouhal number and jet downstream axial distance.
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Figure 3.10: Noise source map of a heated supersonic jet (TTR = 3.0; NPR = 3.0) for the
fluid insert nozzle in 60º azimuthal plane as functions of Strouhal number and jet
downstream axial distance.
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Figure 3.11: Noise source map of a heated supersonic jet (TTR = 3.0; NPR = 3.0) for the
fluid insert nozzle in 0º azimuthal plane as functions of Strouhal number and jet
downstream axial distance.
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3.4 Limitations
In this section, two main limitations of the application of the polar correlation
technique to jet noise are discussed. First, the pressure fluctuations detected in the far-field
across all the radiation angles is a consequence of the constructive and destructive
interferences of multiple sources across the jet flow. Therefore, from the far-field data
alone, it is extremely difficult, or perhaps impossible, to predict the types of the sources
(e.g., monopoles, quadrupoles or multipoles) contributing to the jet noise. For practical
engineering purposes, this limitation ironically serves as a useful tool to the extent that the
far-field filters out the acoustically insignificant portions of the source distribution
automatically.
The second limitation is the inability to discriminate between a number of sources that are
closely separated. In figure 3.6, for every source distribution, there are only five data points
contributing to the peak. This, at some Strouhal numbers, results in resolution of up to
2𝐷𝑛𝑜𝑧 downstream from the nozzle exit. This is a major drawback resulting from the lack
of spatial resolution.
3.5 Discussion
This chapter has adopted the principle of polar correlation technique to model a
known source. A Bartlett window function is used to suppress the oscillations in the source
distribution resulting from the spectral spreading. It is then compared to the analytical
solution. The polar correlation method is then extended to the jet noise application. It is
assumed that the sources of jet noise are all monopoles located approximately on the
centerline of the jet downstream axis. An analysis strategy is developed to implement the
polar correlation technique using the experimental data. To reduce the spatial aliasing, the
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cross spectral density obtained at twenty two data points is interpolated using the cubic
spline interpolation method. The interpolated CSD, as a function of frequency, has similar
trends for all the nozzle cases considered. This results in the same peak source strength
location. Although the source images for the three nozzle cases look similar, small
differences in detail exist. In general, as the Strouhal number increases, the peak of the
noise source distributions moves upstream in the jet flow. The Strouhal numbers between
0.1 and 0.5 are found to have the most significant amount of contribution to the sound
radiation for all the nozzle cases. The peak source strength locations for these Strouhal
numbers are within five nozzle diameters downstream from the jet exit. For all the three
nozzle cases, the region responsible for the majority of the sound radiation is within ten
nozzle diameters downstream from the jet exit. Contours of the source distributions suggest
that the fluid inserts of this configuration reduce a significant amount of sound radiated.
Overall, the highest amount of reduction is obtained in the 60º azimuthal plane.
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Chapter 4
Conclusion
Several spectral and correlation analyses that help to distinguish the jet noise
components, determine the directivity, and calculate the relative strengths and the location
of the noise sources have been described.
The sound pressure levels of the baseline nozzle configuration and fluid insert
nozzle in both azimuthal planes were compared. In general, the fluid insert nozzle reduces
the overall sound radiated by a maximum amount of 10 dB in the downstream direction,
and by a maximum amount of 4 dB in the upstream direction of the jet flow. Contour plots
mapping the sound pressure level with frequency and the polar angle of radiation were
calculated. The noise generated by the large-scale turbulent structures is found to be
radiated in the polar range of 20º - 55º for all three cases considered. Also, in the case of
fluid inserts, the greatest amount of noise reduction is obtained in the 60º azimuthal plane.
Auto-correlation analysis was used to distinguish the different types of noise radiated. It
was also used to determine the spatial correlation length of the acoustic waveforms.
Further, cross-correlation analysis was used to determine the directivity of the noise
radiated by the jet flow. A directivity index was derived and was used to measure the
direction of the Mach wave radiation. Based on the results, it was found that the direction
of the Mach wave radiation is in the 36º - 40º region for the baseline nozzle and in the 43º
polar angle of radiation for the fluid insert nozzle.
The principle of polar correlation has been used to investigate the features of the
sound sources in the jet flow. This method provides the noise source strength axial
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distributions as a function of frequency. The cross spectral density, as a function of
frequency, had similar trends for all the nozzle cases considered. Although the source
images for the three nozzle cases look similar, small differences in detail exist. In general,
as the Strouhal number increases, the peak of the noise source distributions move upstream
in the jet flow. For all three nozzle cases, the region responsible for the majority of the
sound radiation is within ten nozzle diameters downstream from the jet exit. Contours of
the source distributions show that the fluid inserts of this configuration reduce the sound
radiated and 60º azimuthal plane is the quiet plane. Since the noise sources are assumed to
be uncorrelated monopoles, the interference effects of the sources could not be determined.
This research has shown that fluid insert nozzles with the specified injector pressure
ratios and nozzle pressure ratio contribute significantly to the reduction of the far-field
noise radiated by a supersonic jet flow. For better understanding of the factors that affect
the noise reduction, further research is suggested in both experiments and analysis. In
experiments, nozzles with different fluid insert configurations can be considered. The
effect of injector pressure ratios and nozzle pressure ratio on the sound radiated should be
studied. Additionally, different Mach numbers and temperature ratios of the jet can also be
considered. Analytically, the study of the interference effects of the acoustic waves radiated
by multiple noise sources could lead to a better understanding of the noise sources in the
jet flow.
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Appendix: Screech Removal
Although the phenomenon of jet screech is typically not observed in a full-scale
military jet engine, it is quite common in small scale aeroacoustics facilities. In some cases,
screech is unavoidable due to the scale of the experimental setup. The presence of screech
in the data pose various hindrances specifically when dealing with correlation analyses.
Therefore, a decontamination methodology introduced by Horne and Handler [46] can be
applied to experimental data for the removal of screech. The methodology and examples
are described in this appendix.
Cancellation Methodology:
It is assumed that the jet screech is contaminating the measured pressures. Consider
the measurement scenario illustrated in figure A.1. Here, 𝑦1 (𝑡) and 𝑦2 (𝑡) represent two
contaminated signals. Also, let the signals 𝑥1 (𝑡), 𝑥2 (𝑡), . . . . , 𝑥𝑁 (𝑡) be reference signals that
are passed through two optimum Wiener filters represented by ℎ11 , ℎ21 , . . . . . . , ℎ𝑁1 and
ℎ12 , ℎ22 , . . . . . , ℎ𝑁2 . The filtered signals are then subtracted from the contaminated signals
𝑦1 (𝑡) and 𝑦2 (𝑡) to obtain the desired “noise-free” signals, 𝑧1 (𝑡) and 𝑧2 (𝑡). All the
operations are performed on the Fourier transformed quantities using the following
relationship:
∞

𝑋𝑘 = 𝑋𝑘 (𝑓) = ∫ 𝑥𝑘 (𝑡)𝑒 −𝑖2𝜋𝑓𝑡 𝑑𝑡
−∞

(𝐴. 1)
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Also define,
𝑋 = [𝑋1 𝑋2 𝑋3 … 𝑋𝑁 ]

(𝐴. 2𝑎)

𝑌 = [𝑌1 𝑌2 ]

(𝐴. 2𝑏)

𝑍 = [𝑍1 𝑍2 ]

(𝐴. 2𝑐)

ℎ11
ℎ21
𝐻 = ℎ31
⋮
[ ℎ𝑁1

ℎ12
ℎ22
ℎ32
⋮
ℎ𝑁2 ]

Figure A.1: Schematic of cancellation method (from Horne and Handler [46]).

(𝐴. 2𝑑)
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The cross spectrum of the Fourier transforms of 𝑥𝑖 (𝑡) and 𝑥𝑗 (𝑡) is defined as,
𝐺𝑥𝑖 𝑥𝑗 = < 𝑋 ∗ 𝑋 >
where, the ‘∗’ represents the complex conjugate transform and the brackets < …. >
represent an ensemble average.
Now using equations A.2, the block diagram indicated in figure A.1 can be represented as
follows:
𝑍 =𝑌−𝑋𝐻

(𝐴. 3)

Also define the auto and cross-spectral properties for the signals 𝑋𝑖 , 𝑌𝑖 and 𝑍𝑖 as,
𝐺𝑥1 𝑥1
𝐺𝑥2 𝑥1
∗
𝑄 = < 𝑋 𝑋 > = 𝐺𝑥3 𝑥1
⋮
[𝐺𝑥𝑁 𝑥1
𝑅 = < 𝑌∗𝑌 > = [

𝐺𝑥1 𝑥2
𝐺𝑥2 𝑥2
𝐺𝑥3 𝑥2
⋮
𝐺𝑥𝑁 𝑥2

⋯
⋯

𝐺𝑥1 𝑥𝑁
𝐺𝑥2 𝑥𝑁
⋯ 𝐺𝑥3 𝑥𝑁
⋱
⋮
… 𝐺𝑥 𝑥 ]
𝑁 𝑁

(𝐴. 4𝑎)

𝐺𝑦1 𝑦1
𝐺𝑦2 𝑦1

𝐺𝑦1 𝑦2
]
𝐺𝑦2 𝑦2

(𝐴. 4𝑏)

𝐺𝑧1 𝑧1
𝐺𝑧2 𝑧1

𝐺𝑧1 𝑧2
]
𝐺𝑧2 𝑧2

(𝐴. 4𝑐)

𝑃 = < 𝑍∗𝑍 > = [
Equation A.4c can be manipulated as follows,

𝑃 = < 𝑍∗𝑍 >
= < [𝑌 − 𝑋𝐻]∗ [𝑌 − 𝑋𝐻] >
= < [𝑌 ∗ − 𝐻 ∗ 𝑋 ∗ ][𝑌 − 𝑋𝐻] >
= < 𝑌 ∗ 𝑌 > − [< 𝑌 ∗ 𝑋 > 𝐻] − [𝐻 ∗ < 𝑋 ∗ 𝑌 >] + [𝐻 ∗ 𝑄𝐻]
𝐺𝑦 𝑥
Let 𝑉 = < 𝑌 ∗ 𝑋 > = [ 1 1
𝐺𝑦2 𝑥1

𝐺𝑦1 𝑥2

⋯

𝐺𝑦1 𝑥𝑁

𝐺𝑦2 𝑥2

⋯

𝐺𝑦2 𝑥𝑁

]

(𝐴. 5)
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Therefore, equation A.5 can be re-written as,
𝑃 = 𝑅 − 𝑉𝐻 − 𝐻 ∗ 𝑉 ∗ + 𝐻 ∗ 𝑄𝐻

(𝐴. 6)

The optimum Wiener filter which minimizes the mean square output power of equation
A.6 is given by,
𝐻 = (𝑄 −1 )∗ 𝑉 ∗

(𝐴. 7)

Substituting equation A.7 into equation A.6 results in,
𝑃 = < 𝑍 ∗ 𝑍 > = 𝑅 − 𝑉(𝑄 −1 )∗ 𝑉 ∗ − 𝑉(𝑄 −1 )𝑉 ∗ + 𝑉(𝑄 −1 )𝑄(𝑄 −1 )∗ 𝑉 ∗
Therefore,
𝑃 = 𝑅 − 𝑉(𝑄 −1 )𝑉 ∗

(𝐴. 8)

Equation A.8 eliminates the contamination identically if the reference signals are “signal
free” i.e., they contain only the noise which is present in the original signals. Otherwise, it
would give the ‘best’ estimate possible.
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Application to a Modelled Turbulent Channel Flow:
As an example, consider a two dimensional turbulent channel flow as illustrated in
figure A.2. The points represent the locations at which the pressure transducers are placed.
Assume there is no cross flow. Signals from locations 1 and 2 are references and the signals
from locations 3 and 4 are contaminated signals. The total signal from each transducer can
be expected to be of the following form,
𝑦1 = 𝑠1 + 𝑥

(𝐴. 9𝑎)

𝑦2 = 𝑠2 + 𝑥

(𝐴. 9𝑏)

𝑦3 = 𝑠3 + 𝑥

(𝐴. 9𝑐)

𝑦4 = 𝑠4 + 𝑥

(𝐴. 9𝑑)

where, 𝑠𝑖 (𝑡) represents the turbulence pressure fluctuations at location 𝑖 and 𝑥(𝑡)
represents the contaminating noise.
In this scenario, consider 𝑥(𝑡) to be a sinusoidal wave with a frequency of 5000 Hz. This
could be thought of as screech or some other periodic signal in the channel or tunnel. Take
the sampling frequency as 300 kHz and the length of the signal as 102400 (the same as the
experimental jet noise setup). Also consider the turbulence at different locations to be
sinusoidal waves with randomly allotted frequencies (this can be easily achieved in
MATLAB).
For the reference signals to be truly signal free, the following assumptions are considered:
a) The turbulence at any location is not correlated with the noise signal at any location.
b) The noise signal at every location is either fully or partially correlated to the noise
signal at any other location.
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c) It is postulated that the ratio 𝑙/𝛥𝑥 ≫ 1. Therefore, the turbulence at locations 1 and
2 is not correlated with the turbulence at locations 3 and 4. Also, turbulence at
location 1 is not correlated with turbulence at location 2. Further, the turbulence at
locations 3 and 4 is either fully or partially correlated.

Figure A.2: Transducer arrangement in a two dimensional virtual turbulent channel flow.
Figure A.3 shows the auto spectrum of transducer 3 before and after cancellation. It is clear
that after enforcing the above conditions this cancellation methodology eliminates the
contamination completely.

82

Contamination

Figure A.3: Power spectral density of the pressure fluctuations at location 3.
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Application to the Baseline Jet Noise Data:
Since screech is most dominant in the upstream direction, the pressure fluctuations
recorded by the microphones located in the upstream direction (93.5º - 130º) can be
considered as contaminated signals and the pressure fluctuations recorded by the
microphones located in the downstream and sideline directions (20º - 90º) can be
considered as reference signals. Figure A.4 shows the sound pressure level of the
microphone located at 130º from the jet downstream axis before and after the cancellation
methodology is applied.

≈ 2𝑑𝐵

Figure A.4: Sound pressure levels of the baseline nozzle recorded by a microphone located
at 130º from the jet downstream axis for the heated supersonic jet (TTR = 3.0, NPR = 3.0)
before and after the cancellation methodology is applied.
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It is clear from figure A.4 that unlike the modelled problem, there is no complete
elimination of screech in the experimental data pertaining to the baseline nozzle. However,
there is a 2 dB reduction of the magnitude of screech. The reference signals (in this case,
pressure fluctuations in the downstream and sideline directions) are not truly “signal free”.
As shown in the main body of this thesis (see figure 2.22: 100º - 130º), the cross correlation
values between the references and the contamination screech signals are low (of the order
of 0.02 ≅ 10 percent of the highest cross correlation) yet significant. This violates the third
assumption (described above) for the signals to be truly “signal free”. Therefore, the
cancellation methodology only yields the best possible estimate.

85

References
[1] C. L. Coppola, M. R. Enns and T. Grandin, "Noise in the Animal Shelter
Environment: Building Design and the Effects of Daily Noise Exposure," Journal of
Applied Animal Welfare Science, pp. 1-7, 2006.
[2] V. S. Bjorn, C. B. Albery and R. L. McKinley, "U.S. Navy Flight Deck Hearing
Protection Use Trends: Survey Results," 2006.
[3] M. J. Lighthill, "On sound generated aerodynamically I. General theory,"
Proceedings of the Royal Society (A), vol. 211, pp. 564-587, 1952.
[4] M. J. Lighthill, "On sound generated aerodynamically II. Turbulence as a source of
sound," Proceedings of the Royal Society (A), vol. 211, pp. 1-32, 1954.
[5] J. E. Ffowcs Williams, "The noise from turbulence convected at high speed,"
Philosophical Transactions of the Royal Society of London (A), vol. 255, pp. 469503, 1963.
[6] G. M. Lilley, "On the noise from jets: noise mechanisms," in AGARD conference
proceedings 131, 1974.
[7] S. Crow and F. H. Champagne, "Orderly structure in jet turbulence," Journal of Fluid
Mechanics, vol. 48, no. 3, pp. 547-591, 1971.
[8] G. L. Brown and A. Roshko, "On density effects and large structure in turbulent
mixing layers," Journal of Fluid Mechanics, vol. 64, no. 4, pp. 775-816, 1974.

86

[9] M. J. Fisher, M. Harper-Bourne and S. A. L. Glegg, "Jet engine noise source location:
The polar correlation technique," Journal of Sound and Vibration, vol. 51, no. 1, pp.
23-54, 1977.
[10] J. Laufer, R. Schlinker and R. Kaplan, "Experiments on Supersonic Jet Noise," AIAA
Journal, vol. 14, no. 4, pp. 489-497, 1976.
[11] E. Mollo-Christensen, "Measurements of near ﬁeld pressure of subsonic jets," Tech.
Rep. NATO AGARD Report 449, 1963.
[12] E. Mollo-Christensen, "Jet noise and shear ﬂow instability seen from an
experimenter’s point of view," Journal of Applied Mechanics, vol. 34, no. 1, pp. 1-7,
1967.
[13] T. K. Sedel'nikov, "The frequency spectrum of the noise of a supersonic jet," Phys.
Aero. Noise Moscow: Nauka. (Trans. 1969 NASA TTF - 538, pp. 71-75.), 1967.
[14] C. K. W. Tam, "Directional acoustic radiation from a supersonic jet generated by
shear layer instability," Journal of Fluid Mechanics, vol. 46, pp. 757-768, 1971.
[15] C. K. W. Tam, "On the noise of a nearly ideally expanded supersonic jet," Journal of
Fluid Mechancis, vol. 51, pp. 69-95, 1972.
[16] C. K. W. Tam, "Supersonic jet noise generated by large scale disturbances," Journal
of Sound and Vibration, vol. 38, pp. 51-79, 1975.
[17] K. A. Bishop, J. E. Ffowcs Williams and W. Smith, "On the noise sources of the
unsuppressed high-speed jet," Journal of Fluid Mechanics, vol. 50, no. 1, pp. 21-31,
1971.

87

[18] P. J. Morris, "A model for the structure of jet turbulence as a source of noise," AIAA
Paper 74-1, 1974.
[19] J. T. C. Liu, "Developing large-scale wavelike eddies and the near jet noise field,"
Journal of Fluid Mechanics, vol. 62, no. 3, pp. 437-464, 1974.
[20] D. K. McLaughlin, G. L. Morrison and T. R. Troutt, "Experiments on the instability
waves in a supersonic jet and their acoustic radiation," Journal of Fluid Mechanics,
vol. 69, no. 1, pp. 73-95, 1975.
[21] D. K. Mclaughlin, G. L. Morrison and T. R. Troutt, "Reynolds number dependence
in supersonic jet noise," AIAA Journal, vol. 15, pp. 526-532, 1977.
[22] C. K. W. Tam and K. C. Chen, "A statistical model of turbulence in two-dimensional
mixing layers," Journal of Fluid Mechancis, vol. 92, no. 2, pp. 303-326, 1979.
[23] C. K. W. Tam and P. J. Morris, "The radiation of sound by the instability waves of a
compressible plane turbulent shear layer," Journal of Fluid Mechanics, vol. 98, no.
2, pp. 349-381, 1980.
[24] C. K. W. Tam and D. E. Burton, "Sound generated by instability waves of supersonic
flows part 1," Journal of Fluid Mechancis, vol. 138, pp. 249-271, 1984.
[25] C. K. W. Tam and D. E. Burton, "Sound generated by instability waves of supersonic
flows part 2," Journal of Fluid Mechanics, vol. 138, pp. 273-295, 1984.
[26] C. K. W. Tam and P. Chen, "Turbulent mixing noise from supersonic jets," AIAA
Journal, vol. 32, no. 9, pp. 1774-1780, 1994.

88

[27] C. K. W. Tam, "Supersonic Jet Noise," Annu. Rev. Fluid Mech., vol. 27, pp. 17-43,
1995.
[28] C. K. W. Tam, M. Golebiowski and J. M. Seiner, "On the two components of
turbulent mixing noise from supersonic jets," AIAA Journal, pp. 96-1716, 1996.
[29] J. Panda and R. G. Seasholtz, "Experimental investigation of density fluctuations in
high-speed jets and correlation with generated noise," Journal of Fluid Mechanics,
vol. 450, pp. 97-130, 2002.
[30] J. Panda, R. G. Seasholtz and K. A. Elam, "Investigation of noise sources in highspeed jets via correlation measurements," Journal of Fluid Mechanics, vol. 537, pp.
349-385, 2005.
[31] C. K. W. Tam, K. Viswanathan, K. K. Ahuja and J. Panda, "The sources of jet noise:
experimental evidence," Journal of Fluid Mechanics, vol. 615, pp. 253-292, 2008.
[32] H. K. Tanna, "An experimental study of jet noise part II: Shock associated noise,"
Journal of Sound and Vibration, vol. 53, no. 3, pp. 429-444, 1977.
[33] M. Harper-Bourne and M. J. Fisher, "The noise from shock waves in supersonic jets,"
in Proceedings of the AGARD Conference on Noise Mechanisms, AGARD CP-131,
11-1 to 11-13. , France, 1974.
[34] A. Powell, "On the Mechanism of Choked Jet Noise," in Proceedings of the Physical
Society, London, 1953.
[35] A. Powell, "The noise of choked jets," The Journal of the Acoustical Society of
America, vol. 25, no. 3, pp. 385-389, 1953.

89

[36] J. Panda, "An experimental investigation of screech noise generation," Journal of
Fluid Mechanics, vol. 378, pp. 71-96, 1999.
[37] T. D. Norum, "Screech suppression in supersonic jets," AIAA Journal, vol. 21, no. 2,
pp. 235-240, 1983.
[38] K. C. Massey, K. K. Ahuja, R. R. I. Jones and C. K. W. Tam, "Screech tones of
supersonic heated free jets," AIAA Paper 94-0141, 1994.
[39] J. Morgan, D. K. Mclaughlin and P. J. Morris, "Experimental Results for Supersonic
Jet Noise Reduction Using Nozzle Fluidic Inserts," in AIAA Paper 2017-3518,
Denver, Colorado, 2017.
[40] P. J. Morris, D. K. McLaughlin and C.-W. Kuo, "Noise reduction in supersonic jets
by nozzle fluidic inserts," Journal of Sound and Vibration, vol. 332, pp. 3992-4003,
2013.
[41] R. W. Powers, Experimental Investigation of the Noise Reduction of Supersonic
Exhaust Jets with Fluidic Inserts, Doctoral Dissertation, 2015.
[42] C. K. W. Tam, "Mach Wave Radiation From High-speed Jets," AIAA Journal, vol.
47, no. 10, pp. 2440-2448, 2009.
[43] P. J. Morris and C. K. W. Tam, "On the radiation of sound by the instability waves
of a compressible axisymmetric jet," in Mechanics of sound generation in flows;
Proceedings of the Joint Symposium, Göttingen, West Germany, 1979.

90

[44] V. F. Kopiev, S. A. Chernyshev, M. Y. Zaitsev and V. M. Kuznetsov, "Experimental
Validation of Instability Wave Theory for Round Supersonic Jet," in AIAA Paper
2006-2595, Cambridge, Massachusetts, 2006.
[45] J. Morgan, D. K. McLaughlin, P. J. Morris and C. Prasad, "Further Development of
Supersonic Jet Noise Reduction Using Nozzle Fluidic Inserts," in AIAA Paper 20170683, Grapevine, Texas., 2017.
[46] M. P. Horne and R. A. Handler, "Innovative Methodology for Cancelling
Contaminating Noise in Turbulent Fluid Flow Environments," NRL Memorandum
Report 6683, Washington, DC., 1990.

