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ABSTRACT
A polar correlation technique is used to predict noise source locations in subsonic
heated jets. This method enables an estimate of the noise source strength distribution as a
function of frequency to be obtained. Far-field microphones, installed on the polar arc of
the jet nozzle, record pressure signals which are generated by the jet. Data acquisition is
performed for a round nozzle and a beveled nozzle on the long and short lip sides with
microphones from 60˚ to 150˚ to the jet inlet. These data are analyzed to show the effects
of the nozzle geometry and the observation angle. The results can be summarized as
follows. Irrespective of the shape of nozzle, the significant noise source strength is
located within ten nozzle diameters from the jet exit. As the observation angle increases,
the highest peak of the noise source strength distribution moves closer to jet exit.
However, the noise source distribution shows that the peaks given by the present results
are further from the nozzle exit than previously published data. A verification process
using an asymmetric Gaussian model explains that this trend is a result of a lack of
microphone angular resolution. For the measurement of the polar correlation technique, a
graded spacing microphone array is suggested as the quality of the noise source
distribution depends on the resolution of the microphones in the array.
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Chapter 1
Introduction
The goal of this thesis is to provide an understanding of the noise sources in
subsonic jets using the polar correlation method. Research on aeroacoustic noise sources
is not only important from an industrial aspect, to effectively reduce the annoying sounds
produced by an aircraft engine, but it is also valuable from a scientific viewpoint to
understand the generation of the noise. In general, the noise generated by a jet engine can
be divided into two kinds. One is the relatively distributed noise source caused by the jet
mixing flow and the other is a non-distributed noise source generated inside the engine.
The focus of the present work is on the axially distributed noise source due to the jet flow
downstream of the jet exit, which has a dominant contribution to the engine noise at high
power engine conditions. Using the polar correlation method, the noise source strength
distributions for this noise generation component are determined for various nozzle
geometries and observation angles.
The polar correlation method enables the prediction of the location and the
relative strength of noise sources as a function of frequency. The technique was
introduced by Fisher et al. [1] in 1977. The approach proposed that the correlation
between two recorded signals for observers on a polar arc in the far-field could be used to
find the distribution of noise source strength for the jet flow. The term ―cross correlation‖
is expressed as the time average of the product of the two pressure signals for different
time delays. In the experiment, an array of far-field microphones, placed on a polar arc
1

centered at the jet nozzle exit, was used. In their analysis, Fisher et al. [1] noted that it is
difficult to identify the precise analytical relationship between the far-field data and the
source distribution. Furthermore, they argued that the analysis of all far-field methods has
to depend on modeling of noise source at some level. Since their original jet flow noise
source modeling was limited to one dimension, later in 1982, Glegg [2] described the
polar correlation analysis for a three dimensional source distribution. Glegg showed that
the deviation of the actual noise sources from the jet centerline can cause a significant
error when the arc angle of the array is relatively large1. Overall, the technique is
experimentally straightforward, yet gives detailed spectral information about the modeled
noise source. On the other hand, like other source location techniques, the polar
correlation method has the limitation that the model for the noise sources is based on
uncorrelated and omni-directional sources.
A number of polar microphone array experiments have been performed and
studied in detail using the original technique. Battaner-Moro et al. [3] have conducted
outdoor measurements of jet engine noise. They sought to investigate the effects of the
weather conditions on the jet noise with open-air testing. As a result, the interference
effects of wind-induced noise and ground reflection were found as a function of the
height of microphones. In addition, Battaner-Moro [4] performed a full-scale engine
noise measurement with a large array using an automated source breakdown algorithm
[5]. The large polar array consisted of 125 microphones and gave a good resolution at all
observer reference angles. The measurements showed that the sources from the engine
inlet are more dominant than those from the by-pass and core when the observation angle
1
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moves into the forward arc. The assumption that noise sources are coherent and have an
inherent directivity has also been made by Battaner-Moro.
Significant progress has been made in noise source location with the development
of the beamforming process. Among various approaches, Long [6] suggested a subspace
beamforming method to predict the noise in the transonic flow region. The combination
of beamforming and subspace decomposition permits the separation of the characteristics
of turbulence and noise in a transonic wind tunnel. The applicability of this technique
was shown in wind tunnel tests of a weapons bay cavity with control surfaces.
Furthermore, Venkatesh [7] introduced a new beamforming algorithm to estimate
distributed jet noise sources with a linear microphone array. Unlike conventional
approaches, the algorithm reconstructs a continuous noise source in the area around the
focal point. This method allows for a more optimized level of resolution and accuracy. A
measurement with a linear phased array in an anechoic facility demonstrated the
application of the algorithm to jet noise source localization.
Recently, the Deconvolution Approach for the Mapping of Acoustic Sources
(DAMAS) has been developed by Brooks and Humphreys [8]. This approach can
eliminate the unwanted beamforming features that depend on the array geometry and the
array size that contaminate the result when traditional beamforming methods are used.
Later, an extension of the DAMAS phased array processing for spatial Coherence
determination (DAMAS-C) allowed a clearer interpretation for coherent sources [9]. This
technique was demonstrated with data from a noise test of an airframe flap. However,
DAMAS-C still requires improvements in processing time and computing resources.
Dougherty [10] proposed extensions to DAMAS, called DAMAS 2 and DAMAS 3. In
3

DAMAS 2, the iteration time was effectively decreased and regularization was added
with the use of a low pass filter. Additionally, DAMAS 3 provided the same procedure
and it reduced the required number of iterations further. Both methods, however, can only
be applied to cases with a limited Point Spread Function (PSF). The PSF describes an
unresolved image for a point source as a function of the image position.
Sijtsma [11] suggested a deconvolution algorithm, CLEAN-based source
coherence (CLEAN-SC), which is a new version of the CLEAN2 procedure. Unlike
conventional methods focused on defining the PSF, the method is applied to the sources
that are spatially coherent with side lobes. With noise tests of an Airbus A340 scale
model, it was illustrated that the CLEAN-SC algorithm is an effective tool to identify
dominant noise sources. Dougherty and Mendoza [13] performed a phased array
beamforming test with 100-foot polar arc microphones. The far-field phased array
included two sets of microphone arrangements. One was a polar array made up of 32
microphones from 5˚ to 160˚ with 5˚ increments and the other was a high frequency array
with 23 microphones from 60˚ to 90˚ at irregular intervals. While the 5˚ polar array has
relatively high resolution, the high frequency array has a better definition of the sources
and a lower level of side lobes, which is generally desirable. The beamforming for those
phased arrays showed that the DAMAS improves the resolution of the sources and that
the CLEAN-SC algorithm is useful to reduce the side lobes when dealing with coherent
sources.
Tester et al. [14] reviewed the current source location methods for engine noise
sources using microphone arrays. They discussed that both the source breakdown method
2
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and the deconvolution method have limitations when describing jet engine noise sources.
They provided the mathematical analysis for the methods that are currently in use. In the
review, it is noted that in most cases the modeled noise sources are assumed to be
uncorrelated. However, they argued that this assumption is not a requirement any more
with the appearance of the DAMAS-C. Additionally, a 1/3-octave algorithm was
introduced to suppress the aliasing effect which causes source images to be ambiguous.
Since the 1970’s the large scale structure of turbulence has been known as an
important contributor to the noise radiation from supersonic jets. Tam et al. [15] derived
two similarity spectra to describe the components of noise from supersonic jets using
measured data. These spectra are termed the large scale similarity (LSS) and fine scale
similarity (FSS) spectra. Viswanathan [16] suggested that the LSS spectra can play an
important role even in the noise from subsonic jets. From experimental evidence, it has
been demonstrated that the same spectral shape is observed at large angles to the jet inlet
for both unheated subsonic jets and heated supersonic jets.
Recently, Viswanathan [17][18] has investigated the sources of jet noise using
three similar techniques. They are the measurement of source distributions with an
acoustic mirror, the measurement of far-field noise spectra, and the determination of farfield cross correlations. Different shapes of nozzle were used in the experiments
including a round nozzle and a beveled nozzle. One finding of this work was that the LSS
spectral shape exists at large angles, relative to the jet inlet, regardless of jet speed.
Viswanathan also showed results that, the larger observation angle, the shorter the
distance is from the nozzle to the peak of the noise source distribution. This trend
becomes more apparent when the jet exit velocity increases. Moreover, it was proposed
5

that the important noise for the low speed as well as the high speed jet results from the
large scale turbulent structures, which are normally highly correlated. He also observed
that the noise is reduced in some directions by the modification of the coherent structures
when a beveled nozzle is used.
In this thesis, the properties of jet noise sources are examined using polar
correlation technique since the noise source distributions can be predicted as function of
different observation angles. The cross correlation between the pressure at two polar
angles and the axial noise source distributions are shown using the polar correlation
technique. Attempts were first made to examine the trends due to changes in the jet
velocity between Mach number 0.5 and 0.9. However, the measured data at Mach
number 0.9 was poorly resolved at high frequencies. Instead, the effects from the
different geometries of nozzle such as a round nozzle and a beveled nozzle at jet velocity
Mach number 0.5 are determined. In addition, the change to the noise sources is
investigated for different observation angles. The peak of the noise source distribution is
shown to be closer to the jet exit as the observer angle is increased from 60˚ to 150˚. In
addition to the experimental results, the dependence of the noise source distribution is
discussed. The impact on the source distribution of the number of observation points is
noted and this indicates the number of microphone location required for a given
frequency resolution using the polar correlation technique.
The basic concepts of the polar correlation method are introduced in Chapter 2.
The schematic experimental setup is used to describe the polar array and the notation for
the analysis used to form a source image. The fundamental equations for the noise source
distribution are derived in detail, as is an explanation on how to obtain the source strength
6

distribution. The chapter ends with a discussion of the assumptions and limitations when
applying the polar correlation approach both in general and specifically for this study.
Chapter 3 is devoted to the modeling process. We begin by presenting the
modeling of an acoustic point source as a reference source. This development of the
modeling for the simple case of the point source is shown to help understand the
approaches and to validate the numerical procedures as a stepping stone to the application
to jet noise source location. In the course of modeling, all the numerical calculations are
checked by comparison with exact solutions and to previously published results.
Finally, in Chapter 4, the methodology to obtain the noise source distribution
from the measured data for jet noise is presented. The experimental setup at Boeing and
the recorded data specifications are described. Then, the processing procedure of the data
is described. In particular, random data analysis is applied to the time history data and the
segmentation technique is discussed. In addition, other auxiliary functions, for example,
the interpolation algorithm for improving the resolution and the formulation of
normalization of the data are specified to clarify their effects. The polar correlations and
noise source distributions for the different nozzles and observation angles are then
presented. The study is concluded with a discussion of the results and the remaining
questions for the future study.
In appendix, the analysis to determine the Fourier transform of an asymmetric
Gaussian source model is provided.

7

Chapter 2
Polar correlation technique

2.1 Basic concepts of polar correlation technique
The fundamental concepts of the polar correlation approach can be explained
using a point source of noise [1]. A simple geometry of two microphones and a point
noise source for polar correlation is shown in Fig. 2.1. The point source is at distance y
from the nozzle, and the microphones M1 and M2 are at a radius R on a polar arc with
separation angles β and α, respectively. The pressure signals from the two microphones
are recorded simultaneously on the polar array.
The form of the sound pressure can be written as

pn (t ) 

A
cos(  t   ), n  1,2,3,...,
rn

where pn(t) = pressure measured at microphone Mn at time t,
A = amplitude with units of force / unit length,
rn = distance from source to microphone Mn,
ω = frequency of sound wave, and
φ = phase
Using this equation, p1 and p2 can be expressed as

p1 (t   ) 

p 2 (t ) 


r 
A
cos   t    1  at M1,
r1
a0 



r 
A
cos   t  2 
r2
 a0 
8

at M2.

(2.1)

(2.2)

Note that time delay τ is added to the signal p1 and a0 represents the speed of sound,
which is assumed to be constant.

Fig. 2.1: Simple geometry for polar correlation.
9

The definition of the cross correlation between two stationary signals is given by

1
T  T

R12 ( ,  ,  ,  )  lim

T

 p (t   ) p (t )dt .
1

2

(2.3)

0

The cross correlation function can be calculated for the pressures given by Eqns.(2.1) and
(2.2). It is given by
R12 ( ,  ,  ,  ) 

T


A2
1
r 
r 
 lim  cos   t    1  cos   t  2 dt
r1r2 T  T 0
a0 

 a0 

A2
1

 lim
T


r1r2
2T





r1  r2 
r1  r2 



dt
cos

2
t




cos



0



a
a
0
0





T

(2.4)


A2
r r 
cos    1 2 ,
2r1r2
a0 

T

where cos A cos B 

1
1
cos( A  B)  cos( A  B), and Tlim
cos  d  0.
 T 
2
0

It can be seen that the cross correlation function R12 is also a cosine function whose
periodicity depends on the time delay between the two signals and the relative separation.
As the time delay and the separation distance increases, R12 oscillates more rapidly.
From Fig. 2.1, a simple trigonometric relationship can be formed between R, r1,
and y. It is given by
R 2  y 2  r1


cos     sin  
.
2 yR
2

2

10

(2.5)

This equation can be further simplified using a far-field approximation in which the polar
radius R is assumed to be much greater than the source distance y from the nozzle (R >>
y). Then, the distance r1 can be approximated as

r1  R 2  2 yR sin   y 2
 2 y sin  y 2 
 R1 
 2 
R
R 


1/ 2

 y2
y sin 


 R 1 
 ...   O 2
R


R





(2.6)

 R  y sin  .
In the same manner, r2 can be expressed as,

r2  R  y sin  .

(2.7)

If the reference microphone is on the iˆ axis, namely, the angle β in Fig. 2.1 is equal to
zero, the distances r1, r2 can be approximated by
r1r2  R 2 ,
r1  r2  y sin  .

(2.8)

(2.9)

Then, the cross correlation expression is given by,


A2
y sin  

 .
R12 ( ,  , ) 
cos




a
2R 2
0
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(2.10)

Eqn. (2.10) governs the fundamentals of the polar correlation approach in far-field
acoustics. When zero time delay is assumed, the cross correlation function is further
simplified to

R12 ( ,  ,  0) 

 y

A2
cos sin   .
2
2R
 a0


In Eqn. (2.11), the cross correlation R12 is a cosine function of

(2.11)

y
a0

sin  . So the

oscillation of the cross correlation is linearly dependent on ysinα. Fig. 2.2 is a sketch that
depicts the relationship between the cross correlation behavior and the source distance
from the center of the polar arc. The period of the correlation function is shortened as the
source moves downstream. Furthermore, the summation of the cross correlations
represents the source distribution under the condition that sources are uncorrelated with
each other. In this figure, the important point is that the locations and strengths of
individual noise sources are determined by the periodicity and amplitude of each wave.
This can be determined in practice by Fourier-analyzing the summed cross correlation.
Thus, this conceptual idea can be expanded to the analysis of multiple sources by
replacing A2/2 with the source strength function Q(y,ω).

12

Fig. 2.2: Variation of cross correlations with source positions
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2.2 Polar correlation technique in three dimensions
In this subsection, an analysis is described that allows the source distribution to be
determined from the cross spectral density between points on a polar array. The basic
concept of the polar correlation method was explained using the cross correlation
function for a point source in the previous section. However, it is rather unrealistic that
the source is assumed to be exactly on the centerline of the nozzle. Distributed,
fluctuating sources in three dimensions should be considered in more detail. Furthermore,
the cross spectral density function is related directly to the cross correlation function. The
cross spectral density function for source analysis is preferred because it provides the
source properties as a function of frequency. Therefore, the Fourier transform that links
the cross correlation and the spectral density together plays an important role in analyzing
the results.
The polar correlation geometry for a source not on the jet axis is illustrated in Fig.
2.3 [2]. Unlike the simple geometry presented previously, it shows that the sources are
distributed across the jet flow where they can be off the jet axis and the sound from the
source fluctuations at y 1 , y 2 is measured from the microphone M1, M2, instead of from a
single point source. Notice that the distance from y 2 to M1 is denoted additionally by r1´.

2.2.1 Cross spectral density
The basic quantity used in polar correlation, the cross spectral density (CSD)
between the two measured pressure signals, is defined by
14

S12 (m1 , m2 ,  )  E[ P1 * (m1 ,  ) P2 (m2 ,  )] ,

(2.12)

where m1 and m 2 are the vector positions of the microphone M1 and M2 respectively.
The operator E denotes the expected value and the asterisk indicates the complex
conjugate. As shown in Fig. 2.3, the far-field microphones acquire the pressure signals
from the source fluctuations. The pressure signals from a three dimensional source
distribution at M1, M2 can be expressed in the frequency domain as
P1 (m1 ,  )   q( y1 ,  )e ikr1
v1

P2 (m2 ,  )   q ( y 2 ,  )e ikr2
v2

d y1
,
r1

(2.13)

d y2
,
r2

(2.14)

where q ( y ,  ) signifies the source fluctuations at the y location and r is the distance
from the source to microphone. k is a wave number, defined by k = ω/a0.
With Eqns. (2.13) and (2.14), the CSD can be rewritten in terms of the source
fluctuations as
S12 (m1 , m2 ,  ) 

  E[q * ( y ,  )q( y
1

2

,  )]e ik ( r2  r1 )

v2 v1

d y1 d y 2
.
r1 r2

(2.15)

Eqn. (2.15) can be expressed as

S12 (m1 , m2 ,  )   Q ( y 2 ,  )e ik ( r2 r1 ')
v

dy
,
r1 ' r2

(2.16)

where Q ( y 2 ,  ) for the reference microphone at M1 is given by
Q ( y 2 ,  )   E[q * ( y1 ,  )q( y 2 ,  )]e ik ( r1 ' r1 )
v1

15

r1 '
d y1 .
r1

(2.17)

Fig. 2.3: Three dimensional coordinates.

k̂ - axis is coming out of the page
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2.2.2 Far-field approximation
In the far-field, the polar arc radius is assumed to be much larger than the source
distance from the jet nozzle (y << R). The far-field propagation distances r1 and r2 can be
approximated with the distances from the noise sources that might not be on the
centerline of the jet. A diagram showing an off-axis noise source and the far-field
microphone is shown in Fig. 2.4. The off-axis angle of the source ε is typically very small
compared to the microphone separation angle θ. The location of the source, y can be
expressed as
y  iˆyi  ˆjy j  iˆ( y sin  )  ˆj ( y cos  ) ,

(2.18)

while the location of the microphone, m is
m  iˆR cos   ˆjR sin  .

(2.19)

The distance r from the microphone at m to an off-axis noise source at y can be
approximated by
2

r  m  y  ( m  y ) 2  m  2m  y  y

2

 R 2 (cos 2   sin 2  )  2 R ( y cos  sin   y sin  cos  )  y
1/ 2

2

y
 y 

 R 1  2 sin(    )   2

R
 R 
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2

(2.20)

 y2



y
 1
 R1  2 sin(    )     ...O

R
 2

 R 


 R  y sin(    )

.

 R  y sin  cos   y cos  sin 
 R  y j sin   y i cos  ,

where yi and yj are the components of y in the iˆ and ĵ directions respectively. The farfield microphone distances from the source can be expressed respectively for the
geometry shown in Fig. 2.3 as
r1 '  m1  y  R  y j sin   yi cos  ,

(2.21)

r2  m2  y  R  y j sin   yi cos  .

(2.22)
In Eqn. (2.16) the CSD is expressed in terms of r1´ and r2. The denominator and the
exponent of the equation can be replaced by
r1 ' r2  R 2 ,

(2.23)

r2  r1 '   y j (sin   sin  )  y i (cos   cos  ) ,

(2.24)

so that Eqn. (2.16) can be expressed as

S12 (m1 , m2 ,  ) 

1
 iky (sin   sin  )  ikyi (cos   cos  )
Q ( y 2 ,  )e j
dy.
2 
R v
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(2.25)

Fig. 2.4: Diagram of an off-aixs noise source and microphone.
ε is exaggerated to express the off-axis displacement,
yi of the noise source in iˆ - direction
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2.2.3 Determination of the noise source distribution
The Fourier transform of the CSD provides the noise source distribution. The
Fourier transform and its inverse are defined by
F ( ) 



 f (t )e

 i t

(2.26)

dt ,



f (t ) 

1
2



 F ( )e

i t

d .



(2.27)

In the analysis F(ω) is replaced by S12 (m1 , m2 ,  ) , while f(t) is equivalent to Q ( y 2 ,  ) in
Eqn. (2.25). dt and dω are replaced by d y and dk(sinα-sinβ) respectively. For the
evaluation of the effect of the one-dimensional approximation, if the noise source is
presumed to be on the centerline of the jet nozzle, the distance yi is zero. The axial noise
source strength distribution is determined by the inverse Fourier transform of the CSD
with respect to k(sinα-sinβ). Note that S12 in Eqn. (2.25) is a function of k(sinα-sinβ),
where wave number k is fixed with the selected frequency and the angular separations α
and β are variables.
The one-dimensional source image is given by the inverse Fourier transform of
Eqn. (2.25)
QI ( z ) 

1
2



S

12

(m1 , m 2 ,  ) w(k (sin   sin  ))



(2.28)

 e ikz (sin sin  ) d (k (sin   sin  )),
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where w(k(sinα-sinβ)) is a weighting function. This function is zero outside the range of
measurable k(sinα-sinβ). This is because the inverse Fourier transform of the CSD cannot
be calculated in the practical case without values of S12 where k(sinα-sinβ) is out of the
measured range: - ∞ ≤ k(sinα-sinβ) ≤ ∞ .
If a three-dimensional window function is defined by
1
W ( yi , y j  z ) 
2
e



 w(k (sin   sin  ))



(2.29)

ik ( y j  z )(sin  sin  ) ikyi (cos   cos  )

d (k (sin   sin  )),

the source distribution can be represented in the three dimensional source case as

QI ( z ) 

1
Q( y2 )W ( yi , y j  z )d y .
R 2 v

(2.30)

Eqn. (2.30) shows straightforwardly that a three-dimensional window function W(yi, yj-z)
connects the real source distribution, Q( y ) with the source image, QI(z). If the onedimensional results are considered, the window function can be further approximated by
W(yi,yj-z) ≈ W(0,yj-z). So the source image is found to be

QI ( z ) 

1
Q' ( y j )W (0, y j  z )dy j ,
R 2 v

(2.31)

where Q ' ( y j ) is the approximate source distribution function of yj for Q( y 2 ) .
If the reference microphone is at 90 degrees to the jet axis, β = 0. In this case, the
CSD in the far-field can be expressed as

S12 (m1 , m2 ,  ) 

1
 iky sin 
Q' ( y j ,  )e j dy j .
2 
R v
21

(2.32)

Then the source image can be expressed in the terms of the S12 function as
QI ( z ) 

1
2



S

12

(m1 , m 2 ,  ) w(k sin  )e  ikz sin  dk sin  .

(2.33)



2.3 Discussion
2.3.1 The window function
In the analysis there are several technical points to be considered in the practical
implementation of the polar correlation technique. Eqn. (2.33) shows that the source
strength distribution is represented by an integration of S12 weighted by the window
function. A proper window function needs to be defined in order to perform an inverse
Fourier transform and obtain the desired results. In Eqn. (2.32), the CSD is only available
for a limited range of the angular separations of the microphones and the selected
wavenumber. The extension of the available k(sinα-sinβ) range with the use of a
weighting function allows proper evaluation of the inverse Fourier transform of the CSD.
In addition, the appropriate window function suppresses the end parts of the CSD and the
resulting oscillations of the source distribution can be reduced. If a single point source is
modeled, the source distributions obtained with a Bartlett window and a rectangular
window are shown in Fig. 2.5. The intervals between zero values on the both sides of the
peak of the source distribution are the same as the length of sound wave λ = 2π/k, where
the polar microphone range is from – π /2 to π /2. This spacing, λ lengthens as λ/sinαm, as
the separation range of the microphone angles is shortened to be less than  π /2. The
window function suppresses the oscillation and broadens the major peak of the source
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strength distribution. However, the majority of the energy for the source is included in
this broadened range and the area value under this spread source distribution is
maintained.

2.3.2 Directivity of source
The inherent directivity of the noise source is not included when the source
distribution is derived from the CSD. It is noted that the source strength distribution and
the CSD are related by the Fourier transform pairs if the measured source fluctuations
from the two microphones are identical in amplitude and phase [1]. This means that a
reasonable source distribution can be provided by the inverse Fourier transform of the
measured CSD when the sources are omni-directional. To eliminate the inherent
directivity of the sources, a normalized CSD can be defined by
QI ( z ) 

S11 (m1 ,  ) 
ikz sin 
dk sin  ,
C12 (m1 , m2 ,  )w(k sin  )e
2

(2.34)

where C12 (m1 , m2 ,  )  S12 (m1 , m2 ,  ) /{ S11 (m1 ,  ) S 22 (m2 ,  )} and S11 (m1 ,  ) and
S 22 ( m 2 ,  ) are the power spectral densities at the microphones M1 and M2 respectively.

The normalized CSD is preferred rather than the CSD itself because of the practical
reason that only the reference microphone M1 needs to be calibrated. Later, it will be
shown that the distributions of the source strengths for the jet mixing noise are not
significantly affected by the source directivity: at least based on the available microphone
spacing in the experiments.
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Fig. 2.5: Effect of window functions.
—— Rectangular window ,
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------ Bartlett window

2.3.3 Correlated source
As in the effects of the directivity of the sources, it is common restriction of the
polar correlation source location method that the source fluctuations are assumed to be
spatially uncorrelated. If a source exists by itself, the source strength is considered as a
part of the power spectral density. However, in the case where many sources operate
together, the far-field power spectral density is not simply the result of the sum of
isolated source contributions, but an outcome of the destructive and constructive
combination of many sources. The relationship between a contribution to the auto
spectral density and a single point source cannot be directly determined because of the
additional interference among the acoustic sources. Recently, Brooks and Humphreys [9]
have proposed DAMAS-C. This is a deconvolution methodology which allows for the
identification of coherent noise sources in the phased array beamforming processing.

2.3.4 Off-axis source
To obtain the one dimensional line noise source distribution an approximation
needs to be made in Eqn. (2.28) that kyi(cosα-cosβ) is very small. Glegg [2] demonstrated
in practice that the off-axis displacement of the source location and aperture angle are the
critical parameters that affect the accuracy of source distribution. Angular separations
greater than αmax = 10º with β = 0 brings significant error for any displacement kyi. The
maximum off-axis displacement with resolution length, l  2 / k (sin  max  sin  ) is
defined by the angle range of the microphones.
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2.3.5 Measurement resolution
Finally it should be noted that the results from polar correlation technique are
highly resolution dependant. This resolution can be determined by the number of
microphones in the polar array and their angular separation. The increment of k(sinαsinβ) in the CSD increases considerably as frequency increases. These intervals between
data points measured by the microphones are necessary to be considered for the inverse
Fourier transform. It is demonstrated below that the limited resolution impacts the ability
to resolve the source distribution: particularly at high frequencies. An appropriate
microphone array needs to be considered for an acceptable resolution when using the
polar correlation method.
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Chapter 3
Source modeling
In the previous chapter, the general concept and the theoretical method for polar
correlation were described. Prior to applying the polar correlation analysis to the
experimental data, simple acoustic pressure signals for a point noise source are modeled.
Although this is a simple model, the process provides useful insights into the analysis of
the practical case using experimental acoustic results. Throughout the modeling, the
numerical values are validated by comparison to exact solutions. Therefore, not only does
the development of the modeling validate of the numerical calculations, but it also helps
explain the methodology of the polar correlation process.

3.1 Background
The model is developed using the principle of the polar correlation technique, in
which the noise source distribution is obtained from the inverse Fourier transform of the
CSD between two microphone signals with different separation angles. A single
frequency point noise source is modeled and the predicted source distribution is expected
in the form of sinx/x, the zeroth order spherical Bessel function. For setting the noise
source, the Dirac delta function can be used. A source with frequency 800Hz (5,027 rad/s)
is located at 7D from the nozzle, where D is nozzle diameter. The full range of
microphone separation angles is used in

– π / 2 < α < π / 2 and the increment of the

separation angle Δα is set at 1˚. The remainder of the parameters, such as the polar arc
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distance R and time difference Δt, are chosen to be the same as the experimental
conditions. It is assumed that the point source is on the jet axis and that the reference
microphone is located on the iˆ -axis, namely β = 0 as shown in Fig. 2.1.

3.2 The Polar Correlation Process
3.2.1 Pressure at the microphones
The pressure signals from the noise source are given by a cosine function having a
fixed frequency. The recorded pressure at the reference microphone 1 is given by

p1 (t   ) 


r 
1
cos  0  t    1  ,
r1
a0 


(3.1)

while the pressure at the moving microphone 2 is

p2 (t ) 


1
r 
cos 0  t  2  .
r2
 a0 

(3.2)

The distances from the point source to the microphones, r1 and r2, can be found from the
geometry in Fig. 2.1:
r1 

y2  R2 ,

(3.3)
r2 

y  R  2 yR cos(90   ) .
2

2

Then, each pressure function is given in the frequency domain by the Fourier transform
of the time series pressure data. The Fourier transform of p1(t) can be calculated as
r1
r
i0 (  1 )

1  i0 (  a0 )
a0
P1 ( ) 
e
 (   0 )  e
 (   0 ) ,

2r1 
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(3.4)



where cos x  (e ix  e ix ) / 2 and  e

i ( 0 ) t

dt  2   (   0 ) . In the same manner, P2(ω)



is given by
P2 ( ) 

1
r2



 cos 



1

2r2

0


r
 t  2
 a0

 it
e dt


r
i 0 2
 i0 ar2

a0
0
e
 (   0 )  e
 (   0 ) .





(3.5)

For numerical solution, the Fast Fourier transform method proposed by Ferguson [17] is
applied to obtain the Fourier transform of p1(t + τ) and p2(t). The numerically obtained
pressure function and its Fourier transform are shown in Figs. 3.1 and 3.2.
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Fig. 3.1: Variation of the pressure at microphones 1 and 2, p1(t) and p2(t).
R = 7.62 m, α = 90˚ of p1(t + τ) and α = 30˚ of p2(t)
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Fig. 3.2: Fourier transform of the microphone pressures, P1(ω) and P2(ω)
R = 7.62 m, α = 90˚ of p1( t + τ) and α = 30˚ of p2(t)
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3.2.2 CSD
The CSD of these pressure signals is defined by

S12 ( f )  E[ P1 * () P2 ()] .

(3.6)

However, the CSD can be also obtained by the Fourier transform of the cross correlation
function. The cross correlation is given by

R12 ( ) 

T

r r 
1
1
p1 (t   ) p 2 (t )dt 
cos 0   1 2  .

T0
2r1 r2
a0 


(3.7)

Then, the CSD is calculated by
S12 ( ) 



R

12

( )  e i d





1
2r1 r2

1

4r1 r2

where cos x  (e  e
ix

 ix



 cos 

0

r1  r2
)  e i d
a0

( 



(3.8)

r r
i 0 ( 1 2 )
 i0 ( r1a r2 )

0
e
 (   0 )  e a0  (   0 ) ,






) / 2 and  e

i (   0 ) t

dt  2   (  0 ) . Moreover, the far-field



approximation can be applied. This gives,
r1r2  R 2 ,

(3.9)

r1  r2  y j (sin   sin  )  y i (cos   cos  ) .

(3.10)
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With the initial assumptions   0 and yi  0 , Eqn.(3.10) can be
r1  r2  y j sin   y sin  .

(3.11)

Then the CSD becomes
S12 ( ) 





1
e iky sin  (   0 )  e iky sin  (   0 ) ,
2
4R

(3.12)

where k = ω0 /a0. In Eqn. (3.12), S12 (ω) can be defined as a function of ksinα in which
the wavenumber k is fixed and the separation angle α is variable. The function S12(ksinα)
is shown in Fig. 3.3.
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Fig. 3.3: Real and imaginary part of CSD with ksinα
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3.2.3 Source distribution
The source strength distribution is provided by the inverse Fourier transform of
the CSD with respect to ksinα. The source image is found to be
QI ( z ) 

1
2



S

12

( ) w(k sin  )eikz sin  dk sin  .

(3.13)



A ectangular window function w(ksinα) in Eqn. (3.13) is defined by

k sin   k m

 1, where
w(k sin  )  
0 , where

k sin   k m .

(3.14)

For the numerically applied window function, the sufficient range of zero values, where

k sin   km is needed to get a smooth source distribution. As shown in Fig. 3.4, zero
values are assigned on the both outsides of the limited ksinα range.
Using Eqn. (3.14), the source image can be rewritten as
1
QI ( z ) 
8R 2



km

e

ik ( y  z ) sin 

dk sin 

km

1
1

 e ik ( y  z ) sin
2
8R i ( y  z )

km
km

(3.15)





1
1

e ikm ( y  z )  e ikm ( y  z )
2
8R i ( y  z )



sin k m ( y  z )
1

,
yz
4R 2
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where (e ix  e ix ) / 2i  sin x . In the numerical calculation, spline interpolation method
which is provided in Matlab is used to get a uniform increment of ksinα for the inverse
Fourier transform. The details of the interpolation are explained in Chapter 4.
The strength and the location of the noise source are determined by the amplitude
and the periodicity of CSD with ksinα. The location of the noise source can be simply
predicted by the relationship function between the period of the CSD and the noise source
distance.
T

2
y

(3.16)

In Fig. 3.3, the value of the period is seen to be approximately 14 rad/m and the nozzle
diameter D is set at 2.45 in. (0.062m): the same as the experimental setup . The y distance
can be found by
y

2 2

 0.449  7  0.062  7 D .
T
14

(3.17)

The source image, in the form of sinx/x, where the peak is located at 7D is shown in Fig.
3.5. The modeling processes are highly dependant on the generated pressure data.
Therefore, the advantage of this modeling for a single point noise source is that it is
simple to analyze and clear enough to validate the results. The modeling study shows
very good agreement between the exact and numerical solutions. Furthermore, there is
always room to improve in handling the Fourier transforms and in applying appropriate
window functions. In the next chapter, the measured acoustic signals are analyzed by the
polar correlation method based on this modeling process.
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Fig. 3.4: Rectrangular window of CSD
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Fig. 3.5 : Source image
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Chapter 4
Results
In this chapter, results obtained with the polar correlation technique are presented
using the experimental data. The experimental setup and the method of data acquisition
using a polar array are introduced. Then, the random data analysis used to analyze the
data is explained. The next step is to describe the special strategies needed for the polar
correlation methodology. For example, since this involves a spectral analysis, the
appropriate windowing functions are discussed. Moreover, details of the practical
implementation such as the use of 1/3 octave bands and spline interpolation methods are
described in detail. Finally, results in terms of cross correlation and source strength
distributions for different nozzles and observation angles are discussed.

4.1 Experimental Setup
The aeroacoustic data from a polar array has been acquired in the Low Speed
Aeroacoustic Facility (LSAF) at Boeing and the general layout of the LSAF can be found
in Viswanathan [16] (See Fig. 4.1). Measurements of subsonic jets have been carried out
with a nozzle diameter of 2.45 in. (0.062 m). The jet was heated at a total temperature
ratio of 3.2 and a jet Mach number 0.5 and 0.9. Three cases with a round nozzle, a
beveled nozzle on the long lip side, and a beveled nozzle on the short lip side were
observed to determine the differences between them. The conditions of measurements are
shown in Table 4.1 and the geometries of the nozzles are sketched in Fig. 4.2.
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Fig. 4.1: Experimental setup (from ref. [14]).
Polar microphones are on top of tripods around the jet nozzle exhaust,
which is directed to the left of the picture from the center.

Table 4.1: Measurement conditions

Round
Bevel45(long lip)
Bevel45(short lip)

M
0.5
0.5
0.5

Tt/Ta
3.2
3.2
3.2

˚F
46.7
56.4
49.4

%RH
68.1
50.7
69.2

M : Mach number, Tt/Ta : Temperature ratio , ˚F : Temperature in Fahrenheit,
%RH : Humidity

Thirteen microphones were placed on a polar arc at a distance of 300 in. (7.62 m)
from the center of the nozzle exit with polar angles 60˚, 70˚, 80˚, 90˚, 100˚, 110˚, 120˚,
125˚, 130˚, 135˚, 140˚, 145˚, and, 150˚ to the jet inlet (See Fig. 4.3). The pressure signals
were recorded simultaneously at each far-field microphone. The data was recorded with a
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sample rate of approximately 200 kHz3 and approximately 4 million data points4 were
saved.

Fig. 4.2: Geometry of nozzles.

Fig. 4.3: Schematic of microphone array
Solid circles(•) are 13 microphones
with 10˚ increment (60˚~120˚) and 5˚ increment (120˚ ~150˚)

3
4

1.9661×105 Hz
3,932,169 data points in total
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4.2 Analysis Strategy
4.2.1 Sampling : Random Data Analysis
There are different types of signals for physical phenomena. The period of a
satellite is predicted with a fairly good accuracy if its distance from the Earth’s surface is
known. Moreover, the history of its location can be easily calculated. This kind of
physical quantity is called deterministic [16]. However, when a dice is thrown, the
prediction of the number can have rather large error. If the dice is thrown for a million
times, the interest is not any more in an individual number at the n-th throw but the
average behavior of the data. This kind of data is called random. In practice, for the latter
case, it may not possible to throw the dice a million times and so a million die can be
thrown simultaneously. In this approach, the ensemble of random data is assumed to be
stationary5. Since the jet noise source has stochastic properties with large fluctuations,
random data analysis must be applied to the time history of the pressure data acquired at
the microphones.
To obtain an ensemble average to time history data, a time record of pressure
signals need to be segmented. The number of data points for a sample is determined to
obtain a given frequency increment as shown in Eqn. (4.1). In the present analysis, 1,024
data points result in a 192 Hz bandwidth. This is sufficient to resolve the noise
frequencies of 200 ~ 80,000 Hz of interest.

5

Ergodic process can be applied
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f 

1
= 192 Hz,
N  t

(4.1)

where N = 1,024 and Δt = 5 × 10-6 sec.
For an improved ensemble average of these spectral segments, a half-overlap
segmenting method has been used in the time series signals. The first 1,024 signal points
comprise one segment and the next half-overlap segment includes 1,024 signal points
from the 513th data point to the 1,536th data point (see Fig. 4.4). In this way,
approximately 7,700 segments are formed to be used in the ensemble average.
Furthermore, the half-overlap method retains the same spectral resolution with 1,024 data
points in a sample. Although 62.5% overlap provides the most effective way of data
sampling [17], it is suggested that the half (50%) overlap is reasonable, especially
considering the number of segments generated with the present long record.

Fig. 4.4: Half-overlap segmentation.
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4.2.2 Window function
A window function6 provides zero values outside of a range of interest for signal
processing. In the present analysis, a Hanning window is applied to the segmented time
signals and a Bartlett window is applied to the spectral data before applying the inverse
Fourier transform. The shape of these window functions is shown in Fig. 4.5.
The window function is required because spectral spreading is caused by the
Fourier transform calculation with limited signal data. For example, an unlimited cosine
function should transform to delta functions after the Fourier transform. However, the
application of a rectangular window to a finite cosine function builds up spectral leakage
(side lobes) around the peak positions. This kind of behavior happens often to sinusoidal
waveforms and it could produce considerable errors in the calculated spectrum. On the
other hand, the Hanning window can be used to resolve this side-lobe problem since it
suppresses the tails of the distribution significantly compared to the central part. In
practice, the selection of a window function is a tradeoff between the resolution of nearby
frequencies and strength difference. By applying the Hanning window instead of the
rectangular one, therefore, the spectral components in the neighboring frequencies
become unresolvable. If this loss is tolerable, the Hanning window is the usual choice in
spectral analysis [18]. The application of a Hanning window to the pressure data is shown
in Fig. 4.6. The top time history is a segment of the original pressure signals while the
lower one is the window-applied time history in which the suppression of both tails is
shown. The Hanning window, known as a raised cosine, is defined by

6

mathematically it is the same as a weighting function
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u h (t ) 

1
2t
(1  cos
)
2
T

=0

0t T
(4.2)
otherwise.

8 / 3 needs to be multiplied after applying the Hanning window

Note that a scale factor

function to correct the magnitude of the spectral estimates. Likewise, a Bartlett window is
applied to the CSD as shown in Figs. 4.7 ~ 4.8. The Bartlett window is defined by
u b ( n) 

2  N 1
N 1 

 n

N 1 2
2 

=0

0n N
(4.3)
otherwise.

The source strength distribution with use of the Bartlett window is shown in Fig. 4.9. The
side lobes are reduced and the major peak is lower and broader after using the Bartlett
window. However, the estimate of the major energy and strength of the source is very
acceptable [1].
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Fig. 4.5: Comparison of various windows.
——— : Hanning window,
--------- : Hamming window,

………… : Rectangular window,
∙ – ∙ – ∙ – : Bartlett window.

46

Fig. 4.6: Applying Hanning window.
Upper : original pressure signals. Lower : after application of a Hanning window.
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Fig. 4.7: Effect of application of the Bartlett window to the real part of CSD.
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Fig. 4.8: Effect of application of the Bartlett window to the imaginary part of CSD.
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Fig. 4.9: Calculated source distribution after application of the Bartlett window.
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4.2.3 Normalization
The overall intensity of the sound energy which is given by the power spectral
density using the experimental data for the circular jets is shown in Fig. 4.10. It is
apparent that the noise sources are directional since the intensity increases as the
microphone moves closer to the jet downstream axis. The peak of the intensity is at 150º
to the jet upstream axis. Therefore the CSD is normalized to eliminate the inherent
directivity of noise sources. This is because the source distribution in the polar correlation
technique is assumed to be based on omni-directional sources. A comparison of a noise
source distribution with and without the normalization is shown in Fig. 4.11. The peak of
the noise source strength is at a distance of approximately 8D from the jet exit in both
cases, where D is the jet diameter. The width of distribution is also approximately the
same. The normalization of the CSD is defined by
S12 

S12
S11  S 22

,

(4.4)

where S12 denotes the normalized CSD and S11, S22 represent the power spectral
densities of pressure signals p1 and p2 respectively. Furthermore, this normalized CSD is
preferred for the practical reason that only the reference microphone needs to be
calibrated. This can be a huge advantage for measurements, with a large polar array
including many microphones.
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Fig. 4.10: Directivity of overall intensity: Tt/Ta = 3.2, M = 0.5, Round nozzle
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Fig. 4.11: Effect of normalization on the predicted noise source distribution.
M = 0.5, St = 0.59, Round nozzle
—— omni-directional sources, ------ inherently directional sources
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4.2.4 1/3 Octave band
Weighting filters are often used in the acoustic analysis of broadband sound
signals. The frequency band of the noise sources is often by 1/1 octave or 1/3 octave
bandpass filters. When the higher frequency between two frequencies is twice the lower
frequency (see Eqn.4.5), this is called an octave. The 1/1 octave bandpass filter means
that a band comprises an octave, while the 1/3 octave bandpass filter comprises a 1/3
octave band. The frequency range with a 1/1 octave bandpass filter is obtained by Eqn.
(4.5):
Fu  2 Fl ,
1

Fu  2 2 Fc ,
Fl  2



1
2

(4.5)

Fc .

Similarly, for a 1/3 octave bandpass filter range is gotten by
1

Fu  2 3 Fl ,
1

Fu  2 6 Fc ,

Fl  2



1
6

(4.6)

Fc ,

where Fu is the upper frequency limit, Fl is the lower frequency limit, and Fc is the center
frequency. In this study, the noise source distributions with the center frequencies of 1/3
octave bands are selected and observed. However, the bandwidth at these frequencies is
still 192Hz. Table 4.2 shows the frequency limits and center frequency of 1/3 octave
bands from 200 Hz to 10,000 Hz.
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Table 4.2: 1/3 Octave bands

1/3 Octave bands (Hz)
Band
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Lower band
limit (Fl)

Band center
freq (Fc)

Upper band
limit (Fu)

178
224
282
355
447
562
708
891
1,122
1,413
1,778
2,239
2,818
3,548
4,467
5,623
7,079
8,913

200
250
315
400
500
630
800
1,000
1,250
1,600
2,000
2,500
3,150
4,000
5,000
6,300
8,000
10,000

224
282
355
447
562
708
891
1,122
1,413
1,778
2,239
2,818
3,548
4,467
5,623
7,079
8,913
11,220
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4.2.5 Spline interpolation
The CSD as a function of k(sinα - sinβ) needs to be smooth and continuous for the
inverse Fourier transform to provide a reasonable source strength distribution. However,
the thirteen data points obtained by the microphones located on the polar arc are
insufficient to give a smooth curve. Thus, a suitable interpolation for the CSD is required
to generate values between the measured points. Various types of interpolation methods
that could be chosen are shown in Fig 4.12. In the present research, spline interpolation
has been used to smooth the CSD waveform between the measured data points.
A spline is defined as a piecewise polynomial function between the data points
one wishes to interpolate. Usually, spline interpolation is better than polynomial
interpolation because the error of the interpolation is smaller with a low order spline than
with a high order polynomial. The main drawback of a high order polynomial is Runge's
phenomenon, in which the error at the tails increases as order of the polynomial increases
(see Fig. 4.12). For numerical analysis, a cubic spline interpolation is used. This is
provided in Matlab. It first connects two data points with a cubic equation, and then it
evaluates continuity with a third data point which is also related to the second one
through a cubic equation. Continuity is checked with the first and second derivatives of
the two cubic functions at the second point to give a smooth transition. Then the method
performs the same operations for the remainder of the data points. Spline interpolation
shows good performance among the various possible interpolation methods.
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Fig. 4.12: Interpolation types.
Real part of CSD ; M = 0.5, Tt/Ta=3.2, reference microphone at 90˚, Round nozzle
• : data points , ―― : Spline interpolation , ------ : 10 th degree polynomial interpolation,
………
: 5 th degree polynomial interpolation (Each interpolation is provided by Matlab)
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4.2.6 Strouhal Number and Speed of Sound
It is customary to present the frequency as a Strouhal number (St). This is a
dimensionless value used to compare results from different experimental scales. The
Strouhal number is obtained by multiplying the frequency by the diameter of the nozzle
and dividing by the jet velocity. That is,

St  f 

D
D
 f
,
Uj
M  a0

(4.7)

where f is the frequency in Hz, D is the diameter of the nozzle, Uj is the jet velocity, M is
the accurate Mach number, and a0 is the ambient speed of sound. Depending on
temperature, the speed of sound is given by

a0   

p





RT
Mm

,

(4.8)

where γ is the ratio of specific heats, p is the pressure, ρ is the density, R is the universal
gas constant, T is the temperature, and Mm is the average molar mass. For air (diatomic
gas) γair = 1.4, R = 8.32 J/mol/K, and, Mair = 0.0289 kg/mol. For example, in the case of
an ambient temperature of 46.7˚F = 281.32K, the speed of sound is given by

a0 

 air RT
M air



1.4  8.32  281.32
 336.73 (m / s) .
0.0289
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(4.9)

4.3 Cross correlation and source distribution
This section provides outputs of the analysis with the polar correlation technique
including the previously introduced methods using the recorded data at the LSAF at the
Boeing Company. The polar correlation analysis provides an effective estimate of the
noise source strength distribution. The characteristics of the noise source are investigated
as a function of nozzle shapes and observation angles.

4.3.1. Geometry of nozzles
The cross correlation shows generally similar aspects in the round and beveled
nozzles, but each nozzle displays differences in the amplitude of the correlation and the
time delay. Three cases are used here to show the influence of the nozzle shape on the
cross correlation. These are a round nozzle and a beveled nozzle on the long lip and short
lip sides. The cross correlations are shown in Figs. 4.13 ~ 4.15. This cross correlation
defines the degree of the relationship between the reference microphone and each
microphone where the reference microphone is at 110º from the inlet. This angle
corresponds to the location of the central microphone in the array. Irrespective of the kind
of nozzle, the correlation decreases and the time delay to the peak increases on both
negative and positive sides as the separation angle from the reference microphone
increases. The cases of the round and beveled nozzle on the long lip side show a very
similar trend. For example, the peak of the cross correlation at 130º is 0.4 at
approximately about - 0.5 microsecond in time delay in round nozzle, and the correlation
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peak is at approximately around 0.3 and - 0.5 time delay for the beveled nozzle on the
long lip side. However, the case of the beveled nozzle on the short lip side shows a much
higher correlation. At the microphone position of 130º, the peak of the cross correlation is
approximately 0.6 at a time delay of approximately -0.4 microsecond. The trend of the
cross correlation reflects the highly correlated structure at the beveled nozzle on the short
lip side. Viswanathan [16] proposed that the beveled nozzle reduced the jet noise by an
alteration of the coherent structure. The dissimilar trend of the cross correlations between
the long and short lip sides also suggests a different source mechanism or modification of
the noise sources.

110

120
130

100

Fig. 4.13: Cross correlation; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚, Round nozzle
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Fig. 4.14: Cross correlation; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚ , Beveled nozzle on the long lip side
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Fig. 4.15: Cross correlation; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚, Beveled nozzle on the short lip side
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The calculated noise source distributions are similar for the three nozzle cases as
a function of frequency. Small differences of detail exist in the noise source strength per
unit length as shown in Fig. 4.16~ 4.18. These particular Strouhal numbers of the plots
are derived from the selected 1/3 octave center frequencies. At the lowest Strouhal
number, 0.12, the noise source strength is too low to contribute to the total source
distribution. As the Strouhal number increases, the peak of the noise source distribution
moves upstream in the jet flow. The distribution for the intermediate Strouhal number,
0.30, has the peak of the noise source at approximately 9D downstream from the jet exit.
The high Strouhal numbers, 0.59 and 0.74, show a fairly high and narrow distribution of
the noise source. The peak of the noise source distribution occurs approximately 7D or
8D downstream. The source strength of the highest Strouhal number, 0.74, is again lower
than the case of Strouhal number 0.59.
In the cases of the beveled nozzle, the calculated source distribution does not
show much difference between long lip and short lip side cases. The peaks of distribution
in the case of the beveled nozzle on the short lip side are generally 0.5D closer to the jet
exit and the source strengths are slightly higher than the case of the long lip side. On the
whole, the strength of the noise source is located within ten nozzle diameters from the jet
exit. The peak of the distribution moves upstream as the frequency increases, but it does
not move closer than 8D to the jet exit. Furthermore, the noise source strength exhibits a
nearly symmetric distribution at all the selected frequencies. However, the peak of the
distribution has been found to move to 1D as the frequency increases. The distribution
shows a skewed nature at high frequency in previously published results. These
phenomena probably occur due to the lack of the data resolution because the position of
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the peak source strength is dependent on the resolution of the data acquired. The issue in
the resolution of the data points is discussed later.

Fig. 4.16: Source distribution; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚, Round nozzle
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Fig. 4.17: Source distribution; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚, Beveled nozzle on the long lip side
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Fig. 4.18: Source distribution; M =0.5, Tt/Ta=3.2,
Reference microphone at 110˚, Beveled nozzle on the short lip side
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4.3.2. Observation angles
The cross correlations show two distinctive trends as a function of the reference
microphone angles, as seen in Fig. 4.13 and Figs. 4.19 ~ 4.25. Overall, as the reference
angle of the microphone increases, the correlation drops slowly and the time delay of the
peak correlation for each angle from the reference angle decreases. While the noise
sources at the lower angles 60º to 110º from the jet axis show relatively low correlation,
the noise source at the higher angles 120º to 150º from the jet axis show high correlation.
In other words, the noise sources become more highly correlated as the observation angle
moves downstream. This trend reinforces the understanding that the noise sources may
have a different dominant structure according to the direction of their radiation. Tam et al.
[20] suggested the characteristics of the two distinct noise sources which are supported
by the four types of experimental results, including the spectral information, the
coherence of the sound field, the direct correlation of jet turbulence fluctuations and farfield sound and the source distribution from acoustic mirror measurements. Moreover,
Viswanathan [16] explained that the features of noise radiation in the downstream region
results from the high-correlated coherent structure.
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Fig. 4.19: Cross correlation; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 60˚
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Fig. 4.20: Cross correlation; M = 0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 90˚

67

120

130
145
0

110
100

Fig. 4.21: Cross correlation; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 120˚.
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Fig. 4.22: Cross correlation; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 130˚.
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Fig. 4.23: Cross correlation; M = 0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 140˚.
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Fig. 4.24: Cross correlation; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 145˚.
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130
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Fig. 4.23: Cross correlation; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 150˚.

The noise source distributions show similar results for various reference angles
from 60º to 150º, as shown in Fig. 4.12 and Figs. 4.24 ~ 4.30. Overall, the trend of the
source distributions is similar in that the peak moves upstream as the frequency increases.
There are some noticeable trends for the various reference angles in the noise source
strength distribution. The highest peak of the noise source strength distribution moves
upstream from 9D to 7.2D as the observation angle increases from 60º to 150º. The
experimental measurements of Viswanathan [15] using an elliptic mirror also shows that
the peak of axial distribution of overall source strengths was closer to the nozzle exit at
the 150º reference angle than the peak for the 90º reference angle.
Two distinct features for the effect of reference microphone angles are also
apparent in the noise source strength distributions. The formation of the distributions for
different Strouhal numbers is noticeably different according to the angle range. In the
lower angle range from 60º to 110º, the distributions are evenly spaced apart, and the
contribution of the relatively low Strouhal numbers (0.37 ~ 0.47) to the noise source
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strength is large. For observation angles from 120º to 150º, however, the distributions at
the higher Strouhal numbers (0.47 ~ 0.75) are closely spaced and contribute to the major
noise source strength. Moreover, the frequency of the highest noise strength shows
different as a function of the observation angle. The Strouhal number of the highest peak
from the source strength distributions increases gradually from 0.37 to 0.47 for the angles
from 60º to 120º, whereas the Strouhal number of the highest peak decreases rapidly from
0.75 to 0.47 for the angles from 130º to 150º.
Unwanted side lobes are found at the high frequencies in most of the noise source
distributions. For example, in the case of the 90º reference angle, shown in Fig. 4.30,
significant side lobes exist at the left side of the peak of the distribution at Strouhal
number 0.75. The side lobes appear as the reference angle moves towards both end sides
of microphone array. In the higher observation angle region, the distribution at the same
Strouhal number 0.75 does not show significant side lobes. This is because the data from
microphone spacing 5˚ can resolve the CSD better than the data from microphone
spacing 10˚ in the lower angle region. However, the distribution shows considerable side
lobes at Strouhal numbers higher than 0.75 in higher angle region (at 140˚, 145˚, and
150˚). The side lobes are, therefore, regarded as the result of the small aperture on both
sides of the reference angle and the far-spaced data points. The effect of the resolution of
the data points is discussed in next subsection.
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Fig. 4.26: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 60˚.
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Fig. 4.27: Source distribution; M = 0.5, Tt/Ta = 3.2, Round nozzle,
Reference microphone at 90˚.
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Fig. 4.28: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 120˚.
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Fig. 4.29: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 130˚.
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Fig. 4.30: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 140˚.
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Fig. 4.31: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 145˚.
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Fig. 4.32: Source distribution; M =0.5, Tt/Ta=3.2, Round nozzle,
Reference microphone at 150˚.
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4.4 Peak location of the source strengths
The peak location of the noise source strength moves closer to the jet exit as the
Strouhal number increases. For the comparison with previously published results, the
peaks with respect to the Strouhal numbers of the Mach number 0.5 and 0.9 cases are
shown in Fig. 4.33. A trend is seen that the peak positions are closer to the jet nozzle as
the jet velocity is reduced at the lower frequency. As Fisher et al. [1] mentioned, this
phenomenon explains that the location of the noise sources is not thoroughly independent
of jet velocity. On the other hand, the results of the present research show that the peaks
of the source distribution are located further downstream than the previous results at the
higher Strouhal numbers. The skewed nature which appears in the noise source
distribution at the higher frequencies may cause this phenomenon that the position of the
noise source peaks moves upstream in the previous results. However, if the data points
are insufficient to resolve the skewed nature of the noise source distribution, the peak is
predicted to be located further downstream. The difference of the peak locations in Fig.
4.33 shows that the comparison of results from different measurement systems requires
consideration of the microphone array resolutions. In the next section, a model source
distribution is introduced to determine the expected CSD variation with microphone
location. It is shown that, at higher frequencies, the microphone spacing in the
experiments used in the present study is insufficient to resolve the high frequency source
distributions.
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Fig. 4.33: Peak source strength locations. Reference angle at 110˚
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4.5 Analytical verification
The theoretical foundation of the polar correlation technique offers a way to
assess the accuracy of the present research. The measured CSD that can be expected from
a source distribution model, which is fitted to the form of the obtained noise source
distribution in previously published results, can be calculated. A comparison between the
CSD of the actual experimental signals and the CSD estimated from the modeled noise
source distribution provides a level of validation of the results in the present research.
The noise distribution is assumed to be comprised of a sum of single point sources as
shown in Fig. 4.34. The pressures from a single point source at y can be defined as
P1 (m1 ,  )  q ( y,  )e ikr1 / r1 ,

(4.10)

P2 (m 2 ,  )  q ( y,  )e ikr2 / r2 .

(4.11)

From a source at y', the pressure signals at microphones 1 and 2 are respectively
P1 (m1 ,  )  q( y  ,  )e ikr1 / r1

(4.12)

P2 (m2 ,  )  q ( y ,  )e ikr2 / r2

(4.13)
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Fig. 4.34: Point noise sources for verification model.
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The sum of the pressures at each microphone can be
P1 (m1 ,  )  q ( y,  )

e ikr1
e ikr1
 q( y  ,  )
,
r1
r1

(4.14)

P2 (m 2 ,  )  q( y,  )

e ikr2
e ikr2
 q( y ,  )
.
r2
r2

(4.15)

Then, the CSD can be calculated as
S12 (m1 , m2 ,  )  E[ P1 * (m1 ,  ) P2 (m2 ,  )]
ik ( r2  r1 )
ik ( r2  r1 )


2 e
2 e
 E  q( y,  )
 q( y,  )
.
r2r1
r2r1 


(4.16)

Note that the cross correlation terms vanish since the sources are assumed to be
uncorrelated. If a number of uncorrelated point sources are placed apart by a distance dy,
the CSD could be written as
e ik ( r2 n  r1n )
S12 (m1 , m2 ,  )   q( y  ndy,  ) 
.
r2 n r1n
n 0
N

2

(4.17)

The far-field approximation can be applied to the distance term

r2  r1  ( y  ndy)(sin   sin  )

(4.18)

r1 r2  R 2 ,

(4.19)

r1  R  ( y  ndy) sin   ....

(4.20)

r2  R  ( y  ndy) sin   .... .

(4.21)

where

Then, Eqn. (4.17) becomes
N

S12 (m1 , m2 ,  )   q( y  ndy,  ) 
2

n 0
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e ik ( y  ndy)(sin sin  )
R2
.

(4.22)

If the increment dy decreases to zero (dy → 0), the CSD can be expressed as the form of
integral by

S12 (m1 , m2 ,  ) 



1
R2

 q ( y,  )

2  iky (sin   sin  )

e

dy .

(4.23)

0

4.5.1 Gaussian model for a low frequency case
For modeling the source distribution at low frequencies, a Gaussian distribution
can be used, as based on Fisher et al. [1] test results at St = 0.3 (see Fig. 4.35). The
Gaussian model for the noise source distribution is shown in Fig. 4.36. The Gaussian
expression for the case of Strouhal number 0.23 can be modeled as,
q St  0.23 ( y,  )  0.72  e



( y  8 .8 ) 2
2  6 .7 2

(4.24)

.

The Eqn (4.23) can be rewritten with this form of source strength distribution as,

S12 (m1 , m2 , St  0.23) 


0.72
R

2



 e

2

0.72
R2



( y 8.8 ) 2
6.7 2

 e iky (sin sin  ) dy

0
2




1
  e
2 

(4.25)

( y 8.8 ) 2
6.7

2

e

iky (sin  sin  )

dy.

After integration with respect to y, the CSD as function of k(sinα-sinβ) can be expressed
as
S12 (m1 , m2 , St  0.23)  Ae



6.7 2 2
k (sin   sin  ) 2
4

e i 8.8 k (sin sin  ) .

(4.26)

In Figs. 4.37 ~ 4.38, a comparison of the CSD between the experimental results and
estimates from the Gaussian model shows almost same oscillation in both the real and
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imaginary parts. For this case, the data points with 10˚ and 5˚ spacing are sufficient to
resolve the noise source at this low frequency.

Fig. 4.35: Acoustic source strength per unit slice of jet for various Strouhal numbers.
×, 0.1; □, 0.3; ●, 1.0; ○, 2.16 (from ref. [1]).
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Fig. 4.36: Gaussian and asymmetric Gaussian model for noise source distribution.
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Fig. 4.37 : Real part of CSD comparison : Strouhal number, fD/Uj = 0.23
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Fig. 4.38 : Imaginary part of CSD comparison : Strouhal number, fD/Uj = 0.23
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4.5.2 Asymmetric Gaussian model for a high frequency case
An asymmetric Gaussian distribution needs to be formulated for the skewed
nature of the noise source at higher frequencies. The modeled asymmetric Gaussian
distribution is as shown in Fig. 4.36. The form is based on the measured distribution
shown in Fig. 4.35 from [1]. The noise source distribution for the case of Strouhal
number 2.37 can be modeled as
q St  2.37 ( y,  )  1.0  e



( y 4)2

1,
b
4,

2b 2

y4
y4

.

(4.27)

Then, Eqn (4.23) can be rewritten in two parts as
S12 (m1 , m 2 , St  2.37) 

1 .0
R2


 e



2

 c  ( y 24 )
   e 1  e iky (sin  sin  ) dy
 

2

( y  4) 2
42

c


 e iky (sin  sin  ) dy .



(4.28)

After integration with respect to y, the CSD as function of k(sinα-sinβ) can be expressed
as

S12 (m1 , m2 , St  2.37)  1e i 4 k (sin sin  ) wx1 

 4e i 4 k (sin sin  ) wx2  ,

(4.29)

where
w( x1 )  e  x1



t
 e dt ,

2

x1 

2

ix1

w( x 2 )  e

 x212



e

t 2

k (sin   sin  )
,
2

4k (sin   sin  )
x2  
.
2

dt ,

ix2
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(4.30)

w(x) is known as the Faddeeva function. In Figs. 4.38 ~ 4.39, the CSD from the present
experiment data does not follow the oscillations of the CSD estimate from the model in
both real and imaginary part. This phenomenon explains that the noise source peak of the
present work shows a different trend from other published results because the period of
the oscillation determines the noise source location. This suggests that the data points
from 10˚ and 5˚ microphone spacing are insufficient to resolve the fast oscillations of
CSD, especially at the higher Strouhal numbers. A more closely spaced microphone array
needs to be used to acquire better resolution when using the polar correlation technique.
For reference, Battaner-Moro [4] used a large polar array of 125 microphones
with different angular separations from 0.25˚ to 2.0˚ in his polar correlation experiments.
That microphone spacing, which has reference microphones at 45˚, 60˚ and 90˚, is shown
in Table 4.3 and Fig. 40. The results from this measurement using double sided graded
array shows good resolution in the source distributions. As noticed from this array, a
small microphone spacing adjacent to the reference microphone is most effective in
retrieving the correct noise source distribution. For different observation angles, a
movable graded microphone boom would be a good method the data acquisition when
using the polar correlation technique.
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Fig. 4.38 : Real part of CSD comparison : Strouhal number, fD/Uj = 2.37
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Fig. 4.39 : Imaginary part of CSD comparison : Strouhal number, fD/Uj = 2.37
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Table 4.3: Microphone spacing on large polar array (from ref. [4])
Mic Spacing
0.25˚
0.5˚
1.0˚
0.25˚
0.5˚
1.0˚
0.5˚
0.25˚
0.5˚
1.0˚
2.0˚

Mic Positions
-45˚ to -41˚
-41˚ to -36˚
-36˚ to -30˚
-30˚ to -26˚
-26˚ to -22˚
-22˚ to -8˚
-8˚ to 0˚
0˚ to 4˚
4˚ to 8˚
8˚ to 16˚
16˚ to 30˚

Mic Count
16 mics
9 mics
7 mics
15 mics
8 mics
14 mics
17 mics
16 mics
8 mics
8 mics
7 mics

Fig. 4.40: Large polar array (from ref. [4])
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Chapter 5
Conclusion
The polar correlation technique has been used to investigate the features of the
noise sources in subsonic heated jets. This method provides the noise source strength
distributions as a function of frequency. In general, the peak noise source strength is
located within ten diameter nozzles from the jet exit and the peaks of the distributions
move upstream as the frequency increases. For the beveled nozzle case, the differences in
the cross correlations between the measurements on the long and short lip sides support
the dissimilarity of the noise source structure. As the observation angle increases, the
highest peak of the noise source strength distribution moves upstream in the round nozzle
case. Furthermore, the two distinct features of the noise sources according to the
observation or reference angle were also investigated in the present study. Based on an
assessment process for the results, the microphone spacing needs to be lower than 5˚ for
the application of this polar correlation method, particularly to resolve the source
distributions for the higher Strouhal number.
Although the noise sources have inherent directivity and an assumed coherent
property, the polar correlation method has limitations when applied to the characteristics
of the noise sources. In the analysis, a normalization was performed to eliminate the
inherent noise source directivity, so the impact of the source directivity on the noise
source strength distribution still remains unknown. Since the noise sources are also
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assumed to be uncorrelated, the interference effects of the sources could not be
determined.
This research suggests that the correlated noise sources contribute significantly to
the far-field jet engine noise, particularly at large angle to the jet inlet. For better
understanding of the noise source trend, further research is directed in both experimental
and analytical ways. For the experiment, the graded spacing microphone array can be
used for a reliable noise source distribution, especially in the high frequency range. In
addition, measurement at higher angles than 150˚ from the jet inlet would provide useful
features for the correlated noise sources. Moreover, the present analysis can be
generalized by recording data from an azimuthal microphone array. The noise source
strength distributions from this microphone array could provide results to demonstrate an
azimuthally-varying noise source structure in the case of a beveled nozzle. As an
extended approach, a deconvolution method can be used to evaluate the presence of
coherent noise sources.
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Appendix

Analytical approach for the asymmetric Gaussian distribution
In this thesis, the Fourier transform of an asymmetric Gaussian distribution is
calculated. The asymmetric Gaussian distribution for the noise source is defined by

Q( y)  Ae



( y c ) 2
2b 2

b = b1, if y < c
b = b2, if y ≥ c.

(A.1)

The cross spectral density of the noise source can be written as
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where

  k (sin   sin  ) .
The first part of Eqn. (A.2) is calculated by
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(A.3)


dy.



The limit of the integration can be defined by
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(A.4)
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With this limit, Eqn. (A.3) can be rewritten as
G1 ( , ,  )  b1e

 ic

e



b1 2 2



4
i

 e

 t1 2

dt1

b1

(A.5)
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 2 

where Faddeeva function is defined by
w faddeeva ( x1 )  e

 x1 2



t
 e dt.
2

 ix1

In the same manner, the second part of Eqn. (A.2) is
 1
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dy.



(A.6)

The limit for Eqn. (A.6) is
2
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b
c y
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2

1
b2

(A.7)

In the same way, Eqn. (A.6) can be expressed as
G2 ( ,  ,  )  b2 e
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e
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4



t
 e 2 dt 2

i

2

b2
2

(A.8)

 b
 b2 e ic w faddeeva   2 .
 2 

Eventually, the CSD can be obtained as
2
A  ic
b 
 b  
G(,  ,  )  2  b1e w faddeeva  1   b2 e ic w faddeeva   2   .
R 
 2 
 2 
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