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Abstract

The exact contribution of each of the various core-noise sources within modern turboshaft
engines to the noise radiated from the engine exhaust and into the surrounding environ-
ment is poorly understood. The objective of the E.U. FP-7 TEENI (Turboshaft Engine
Exhaust Noise Identification) project was to better characterise the specific contributions
of each core noise-source to this exhaust noise. Sources of core noise include direct com-
bustor noise generated by the unsteady heat release at the combustor stage, broadband
turbine noise, periodic turbine noise and flow-noise. Core noise also contributes signifi-
cantly to the exhaust noise in modern turbofan engines during approach.

One of the key avenues of investigation for the TEENI project was to assess the
efficacy of various coherence-based noise-source identification techniques for application
in a full-scale turboshaft engine. Such techniques require several acoustic measurements
to be made at the noise-sources of interest. These techniques were first tested using
a small-scale experimental rig constructed at the Department of Engine Acoustics at
the German Aerospace Centre (DLR) in Berlin, Germany. The objective of these tests
was to examine the effectiveness of both pre-existing and novel methods of noise-source
identification, using the small-scale experimental rig as a simplified representation of a
real turboshaft engine. The relative strengths and weaknesses of several pre-existing
techniques are discussed, before a novel method of noise-source identification is introduced
which identifies the relative contributions of two noise-sources to the specific acoustic
modal content measured at a given axial location. This novel method combines both the
advanced techniques of modal decomposition and coherence analysis, and represents a

significant advancement on pre-existing methods.

Scattering of noise was also observed during the small-scale TEENT experiments. This

scattering occurs when noise propagates through (and interacts with) a rotating rotor.

1l



This is a frequent occurrence in aeroengines, where for example downstream-travelling
rotor-stator blade-pass tones or low-frequency combustor noise will propagate through
several additional rotating compressor/turbine stages. This causes acoustic energy to be
scattered at sum and difference frequencies relative to the incident noise. Both scattering
of tonal and narrowband noise was observed in the DLR tests, however this scattering
only occurs above some critical frequency. Not enough relevant experimental data was
gathered for an in-depth study of this scattering of noise to be made however, so a second
bench-top experimental rig was designed at TCD. A literature review was conducted, and
it was found that this sum and difference scattering is predicted by existing analytical
theory. The acoustic modal content of the scattered noise is also predicted. However, no
experimental validation of this theory had previously been undertaken. Furthermore. this
existing analytical theory has been restricted to scattering of tonal noise, as opposed to
broadband or narrowband noise. Finally, some recent literature has suggested that the
interaction between the incident noise and the rotor may be non-linear in nature, but
further work was needed to verify this.

Experimental tests were undertaken using the bench-top rig at TCD to validate that
the various elements of the experimental rig operate as desired. This experimental rig was
designed to overcome the limitations of the DLR rig which had prevented a detailed study
into frequency scattering of noise. Further tests were then undertaken. applying both
single-microphone spectral analysis and modal analysis in order to characterise both the
incident and scattered noise. Scattering of tonal and narrowband noise was investigated,
with parameters such as rotor-stator geometries, source frequencies, spectral bandwidth of
the incident noise and the modal content of the incident noise modified between tests. The
experimental results not only validate the existing analytical theory, but also demonstrate
scattering of non-tonal noise.

A relationship is found between the onset of significant scattering of noise and the cut-
ons of certain acoustic mode orders. This is demonstrated for both tonal and narrowband
noise, and it is shown that noise scattering can be predicted given the blade (and vane)
counts of the rotor (and stator) stages, the rotational speed of the rotor, and the modal
content of the incident noise. It is further demonstrated herein that incident noise and

scattered noise can overlap if the spectral bandwidth of the incident noise is wide enough,

v



raising the possibility of the distribution of acoustic energy across frequency and mode
order being significantly affected for broadband noise propagating through a rotor.
Finally., non-linear coherence analysis of this scattering of noise demonstrates the
quadratic nature of the underlying interaction which causes sum and difference scattering
to occur. Any coherence-based noise-source identification techniques made between mea-
surements upstream and downstream of a rotor (turbine) stage will fail if the propagation
path between measurements is not linear, and therefore sum and difference scattering is
not just an issue of spectral scattering of noise, but a possible cause of erroneous noise-

source identification as well.
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CHAPTER 1. INTRODUCTION 1.1. MOTIVATION FOR RESEARCH

1.1 Motivation for Research

As the airline industry continues to grow, the noise emitted from aircraft has been a grow-
ing concern with regards to noise pollution, which has been reflected in E.U. directives on
aircraft noise such as directive 2002/30/EC. Historically, jet noise has been the focus of
most investigation [!]. Such research has lead to the implementation of high bypass-ratio
engine types, chevrons at the jet nozzle, and a clearer understanding of the mixing mech-
anism of the hot jet exhaust (core), bypass stream (fan), and ambient air have all resulted
in a significant reduction in this noise. Core noise refers to the noise emanating from the
unsteady heat release of the combustion process, as well as the individual rotor-stator
stages of the turbines, and indirect combustion noise generated by the rapid acceleration
of entropy inhomogeneities from the combustor through the turbine stages. As jet noise
has decreased, the focus has begun to shift to the contribution of core noise radiated from
aircraft engines. Core noise consists of both tonal and broadband noise. Core noise is the
dominant noise source in engines with little or no jet noise, such as turboshaft engines
e.g. helicopter engines. Recent EU funded projects such as Friendcopter and TEENI
(Turboshaft Engine Exhaust Noise Identification) have focused on the characterisation
and hence strategic reduction of core noise emanating from the turboshaft engines used in
helicopters. Core noise is also a significant contributor to the noise radiated from turbofan

engines during the approach and taxiing of aircraft, when jet velocities are low.

In modern helicopter turboshaft engines, the core noise generated by the combustor
and turbine stages dominates the sound radiated from the engine exhaust. Identification
of the specific contributions of the combustor and each rotor-stator stage to the core
noise is impeded by the lack of available space and the complex duct geometry within
the engine for the location of acoustic sensors, as well as very high temperatures. The
TEENI project commenced in 2008 with the objective to characterise the broadband
noise emanating from turboshaft engine exhausts, and attribute the measured far-field
noise in specific spectral ranges to specific core noise-sources within the engine. Figure
I.1(a) shows how, prior to the TEENI project, little is understood of the respective
contributions of each noise-source to the noise radiated from the engine exhaust. Many

aspects of the generation, transmission and propagation of the various stages within an
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aeroengine are poorly understood, particularly their respective contributions to the sound
pressure levels of the noise radiated to the far-field. The objective of the TEENI project
was to identify the contributions of various core noise-sources to far-field measurements [].
A hypothetical example of this enhanced understanding as a result of the TEENI project
in shown in Figure 1.1(b).

Coherence-based techniques of noise-source identification techniques are well suited to
acoustic testing inside turboshaft engines. As the amount of space is severely limited,
only a few reference sensors may realistically be located close to each source location.
Coherence-based noise-source identification techniques apply the correlation functions es-
timated between a number of pairs of microphones. The relative contribution of one or
more noise-sources to the total noise at a measurement location of interest can then be cal-
culated. The first reported application of such a technique was the coherent output power
technique applied by Halvorsen and Bendat [}]. This technique uses a pure (zero extra-
neous noise) source measurement as an input in order to identify the contribution of this
source to the total noise at an output measurement. More sophisticated methods which
use more than a single pair of microphones have been developed more recently. These
techniques may be applied in situations where a pure source measurement is unavailable,
or the reference sensors measure more than one source, subject to certain restrictions.
Such techniques include the three-microphone signal enhancement techngiue of Chung [ /]
and the five-microphone conditional spectral analysis technique of Hsu and Ahuja [7]. A
detailed discussion of the formulation of several such techniques is presented in Chapter
1.

Rotor-stator BPF tones propagating downstream in an aeroengine will interact with
the rotating blades and stationary stators of the various stages of turbomachinery. This
interaction can result in scattering of noise at sum and difference frequencies with respect
to the incident noise. Crucially, this scattering has been demonstrated in recent literature
to occur not only for tonal noise, but also narrowband (band-limited broadband) noise [()].
This may explain some of the low-frequency acoustic energy found in far-field measure-
ments which cannot be associated with any specific noise-source within the engine, as
energy from upstream noise-sources (e.g. direct combustor noise) could be scattered in

frequency. With reference to Figure 1.1, it may also be possible for the high-frequency
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(a) Situation Today
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Figure 1.1: TEENI project aims. (a) Shows that prior to TEENI, little is known about
the contributions of core-noise sources within turboshaft engines to the broadband noise
radiated from the engine exhaust. (b) Shows the objective of TEENI, which is to identify
the specific contributions of these core noise-sources to the exhaust broadband noise. A
hypothetical output from the project is shown [].
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turbine broadband noise to be scattered to lower frequencies, perhaps contributing to the
lumps of broadband noise in the range 0Hz-2000Hz. This a concern for studies such
as TEENI, which aims to characterise the broadband noise emanating from turboshaft
engine exhausts, as some low-frequency noise may not be attributed to a specific core
noise-source within the engine using traditional coherence-based methods. Low frequency
noise is also attenuated less by atmospheric absorption, and therefore propagates long
distances more effectively [/]. The possibility of sum and difference scattering affecting
the far-field spectral distribution of acoustic energy in this way would have a significant
impact on environmental noise considerations of aeroengine design, and was therefore
identified by the author as a key avenue of investigation within the TEENI project.
Sum and difference scattering of noise is an issue for the application of noise-source
identification techniques which make the assumption of a linear propagation path be-
tween source and receiver, as sum and difference scattering has been suggested as being
a non-linear interaction between the downstream propagating noise and rotating turbo-
machinery. Frequency scattering will furthermore have an impact on the effectiveness
of any installed acoustic liners, as noise may be scattered outside the frequency range
for which the liner design is effective. Previous analytical theory also suggests that the
modal content of the noise at any scattered frequencies will also be affected by the scat-
tered noise [~,]. This will further reduce the effectiveness of any liners if they have
not been optimised for the acoustic modes excited by the scattered noise. Furthermore,
any liners installed upstream of any turbine stages at which scattering occurs will not
mitigate the scattered noise. If the scattering mechanism is well understood however it
may be possible to eliminate the factors which cause such scattering to occur, therefore

eliminating the need for mitigation methods such as acoustic liners.

1.2 Scope and Objectives of Thesis

The aim of the author’s research is to contribute in a meaningful way to the research into
turbomachinery noise source identification; namely, to better understand the contribution
of each noise-source in the engine to the sound radiated from the engine exhaust. The

work undertaken is closely linked to the research undertaken as part of the EU FP7 project

(o8 3 §
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TEENI, of which TCD (Trinity College Dublin) was a partner. Figure 1.1 demonstrates
how the TEENI project aims to better characterise the contribution of the specific noise
generation mechanisms present inside a turboshaft engine to the broadband noise radiated
from the engine exhaust. The author was actively involved in the work of TEENI from
October 2009 until the project’s completion in June 2013.

In December 2009, a major test campaign was undertaken at the engine acoustics
branch of DLR (German Aerospace Agency) located in Berlin, Germany. This exper-
imental rig was designed to simulate the key acoustic elements of a turboshaft engine.
The experimental parameters were set according to the requirements of both DLR and
TCD for research into methods of noise-source identification. This test campaign was
completed in February 2010, and the experimental tests generated data for a wide variety
of test points. Parameters such as the number of noise sources and type of noise gener-
ated (tonal, narrowband or broadband) and the modal content of this noise were changed
between test points. This provided a substantial data set in order to investigate noise
generation in a turboshaft engine and novel techniques of noise-source identification.

During the Berlin tests, sum and difference scattering of noise through the rotor-stage
was observed. An example of this observed scattering is shown in Figure 1.2. Narrowband
noise generated by several loudspeakers, shown as NBN, has been scattered by the rotor
at sum and difference frequencies of the blade-pass frequency (BPF) of the rotor. It was
observed over several narrowband tests that this scattering occurs at high frequencies,
but not lower frequencies, as highlighted in Figure 1.3. Not enough relevant data was
generated in the Berlin tests to investigate this scattering phenomenon in-depth, therefore
a second experimental rig was designed at TCD specifically to investigate noise scattering
effects. This experimental set-up was designed in a similar manner to the experimental
rig at DLR, with two noise-source regions; a rotor-stator stage and a loudspeaker array.
Over both these experimental investigations, this thesis focuses on two main research

investigations of turbomachinery noise with the following objectives:

1. to improve existing techniques of noise source identification, by combining modal
theory with existing techniques. These techniques only require a few sensors located

close to the noise sources of interest, and are therefore very useful for real turboshaft
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engine applications where the duct geometry is complex and the available space for

the location of acoustic sensors is limited.

2. to gain a better understanding of a specific mechanism of noise propagation in a
turboshaft engine. This mechanism involves the interaction between a rotor stage
and noise propagating from upstream of the rotor through the rotor, and results in
sum and difference frequency scattering which will affect the spectral distribution of

acoustic energy and modal content of the noise propagating out the engine exhaust.
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Figure 1.2: Scattering of narrowband noise (NBN) generated by an array of loudspeak-
ers due to interaction with a rotating rotor. This noise was acquired by a microphone
downstream of the rotor-stator stage. Noise is scattered at frequencies of NBN plus or
minus multiples of the blade-pass frequency (BPF) of the rotor.
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Figure 1.3: Waterfall plot of several test cases similar to that shown in Figure 1.2.
The z-axis shows the dimensionless frequency range and the y-axis is the sound pressure
level of the measured noise. Each spectra shows a different test case where NBN has
been generated by the loudspeaker array at a different centre frequency, as denoted in the
z-axis. The NBN generated by the loudspeaker array is circled in green in each case.

1.3 Outline of Thesis

This thesis consists of seven chapters. In Chapter 2, the fundamental theory of the
generation, propagation, and radiation of noise in turbomachinery is reviewed. Turboma-
chinery noise occurs in a ducted environment, and therefore the fundamental theory of
duct acoustics is also presented in this chapter. Acoustic analyses of ducted environments
are generally enhanced by knowledge of the amplitudes of the cut-on acoustic modes in-
side the duct. Chapter 3 reviews pre-existing methods of modal decomposition. These
decomposition techniques use combinations of several in-duct acoustic pressure measure-
ments to estimate these acoustic modal amplitudes. Finally, the limitations and benefits
of a modal decomposition method using a single ring of microphones flush-mounted to an

inner duct wall, as used in the experimental tests discussed in Chapter 0, is discussed.

As part of the TEENI project, an experimental study was undertaken on both classic
(i.e. already published) and novel techniques for identification of noise in turboshaft en-

gines. A test campaign was undertaken at DLR in Berlin, Germany using a small-scale
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representation with a simplified geometry of a real turboshaft engine with two noise-source
regions representative of the noise-sources inside the engine. Reference sensors were lo-
cated close to both noise-source regions, and banks of microphones were installed to allow
a modal analysis to be performed at two axial locations in the duct. Coherence-based
noise-source identification techniques were applied using this test rig for the identification
of the noise generated by both noise-source regions. The theory, test procedure and results
from applying these techniques are discussed in Chapter 1. The efficacy and limitations
of these techniques is then discussed, and a case of noise scattering which would adversely
affect the performance of such techniques is highlighted.

Chapter 5 discusses the design of the second experimental rig used in the test cam-
paign undertaken at TCD to investigate the sum and difference scattering of noise as it
interacts with rotating turbomachinery, as previously observed in the tests in Chapter 1.
Limitations in the frequency range in which modal analyses could be performed and a
large number of rotor blades prevented an in-depth investigation to be undertaken using
the DLR test data, necessitating the new experimental rig. A brief literature review is
presented which underlines the lack of previous experimental research that focuses on
this specific type of noise scattering. The experimental set-up is of a similar basic de-
sign to the DLR rig, with two ducted noise-source regions used as a basic analogy to
the acoustics inside a real turboshaft engine. Numerical models of aspects of the rig’s
design are presented, and experimental results are also shown that verify each aspect of
the experimental rig operates as intended.

The subsequent results from experimental investigations using the TCD rig of scatter-
ing of both tonal and narrowband (band-pass filtered broadband) noise are summarised
and discussed in Chapter . A relationship is found between the onset of significant scat-
tering of noise and the cut-ons of certain acoustic mode orders. This is demonstrated
for both tonal and narrowband noise. It is shown that noise scattering can be predicted
given the blade (and vane) counts of the rotor (and stator) stages, the rotational speed
of the rotor, and the modal content of the incident noise. Chapter 7 assesses the overall
contribution of this thesis, and discusses possible future research topics which arise from

the results presented herein.
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CHAPTER 2. 2.1. CYLINDRICAL DUCT ACOUSTICS

2.1 Pressure Field in a Hard-Walled Cylindrical Duct

In the following approach to the acoustics inside a duct, the duct is approximated as being
a cylinder of infinite length. The resulting differential equations can then be solved by
separation of variables, leading to an eigenvalue problem that can be solved to give the
duct propagation modes. For an infinite length duct with superimposed mean flow U
the pressure, p = p(r,0,x,t), can be expressed in cylindrical coordinates as a solution to

the homogeneous convective wave equation:

D2 0xr2 ror

1D% &% 190 dp 1 0%
— | — — =0 .
(l (')r) r2 002 L

The substantive or material derivative describes the rate of change of a quantity as it
moves through a space- and time-dependent velocity field, and is defined as:

D_0o g0

Dt dt or
The solution is found as a combination of the characteristic functions of Equation 2.1
each of which satisfy specific boundary conditions. The derivation of this separation of

variables solution can be found in the literature [I(-1”], given the following assumptions:

Flow is an incompressible medium with negligible temperature gradients.

The mean flow, U = (U,,0,0), is stationary with time.

The axial mean flow profile and duct cross-sectional area are invariant in the axial

direction.

e The mean temperature and density are stationary with time.

Abom [13] and others demonstrate that the solution to the convective wave equation

can be given by a linear superposition of modal terms:

o0

o0
p(z,r, ) = Z Z[A:m(,—ﬂ’ﬁnnr 5 ‘47_11116_]“”']1]./(17171(7‘)€jnw (2.2)

m=—o0 n=0
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where AT

mn mn are the axial

and A, . are the complex modal amplitudes, £, and k,,
wavenumbers, and m and n are the azimuthal and radial mode indices respectively. The +
and - superscripts refer to the direction relative to the flow, with the convention that pos-
itive is in the direction of the mean flow. For the case of a hard-walled acoustic boundary

condition, an orthogonal eigensystem is formed, with the modal shape factor described

by:

Em (Um'nT/R)

fnm (’) —
jvm.n

(2.3)

where FE,, is the characteristic function describing the radial pressure distribution as
discussed in Section 2.1.1, and 0,,, is the associated hard-walled eigenvalue. R is the
outer duct radius. In order to satisfy orthogonality, a normalisation factor is calculated

by:

m

R
"\'m” — 27T / E2 ((T,,,,,I'/R)I'dl' = TRZ(E?H((THIH) - Em~l((ymn)E111+1(0771r1)) (2‘1)
0

This transforms the orthogonal mode eigensystem into an orthonormal mode eigensystem.
A mean flow can be accommodated for in the formulation of the axial wavenumbers which

is a function of o,,, and the free-field wave number, k.

—M, £+ amn

k,i”” =¥ 5 (2.5)
where
3 mn 2
Cyyp = J = </ ;\TR > (26)
and

B=+/1- M2 (2.7)

2.1.1 Radial Pressure Distributions for Annular and Circular
Ducts

For an annular duct. the pressure distribution across the radius is given by:

13
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(o} 00
pm(T) = Z amnpll(r) = am Z (Inpn Z (lm,, mn 2m7) (28)
n=0 n=0 n=0
EZm = Egm(l‘gznr) 7nn(bl‘2m7/b) E:v]m :Zn7 ) (29)

See Tyler and Sofrin [! ], for example, for similar reasoning. The characteristic E function

is given in the range a < r < b by the following combination of Bessel functions:

E7 k]

mn ( m n )

'-]"I(A 5

mn

r) 4 k) (2.10)

mn mn

where a is the duct inner radius, b is the duct outer radius, and 7 is the hub-to-tip ratio
(a/b). J, and Y,, are the Bessel functions of the first and second kind respectively, of

order m.

The characteristic numbers &7 and Q7

403 are found from the roots of the following si-

mn

multaneous equations, which arise from the boundary condition that the pressure gradient

at the duct walls must be zero:

Im(K) + QLY (K) =0 (2.11)

T (1K) + Q1LY (nk') = 0 (2.12)

where J" and Y’ denote the derivatives of the Bessel functions of the first and second kind
respectively with respect to r.

The radial mode shapes for an annular duct are shown in Figure 2.1 with a hub-to-tip
ratio n = 0.25. The first four m orders are shown. As 7 decreases, higher-order radial
modes are biased towards the hub. This has the consequence that as 7 is increased, the
cut-on frequency of higher-order radial modes is increased. Modal cut-ons are discussed

in further detail in Section 2.2. Similar plots are presented in the works of Tyler and

Sofrin [! 1] and Moore [17].
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Figure 2.1: Radial pressure distributions for an annular cross-section duct for Bessel
functions of order 0-3, n = 0.25, at a specific azimuthal angle.

For a duct with a circular cross-section (a = 0), the existence of the Bessel function
of the second kind is in violation of the boundary conditions. The characteristic function

in this case is therefore given by:

Emn = Jm(/“'mn"') (213)

For the boundary condition that the pressure gradient at the duct wall is zero for the case

of a duct with a circular cross-section:

J! (kynt) = 0 (2.14)

m

The radial mode shapes for a circular duct are shown in Figure 2.2. The first four m

orders are shown.
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Figure 2.2: Radial pressure distributions for a circular cross-section duct for Bessel
functions of order 0-3, at a specific azimuthal angle.

2.2 Acoustic Modal Propagation

In Section 2.1, it was demonstrated that for a hard-walled cylindrical duct of infinite
length, the acoustic pressure in the duct can be considered as the linear superposition
of infinite many acoustic modal amplitudes (see Equation 2.2). The acoustic modes of
propagation arise as eigenvalue solutions to the Equations 2.11, 2.12 and 2.14 outlined
in Section 2.1.1. A full overview of the eigenvalue solution can be found, for example, in
Eversman [!]. The behaviour of these modes can be better understood by considering

the axial wavenumber, as defined in Equation 2.5. For:

(1— M?) ((;—R)2 z1 (2.15)

-+

mn 1s complex, the resulting modes will be attenuated with

the values of k7 are real. If k
axial distance, and will decay in amplitude exponentially. These evanescent modes have
no acoustic energy associated with them [I0]. Such acoustic modes are said to be “cut-
off”. The cut-off ratio for a particular acoustic mode order is given by (see for example

Rice [17]):
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kR

Cmn - - /———-———1 ~ A2

(2.16)

When the cut-off ratio (,,, is greater than one for a particular mode order at a par-
ticular frequency. the mode will propagate with very little attenuation in a duct. These
modes are said to be “cut-on”. Several cut-on modes can co-exist at a particular frequency
if their respective cut-off ratios are greater than unity. Equations 2.15 and 2.16 highlight
the dependence of the cut-on of acoustic modes on the Helmholtz number, kR. As kR is
increased, more higher-order modes are cut-on in a duct of radius R. Furthermore, the
eigenvalue o,,, is dependent on the cross-sectional geometry of the duct, as discussed in
Section 2.1.1. The cut-on frequency of a given mode in a given duct will therefore vary
depending on the duct geometry, as well as the mean flow velocity, ambient temperature,
and ambient pressure. Any swirling mean flow will also modify the cut-on behaviour of the
acoustic modes, with this modification depending on whether or not they contra-rotate
relative to the flow swirl direction. Golubev and Atassi [1+] investigated the effect of a
mean swirl velocity on the behaviour of acoustic mode propagation, and found that a nor-
mal mode analysis will reduce to a non-linear eigenvalue problem. Numerical simulations
are required in order to analyse the behaviour of both cut-on and evanescent modes in
the case of a swirling flow.

In many scenarios where duct acoustics are being investigated, such as in an aero-
engine, the frequency range of interest commonly extends above the cut-on frequency of
several of these higher-order acoustic modes. Knowledge of the constituent modal ampli-
tudes for each cut-on mode is useful for determining the propagation process of sound in
the duct, and can also be used to help identify the relative contributions of noise sources
in the duct to this propagating noise (as applied in Section 1.3). Certain sources of noise,
such as the periodic interaction between rotor-stator stages, have specific modal content
associated with them i.e. the dominant acoustic modes at these periodic frequencies can be
predicted. Several studies have also used acoustic modal theory to study fan noise [, 2],
compressor noise [, ’1] and combustor noise [].

For a hard-walled duct, the eigenfunction which describes the acoustic mode shape in

the (7, @) plane is given by:
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Uy (r,0) = E" (Kt )e(im0) (2.17)

mn

The dependence of the characteristic E function on 7 in Equation 2.17 can be dropped
for the case of a circular cross-section. This eigenfunction has been plotted for the case
of a circular cross-sectioned duct by Bennett [23]. Figure 2.3 plots these eigenfunctions
for the case of an annular cross-sectioned duct for a range of (m,n) mode orders, with a

hub-to-tip ratio n = 0.25.
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CHAPTER 2. 2.3. TRANSMISSION THROUGH AREA DISCONTINUITIES

2.3 Acoustic Transmission Through Area Disconti-
nuities

For the case of one-dimensional (plane) wave front transmission with zero mean-flow, as
occurs in ducted geometries at low frequencies, the acoustic pressure in a finite length
duct can be represented simply by the superposition of forward and backward travelling

waves:

p = Ae 3% 4 Beike (2.18)

where A is the amplitude of the forward-travelling wave and B is the amplitude of the
backward-travelling wave. For transmission through an area discontinuity, as occurs in
aeroengines as well as in mufflers and other common ducting systems, the transmissibility
and reflection of the acoustic waves through the discontinuity is of great interest. Area
discontinuities can be used to limit acoustic transmissibility and therefore act as passive
mufflers. For a sudden contraction or expansion, the reflection coefficient for a forward-

travelling plane wave is given by:

Ss — 51

R=—"——
Sy + 5]

(2.19)

where S is the cross-sectional area of the duct prior to the contraction/expansion and
S is the cross-sectional area after the contraction/expansion. No acoustic power is lost,
but sound is reflected due to the change in the characteristic impedance (Y;) between the
two cross-sectional areas. In order to better improve the transmission through a change
in cross-sectional area, a gradual change in cross-sectional area with axial-distance is re-
quired. Conical, exponential or hyperbolic expansions/contractions allow better matching
of characteristic impedances. More detail on the specific impedances inside these various
horn geometries can be found in Morse [ 1].

At a given axial location in a uniform duct, the specific acoustic impedance is given

by:

T Ae7k= | Beikz
(@) =22 _y,

v(z) " Aeikr — Beskz

(2.20)
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At the end of a duct, the geometry will commonly terminate by one of three different
way: with a closed end, with an open end, or with an anechoic termination. For a rigid
closed end termination, the specific impedance will tend towards infinity, meaning that
all incident noise will be reflected. Levine and Schwinger [27] studied the affects of sound
radiation from an unflanged duct into hemispherical space, and made an empirical fit
for the values of both the amplitude of the reflection coefficient |R| and the end correc-
tion 4. The magnitude of the reflection coefficient is dependent on frequency, and drops
monotonically as the Helmholtz number (kR) is increased.

When designing experimental tests for duct acoustics investigations, it is often nec-
essary to eliminate reflections at one or both end(s) of the duct. This is necessary for
establishing causal links between noise-source regions and output measurements within
the duct through correlation analysis, for example. Acoustic horn theory can be applied
to design an anechoic termination which will eliminate reflections at the duct end(s) by
matching the characteristic impedance of the inside of the duct with that of the sur-
rounding environment. For wave propagation through a diverging geometry, the change

in acoustic pressure is described by Webster’s formula:

op 3 d[ln(S(:r))]U;p’ B lﬂ
Ox? dr or ¢k ot?

(2.21)

As well as designing anechoic terminations, horn theory can also be applied in order
to better match the characteristic impedances at area discontinuities within a duct. This
is useful in the design of waveguides for transmitting noise from loudspeakers into test

ducts, see for example the experimental set-up shown in Section 1.2.

2.4 Rotor-Stator Noise Generation in Aeroengines

The key noise-source regions in the core region of a typical aeroengine can include the
compressor, combustor and turbine stages. An example of the locations of these regions
is shown in Figure 2.1 for a typical turboshaft engine. The rotor-stator stages of the com-
pressor and turbines are sources of both tonal and broadband noise. Advances in turbofan
engines have resulted in high bypass-ratio engines, which have reduced the effect of jet

noise. During approach and when taxiing, turbomachinery noise is a highly significant
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noise-source in such engines, as shown graphically in Figure 2.5. The relative contribu-
tion of core noise-sources to the total noise radiated from aircraft has also increased in
modern aeroengines, as illustrated in Figure 2.6. In turboshaft engines, where jet noise
is negligible due to low exhaust velocities and there is no bypass stream, turbomachinery
noise dominates the noise radiating from the engine exhaust. Figure 2.5 demonstrates
that the rotor-stator stages of the turbine contribute significantly to the broadband noise
from the engine exhaust, and dominate the total core noise. Tonal noise generated by
periodic interactions at these turbine stages will also contribute significantly to the total

engine tonal noise.

annular
combustor

compressors

engine
exhaust

high-pressure
turbine

engine

power shaft inlot

free
turbines
Figure 2.4: Schematic of an Ardiden 1H1 helicopter engine.

For a ducted rotor rotating at a subsonic tip speed, a typical acoustic pressure spectrum
taken close to a rotor-stator stage will consist of a broadband noise floor, with tonal peaks
at the blade-pass frequencies of the rotor. The blade-pass frequency tone of a rotor results
from the steady pressure field generated by the periodic rotation of the rotor blades,
forming a lobed pressure pattern which propagates axially in the duct as a travelling

wave with a fixed circumemferential speed [I !]. The shape of this lobed pressure pattern,
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Figure 2.5: Relative power levels of aircraft noise sources at takeoff and approach.
Reproduced from Astley et al. [1].

Typical 1960s design Typical modern design

Figure 2.6: Engine noise sources: 1960s versus a modern design. Reproduced from
Astley et al. [1].
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when examined in a cross-sectional view of the duct at a given axial location, will vary
depending on the blade geometries of the rotor e.g. blade pitch angle, camber. The

blade-pass frequency of a rotor and its harmonics are given by:

BPF = h (@> (2,39)
60

where N is the rotational speed of the rotor in rpm, B is the number of rotor blades,
and h is a positive integer which refers to the BPF harmonic. Tones may be observed
for a rotor rotating with subsonic tip speeds at certain rotor shaft harmonic frequencies
(¢N/60) if there is an imbalance in the shaft, where 7 is a positive integer. At supersonic
tip speed, tonal peaks at all shaft frequencies will appear in the spectrum. These multiple
pure tones are referred to as “buzz-saw” noise. As a consequence of the lobed shape of
the pressure pattern generated by its blade-pass frequency (BPF) and harmonics, only
certain azimuthal mode orders will be excited by the rotor at these frequencies. For a
rotor with B blades, a B-lobed pressure pattern will be generated at the fundamental
BPF. Expanding for each subsequent h BPF harmonic, an A B lobed pressure pattern will

be generated. The azimuthal mode order generated, m, is therefore given by:

m = hB (2.23)

This analysis was also extended by Tyler and Sofrin [I |] for the case of a rotor inter-
acting with a stator, a common interaction in aeroengines. The stator vanes are used to
divert the angular components (swirl) of the rotor wake in the axial direction, increasing
fan hydrodynamic performance. The resulting pressure field given by the interaction of

the rotor pressure field with a stator containing V' vanes is give by:

Pmn = Vamn cos(ml — hBQt + ¢n) (2.24)

where m is restricted to

m = hB — kV R B, i . (2.25)
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The interaction field at each h rotor BPF harmonic is the infinite superposition of rotating
pressure patters, each rotating with an angular velocity of hB/m radians per second
where () is the angular speed of the rotor.

For the case of rotor-alone noise, neglecting the presence of any nearby stator stages,
the dominant sources of noise are the interaction between inlet boundary layers/distortions
with the fan and fan self noise. Fan self-noise is caused by airfoil trailing-edge noise, sep-
aration stall noise, laminar boundary layer shedding noise, tip vortex formation noise and
trailing-edge vortex shedding noise. Brooks et al. [2(]] use a semi-empirical approach in
order to get an overview of these noise generating mechanisms. Glegg [27, 2~] discusses
these noise source mechanisms for a single airfoil by examining blade surface unsteady
pressure distributions. These works contains a large list of references to work in the field
of rotor self-noise. Predictions of fan broadband noise have made large steps forward in
recent yvears, due to an increased interest as treatment of fan tonal noise has improved.
Simulations of fan broadband noise are an area of continuing study, as more sophisticated
numerical and CAA (computational aeroacoustic) codes are being developed. The recent
E.U. FP-6 project PROBAND has better characterised the broadband noise-source mech-
anism generated by rotors (specifically fan noise in turbofan engines), using fundamental
experiments in conjunction with advanced CFD to provide a deeper insight into the flow
physics in the source regions [21].

In the chapter by Groeneweg et al. [1()], it is stated that fluctuating pressures, whose
phase or trace speed is supersonic relative to an observer, will radiate sound to that
observer. Vortical disturbances, or gusts, are the origins of such fluctuating pressures on
blade rows of a rotor. The fluctuating normal force per unit span of a blade, Fj, is given

by:

J

Fy = mp,U,ascexpli(ksys — klU,t)]D(lél, ks, M) (2.26)

The co-ordinates here are aligned such that y; is along the blade chord and y, is in
the direction of the upwash. p, is the ambient density, ¢ is the blade chord, and U, is the
velocity of convection of the gust relative to the blade chord. O is the response function

for the gust of wavenumber £k convecting at U,. For special conditions with respect to
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airfoil geometry and flow type (compressible or incompressible), solutions for O exist in
the literature [31-30].

Periodic interactions between rotor blades and stationary stator vanes excite infinite
many spinning modes at every blade-pass harmonic, as stated in Equation 2.25. Cut-on
modes generated by this mechanism will propagate in the duct. The strength of these
interaction effects can be reduced by increasing the spacing between the rotor blade and
stator vane rows, but this will in turn reduce the hydrodynamic efficiency of the stator.
Judicious choice of the number of rotor blades and stator vanes can help ensure that most
of the lower order modes, which are most likely to be cut-on at the blade-pass frequencies,
are not generated as per Equation 2.25. In the next chapter, a method of exciting specific
azimuthal modes using an array of monopole sources is discussed, which could simulate a
fan BPF tone for example. Methods for decomposing the acoustic pressure field at a given
axial location in a duct into its constituent modal amplitudes using arrays of microphones

are also discussed.
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CHAPTER 3. 3.1. OVERVIEW OF MODAL DECOMPOSITION TECHNIQUES

Modal analysis techniques allow the specific modal content at a given axial location
in a duct to be determined. Generally, these techniques use a large number of acoustic
pressure measurements taken by microphones arranged at a range of axial, azimuthal
and radial locations, in conjunction with steering vectors describing the physics of modal
transmission in a duct, to estimate the complex modal amplitudes. Each acoustic mode
describes a specific way in which noise can propagate in a duct, and therefore knowing the
amplitudes of these acoustic modes gives a more complete understanding of the transmis-
sion of sound, and hence allows better mitigation of this noise using active noise control
(ANC) methods or through passive attenuation using acoustic liners. In this chapter a
range of modal decomposition techniques are reviewed, and a technique for modal anal-
ysis using multiple microphones flush-mounted to the duct inner wall and applied in the
experimental test results analysed in Chapters | and ¢ is discussed. Finally, the theory
of targeted mode generation is shown. Targeted mode generation uses several circumfer-
entially spaced noise sources, and can be used to generate tonal noise with a dominant
targeted azimuthal mode (TAM) at this tonal frequency. Analytical simulations are used

to demonstrate the effectiveness of this technique.

3.1 Overview of Modal Decomposition Techniques

Early studies in modal analysis include the theoretical work of Dyer [7], who considered
a source that is “completely random in space” in a hard-walled circular duct. Dyer
concluded in his analysis that subject to certain parameters all acoustic modes present
in the duct above their respective cut-on frequencies will carry equal energy. Morfey [1]
furthered Tyler and Sofrin’s discussion on these rotating pressure patterns, or azimuthal
modes. Morfey further investigated the transmission of higher-order acoustic modes in
axisymmetric ducts, and established a relationship between the mode intensity and the
mode amplitude and impedance. Mugridge ['] presented a method for identifying the
rotating acoustic modes which may be generated at a rotor stage using time and space
correlations between two pressure transducer signals. These transducers are traversed
circumferentially around the duct at specific axial and radial location inside the duct. This

technique allows the mode orders present to be identified and their relative contribution to
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the total BPF noise to be assessed. Comparisons were also made by the author between
theoretical and experimental mode directivity patterns based on these results. Moore
[17] proposed both integration and least-squares matrix inversion methods in order to
identify the modal content for both artificial and experimental scenarios, for periodic
signals. These techniques allow the relative contributions of several cut-on modes to the
noise radiated at a specific axial location in a duct to be assessed. Such techniques of
decomposing the sound field in a duct into its specific modal constituents are known as
modal decomposition techniques. Other similar direct modal decomposition techniques
exist in the literature [!0~13], however many make assumptions on the type of signal
present in the duct.

Yardley [!!] formulated a modal analysis technique using an array of flush-mounted
microphones spaced both circumferentially and axially. Abom [I] introduced a novel
method of modal decomposition which uses the transfer function between pairs of mi-
crophones, provided the duct eigenfunctions and eigenvalues are known. Unlike many
previous modal decomposition techniques in the literature, Abom’s proposed technique
does not require a priori assumptions on the signal type present in the duct. Furthermore,
this modal decomposition technique allows the content of the modes travelling in both
axial directions to be found. hence allowing both the incident and reflected modal content
to be identified.

Holste and Neise [17] used rakes of sensors to determine the modal content radiated
from a CRISP (Counter Rotating Integrated Shrouded Propfan), which is a novel turbofan
configuration used in high bypass ratio engines. A sensor rake located at a single axial
location contains several microphones spaced radially. Data is acquired, and the rake is
then rotated azimuthally. Data is then acquired at this new azimuthal location. This
process is repeated for a full revolution of the sensor rake, and the azimuthal modal

content of the pressure field at this axial location is resolved by:

lr.8, T.w)= Ap(z,7,w0)el™® (3.1)

m=—

This is a reformulation of Equation 2.2, where the complex circumferential mode distri-

bution is shown in isolation. The sampling time by the microphones in the sensor rake is
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synchronised with the trigger signal used to control the rotor’s rotation.

Enghardt et al. [10] proposed a modal decomposition scheme using equi-azimuthally-
spaced wall-mounted sensors only, as opposed to sensor rakes, to decompose the pressure
field into its specific modal amplitudes. This form of modal decomposition is far easier to
implement in a real aeroengine due to the practical space constraints, and reduces sensor
contamination as the wall-mounted sensors do not interact with the flow through the
engine. Using computer simulations the authors theorised that the radial modal content
could also be decomposed by measuring the sound field at different axial locations as well
as different azimuthal positions. The wall mounted sensor configuration was compared
experimentally with the results for a sensor rake, and found to agree well. The radial
modal analysis (RMA) technique was also tested and found to measure the radial modes
as predicted. A similar investigation to Holste and Neise [ 7] was undertaken by Enghardt
et al. [17] using sensor rakes for radial mode analysis. Tapken and Enghardt [ 1] further
assessed the radial mode analysis technique by undertaking a numerical study on the
effects of frequency, sensor location, and flow conditions such as the presence of swirl.
From the results of this study, the authors made suggestions on optimum sensor spacings
and potential causes of poor signal conditioning in RMA data analysis.

Bennett [2}] implemented a modal decomposition technique based closely on the meth-
ods of Abom [1}] and Yardley [11], whereby an array of microphones is mounted flush to
the inner duct wall. The sensors in this array are equally spaced azimuthally and axially.

The characteristics and advantages of this technique are:

1. incident and reflected modes can be identified:;

2. a mean flow can be accommodated;

3. a frequency response function technique may be employed;

4. radial, as well as azimuthal, modes can be identified:

5. duct-wall flush-mounted microphones only are used for the decomposition;

6. the decomposition is performed for all frequencies not only at the BPF and har-

monics;
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7. data is acquired at all measurement locations simultaneously.

From the formulation of the acoustic pressure in a hard-walled duct given by Equation
2.2, this modal decomposition technique is undertaken in two stages. More detail on both
stages can be found in the technical report by Abom [10]. In the first stage an azimuthal
decomposition is carried out using microphones located circumferentially around the duct

as follows:

b=0,1...2N —1
M-1
B = Z R k€™ where 1=0,1,...2M — 1 (3.2)
m=1-M
2wl
b= =1

where M and N are the number of azimuthal and radial modes cut-on at the frequency
of interest. [ and k refer to the azimuthal and axial microphone indices respectively. This
stage may be repeated at several axial locations in order to decompose these modes into

both the radial modes and their incident and reflected components:

N—1
— i - ik Q¢
hmk - Z[A;tl."(/ e “t Am.n(wﬁ]}‘m'".r]f").n(7') (‘53)
n=0

Using a process of matrix pseudo-inversion, a least-squares solution can be found for the
above equation to estimate the complex modal amplitudes. The first part of the technique
requires two measurements per azimuthal wavelength (27 /m), analogous to the Nyquist
sampling criterion. 2M sensors are therefore required to be located azimuthally, where M
is the maximum azimuthal mode to be decomposed. This places an upper frequency limit
at which this technique can be applied for a given amount of acoustic sensors. Holste
and Neise [|7] make similar conclusions, and also state that aliasing is possible when not
enough sensors are located per cut-on mode. An example of the full expansion of this
modal decomposition procedure can be found in Chapter 7 of Bennett [2}] for a specific
experimental set-up.

The matrix inversion step will be more robust as the system is further over-determined
i.e. with more microphone measurements per cut-on mode. Castres and Joseph [7(] in-

vestigated the robustness of the matrix pseudo-inversion step of a modal decomposition

31



CHAPTER 3. 3.2. TARGETED AZIMUTHAL MODE EXCITATION

scheme whose least-squares solution minimises ||p — Dal||, where p is a matrix of com-
plex acoustic pressure measurements, D is a directivity matrix describing the physics
of acoustic modal propagation, and a is a matrix of estimated modal amplitudes. The
pseudo-inversion step undertaken in the modal decomposition techniques such as Abom’s
outlined above are highly sensitive to errors at modal cut-on frequencies due to an ill-
conditioned directivity matrix, which is a particular issue at high frequencies when modal
cut-ons are grouped close together. A method is described by Castres and Joseph to
increase matrix inversion robustness by regularisation, but this must be used as a com-
promise with the accuracy of the solution.

Recently, Enghardt et al. [ 1] have investigated modal analysis for broadband noise in a
duct, where sound will propagate in a duct with energy spread over all cut-on modes. Two
techniques were proposed: the first, BBMA I, makes use of the spectral cross-correlations
between one reference sensor and all other sensors in a sensor array. This technique
was first suggested in another paper by Enghardt [/2]. This method assumes that all
mode orders present in the duct are mutually uncorrelated. The choice of reference
microphone has a marked effect on the resulting mode amplitudes deduced with this
technique. The second method, BBMA II, applies a beamforming algorithm, and then
decorrelates in order to ascertain the mode correlation factors. Comparison of results using
both techniques have shown that BBMA II is more robust in the presence of background
noise e.g. flow noise. The method of Abom and adopted by Bennett has also been applied
to analyse the modal amplitudes of broadband noise by Davis and Bennett [], and has

been shown to be useful in both tonal and broadband noise studies.

3.2 Targeted Azimuthal Mode Excitation

In active noise control (ANC) studies for ducted noise, the aim is generally to reduce
the noise emitted from noise sources in the duct (such as fan BPF noise) by generating
additional noise using one or more loudspeaker(s) which destructively interferes with this
unwanted noise, and hence reduces the noise emitted from the duct into the surrounding
environment. At higher frequencies, several higher-order modes may be cut-on. In such

cases, many noise sources such as fan BPF noise have specific modal content associated
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with them, thus the dominant acoustic modes can be predicted. In these situations,
several loudspeakers spaced azimuthally can be used to excite a specific azimuthal acoustic
mode, which will then interact with and reduce the noise generated at the fan BPF [71].
If a single ring of noise sources is used, a specific azimuthal mode can be targeted. Using
several axial rings of noise-sources a specific radial mode can be targeted. Aside from ANC
applications, targeting of specific modes is useful in order to investigate the scattering of
acoustic modes for example, as investigated in Chapter 0.

To demonstrate the effectiveness of targeted mode generation an analytical study is
presented. For a single point monopole source in a hard walled annular flow duct, the
frequency-domain Green’s function for a duct with an axial irrotational mean flow must
satisfy:

[ = Mfi ks 21'A-A[I,i + k3)G(z,y) = —6(z — v) (3.4)
dg* ox
and for a hard-walled boundary condition:
oG
T

where n is a unit vector normal to the surface of the duct. Following the formulation of

0 (3.5)

Goldstein [12], the sound pressure generated at position (z, 7, ¢) due to a single monopole

source with volume velocity gy = v9A located at (40,740, pq0) can be expressed as:

p(x. 7, ¢lxg0, Tg0, Pg0) = —jwpqog (T, 7, P|Tq0. 70, Pq0)

e =
_7l"mn(1‘_<l‘q0)

€

pPe i Eoo: Jm(o'mnr/R)‘]’"(U"”'qu/R)P_i177(0_¢q0)

do—
2 m=—00 n=0 amn N1nn

(3.6)
where ¢q is the source volume velocity, p is the density and c¢ is the speed of sound of

the propagation medium. R is the duct radius. J,,(-) is the Bessel function of the first

=+

mn

kind, of order m. o,,, is the eigenvalue, k* is the axial wavenumber and N,,, is the
normalisation factor of the (m,n) acoustic mode. x, r and ¢ are the axial, radial and
circumferential locations of the receiver location of interest and x4, 740 and g0 are the

axial, radial and circumferential locations of the monopole source. Equation 3.0 provides
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Figure 3.1: Analytical simulation of pressure field generated by a single monopole source
located at x = 0, § = 0, kR = 3.5. The real part of the complex pressure field is plotted.

the pressure distribution in an (infinite) circular duct as a function of frequency generated
by this monopole source. Figure 3.1 shows the pressure field generated in a 1.2m length
section of circular duct of radius R = 0.05m by a single monopole source located at (z = 0,
6 =0, r = R). For this case, all duct modes are excited.

Specific azimuthal modes can be targeted by locating multiple monopole noise sources
around the circumference of a duct at a fixed axial location and adjusting the phases

between the sources as follow:

2

9(6) = gme™F (3.7)
1

where S is the number of monopole sources, [ is an index from 1 to S for each monopole
source, ¢, is the source strength and m is the targeted azimuthal mode (TAM) being
excited by the monopole source array.

To demonstrate this targeting of specific azimuthal modes, analytical simulations were
undertaken using the theory outlined above. The total acoustic pressure field generated
by multiple sources is found through superposition of Equation 3.6 for each source. In
Figure 3.2, 15 monopole sources have been equally spaced in the circumferential direction
at an axial location x = 0. Each monopole source is located at a radial position r = R,
where R is the radius of the simulated test duct. The real part of the complex pressure
field, as found by superposition of Equation 3.6 for each source, is plotted. Each source
is of the same strength, generating a tone at kR = 3.5 with the phase of each source
adjusted as per Equation 3.7. For the left, right and bottom subplots respectively the
targeted azimuthal modes are TAM = 0, 1, 2. It is apparent from these pressure field plots
that the targeted modes dominate, evident by the planar distribution of acoustic pressure

excited when TAM = 0, and the spiral pressure field patterns indicative of higher-order
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Figure 3.2: Analytical simulation of pressure field generated by targeted mode excitation
using 15 circumferentially-spaced monopole sources located at x = 0, kR = 3.5. The
m = 0, 1,2 azimuthal modes have been targeted. The real part of the complex pressure
field is plotted.

azimuthal mode propagation when TAM = 1. 2.

In order to verify that the targeted mode dominates in each case, a modal decompo-
sition can be performed by interrogating discrete nodes in the complex pressure field and
applying a modal decomposition scheme using this data. The radial modal decomposition
applied by Bennett and discussed in Section 3.1 was used to find the radial modal am-
plitudes at an axial location x = 0.7. Sixty-four pressure measurements were used, each
taken from nodes located at r = R in four axial rings located at x = 0.7,0.75,0.8, 0.85.
Each ring of sixteen nodes is equally spaced in the azimuthal direction around the periph-
ery of the duct. This is analogous in a real experiment to taking microphone measurements
using microphones flush-mounted to the wall of the test duct. The focus of this investiga-
tion is to target specific azimuthal modes, and therefore the azimuthal mode amplitudes
are presented from this radial mode analysis.

When a single monopole source generates noise, all cut-on duct modes are excited
and propagate in the duct, as illustrated at a frequency AR = 3.5 in Figure 3.3. This
modal analysis was performed for the test case shown in Figure 3.1. This modal analysis
procedure was repeated for a range of R values in Figure 3.1, which demonstrates that

roughly equal acoustic energy is carried per cut-on acoustic mode, with the test case
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Figure 3.4: Azimuthal modal analysis of pressure field generated by a single monopol
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shown in Figure 3.3 i
The azimuthal modal amplitudes found from modal analyses when three different
in Figure 3.5. These

monopole sources are shown in Figure
and prove that the targeted

J. 4L,

azimuthal modes are targeted using 1
e L

esults were found for the test cases shown in Figure
The targeted azimuthal modes

azimuthal modes dominate the acoustic pressure field
This modal analysis is extended for a range

dominate by around 30dB in each case
), with the green-dashed vertical lines indicating the test cases

3.0

of kR values in Figure
These figures show that the targeted azimuthal modes dominate for

plotted in Figure 3.5.
all analysed frequencies above the respective cut-ons of each azimuthal mode. The m = 0

mode is excited below the cut-ons of the targeted azimuthal modes for the TAM = 1 and
TAM = 2 test cases. The amplitude of the m = 0 mode rapidly decays above the cut-on
of the m = 1 mode in both cases. No higher-order azimuthal modes are excited above

their respective cut-ons aside from the targeted mode
When performing modal analyses using microphones flush-mounted to the duct wall
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Figure 3.5: Azimuthal modal analysis of pressure field generated by targeted mode
generation using 15 circumferentially-spaced monopole sources located at © = 0, kR = 3.5.
The m = 0,1, 2 azimuthal modes have been targeted.
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Figure 3.6: Azimuthal modal analysis of pressure field generated by targeted mode
generation using 15 circumferentially-spaced monopole sources located at x = 0, for a
range of frequencies. The m = 0,1,2 azimuthal modes have been targeted, with the

targeted azimuthal mode plotted in red.
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it is necessary to make two acoustic measurements per azimuthal wavelength in order
to accurately identify each azimuthal mode amplitude. When exciting specific azimuthal
modes using monopole sources flush-mounted to the duct wall, it would follow from sim-
ilar reasoning that the targeted azimuthal mode will be successfully excited when the
number of noise sources is greater than double the number of azimuthal wavelengths of
the mode being targeted, as per the Nyquist criterion. In order to investigate if this is the
case, the test procedure used to calculate the modal amplitudes at = 0.7 in Figure 3.5
was repeated for a range of frequencies and numbers of monopole sources. The azimuthal
modal amplitudes were estimated for each test point. Of particular interest is the dom-
inance of the targeted mode, which was quantified by subtracting the level of the most
dominant non-targeted mode from the targeted mode. When the targeted mode is not
dominant, and hence the mode generator is not effective, this quantity will drop below
zero. This quantity will be denoted Az aa;.

Figure 3.7 shows for selected targeted azimuthal modes (TAM) the values of Apans
for a range of dimensionless frequencies (kR) and numbers of monopole sources. The
monopole sources are equally circumferentially-spaced around the duct at x =0, r = R
in each test case. Each sub-figure plots kR on the z-axis. Each coloured element gives
the A7y value measured when Ngge monopoles target a specific TAM at a specific test
frequency. When the elements are dark blue it indicates that A7y, has dropped below
zero, and therefore the mode targeted by the monopole array does not dominate i.e. the
mode generator is ineffective.

These results show that in order to target a given TAM effectively at cut-on, ngrc >
2xTAM monopole sources are required i.e. more than two sources are required per az-
imuthal wavelength, which matches the Nyquist criterion for digital signal processing.
In order for the array of sources to remain effective at higher frequencies, an additional

noise-source is required for each additional cut-on azimuthal mode.
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Figure 3.7: Azimuthal modal analysis showing effectiveness of targeted mode generation
using a varying number of circumferentially-spaced monopole sources. The colour of each
element shows the dominance in dB of amplitude of the targeted mode, as found by a
modal analysis performed at z = 0.7. Dark blue elements indicate that the targeted mode
is not dominant.
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3.3 Error Analysis of Single-Ring Azimuthal Modal
Decomposition

The modal decomposition technique of Abom, as outlined in Section 3.1, can be used to
decompose the pressure field at a given axial location inside a duct in order to estimate
the constituent modal amplitudes. Depending on the number of rings of sensors used,
it is possible to identify higher-order azimuthal or radial modes, with or without axial
directionality i.e. separating out the incident and reflected components.

Using a single ring of sensors, it is possible to identify specific azimuthal modal ampli-
tudes as per Equation 3.2, but without directional information or the ability to separate
on radial mode order. Using four rings of sensors it is possible to identify the specific
radial mode amplitudes up to and including the cut-on of the n = 2 radial mode with
directionality. Both methods require at least two sensors per cut-on azimuthal mode in
each axial ring of microphones. It is evident that more rings of sensors are desirable, as it
allows more information to be discerned regarding the specific modal content within the
duct. However, in certain experimental scenarios it is not possible to locate more than a
single ring of sensors due to a lack of available sensors, DAQ channels, or space within
the duct. Full-scale aeroengines are a particular challenge for acoustic sensor measure-
ments due to the lack of space for sensor measurements and hostile environments with
high fluctuating temperatures and flow speeds. Furthermore, in situations where one end
of the test duct terminates anechoically and the effect of reflections can be discounted,
directional information may be unnecessary. Finally, information on the radial mode am-
plitudes may simply be unnecessary when for example analysing the targeted azimuthal

modal generation results in Section 3.2.

In the experimental tests undertaken in Chapters 6 the number of available channels
and microphones was limited, and therefore a modal decomposition was undertaken using
a single ring of sensors. In order to investigate the impact of having only a single ring
of sensors instead of multiple rings, both analytical and experimental investigations was
undertaken and are presented in the proceeding sections. In both investigations the results
from a single-ring azimuthal modal analysis are compared to the results from a multiple-

ring radial modal analysis, with the multiple-ring analysis used as a benchmark to assess
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the error levels in the single-ring analysis.

3.3.1 Analytical Investigation

In the experimental tests undertaken in Chapters 5 and 0, the pressure field at a specific
axial location of a circular duct was decomposed into the specific azimuthal modal ampli-
tudes. As the sensors were all located at a single axial and radial location, it is prudent to
consider the errors resulting from application of this technique when compared to a more
thorough modal analysis using sensors at multiple axial locations. Using multiple rings of
sensors, a radial modal analysis may be performed. In order to directly compare the modal
amplitudes estimated from a multiple-ring radial modal analysis (|A(nn) raral) with the
amplitudes estimated from a single-ring azimuthal analysis (|A,, aaral), the radial modal

amplitudes are summed into azimuthal modal amplitudes as follows:

r
N m

l-4m‘R.’\lA| = Z "4(111.n).lf.’\l,~1l (38)

n=0
where N,, is the largest-order radial mode cut-on for each corresponding m azimuthal
mode at any frequencies of interest.

Analytical tests were performed using the hard-walled, circular duct theory outlined
in Equation 3.6. The parameters of the analytical tests were matched to the experimental
set-up with the duct radius R = 0.05. A single monopole noise-source is located at (0,0,0).
As demonstrated in Figure 3.1, a single monopole noise source will excite all duct modes
that are cut-on in the duct.

Table 3.1 lists the locations of each receiver used to perform both single-ring and
multiple-ring modal analysis procedures. More sensors were used in each axial ring in
the multiple-ring modal analysis in order to ensure high accuracy in the analysis. It is
assumed in the study that the large number of receivers used in the multiple-ring modal
analysis will lead to very accurate results, therefore offering a benchmark with which the
single-ring results can be compared. Twenty-five receivers located at = 2.148 were used
to decompose the modes in the single-ring analysis, matching the experimental set-up.
The test frequency range was also matched to the experiments; 2048 test frequencies

were investigated in the range 0-13000H z. giving a frequency resolution of 6.35H = in the
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Table 3.1: Locations of sensors for comparison of modal analysis methods

Modal Analysis Method X @ f
Am.A/\IA 2.148 27T/2527T/25271’ R
Am RMA 2.148:0.06:2.568 | 27 /50:27/50:27 | R

analysis.

are shown across all

The two azimuthal amplitude estimates |A,, araa| and |A,, gara
test frequencies in Figure 3.8. Both results have been plotted on the same y-axis scale.
These figures show the expected propagation behaviour of a single noise monopole noise-
source in a circular duct, with all modes excited above their respective cut-on frequencies.
Above their cut-ons each mode carries close to equal energy, with the amplitude of each
azimuthal mode increasing as more radial modes are cut-on. Large increases in amplitude
are observed at the cut-on of each azimuthal and radial mode, such as the large spike at
kR = 3.83 for the m = 0 mode which corresponds to the cut-on of the (0,1) radial mode.
Despite both methods generating similar results, some variation in amplitude is observed.
This difference in sound pressure level is isolated in the blue spectra shown in Figures

3.9 and 3.10. As the |A,, raral| estimate is assumed to be highly accurate, this difference

in sound pressure level gives the magnitude error of the single-ring estimate |A,, arral.
This error is generally bound between -2dB and 2.5d B, with higher errors of up to 4dB
observed close to modal cut-ons. This error generally decreases for each azimuthal mode

as the frequency is increased above its cut-on frequency.

In real experimental investigations, some degree of extraneous noise is expected in
any microphone measurements. This noise could arise from structural vibrations at the
measurement location, flow-noise due to the hydrodynamic interaction between the mi-
crophones and the fluid flow through the duct, or electrical noise in the microphone signal.
The impact of such extraneous noise, assumed to be uncorrelated between all measure-
ments, was thus investigated for the single-ring analysis method. Of particular interest
was the impact of such noise on measurement of the m = 0 mode, as the equal distri-
bution of acoustic pressure with azimuthal angle raises the possibility of all microphones
at a single axial and radial location measuring an acoustic node at certain frequencies.

It is possible that, with the addition of extraneous noise, the signal-to-noise ratio will
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significantly decrease in such situations, causing the error in the modal estimate to rise.

To asses the impact of extraneous noise on the single-ring modal estimate, the complex
frequency-domain pressures at the locations listed in the A,, 4ps4 row of Table 3.1 were
transformed into the time-domain. Gaussian noise was then added to each time-domain
signal, with the magnitude of this extraneous noise a function of the standard deviation
of the time-domain signals. The resulting signals with added noise were transformed back
into the frequency-domain, and the single-ring azimuthal modal analysis was performed
using these complex pressures. This was repeated for 250 averages, simulating ensem-

ble averaging of a real experimentally-acquired signal. The resulting modal amplitudes

(| Ay AntAnoise|) were then compared with |A,, gara| as before in order to asses any ad-

ditional errors introduced by the addition of extraneous noise. The modal amplitudes

A, raral were calculated using the clean (no noise added) pressure signals i.e. the same

A, raa| estimate was used as plotted in Figure 3.8,

The difference in sound pressure levels of each azimuthal mode against frequency are
plotted for two added-noise cases in the red and green spectra in Figures 3.9 and 3.10.
These spectra can be compared with the blue (noise-free) spectra to asses the impact of
the added on the single-ring modal estimates |A,, aas4|. Some increase in the errors is
noted, however these errors still remains low at frequencies other than modal cut-ons, and
the change in error levels is only of the order of 1dB even when the higher level of noise
has been added. The ensemble averaging procedure has reduced the affect of this additive
noise such that it is insignificant. Interestingly, no spikes in the error of the m = 0 mode
are observed, suggesting that measurement of acoustic nodes by all microphones is not
an issue.

The error analysis presented in this appendix has demonstrated that, even in the pres-
ence of significant levels of extraneous noise, the single-ring azimuthal analysis technique
gives an accurate estimate of the azimuthal modal amplitudes for the case of an infinite
duct when reflections are non-existent. This verifies the single-ring technique’s suitability
for application in experimental tests where reflections have been greatly reduced using

anechoic terminations.
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Figure 3.8: Azimuthal modal amplitudes estimated using multiple rings of sensors
(A, rara, tight) and a single ring of sensors (A,, aara. left).
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Figure 3.9: Difference in sound pressure levels of azimuthal mode estimates A,, rara
and A, anpra. Uncorrelated noise of magnitudes 5% and 20% of the time-domain signal
standard deviation have been added to the A,, a4 estimate in the green and red cases

respectively.
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Figure 3.10: Difference in sound pressure levels of azimuthal mode estimates A,, gpara
and A,, anra. Uncorrelated noise of magnitudes 5% and 20% of the time-domain signal
standard deviation have been added to the A,, 4rr4 estimate in the green and red cases
respectively.
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3.3.2 Experimental Investigation
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Figure 3.11: Experimental set-up for modal decomposition technique tests.

The experimental set-up used to test a single-ring modal analysis against a multiple-
ring modal analysis technique is shown in Figure 3.11, and discussed in greater detail in
Section 1.2. The experimental rig located at the engine acoustics branch at DLR, Berlin,
has two noise-source regions; a rotor-stator stage and a loudspeaker array. The rotor-
stator stage represents a turbine stage in a real aeroengine, and the loudspeaker array can
simulate many possible core-noise sources. Two banks of sixty-four microphones. each
containing four axial rings with sixteen microphones in each. are used to perform modal
analyses at two axial locations in the duct. The inlet sensor array is located at an annular
duct section, whereas the outlet array is located at a circular duct section.

In the test scenario investigated, the rotor is rotating at a fixed rotational speed, and
the resulting noise measured by each microphone in both sensor arrays. The loudspeaker
array generates no noise. This procedure was repeated for rotor speeds of 1500rpm and
3000rpm, giving a BPF of 605Hz and 1210H z respectively. Two modal analyses were
performed at the rotor BPF for each rotational speed tested using the outlet array of
microphones. Weak or no reflections are anticipated of this tonal noise, as the rotor noise
propagates in the positive z-direction through the outlet array (where the modal analyses
are performed) to the outlet plane, where the duct terminates anechoically.

In the first analysis, a modal decomposition was performed using one of the four rings
of microphones. This allows an azimuthal modal analysis to be performed without direc-
tionality. This azimuthal analysis was performed using each of the four rings of sixteen

sensors individually, giving four azimuthal modal amplitude estimates. A radial modal
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analysis was also performed using all sixty-four microphones, which gives an estimate of
the radial modal amplitudes with directionality. The results from each single-ring az-
imuthal modal analysis were then compared to the radial modal analysis performed using
four rings of sensors for both rotor speed test cases.

This study primarily focuses on the error levels, as measured by the difference in
sound pressure levels between the results from the four-ring radial modal decomposition
technique and the single-ring azimuthal decomposition technique. The rotor only test case
was selected as the anechoic termination will greatly reduce reflections. As the single-
ring technique can not separate out the incident and reflected components, the presence
of significant acoustic reflections is anticipated to result in significant error levels in any
modal estimates.

Figure 3.12 shows the incident and reflected modal amplitudes at the fan fundamental
BPF for two fan speeds, as estimated by the four-ring radial modal analysis technique
at the outlet array. The reflected modal amplitudes are generally around 20-30d B lower
than the incident amplitudes, suggesting a modal reflection coefficient of around 0.03-0.1.
However, modes just above cut-on have much higher reflection coefficients at both BPF
frequencies; close to 0.9 in the case of the m = +4 modes when the rotor rotates at
3000rpm. The anechoic termination is therefore only effective at reducing reflections for
modes well above their respective cut-on frequencies. The modal content of a rotor-stator
BPF tone can be predicted using Tyler-Sofrin theory (see Equation 2.25) using the rotor
blade and stator vane counts. The rotor-stator in this experimental set-up has 24 blades
and 5 vanes, which theory predicts will excite the m = —1 and m = 4 at the BPF tone.
The rotor-stator interaction in fact excites infinite possible azimuthal modes, however
only the m = —1 and m = 4 are cut-on at the BPF at the higher rotational speed. Only
the m = —1 mode is cut-on at the lower rotational speed. The results in Figure 3.12
would indicate that the m = —1 mode does dominate the measured acoustic pressure
field at the outlet array at the BPF as expected, for both rotor speeds.

The levels of normalised error € measured between the incident modes, as estimated by
the four-ring radial modal analysis, and the modal amplitudes as estimated by the single-
ring azimuthal modal analyses, are presented in Figure 3.13. The levels of error between

the single-ring estimates and the four-ring estimate of the incident modal amplitudes are

47



CHAPTER 3. 3.3. ERRORS IN SINGLE-RING AZIMUTHAL MODAL ANALYSIS

+ -
IAm RMA| 'Am RMAl

140 140
—_ = 120
% 120 %
e ~100
-1 100 =
Qa: o
wn v 80

. I . .

J 11| M
o I e v &
-4 -3 -2 =1 0 1 2 3 4 -4 -3 =2 =1 0 1 2 3 4

Figure 3.12: Incident (left) and reflected (right) azimuthal modal amplitudes estimated
at the fan blade-pass frequency using a radial modal analysis technique performed at the
outlet sensor array for two fan rotational speeds; 1500rpm (blue, BPF = 605Hz) and
3000rpm (red, BPF = 1210H z).

generally low, of the order of 0.1-0.2. The errors are far higher at the highest cut-on mode
orders in all cases, which is anticipated due to the high reflections of these mode orders
at the outlet plane of the duct. This would further demonstrate that provided reflections
are kept low, a single-ring analysis perform well. This error is significantly larger at mode
orders where large reflections have been measured in Figure 3.12.

The objective of the experimental study undertaken in this section has been to inves-
tigate the applicability of a single-ring azimuthal modal analysis technique, which may
be necessary when the number of available sensors, number of available DAQ channels
and/or available space within the test duct is limited. It was thought, prior to these tests,
that bias errors due to axial variations of modal amplitudes in the duct would adversely
affect any modal estimates using a single-ring of sensors. It was found however that such
a technique is suitable if modal reflections are low, as it was found that the azimuthal
modal estimates closely matched the robust four-ring technique in such a case. The
single-ring azimuthal modal analysis technique was applied in experimental tests outlined

in Chapters 5 and 6.
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Figure 3.13: Normalised error € between the incident azimuthal modal amplitudes shown
in Figure 3.12 and the azimuthal modal amplitudes estimated using four single rings of
sensors located at x = 2726, 2786, 2846, 2906, shown in sub-figures a)-d) respectively.
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CHAPTER 4. 4.1. THEORY AND BACKGROUND

4.1 Theory and Background

Many pre-existing techniques of coherence-based noise source identification exist in the
literature. These methods of noise source identification utilise several acoustic pressure
measurements both close to the source(s) of interest and in the far-field. The aim of
these techniques is to identify the relative contributions of these noise-sources to the noise
radiated at the far-field locations of interest. These techniques are therefore useful for
applications in aero- and turboshaft engines, where for example the relative contributions
of the various turbomachinery noise sources to the noise radiated at the exit plane of the
engine could be identified.

Consider the scenario depicted in Figure 1.1 which shows the cut-away schematic of a
typical turboshaft engine. Two of the possible core noise-source regions within the engine
(downstream of the compressor) have been simplified to two source regions; S; and Ss.
S} is a turbine and S, is a combustor. Several reference sensors are located close to both
noise-source regions in order to obtain accurate source measurements. Few sensors are
used due to the lack of available space within the core duct of the engine. Coherence-based
noise-source identification techniques can be used to identify the contribution of the noise
generated by these noise sources to the sound radiated to a far-field location of interest,
usually in the environment outside the engine. Several such techniques are investigated
in the following chapter.

The magnitude-squared or ordinary coherence function is the principal tool used in
all these techniques. The coherence function of two time-domain signals z(t) and y(t)
can be found by first transforming blocks of the signals into the Fourier domain, giving
X(f) and Y(f). The power-spectral densities (G,,(f) and G,,(f)) and cross-spectral
density (G, (f)) of these Fourier domain blocks can then be formed. The dependence on
frequency will be dropped from this point on for succinctness. By averaging these auto-
and cross-spectra over many signal blocks, the coherence function between z(t) and y(t)

can be found by:

2 _ |Gayl?

= — < .
71y Grrny - 1 (4 1)

It should be noted that the all spectral functions outlined herein are in reality statistical
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Figure 4.1: Simplified representation of acoustics inside a turboshaft engine duct. Noise
is emitted by S} and S,, which represent a turbine and combustor stage respectively, and
propagates in the duct. When the turbine is rotating, a flow is induced in the duct.

estimates of real spectral functions estimated using a finite number of samples, and as
such these functions should be denoted by G..(f), ny(f) and *,_f!/ to reflect this. Being
statistical estimates. they are subject to errors. The extent of these associated uncertain-
ties depend on a number of signal processing parameters and other factors discussed in
Appendix C.5.

If the coherence function is greater than zero but less than unity, one of three possible

physical situations exist:
1. Extraneous noise is present in the measurements.
2. The system relating x(t) and y(¢) is not linear.

3. y(t) is an output due to input z(t) as well as other inputs.

4.1.1 Coherent Output Power (COP)

Figure 1.2 shows a single-input /single-output model where both input z(¢) and output
y(t) measurements have been made. The input measurement, which could be an acoustic
source measurement for example, measures the true input (noise-source) u(t) as well as
extraneous noise m(t). Such extraneous noise in uncorrelated with w(¢). The output

measurement, which could be a far-field acoustic measurement for example, measures the
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noise-source’s contribution v(¢) to the output measurement, as well as extraneous noise

n(t).

u(t) H) v(t)

m(t) x(1) n(t) (1)

Figure 4.2: Single input/output (SISO) model with added extraneous noise at both
input and output.

Consider the case where a pure source time-domain measurement x(t) is available
(pure meaning that no extraneous noise, such as additional noise sources, is measured by
this sensor i.e. m(t) = 0). An output measurement y(t) is available which measures this
source as well as extraneous noise n(t) (which could include other uncorrelated sources)
The contribution of the source measured by z(t) to the noise measured by y(t) is given

in this case by:

G = Gy (4.2)

where v(t) is the contribution of the source measured by z(t) to y(t). This result is
known as the coherent output spectrum, and was first reported by Halvorsen and Bendar
[4]. With reference to the scenario shown in Figure 1.1, and given that a pure source
measurement is available at S (the combustor), the coherent output power technique
model would be represented as shown in Figure 1.3. y(t) could be a measurement in the
duct, or a far-field measurement outside of the turboshaft engine.

This simple technique is very useful in situations when m(¢) = 0, providing a measure-
ment of a single noise-source’s contribution to any far-field location of interest. For the
example shown in Figure 1.3 the technique is applied to identify the contribution of direct
combustor noise to an output measurement of interest. However, if extraneous noise is

present in the source measurement (m(¢)#0), the coherent output spectrum is affected as

follows:

G < Go (4.3)
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Figure 4.3: Coherent output power model for scenario shown in Figure 1.1 with a pure
source measurement of Ss.

i.e. the technique will underestimate v(¢). In the scenario shown in Figure 1.1, and
given that x(¢) in this instance is a measurement at the source S; (the turbine), the COP
model will be as shown in Figure 1.1, As the turbine induces a flow in the duct, the source
measurement r(t) in this case will measure both S, and extraneous noise m(t). For the
scenario shown in Figure 1.1, this induced flow will generate flow noise. This flow noise
is caused by noise sources distributed in the turbulent fluid. and also the hydrodynamic
interaction between the fluid flow and the pressure sensor. This flow noise will contribute
to this extraneous noise, and assuming that no other noise sources are present in the
test duct. could be the main contributor of extraneous noise not correlated between the
Sensors.

The COP technique has been applied for aeroengine noise-source identification by
Karchmer et al. [21,77,70] for direct combustor noise identification. By instrumenting a
static turbofan engine with internal as well as far-field microphones, the authors estimated

the radiation pattern of direct combustor noise to the far-field from the engine exhaust.

4.1.2 Signal Enhancement (SE)

Unlike the COP, which requires a pure measurement of the source of interest without
extraneous noise, Chung [!] developed a technique for extraneous noise rejection at the
input requiring a minimum of three measurements. This technique can therefore be
applied when a pure measurement at the source is not possible, provided this extraneous
noise is uncorrelated between each measurement. Such extraneous noise could be flow

noise for example. The source measurements at each of the three output measurements
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Figure 4.4: COP model for scenario shown in Figure 1.1 with source measurement at
Sy. The presence of extraneous flow noise at the inlet measurement will diminish the
efficacy of the technique, as shown in Equation 1.3

must be mutually correlated. The desired spectra can then be found using these equations

(shown for one sensor only as an example):

G,,ll,1 - Gy1y1 lA’Ulif‘\ﬁlllxy:sl = \Gylsz'HGylya‘ (4'4)
I 1y2y3| | yzy:;I
Gnl"l = Gylyl il G"l"] (45)

With reference to Figure 1.1, and given that three sensors (y;(t), y2(t) and y3(¢)) measure
source S, plus uncorrelated extraneous noise, the SE model will be as shown in Figure 1.5.
The possible presence of S, in the extraneous noise [ (t) terms is shown, as the sensors
located at S, will also measure S5’s contribution to the noise at these locations. If this is
the case, the measurement of the contribution of S; must be uncorrelated between each
sensor, in which case Sy will be measured as uncorrelated noise and will not contaminate
the results.

Shivashankara [77] applied this technique to separate out the contributions of fan,
core, and jet noise in a high-bypass turbofan engine to the noise measured at a far-field
receiver of interest. More recently, Nance [/~] applied the signal enhancement technique
to separate out the contributions of both small-scale and large-scale turbulence to the

total jet noise radiated from an aeroengine exhaust.
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Figure 4.5: Signal enhancement model for scenario shown in Figure 1.1 with three
measurements of S| plus additional uncorrelated extraneous noise.

4.1.3 Conditional Spectral Analysis (CSA)

One of the limitations of the SE technique is that for measurement locations within the
same pressure field, the technique may only be applied when there is a single correlated
source between the records. Minami and Ahuja [7'] discuss the errors resulting from using
the signal enhancement technique when two sources, as opposed to only one source, are
measured with extraneous noise. For the situation where there are only two correlated
sources, and a pure measure of one of them is attainable, the COP and the SE techniques
may be used in conjunction with each other and conditional spectral analysis to success-
fully identify both sources and the extraneous noise. This approach was presented by Hsu
and Ahuja ["].

The CSA model for the scenario shown in Figure 1.1 is shown in Figure 1.6(a). In
this scenario, a pure source measurement is available at Sy, but not at S;. The first stage
consists of separating out the part correlated with the measurable source (S;) using the
COP technique, and thus identifying its contribution. The second stage uses a partial
coherence formulation of the SE technique on the residual to remove the extraneous
noise, as demonstrated in Figure 1.G(b). Assuming a pure measurement of source Sy is

available, only four microphones are required, with this source measurement used as an
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input. The other three microphones measure a combination of contributions from both
source 57 and S,. In the case that a pure measurement of S, is not available, two sensor
measurements can be used at Sy instead of a single measurement. It is required that these
microphone measurements measure Sy and uncorrelated extraneous noise only, and that
this extraneous noise is uncorrelated between all sensor measurements. This is the basis
for the five-microphone CSA technique.

— — — — — — — — —
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/
\

S —— HSZy o(f)
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a) Stage 1 using the C.O.P. technique

ny(t)
Yi:S;
— HS,y,:S,(f) ¥+ S,
ny(t)
¥:: S,
S, = HS,y,:S,(1) Yo+ Sy
ns(t)
¥s: S, /lr\
) HS,y5:S,(1) - > > Y5+ S,

-

b) Stage 2 using the S.E. technique on the residual

Figure 4.6: Conditional spectral analysis model for scenario shown in Figure 1.1.

Figure 1.7 shows the five-microphone CSA model for the test scenario described in
Figure 4.1. It should be noted that microphone measurements y,(t) and ys(t) are such
that they measure the single source S; and uncorrelated noise only. The other three
output sensors can be located anywhere, provided their measurements of S; and S, are
correlated with one another. The source spectra Gy, and G,, can be found using the

following equations (for y;(¢) only, with dependence on frequency not shown for brevity):

o8



CHAPTER 4. 4.1. THEORY AND BACKGROUND

ki(t)
— Hx.(f)
ny(t)
vi(t) vii(t)
- S| Hx,. (0 »(2) yi(t)
Correlated Noise k(1)
Source A (S,) ® —  Hx.(f) il
(1) 2(t)
‘ v(t) V()
N N ‘ s " 3 yo(t)
ny(t)
Correlated Noise v'y(t)
Source B (S,) y 3 ys()
Xo(t)
ny(t)
L—)- Hx,,(H M(E)—> vt
ns(t)
i é—» 20

Figure 4.7: Five-Microphone CSA Technique Model for scenario shown in Figure 1.1.
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The five-microphone CSA technique is ideally suited for the two noise-source test
scenario shown in Figure 1.1 and discussed through-out this section. The benefit of
this CSA technique is that it allows the contributions of two-noise sources to the total
noise at a measurement location of interest to be identified, even if both noise-source
measurements are correlated across all five output measurements. The COP and SE
techniques discussed in this section have only been suitable for noise-source identification
of a single correlated source, and this more advanced CSA technique therefore presents a
significant advancement on these techniques. Bennett and Fitzpatrick [00)] discuss further
the relative merits and limitations of various coherence-based noise-source identification

techniques.

4.1.4 Novel Modal CSA Technique

As well as reviewing several existing or classical techniques of noise source identification,
this study also proposes and investigates a novel technique for identifying the contribution
of two noise sources to the noise measured at a sensor of interest. The technique proposed
is an enhancement of the five-microphone conditional spectral analysis technique discussed
in Section 1.1.3, in order to identify the contribution of two mutually uncorrelated noise-
sources to the modal content estimated at a location of interest.

The underlying method follows from the fact that the auto- and cross-spectra used
to formulate the Gy and G, spectra in the five-microphone technique can be calculated
using the complex Fourier domain signals of the original time-domain signals x; (¢)-x5(t).
Given that z,(t)-z5(t) are microphone measurements of the acoustic pressure with time,
the Fourier transformed signals X (f)-X5(f) are the complex acoustic pressure spectra
with frequency. Modal decomposition, an advanced technique that uses an array of acous-
tic sensors to determine the specific modal amplitudes at the sensor array, can be used to

determine the complex acoustic pressure of any cut-on acoustic mode in a duct at a given
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frequency. Several such techniques are discussed in Section 3.1. It is therefore proposed
that one of the complex pressure signals X,(f)-X5(f) can be replaced by the complex
pressure signal of a specific mode travelling in a given direction in the test duct, A},,. For
the two-source case, this technique could therefore be used to identify the contribution of
both sources to the modal amplitudes measured at the sensor array.

With reference to Figure 1.1, the modal content of the noise radiated from sources
Sy and S could be identified at the sensor array using one of the modal decomposition
technique outlined in Section 3.1. The complex modal amplitudes of any mode order (m,n)
which is cut-on in the frequency range of interest can then be found. The azimuthal index
m of any mode to be decomposed must also be less than or equal to s/2, where s is the
number of sensors per ring. These complex pressure sequences can be used to generate
auto-spectra of each (m.n) mode by simply multiplying the complex amplitude of the
mode by its complex conjugate. Similarly, cross-spectra can be formulated on a modal
basis.

The complex acoustic pressure of each mode decomposed can be used as an output
measurement, shown in place of Y3 in Figure 1.8, in the five-microphone technique. Since
the five-microphone technique uses the cross-spectra between five sensor measurements,
one of these sensors can be replaced by the complex modal amplitude of a mode of interest.
The time-domain measurement signals y;, yo, y4 and y5 are transformed into the frequency
domain, giving the complex pressure signals Y;, Y5, Y, and Y;. The five-microphone
technique can therefore be used to identify the contributions of sources S; and S, to the
modal amplitudes at the location where the modes have been decomposed, using the auto-
and cross-spectra between these five complex pressure measurements as per Equations 1.6
and 1.7. This technique can be used to identify how much acoustic energy each source
contributes at a specific mode order over a frequency range of interest. This method could
therefore be applied in a real turboshaft engine to identify the contribution of noise sources
inside the engine to the modal sound pressure levels at the engine exhaust, allowing a
better understanding of the propagation of the sound from noise source to engine exhaust.

This information can be used to optimise the design of acoustic liners to attenuate this

sound field.
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Figure 4.8: CSA modal five-microphone technique model for scenario shown in Fig. 1.1.
Measurement Y3(f) has been replaced by A7 . the complex modal amplitude of the (m,n)
mode.
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4.2 TEENI Small-Scale Experimental Rig

As part of the TEENI project, a test campaign was undertaken at the DLR engine acous-
tics branch in Berlin, Germany. This experimental set-up was used to investigate the
techniques outlined in Section 4.1 and the novel technique outlined in Section 4.1.4. The
rig was designed to model the key acoustic elements of a turboshaft engine on a smaller-
scale. The test set-up was kept as simple as possible in order to verify the techniques of
interest for use in a future full-scale test campaign.

The noise-source regions are a single rotor-stator stage and an array of several loud-
speakers which can be used to generate broadband, tonal or narrowband noise. A
schematic of the rig design is shown in Figure 1.10. When the rotor rotates, an axial-flow
is induced in the positive z-direction. By varying the parameters of these noise-source
regions, a wide variety of different test scenarios were investigated, allowing the classical
techniques discussed in Section 1.1 to be tested for scenarios of noise-source identification
in turbomachinery. At the inlet of the duct. the duct cross-section is annular, with a
hub-to-tip ratio n = 0.56. The hub terminates at the rotor-stator stage, and the duct
cross-section is circular beyond this point. The outer radius of the duct is 0.25m along its
entire length. The duct terminates anechoically at the downstream end, with an anechoic
termination designed as per international standard ISO/FDIS 5136.

The rotor-stator stage consists of 24-bladed rotor and a 5-vane stator. The rotor has a
maximum rotational speed of 3200rpm. The hub-to-tip ratio, 7, is 0.6 at the rotor stage.
The rotor blades have a solidity (chord-to-pitch ratio) of 2.3. The solidity of the stator
vanes is 0.4. The rotor speed was controlled using a trigger signal sent to a motor control.

The mode generator array consists of a total of 32 loudspeakers in 3 axial rings. Each
loudspeaker source is mounted in a conical horn section, which acts as a waveguide between
the loudspeaker source and the test duct, as demonstrated in Figure 1.11. Each ring of
sources is equi-azimuthally spaced, as shown in Figure 1.12. As well as varying the number
of active sources at each test point, the amplification factor of the noise sources can be

adjusted. The signal type can also be adjusted. In the TEENI test campaign, three signal

'Figures created by Ulf Tapken, Benjamin Pardowitz and Philip Kausche at the Engine Acoustic
facility at the Institute of Propulsion Technology of the German Aerospace Centre (DLR) located in
Berlin, Germany
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Figure 4.9: Schematic of experimental rig at DLR used to investigate coherence-based

noise-source identification techniques!.

% 52 anechoic termination

Figure 4.10: Photographs showing key elements of the experimental rig at DLR used
to investigate coherence-based noise-source identification techniques!.
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Figure 4.11: Conical waveguide connecting each loudspeaker source in the mode gener-
ator array to the test duct!.
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Figure 4.12: Distribution of loudspeakers in mode generator array shown in Figure
10
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Figure 4.13: Location of microphones assembled in the inlet array shown in Figure
L.10%

Figure 4.14: Location of microphones assembled in the outlet array shown in Figure
4101
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types were used: tonal, broadband, and narrowband (band-pass filtered broadband).
Data was acquired across 256 independent DAQ channels using in-house hardware and
software at a sampling frequency of 16kHz. G.R.A.S. Sound and Vibration condenser-
type 40BP microphones were used to acquire the acoustic pressures at the two banks of
sensors (inlet and outlet). The inlet array is located at the hub of the rig. All microphone
sensors were flush-mounted to the inside of the test duct wall. The locations of the sensors
in both sensor arrays are shown in Figures 1.13 and 1.11. The inlet bank contains 80 mi-
crophones, with 3 axial rings of 16 microphones and another axial ring of 32 microphones.
The outer bank consists of 64 microphones divided into 4 axial rings. Reference sensors
were also located through-out the duct close to the loudspeaker array and rotor-stator
stage, as illustrated in Figure 4.15. Of particular note are sensors 1-6 located at the

rotor-stator stage and sensors 10 and 11 located within one of the loudspeaker cones.

reference reference ento sensors
sensors sensors 47 #8 #9 #10, #11
#1, #2, #3 #4, #5, #6 - l
I:&z::::f\ / i \ S¥
D e - - ».::‘.
X sl ~
g & ‘ &l

Figure 4.15: Reference sensor locations in DLR experimental rig.

The two banks of sensors can be used to perform an acoustic modal analysis at both
axial locations. The modal analysis technique of Abom [I}], as applied by Bennett [(]
and discussed in Section 3.1, was used in these experiments. Using four rings of sensors, a
full radial modal decomposition of both the incident and reflected acoustic modes may be
performed. Due to the sensor requirements for the modal decomposition technique, a full
radial modal analysis may be performed up to a frequency of 2100H z at the inlet bank
and 1600H z at the outlet bank. The difference between these two maximum frequencies
is due to the change of cross-sectional geometry from an annular duct to a cylindrical

duct, which affects the cut-on frequencies of the higher-order radial acoustic modes.
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4.3 Experimental Results
4.3.1 Classic Techniques

The following test results demonstrate the relative effectiveness of each technique discussed
in Section 1.1 when applied to a two-source test scenario, with data acquired during the
TEENTI test campaign using the experimental rig described in Section 1.2. Two noise-
source regions are present. With reference to Figure 1.10, the first of these noise-source
regions is the rotor rotating at 1500rpm, which will be referred to as S,,. A single
loudspeaker located at the mode generator generating broadband noise is the second
noise-source region, and will be referred to as Spsu,. The key test case investigated has
both sources S,,; and Spsu, present; test case 1 in Table 1.1. Two other test cases; one
with Spsmw, only and the other with S,,; only, are used as benchmarks for the analysis of
the efficacy of all noise-source identification techniques tested. These are test cases 2 and
3 shown in Table 1.1.

The objective of this test campaign is to assess the relative efficacy of several pre-
exisiting coherence-based noise-source identification technique to the total noise measured
by a sensor in the inlet array located at (r = 0.685m, 8 = 0°, r = R) for test case 1, using
several reference sensors located through-out the test duct. This sensor could represent a
sensor at the exhaust of a real turboshaft engine or a far-field measurement, and will be
referred to simply as the inlet sensor from this point onwards. The SPL spectra measured
by this sensor for all three test cases are presented in Figure 1.16. The frequency range
investigated was restricted from 750H z to 2000H z. This frequency range was selected so
that spectra can be presented with fine detail visible in the results. The first harmonic
of the rotor BPF at 1210Hz is also captured in this range, and therefore its impact on
the effective application of each technique can be discussed. Finally, the full-scale engine

tests will also focus on a similar low frequency range.

Table 4.1: Test cases investigated in order to test classic coherence-based noise source
identification techniques

Test Case Srot S1sbbm
1 Rotating at 1500rpm, BPF at 605H = Generating BBN
. Generating BBN
3 Rotating at 1500rpm, BPF at 605H = -
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